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Abstract
The demand for low-power portable devices has led to a search for alternatives to the funda-
mental component of computing and logic – the electronic transistor. The nanoelectrome-
chanical (NEM) switch is one such alternative device whose leakage current in the off state
is negligible, because the current-carrying components are physically separated. The explo-
ration of these switches at low temperatures is motivated by their potential applications in
space and quantum technologies.

Researchers are considering bottom-up synthesized 1D nanostructures as future elec-
tronic components due to their high quality and material diversity. However, these nanos-
tructures exhibit significant variation in morphology and electromechanical properties, mak-
ing their application in integrated NEM switches challenging. Another challenge is their
integration with the existing planar technology.

To overcome these challenges, this Thesis investigates bottom-up grown copper oxide
(CuO), bismuth selenide (Bi2Se3), and germanium (Ge) semiconductor 1D nanostructures as
active elements in NEM switches. This study aims to develop switch technology and ex-
pand its applications using the unique properties of semiconductor nanostructures grown by
the bottom-up method. The work involves synthesizing nanostructures, characterizing their
morphology, electrical and mechanical properties, transferring and aligning them onto sub-
strates, and creating and characterizing NEM switches at room and cryogenic temperatures.

NEM switch operation is studied in situ in a scanning electron microscope and in inte-
grated devices. The fabricated integrated NEM switches demonstrate repeatable switching,
implementing both logic and memory functions. The switch operation is achieved at room
temperature and down to 2 K, with a minimum switch-ON voltage of 4.5 V and a maximum
ON/OFF state current ratio of 103. A novel type of control in a NEM switch is demonstrated,
based on measuring the current that flows through the nanostructure during deformation.

The results presented in this Thesis open possibilities for developing faster and more ro-
bust memory and mechanical computing devices, as well as more sensitive sensors for a wide
range of operational temperatures.

The results are published in 11 scientific papers.

Keywords: nanoelectromechanical switches; nanowires; nanoribbons; cryogenic tempera-
tures; Bi2Se3; CuO; Ge.



CONTENTS

1 Introduction 9

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.2 Research aim . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.3 Research objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4 Theses to be defended . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.5 Scientific novelty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.6 Practical significance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.7 Author’s contribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.8 List of publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2 Literature review and theoretical background 15

2.1 Nanoelectromechanical switches . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.1.1 State-of-the-art NEM switches and their characteristics . . . . . . . . 15
2.1.2 The simplest model of a NEM switch . . . . . . . . . . . . . . . . . . 17

2.2 Quasi-one-dimensional semiconductor nanostructures . . . . . . . . . . . . 22
2.2.1 CuO nanowires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.2.2 Bi2Se3 nanowires and nanoribbons . . . . . . . . . . . . . . . . . . . 23
2.2.3 Ge nanowires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.3 One-dimensional nanostructure electrical transport . . . . . . . . . . . . . . 26
2.4 Mechanical properties of one-dimensional nanostructures . . . . . . . . . . 30

2.4.1 Dynamic deformation . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.4.2 Quasi-static deformation . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.5 Topological insulators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.5.1 Quantum Hall effect . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.5.2 2D and 3D topological insulators . . . . . . . . . . . . . . . . . . . . 39
2.5.3 Quantum oscillations and interference phenomena in Bi2Se3 . . . . . 40
2.5.4 Modulating Fermi level of Bi2Se3 nanostructures . . . . . . . . . . . 42

2.6 On-chip integration of suspended one-dimensional nanostructures . . . . . 43
2.6.1 On-chip nanostructure integration methods . . . . . . . . . . . . . . 43
2.6.2 Fabrication of suspended nanostructures . . . . . . . . . . . . . . . . 46

4



CONTENTS

3 Experimental 48
3.1 Synthesis, morphology and yield of one-dimensional nanostructures . . . . 48

3.1.1 Synthesis of one-dimensional nanostructures . . . . . . . . . . . . . 48
3.1.2 Characterization of morphology of one-dimensional nanostructures 48
3.1.3 Characterization ofmechanical and electrical properties of one-dimensional

nanostructures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.2 In situ characterization of NEM switches . . . . . . . . . . . . . . . . . . . . 50
3.3 On-chip integration of a NEM switch . . . . . . . . . . . . . . . . . . . . . . 51

3.3.1 Fabrication of source, drain and gate electrodes in bottom-contact
configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.3.2 One-dimensional nanostructure transfer . . . . . . . . . . . . . . . . 54
3.3.3 Top contact fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.3.4 Supercritical drying . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.4 Characterization of operation of an on-chip integrated NEM switch . . . . . 56

4 Results and discussion 58
4.1 Bottom-up growth of one-dimensional nanostructures . . . . . . . . . . . . . 58

4.1.1 Growth and morphology of CuO nanowires . . . . . . . . . . . . . . 58
4.1.2 Growth and morphology of Bi2Se3 nanobelts . . . . . . . . . . . . . . 58
4.1.3 Morphology of Ge nanowires . . . . . . . . . . . . . . . . . . . . . . 59

4.2 Mechanical and charge carrier transport properties of CuO and Bi2Se3 one-
dimensional nanostructures . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.2.1 Mechanical properties of CuO and Bi2Se3 one-dimensional nanos-

tructures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.2.2 Charge transport properties of CuO andBi2Se3 one-dimensional nanos-

tructures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.3 NEM switches in situ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.4 Fabrication of on-chip NEM switches . . . . . . . . . . . . . . . . . . . . . . 78

4.4.1 Calculation of the NEM switch geometry . . . . . . . . . . . . . . . . 78
4.4.2 Positioning of nanostructures on-chip . . . . . . . . . . . . . . . . . 81
4.4.3 Nanostructure/metal contact fabrication . . . . . . . . . . . . . . . . 83
4.4.4 Minimizing stiction of suspended nanostructures . . . . . . . . . . . 84
4.4.5 Characterization of the geometry of the integrated NEM switches . . 86

4.5 Operation of integrated NEM switches . . . . . . . . . . . . . . . . . . . . . 88
4.5.1 Operation of CuO switch for room temperature applications . . . . . 89

5



CONTENTS

4.5.2 Operation of Bi2Se3 switch for cryogenic temperature applications . 91

Conclusions 97

Bibliography 99

Appendices 109
A.1 Processing methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

A.1.1 Mask fabrication for photolithography . . . . . . . . . . . . . . . . . 110
A.1.2 Fabrication of NEM switches by photolithography . . . . . . . . . . 111
A.1.3 Fabrication of NEM switches by e-beam lithography . . . . . . . . . 112

B.2 Circuit for electrical detection of resonant frequency . . . . . . . . . . . . . 113

Acknowledgements 115

6



NOMENCLATURE

Abbreviations

1D NS one-dimensional nanostructure

2D NS two-dimensional nanostructure

2T two-terminal

3T three-terminal

4T four-terminal

AC alternating current

AFM atomic force microscope

CMOS complementary metal oxide semiconductor

CNT carbon nanotube

D drain electrode

DC direct current

FET field-effect transistor

G gate electrode

IPA isopropyl alcohol

MEM microelectromechanical

MEMS microelectromechanical systems

NC nanocontact

NEM nanoelectromechanical

NEMS nanoelectromechanical systems

NP nanoparticle

NR nanoribbon
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NOMENCLATURE

NS nanostructure

NW nanowire

PMMA poly(methyl methacrylate)

QHE Quantum Hall Effect

QSHE Quantum Spin Hall Effect

RF radio-frequency

S source electrode

SdH Shubnikov-de Haas (oscillatons/frequencies)

SEM scanning electron microscope

SOC spin-orbit coupling

SS sub-threshold slope

TI topological insulator

TSS topological surface states

WAL weak anti-localization

Selected symbols and units

A area [m2]

B magnetic field [T]

d diameter [m]

E Young’s modulus [E]

f frequency [Hz]

L length [m]

R resistance [Ω]

t thickness [m]

w width [m]

z height/gap height [m]
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1.INTRODUCTION

1.1 Motivation

The nanoelectromechanical (NEM) switch is a type of energy-efficient mechanical de-
vice that overcomes the limitations of nanoscale electronic switches [1–3]. The electronic
switches are bound by a thermionic limit, meaning that energy consumption and driving
current cannot be optimized separately. The efficiency of the NEM switch results from the
physical gap between a moving component and a stationary component of the device, which
reduces leakage currents to negligible levels.

NEM switches have already displayed their potential for low-voltage [4–6], low standby-
power [7] and for high-temperature operation [8, 9]. They are currently being explored for
use in conjunction with complementary-metal-oxide-semiconductors (CMOS) [10]. Com-
pared to their largermicroelectromechanical (MEM) counterparts, NEM switches boast higher
operation speeds and integration density. Despite the promising results of high-temperature
operation, a lack of data exists on low-temperature operation. This demonstration would be
particularly interesting for developing quantum computing devices [11].

NEM switches employ one-dimensional (1D) and two-dimensional (2D) materials to cre-
ate and break physical contact. The moving element in these switches is very small, measur-
ing in the nanoscale. Lateral dimensions for a 1D element range from several tens to several
hundreds of nanometers, while its length is in the micrometre range. The small size, large
surface-to-volume ratio, and quantum confinement effects of quasi-1D materials manifest as
unique physical properties, including size-dependent energy levels and bandgap. Due to im-
mense efforts in lithography techniques, it is now possible to create moving elements with
top-down fabrication using conventional semiconductor thin-film technologies.

By contrast, using bottom-up grown elements in NEM switches opens a new perspective
onNEM switch research and applications. Semiconductor nanowires grown from the bottom-
up are considered the future’s electronic building blocks due to their atomically smooth
surface, tunability, possibility to build high-quality heterostructures and material versatil-
ity [12]. Bottom-up technology is, however, not yet as mature as top-down and integrating
bottom-up nanostructures into devices remains a significant challenge. In addition, there is a
lack of fundamental investigation into the properties of these elements and they exhibit high
variability, which makes it difficult to predict their electromechanical behaviour. Another
significant challenge is associated with the reliability of these NEM switches. During the
physical contact formation, high current impacts the active element, which can result in its
deterioration or even permanent failure.
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1.2. RESEARCH AIM

By suspending a nanostructure over a substrate, researchers can endow the device with
mechanical degrees of freedom. This approach also provides access to the entire surface of
the nanostructure, which maximizes its surface area for interaction with the environment.
Additionally, it eliminates any undesired interactions between the substrate and the nanos-
tructure, which could interfere with the exploration of their intrinsic properties [13, 14].

The focus of this Thesis is to explore the interplay between the mechanical and electrical
properties of various bottom-up grown 1D nanostructures, such as nanowires and nanorib-
bons, in the NEM switch architecture. The nanostructures studied include CuO, Bi2Se3 and
Ge. NEM Switches that can operate repeatedly at room and cryogenic temperatures are fab-
ricated based on the characterization results. To minimize the risk of nanostructure degra-
dation during contact formation in NEM switches, a method for current control during de-
formation in the non-contact phase is implemented.

1.2 Research aim

Investigation of operating principles of bottom-up synthesized one-dimensional semi-
conductor nanostructure-based NEM switches on-chip for their use at room and cryogenic
temperatures.

1.3 Research objectives

1. To find synthesis parameters that can produce the necessary yield and morphology
suitable for one-dimensional nanostructure application in NEM switches.

2. To determine mechanical and electrical properties of the synthesized one-dimensional
nanostructures for understanding their applicability in NEM switches and for NEM
switch fabrication guidance.

3. To find optimal parameters for the operation of a NEM switch by using the determined
morphology and electromechanical properties of nanostructures, in situ investigation
and theoretical model.

4. To fabricate electrode systems for alignment of one-dimensional nanostructures, and
to explore the methods of nanostructure transfer and alignment.

5. To fabricate NEM switches and to demonstrate their operation at room temperature
and cryogenic temperatures.

1.4 Theses to be defended

1. The developed bottom-up growth methods enable obtaining optimal nanostructure
yield and morphology for creating integrated nanoelectromechanical switches (pub-
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1.5. SCIENTIFIC NOVELTY

lications V and VII).

2. Bottom-up semiconductor nanostructures (CuO and Bi2Se3) grown using the controlled
synthesis can be integrated into planar nanoelectromechanical switches using trans-
fer and alignment of nanostructures on electrodes, supercritical drying and contact
fabrication (publications I, III, IV and VI).

3. Repeatable operation of integrated bottom-up grown one-dimensional nanostructure-
based nanoelectromechanical switches is demonstrated at room (with CuO nanowires)
and cryogenic (with Bi2Se3 nanobelts) temperatures. Current that flows through the
Bi2Se3 nanobelt during switching, is connected to the deformation of the nanostructure
and could be used to control NEM switching (publications I, III and VI).

1.5 Scientific novelty

This Thesis focuses on the application of bottom-up grown nanostructures in nanoelec-
tromechanical (NEM) switches. The following important findings could advance the field of
NEM switch research:

• It is shown for the first time how the diameter of a gold catalyst influences the mor-
phology of Bi2Se3 nanobelts.

• A fabrication flow of bottom-up one-dimensional semiconductor nanostructure inte-
gration into planar NEM switches is developed.

• Operation of a NEM switch with CuO nanowire as the active element is demonstrated
for the first time.

• Operation of a NEM switch with topological insulator Bi2Se3 nanobelt as the active
element is demonstrated for the first time, paving way for use of topological surface
states in NEM switches.

• NEM switch operation at temperatures lower than 77 K is demonstrated for the first
time.

• It is demonstrated for the first howmonitoring current through the nanostructure could
be used to control the deformation of the active element during NEM switching.

• Repeatable and stable CuO nanowire-based volatile NEM switch operation is demon-
strated for the first time.

• Bi2Se3 nanobelt-based NEM switch operation at cryogenic temperatures and a novel
method of current control during the non-contact deformation phase are demonstrated
for the first time.
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1.6. PRACTICAL SIGNIFICANCE

1.6 Practical significance

The bottom-up growth of semiconductor nanostructures holds significant promise for the
development of next-generation NEM (nanoelectromechanical) switches, which could offer a
wide range of functionalities in electronics, sensing, material characterization, and quantum
computing.

Advancing our understanding of the controlled synthesis and electromechanical behav-
ior of one-dimensional nanostructures, such as CuO and Bi2Se3, has the potential to pro-
pel both research and industrial applications beyond nanoelectromechanical switches. This
knowledge could be particularly valuable in fields like flexible electronics, thermoelectrics,
electrochemical CO2 reduction, and advanced sensors.

The integration method developed in this thesis can be broadly applied to various nanos-
tructures grown using bottom-up techniques. Moreover, it can be extended to include other
low-dimensional materials, such as graphene and van der Waals two-dimensional materials.

Demonstrating NEM switching with Bi2Se3 at cryogenic temperatures could lead to the
development of NEM switches that leverage the unique properties of topological surface
states. Such switches could be crucial for implementing logic and memory functions in quan-
tum computing and space technologies. Additionally, the development of a novel switching
control mode, where the current is controlled through the nanostructure, could enhance the
reliability and performance of NEM switches.

1.7 Author’s contribution

The author contributed to the characterization of synthesis yield of one-dimensional
nanostructures, characterization of their mechanical and electrical properties, fabrication of
nanoelectromechanical switches, their characterization and operation testing and optimiza-
tion. The author contributed to planning and conducting experiments, data analysis and
summary, and publication writing and editing.

J. Kosmaca (J.K.), R. Meija (R.M.), R. Sondors (R.S.) and M. Antsov contributed to charac-
terization of mechanical properties of nanostructures and J. K., R. M. and R. S. to the creation
of NEM switches. G. Kunakova contributed to the electrical characterization of nanostruc-
tures. R. S. carried out synthesis experiments, J. K. and M. M. Ramma contributed to investi-
gation of CuO dielectrophoresis. A. I. Livshits developed the theoretical model for calculation
of NEM switch-ON voltage, K. Niherysh contributed to NEM switch measurements at low
tempertures. J. Prikulis and R. Poplausks contributed to development of the electrical res-
onant frequency detection system. E. Dzene and E. Kauranens contributed to NEM switch
fabrication and characterization. D. Erts contributed to experiment planning and revising
publications.
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2.LITERATURE REVIEW AND THEORETICAL
BACKGROUND

2.1 Nanoelectromechanical switches

2.1.1 State-of-the-art NEM switches and their characteristics

As building blocks of future electronic components, NEM switches could offer unique
advantages in terms of low-power operation, high-temperature resilience, non-volatility, and
scalability.

Low-power advantage stems from the negligible OFF-state leakage and from the pos-
sibility to achieve steep subthreshold slope (SS). OFF-state leakage is minimized for these
devices due to the physical interruption of the contact between the active element and the
electrode. Steep SS means that they need only a small voltage to switch the current by a large
amount. For example, a SS of less than 2 mV per decade has been achieved with a top-down
Si-based NEM switch [15]. In contrast, CMOS switching has the fundamental limit of 60 mV
per decade at room temperature, set by the thermal voltage of kBT

q
. This is the main reason

why trying to reduce threshold voltage in a MOSFET to save power brings along substantial
increase in OFF-state leakage current, thus adding to the static power consumption. Several
reports have compared the power consumption between NEM switches and electronic com-
ponents. For example, logic gate inverters based on NEM switches consume less power than
CMOS inverters [16, 17].

The impact of high temperature on the operation of NEM switches is very different in
comparison to electronic switches. For electronic switches, raising the temperature increases
the collisions between the charge carriers, thus decreasing mobility and increasing OFF-state
leakage current. That is why most CMOS circuits will undergo a decrease in performance
and an increase in power dissipation as temperature rises. For NEM switches, decrease in
mobility is not an issue and literature reports no increase in OFF-state leakage current at
higher temperatures [8, 9, 18]. On the contrary, higher temperature operation has resulted in
performance improvements by cleaning of contacts by removing the adsorbed contaminants
[9] and increasing the number of switching cycles and stability of contact resistance. Due
to their large melting point, CuO (1326 °C) and Ge (938 °C) 1D NS based switches could be
prospective candidates for high temperature switching.

Recently, low-temperature applications of nanostructure-based electronics have gained
increased interest due to the advancement of space and quantum technologies [11, 19].

However, at lower temperatures than liquid nitrogen (demonstrated for a graphene switch

15



2.1. NANOELECTROMECHANICAL SWITCHES

[20]), which could be particularly interesting for quantum computing, the operation of NEM
switches is left unexplored. The challenges that need to be solved for successful semicon-
ductor NEM switch operation at cryogenic (lower than 120 K) temperatures are both from
the mechanical and electrical realms. For example, increasing material brittleness and dif-
ferent thermal expansion coefficients of the structures during cooling may lead to changing
stiffness, breakage of the active element or damage to contacts. The freeze-out of the charge
carriers can reduce the conductivity of the device and the difficulty of dissipating charge
can lead to irreversible stiction or changes in operating parameters over time, or electrical
breakdown of the active element [21].

Some of these low-temperature effects have been explored in the behaviour of larger
MEM instead of NEM switches. Most of the efforts have been devoted to radiofrequency (RF)
MEMS [21–24] due to their prospective applications in, e.g., cryogenic microwave setups
[25]. Also, MEM relays for logic applications operating at 4 K have been demonstrated [26].

By considering the difference in the thermal expansion coefficients of the active element
and the substrate and the residual stress in the active element, a simple first-order model to
calculate the switch-ON voltage was derived in [23]. To experimentally verify the model, an
Al-based switch was fabricated and measured in the temperature range from -45 to 70 °C.The
calculated deviation of the model from the data was less than 8 %. The same model was used
to describe switch-ON voltage temperature dependence in Au-based capacitive shunt switch
[22]. The model showed a reasonable fit with the experimental data in the temperature range
of 293 K to 4 K and the registered VON increase was approximately 10-fold for temperature
change between 293 K to 13 K.

Reliability testing of Au switches at temperatures lower than 6 K showed that substrate
charging is responsible for early failure of these switches [21]. At low temperatures, the
charges that are trapped in the dielectric substrate experience long discharge times because
the charge carriers lack the thermal energy necessary to dissipate. As a result, the built-
up charge creates and additional electrostatic field, that exerts a force on the beam even
when the bias voltage is off, and the switch remains closed. Due to their good conductivity
at temperatures as low as 2 K, Bi2Se3 1D NS could be potential candidates for cryogenic
switching devices.

NEM switches can be designed to operate in volatile and non-volatile [6, 27, 28] mode,
implementing logic and memory functions, respectively. In volatile switching, the active el-
ement detaches from the electrode after the voltage is removed, while it stays connected in
non-volatile regime. Non-volatile operation is particularly attractive for applications requir-
ing instant-on functionality or data retention in the absence of power. Here the NEM switch
offers a distinct advantage in comparison with a CMOS, which needs power to sustain the
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2.1. NANOELECTROMECHANICAL SWITCHES

ON-state. The regime can be controlled by design, actuation scheme and adhesion between
the contacting materials [29].

The integration of NEM switches into existing semiconductor platforms is easier for top-
down NEM switches [30, 31]. For example, copper NEM memory switches were fabricated
using metal interconnection line layer in standard CMOS process with additional HF-vapor
etching [30]. Hybrid CMOS-mechanical switch technologies have been demonstrated for
such applications as CMOS power gating [32], field programmable gate arrays (FPGAs) [33],
reconfigurable logic circuits [30] and energy-efficient look-up tables (LUTs) [34], proving
increase of speed and/or energy efficiency.

While most of the reliability-related milestones [18, 35] have been achieved using top-
down approach, bottom-up fabricated low-dimensional materials offer ultimate miniaturiza-
tion and speed while maintaining very high material quality. Prototypical materials used for
demonstration of NEM switch operation are carbon-derivatives such as carbon nanotubes
[1, 36–38] and graphene [4, 39] due to their exceptional mechanical properties. Graphene-
based NEM switches have shown very good characteristics, such as ultra-low pull-in volt-
age of 0.5 V [4] and smaller [39] with more than 50,000 hot-switching cycles of operation
[39]. Moreover, these NEM switches exhibited excellent switching characteristics, such as
≈20mV/dec switching slope, nearly-zero hysteresis, and > 105 ON/OFF current ratio [39].

While some advantages are inherent to the technology itself, others can only be achieved
with the right material combination. For example, an increase in switching cycles can be
obtained by changing the contact materials [36]. High temperature operation obviously can
only be achieved using materials with high enough melting point [8, 9]. In contrast to silicon
technology, there is still a wide selection of materials, both established and emerging, that is
being explored for NEM switching.

Table 4.4 presents a summary of selected state-of-the-art NEM switches. The representa-
tive examples are chosen to highlight the most significant achievements regarding operation
parameters, including various material classes and fabrication methods. Focus is kept on
NEM switches, although some of the listed examples are on the border between nano and
micro size scales.

Next chapter will look at how to control these operating parameters by adjusting the
NEM switch design.

2.1.2 The simplest model of a NEM switch

In OFF state, no force is applied between the active element and the electrode, and as a
consequence, no current flows through the NEM switch. When voltage is applied between
the active element and the electrode, electrostatic force bends the active element towards
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2.1. NANOELECTROMECHANICAL SWITCHES

the electrode. ON state is registered as a sharp current increase at the moment when the
active elementmakes physical contact with the electrode. By lowering the voltage, the switch
returns again to the OFF state.

By careful design optimisation and choice of material combination it is possible to achieve
the desired VON , hysteresis width, speed, ON/OFF current ratio among other parameters.

NEM switches are used most often in two configurations: two-terminal (2T) [36, 41] and
three-terminal (3T) [42] (Figure 2.1). In 2T configuration, one of the terminals is the active el-
ement that undergoes mechanical deformation, the other terminal serves as a static electrode.
One of the electrodes is designated as the source and the other one as the drain or sometimes
gate. In the case of the 3T NEM switch configuration, the resemblance to MOSFET terminals
is more visible, as the grounded electrode connected to the active element in OFF-state is
called the source, the contact electrode is called drain and the third electrode supplying the
necessary force to actuate the switch is called the gate. The G electrode can be placed at a
slightly larger distance from the active element than the D. While this increases actuation
voltage, it allows decreasing the operating voltage and thus poses less risk of damaging the
active element.

The moving element can undergo different mechanical movements, starting from simple
bending [43] to torsional movement [44] and rotation [6] and may have one or two fixed
points, referred to as single-clamped and double-clamped configuration.

L

tw
z0

VSD

VSG

VSD

Gate/
Drain

Gate (G)

Source (S) Source (S)

Drain 
(D)(G/D)

(a) (b)

Felast

Fel

Felast

Fadh+ Fel

E, ρ, γ 

Figure 2.1: Schematics of single-clamped NEM switch configurations. (a) Two-terminal
switch in OFF state, where one electrode (Gate/Drain) is used both for actuation and car-
rying current signal. (b) Three-terminal switch in ON state, employing one electrode for
actuation (Gate), placed at a slightly greater distance than current path forming electrode
(Drain). Larger voltage is needed for actuation, while the operation can be kept at lower
voltages. Young’s modulus E, density ρ and surface energy γ are the main material parame-
ters, that govern the operation of the switch.

Regardless of the configuration employed, pull-in instability is central to the operation
of most NEM switches [45, 46]. This phenomenon in nonlinear dynamics arises because the
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2.1. NANOELECTROMECHANICAL SWITCHES

electrical force increases more rapidly than the elastic force during electrostatic actuation.
As a result, when the critical deflection is reached, the deforming electrode moves rapidly
towards the static electrode. However, relying on pull-in instability for operation has its
drawbacks. The active element undergoes significant impact, leading to potential degradation
and reduced reliability of the device. Non-volatile repeatable switching without pull-in has
been demonstrated using a NEM switch in a semicircular beam configuration rotating around
a hinge [6].

The electrostatic force that acts between the active element and the electrode depends
on the geometry of the system. It can be calculated either as between two plates (for, e.g.,
nanomembranes) or between a cylinder/beam and a plate (for nanowires, nanotubes [47] and
cantilever-shaped thin films). Let’s consider a parallel plate capacitor with plates separated
by distance z0 (Figure 2.2 (a)). One of the plates can move, modelling the active element in
the NEM switch, and its displacement is denoted as y. The electrostatic force Felectric between
the two conducting plates can be described by formula

Felectric =
1

2

ϵ0AV
2

(z0 − y)2
, (2.1)

where ϵ0 - vacuum dielectric permittivity, A - area of the plate, V - voltage applied be-
tween the plates. More realistic force description would include fringing fields at the edges
of the plates and van der Waals forces for nanoscale devices [47].

Modelling the movable plate with mass m suspended in a spring with effective spring
constant k, then the elastic force Felastic can be expressed as a function of displacement y as

Felastic = ky (2.2)

Equation of motion for this linear system is

mÿ(t) + bẏ(t) + ky(t) = Fel (2.3)

Using formulas 2.1 and 2.2 it can immediately be seen that the electrostatic force is a
quadratic function of distance to the electrode, while the elastic force exhibits a linear de-
pendence. Figure 2.3 illustrates these forces as functions of relative displacement y

z0
. For

voltage values lower than the switch-ON voltage (V < VON ), both functions have crossings
at two points (blue Felectric curve and black Felastic line), but only the solution for small rel-
ative displacements is stable. Increasing voltage, distance between the plates gets smaller
and the capacitance increases. As the electrical force curve touches the elastic force line (or-
ange Felectric curve for V = VON ), pull-in instability is reached and the movable plate rapidly
traverses the remaining distance until contact with the static plate is established.
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Figure 2.2: Schematics of a 2T NEM switch modelled as a plate with mass m attached to
a spring and a damper in (a) OFF state and (b) ON state. Movable plate (source electrode
S) is separated from the static plate (gate/drain electrode G/D) by an initial distance z0 and
constitutes a variable capacitor. (c) Schematics of a typical OFF-ON switching cycle, where
current rises abruptly reaching voltage VGS = VON . Hysteresis arises from the adhesion
force between the active element and the contact electrode. (d) Gap height z between the
plates as a function of voltage between the plates.
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Figure 2.3: Elastic and electric forces as a function of the relative displacement y
z0

in a 2T
NEM switch. Electric force is illustrated at 3 different voltage levels (V < VON , V = VON and
V > VON). Applied voltage V is equal to the switch-ON voltage VON when Felectric curve is
a tangent to Felastic line. This pull-in instability occurs at relative displacement of 0.33.

By using critical relative displacement value of 0.3, switch-ON voltage VON can be ex-
pressed as
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VON =

√
8kz30
27ε0A

, (2.4)

where A - area upon which the electrostatic force acts (equal to electrode length times
width of the active element). By increasing voltage further (V > VON ), the elastic force will
always be smaller than the electric force (red Felectric curve) and thus both plates will stay in
contact.

Now decreasing the voltage, the switch returns to its OFF position when V = VOFF .
Here the adhesion force between the contacting surfaces determines whether switching-OFF
will occur spontaneously without supplying extra energy or if it needs additional energy to
return to the initial position. Switching-OFF can be realized with or without supplying extra
energy, resulting in either non-volatile or volatile behaviour, respectively [29]. The voltage
difference between VON and VOFF is also called the width of hysteresis and characterizes the
adhesion strength between the active element and the electrode. In general, small hysteresis
width is desired, as implemented in, e.g., a graphene-hexagonal boron nitride switch [4].
Here the material combination is the key to achieve hysteresis width of 0.1 V.

The preceding derivation ofVON is based on couple of assumptions. One is that the system
is treated as linear, which means that it operates in linear elastic force and small deformation
regime and exhibits linear losses. Another assumption is that it only treats viscous damping,
where the force is proportional to the velocity [47].

Next sections will look at candidate bottom-up grown 1D NS as active elements for NEM
switches proposed in this thesis and will look at the electrical and mechanical domains sep-
arately to understand their behaviour in NEM switches.

2.2 Quasi-one-dimensional semiconductor nanostructures

Quasi-1D semiconductor nanostructures draw a lot of attention because of their atomi-
cally smooth surface, possibility to combine highly distinctive materials and create structures
with selective doping and tightly controlled chemical composition [12]. Thematerial require-
ments for the NEM switch active element depend on the intended application (e.g., memory,
logic, sensing) [1].

Materials with high Young’s modulus allow to achieve high-speed switching and neces-
sary stiffness to overcome stiction at the contact for repeatable ON/OFF cycling [48]. Low
Young’s modulus, however, allows expending very little energy for non-volatile applications
[49]. Surface energy of the active element and electrodes determines the adhesion force
when in contact and therefore the observed hysteresis width [50]. High melting tempera-
ture allows to withstand Joule heating due to the current flow in the active element [8, 9].
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The required electrical conductivity of the NEM switch active element also depends on the
application – e.g., radio-frequency switches require very high metallic conductivity while
lower conductivity is desired for current-limiting applications. Achieving electrically and
mechanically stable interface between active element and immobile electrode is also impor-
tant for predictable long-term operation. To increase the operating temperature range of the
NEM switch, it is crucial to have predictable electromechanical properties as a function of
temperature.

2.2.1 CuO nanowires

CuO is a p-type semiconductor with a band gap of 1.2 eV [51] and monoclinic crystal
structure. It has been considered as a perspective material for chemical/gas sensing [52],
particularly in the form of nanowires, as they possess well-defined crystal orientations, fast
response and high sensitivity. Field-effect transistor based on CuO nanowires has also been
demonstrated [53], showing p-type behaviour but relatively poor conductivity.

Due to the relatively high melting temperature of 1326°C [54], CuO NS can be considered
for high temperature NEM switch applications.

Inclusion of CuO nanowires in integrated circuits is particularly attractive due to high-
yield and relatively simple growth methods, for example, thermal oxidation [55]. External
electric field [56, 57] and humidity [58] are two important parameters that can be used to
tune the resulting distributions. The electric field promotes ion diffusion, while adding water
vapour increases oxidation rate. The influence of these factors were explored both separately
and in combination.

2.2.2 Bi2Se3 nanowires and nanoribbons

Bi2Se3 is a semiconductor with bandgap of 0.3 eV and rhombohedral crystal structure
[59]. It has a layered structure that originates from covalently bonded quintuple atomic Se-
Bi-Se-Bi-Se layers. These charge neutral layers are mutually held together by van der Waals
forces, allowing facile exfoliation of Bi2Se3 crystals to produce few-layer sheets [60]. Unit
cell of Bi2Se3 consists of 3 quintuple layers with lattice constants a∼ 4.14 Å and c∼ 28.64 Å.
Thickness of one quintuple layer is approximately 1 nanometer. Along the c-axis, Bi2Se3 is
an insulator in the bulk, while its surface is conducting. This is one of the hallmarks of the
so-called topological insulator (TI) material class.

TI properties of Bi2Se3 arise from its band structure and the effect of spin-orbital coupling.
Bi2Se3 is called the prototype three-dimensional (3D) TI due to its simple band structure con-
taining a single ring-like surface Fermi surface [59]. Experimentally band structure of Bi2Se3
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has been elucidated using surface sensitive photoemission techniques - the most notable ex-
ample being angle resolved photoemission spectroscopy (ARPES) [59, 61]. ARPES is based on
a photoelectric effect and can directly visualize electron energy as a function of wave vector
components.

2D surface states are induced by the topology of the bulk band structure in TIs. Electrons
responsible for surface conduction in TIs exhibit linear energy/momentum dispersion (Figure
2.4 (a) red and blue curves in the band gap) and are so-called massless Dirac electrons. Gen-
erally Dirac electrons have high mobility and controllable density, beneficial for electronic
device applications. In TIs particularly, they are also locked at right angles to momentum
through strong spin-momentum coupling (Figure 2.4 (b)), thus they do not get scattered by
impurities, except if the impurities are magnetic.
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Figure 2.4: Band structure schematics of bulk Bi2Se3. (a) Surface states (red and blue curves)
exist in the bulk band gap and are spin nondegenerate and helically spin polarized. (b) Rep-
resentation of Dirac cone contour of constant-energy. Spin vector (red) is orthogonal to the
wave vector k1 (dashed black) and Fermi velocity vector vF (solid black). Figure adapted from
[62]

Electronic probing of surface and bulk states in Bi2Se3 has also been carried out, and will
be discussed in more detail in section 2.5. Specifically, to confirm the topological nature of the
material it has to be shown that the measured signal comes from the surface charge carriers
and that these carriers are Dirac fermions. Most notable techniques for characterizing the
topological nature in Bi2Se3 are [62]:

• Spin-resolved photoemission spectroscopy [59];

• Scanning tunneling spectroscopy in magnetic fields [63].

• Magnetotransport (especially conductivity oscillations such as angle-dependent Shubnikov-
de Haas and Aharonov-Bohm [64]);

24



2.2. QUASI-ONE-DIMENSIONAL SEMICONDUCTOR NANOSTRUCTURES

For a material to exhibit TI properties, its Fermi level has to lie in the band gap. Native
Bi2Se3 crystals contain defects such as Se vacancies and Se interstitials [65] that move the
Fermi level up in the bulk conduction band. They are difficult to obtain insulating in the bulk,
thus properties of the surface states get obscured. There exists a criterion for critical doping
concentration that defines metal to insulator transition (i.e., Mott criterion). In conventional
TIs such as Bi2Se3 and Bi2Te3, this criterion predicts practically difficult to achieve doping
concentrations (≈ 1014 defects/cm3 [66]) due to weak bonding in these materials.

Themain goal is to adjust the placement of the Fermi level, while keeping sufficiently high
mobility. Several strategies have been explored, including making materials thinner [67, 68],
compensation doping and fabrication of capping layers [69].

Nanomaterials are particularly convenient structures that allow to access surface states
due to the large surface area/volume ratio. By decreasing the thickness of nanoribbons below
30 nm it has been shown that the contribution from the insulating bulk is removed [67]. For
thin films with thickness of approximately 10 nm ambipolar transport has been demonstrated
[68]. This means that the Fermi level could be tuned through the whole band gap.

Another approach besides using nanomaterials, is using compensation doping and en-
capsulation in protective layers [69]. It has been shown that doping with Sb is an efficient
method to reduce bulk carriers, while encapsulation in ZnO shell shields Bi2Se3 from various
contamination during handling and processing.

These techniques are part of the growth and fabrication process of the device and cannot
be reversibly and actively changed during device operation. In turn, strain engineering can
be a promising route for modifying the electronic structure in TI materials reversibly. It has
been shown that the bulk band topology in Bi2Se3 is sensitive to uniaxial in-plane strain [70].

From the previous discussion, it is clear that compared to Ge and CuO nanowire growth,
growth of 1D Bi2Se3 NS ismore challenging, as it is crucial to ensure the correct stoichiometry
and doping level to achieve its topological properties. Topological Bi2Se3 NS have been grown
using such methods as molecular beam epitaxy [71, 72], physical vapor deposition [73] and
chemical vapor deposition [74].

The impetus for using Bi2Se3 in NEM switches that operate at cryogenic temperatures is
the material’s good conductivity in this temperature range. Also, the possibility to tune ON-
state current with mechanical deformation/electrostatic gating would enhance functionality
of the switch. The understanding of TSS response to strain would allow to build NEM devices
that exploit the exotic TI properties.
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2.2.3 Ge nanowires

Ge is a notorious semiconductor material for solid state electronics, sharing the same dia-
mond cubic crystal structure as Si. Ge was used in the very first transistor [75]. Shortly after
the transistor action was demonstrated in Ge, the semiconductor technology was completely
overtaken by Si. Although Ge exhibits higher electron and hole mobilities than Si, one of
the main reasons behind this shift was that Si surpass Ge in terms of the chemical stability
of interface with its oxide SiO2. Nowadays, Ge has regained its place in the silicon industry
in the form of strained SiGe [76] layers. Ge nanowires are considered for gate-all-around
transistors [77] and more recently for quantum computing applications [78], as well as in Li
ion batteries [79, 80]. They have a relatively high Young’s modulus of 112 ± 43 GPa [81],
prospective for volatile NEM switching.

Ge nanowires have demonstrated repeatable nanoelectromechanical switching in situ in-
side scanning electron microscope [82, 83]. Similar to other semiconductor nanowires, in air
ambient Ge develops a native oxide. The oxide layer functions as a tunnel barrier that im-
pedes electron injection from the metallic contacts into the nanowire. Consequently, at low
voltages (2–4 V) [41, 82] NEM switches exhibit high resistance, thus significantly lowering
ON/OFF current ratio in this voltage range. Current barrier issue can be resolved by etching
the native oxide layer and encapsulating the devices in an inert atmosphere. On the other
hand, native oxide protects the switching element, enabling operation at voltages up to 40 V
without burnout [82].

Both solution phase and vapor phase bottom-up methods have been used to grow Ge
nanowires [84–86]. Highest yields of up to 80% have been achieved using supercritical fluid-
liquid-solid synthesis (SCF) [85], corresponding to milligram quantities over a reaction time
period of up to 10 minutes. The advantage of the synthesis of crystalline nanomaterials in
SCFs is the facile control of viscosity, diffusivity and surface tension [87] by adjusting pres-
sure and temperature. As a result, this method allows controlling mass-transfer and increas-
ing solubilities of the reactants and the products.

2.3 One-dimensional nanostructure electrical transport

Quasi-1D nanostructures are attractive for electronic applications as they have prospects
for realizing ballistic, non-dissipative transport and offer possibility to modulate current us-
ing electrostatic fields and mechanical strain. Depending on the cross-sectional dimensions
and the length of the nanostructure, different electronic transport regimes can be accessed
(Figure 2.5). For large lengths and cross-sectional dimensions in comparison with the mean-
free-path le of the charge carrier, drift-diffusion mechanism takes place [88]. In Figure 2.5 (a),
the movement of electrons in an electric field in shown. According to this model developed
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by Drude, electrons change direction after colliding with crystal defects. le is the distance
between two successive collisions, occurring after a time τ . The electric conductivity σ0 is
given by

σ0 =
e2n0τ

m
, (2.5)

where e andm is the electron charge and mass and n0 is the density of electrons. In drift-
diffusion regime, mobility µ, which is inversely proportional to τ , is an important parameter
that determines speed and on-current levels in nanowire-based electronic devices. It also
determines, how pronounced will quantum interference effects be in TI materials.

For small cross-sectional dimensions and lengths L (i.e., L << le), the scattering effects
can be neglected, i.e., ballistic transport can be achieved (Figure 2.5 (b)). For ballistic conduc-
tors, conductance will be quantized in units of G = e2

πh̄
, and it can easily be destroyed due to

impurities. However, quantization can also occur due to edge states in Quantum Hall effect.
This quantization is immune to impurities and will be discussed in subsection 2.5.1.

(a)
le

e-

(b)

Figure 2.5: Electrical transport in a 1D-nanostructure. (a) Diffusive transport occurs when
the length L is larger than the mean-free-path of the charge carrier le. (b) Ballistic transport
is realized when L is shorter than le.

To use 1DNS as current conduction pathways in electromechanical devices efficiently, the
properties of 1D NS and their contacts with metal electrodes need to be taken into account.
In a NEM switch, at least 2 different type contacts are employed: one is a permanent and
mechanically static and the other one is dynamic that makes intermittent contact during the
switching-ON. Electrical properties of the NCwill determine both the ON-state current levels
in the NEM switch, their stability and operational voltage region.

When a contact between ametal and a semiconductormaterial is made, a potential barrier
develops that impedes the flow of charge carriers from one material to another. Applying
a voltage bias to the metal/semiconductor junction, either effectively decreases or increases
the barrier height seen from the semiconductor side. In general, metal/semiconductor contact
type is determined bymetal’s Fermi level EF placement in relation to semiconductor’s valence
and conduction band edges EV and EC , respectively (Figure 2.6). If EF is located between
EV and EC , then Schottky barrier ϕB develops at the junction (Figure 2.6 (a) and (b)). When
EF is either higher than EC or lower than EV , ohmic contact is formed (Figure 2.6 (c) and
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Figure 2.6: Contact formation between a metal M and an n-type semiconductor S. Schottky
contact (a) before and (b) after joining of the two materials. Ohmic contact before (c) and (d)
after joining of the two materials. Inset in (c) shows the current-voltage characteristics for
Schottky (blue, continuous) and ohmic (orange, dashed) contacts.

Ohmic contacts are generally desired for signal transfer acrossmetal/semiconductor junc-
tion. The carriers are free to flow in both directions across the junction. Ohmic characteris-
tics can be achieved by lowering the barrier height (using proper material combinations or by
thermal annealing) or by making the barrier very narrow (e.g., by doping) to allow tunneling
through it. For sensor devices, modulation of Schottky barrier height modulation can serve
as a means of detection.

Many semiconductor, including Ge [89] and Bi2Se3[90], andmetal nanostructures develop
a thin native oxide layer in air ambient. If not removed before metal deposition, a metal /ox-
ide /semiconductor contact is created at the interface. Oxide layer forms a tunnel barrier that
can be overcome by direct, Fowler-Nordheim or thermionic emission. This has several impli-
cations for NEM switch operation. A thin insulating layer can decrease the current density
in NEM switch dynamic contact, thus reducing ON-OFF current ratio, while also mitigating
burnout risks of the active element. Intentional deposition of insulating layer (encapsulation)
has been included in the fabrication of some NEM switches [refs].

For fabrication of NC, metals are usually evaporated or sputtered in vacuum on the ends
of the active element or active elements are placed on top of prefabricated metal electrodes,
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creating an adhesive contact (usually with a high contact resistance RC). Electrical contact
characteristics depend severely on the fabrication method used [91].

Twomost popular electrical propertymeasurement configurations are used for character-
izing properties of 1DNS. Two-terminal contact configuration is important from the practical
standpoint, as they require less space and are usually employed in device applications. How-
ever, in such systems electronic properties of the 1D NS are difficult to decouple from the
electrical properties of the contact itself. Therefore four-terminal (or more as in transfer line
method [92]) measurement schemes are used. The former can be used to determine electrical
resistivity ρ of the NS, while the latter allows to determine value of RC .

In four-terminal (4T) measurement, outer contacts serve the current injection function,
while the inner are the so-called voltage probes (Figure 2.7). As the voltmeter has an infinite
input resistance, no current is drawn through the voltage probes. Thus the voltage drop
measured arises due to resistance of the NS itself. Scaling this resistance according to the
total length of the NS, total NS resistance is determined.

Rc
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Rc

RNSV
V

(a) (b)

Figure 2.7: Four-terminal measurement setup schematics (a) and equivalent electrical
schematics (b) for characterizing nanowire resistivity without the impact of contact resis-
tance.

Resistivity temperature dependence can be exploited to get information about dominant
scattering mechanisms in the material. In metals, resistivity usually decreases with lower-
ing the temperature. At room temperature, electron-phonon scattering dominates, while at
low temperatures electron-electron interaction is responsible for non-zero resistivity. At the
limit of zero temperature, there is still some residual resistivity ρ0 that arises from scatter-
ing of electrons with Fermi energy by lattice defects. Resistivity temperature dependence is
classically described by equation [93]

ρ(T ) = ρ0 + AT n, (2.6)

where constant A > 0 and n is 2 for electron-electron scattering and from 3 to 5 for
electron-phonon scattering. However, at low temperatures, interaction between electrons in
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disordered systems leads to strong anomalies. For example, at low temperatures exponent n
in 2.6 is 1/2 instead and coefficient A can be both positive and negative. For 2D systems (e.g.,
thin films), a logarithmic increase of residual resistivity has been observed.

Bi2Se3 synthesizedwithout intentional doping usually shows ametallic decrease of ρ from
room temperature to some intermediate temperature, dominated by phonon scattering [94,
95] (Figure). From intermediate to lower temperatures, different trends have been observed.

Figure 2.8: Four-terminal longitudinal resistance of Bi2Se3 nanostructure from room tem-
perature to 2 K. Insets are an SEM image of the Hall bar device and the measurement contact
configuration. Figure adapted from Ref. [95].

Exponential Arrhenius-type increase of ρ can be either attributed to bulk band gap or to
impurity band conduction. Activation energy Ea can be extracted from the slope of ln ρ vs
T−1. Saturation of ρ approaching a constant value at low temperatures has been associated
with bulk carrier freeze-out accompanied by a combination of surface state and impurity band
conduction. Low temperature (2 K to 30 K) ρ ∝ T−1/4 dependence has been attributed to
Mott variable range hopping mechanism [96, 97] in the impurity band. Resistivity behaviour
depends also on NS thickness, e.g., for Bi2Se3 thin films a critical thickness of 6.4 QLs has
been identified [94] where most of the conduction comes from the surface channel.

2.4 Mechanical properties of one-dimensional nanostructures

1DNS exhibit mechanical properties that are different from their bulk counterparts, more-
over, a pronounced size-dependence has been reported in the literature for, e.g., Young’s
modulus and yield strength [98]. Size-dependence has been attributed to the increased con-
tribution from the surface effects – i.e., the fact that surface atoms experience less influence
from the neighbouring atoms than the atoms in the bulk. Surface effects manifest themselves
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in different ways – as surface tension, surface reconstruction and different electron density
among others.

To characterize mechanical properties of a single 1D NS, tools that can apply controlled
force in the range of nanonewtons and register deformation in the range of nanometers or
even subnanometers are needed. Deformation can be caused mechanically, using calibrated
mechanical structures (e.g., atomic force microscope cantilevers or MEMS devices) and de-
tecting the deflection visually using high resolution microscopes or a laser. The elastic and
plastic regions of single 1D NS deformation have been characterized both in tension and in
bending. Surface effects manifest themselves differently in each of these deformation modes
(more in bending, less in tension) [99], which has to be taken into account when interpreting
the obtained results.

For electrostatically actuated NEM switches and resonators, 1D are deformed using elec-
tromechanical coupling, during which an electrostatic DC field or time varying AC field is
applied. In case of DC field, 1D NS bends towards the electrode, while AC field induces
mechanical resonance of the NS at certain frequencies.

NEM switches have been reported with the active element operating in bending mode
(both in-plane and out-of-plane), and in shear mode. This thesis will mainly cover bending
deformation of 1D NS (Figure 2.9) – both to determine the Young’s modulus of the nanos-
tructures and to implement NEM switching. During bending, moment M causes the beam
axis to bend with radius R. One side of the beam experiences tension and the other one –
compression, while the mechanical stress σ changes linearly along the y direction. On the
neutral axis, σ is equal to zero.

x

y,u

z

Neutral axis

R

M M

W

T Stress

TensionTension

CompressionCompression y

σ

(a) (b)

Figure 2.9: Schematics of a rectangular beam under bending deformation (a) and stress dis-
tribution along y axis (b). M – bending moment, R – bending radius, σ – mechanical stress
σ.

Depending on the ratio between 1D NS deflection u and characteristic size, different con-
tinuummodels can be applied to describe the resulting dynamics. Generally, the dynamics of
a 1D NS, when an external time-varying force Fext is applied can be described using formula
2.7
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ρA
∂2u

∂t2
+ η

∂u

∂t
+ EI

∂4u

∂x4
− T

∂2u

∂x2
= Fext(x, t), (2.7)

where the first term is the acceleration of displacement u(x) with ρA denoting the linear
mass density. The second term describes damping proportional to the velocity of the 1D NS
with proportionality coefficient η. EI is the bending rigidity with E being Young’s modulus
and I – the area moment of inertia.

2.4.1 Dynamic deformation

Neglecting damping and tension terms in 2.7, Euler-Bernoulli equation for a resonating
beam can be obtained as

EIx
d4u

dx4
+ ρA

d2u

dt2
= 0. (2.8)

After solving eq. (2.8) with the appropriate boundary conditions, resonance eigenfre-
quencies can be obtained as

f =
β2

2πL2

√
EI

ρA
. (2.9)

β is approximately 4.730 for fixed-fixed boundary conditions and 1.875 for fixed-free
case.The resonant frequency is the frequency where the vibration amplitude is maximum.
In the linear regime, the vibration amplitude has a Lorentzian-shaped dependence on fre-
quency at resonance. Figure 2.10 shows single-clamped (i.e., fixed-free) 1D NS in resonance
and its corresponding amplitude-frequency curve.
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Figure 2.10: In situ resonance excitation of Sb2S3 nanowire. SEM images of nanowire with
dimensions: length L = 10 µm and radius r=67 nm taken when the applied electric field
frequency is (a) far from the natural resonance frequency of the nanowire and (b) at the res-
onance frequency. Increased vibration amplitude can be seen and described by a Lorentzian
fit (f0=171.57 kHz) (c). Figure adapted from [100].

It should be noted that, depending on the tension force, the 1D NS can be described either
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as a beam or as a string. Crossover from one regime to another by varying the tension force
has been demonstrated for CNTs in [101].

In situ SEM experiments in real time involving the excitation and detection of resonant
behaviour lay a solid ground for understanding the electromechanical behaviour of 1D nanos-
tructures. However, typical SEM studies are limited to the room temperature. To explore
the temperature-dependent and low-temperature dynamical characteristics, other detection
schemes that are compatible with cryostat should be implemented.

In the case of NEM switches, resonance can determine the temperature-dependent elastic
properties of 1D NS and exploit resonance energy for switching ON and OFF.

There are two popular schemes for detecting resonance in low-dimensional nanostruc-
tures: optical [102] and electrical [101]. Optical detection has some limitations, such as lower
coupling strength with 1D NS compared to electrical detection, potential heating of the sen-
sitive nanostructures, and difficulties in integrating it with the electrical connections and
wiring already present in some cryostat systems. On the other hand, electrical detection has
its own challenges, such as low signal-to-noise ratio due to the very small capacitance of the
1D NS-electrode system in comparison to parasitic capacitances of cables.

This issue can be addressed by (a) converting and detecting resonance at lower frequen-
cies, (b) using a local gate electrode close to the vibrating nanostructure. To exploit both
benefits of fast detection and minimized parasitic capacitance, the local gate electrode could
be combined with a preamplifier circuit that is placed near the measured NEM switch.

2.4.2 Quasi-static deformation

In the quasi-static case, displacement u of the rectangular beam in the y direction under
bending momentM(x) is described using equation

EIx
d2u

dx2
= −M(x) (2.10)

For rectangular cross-section

Ix =
WT 3

12
, (2.11)

whereW is the width and T represents the thickness of the NS.
If a point load is applied at the end x = L of the NS, then the bending momentM(x) can

be expressed as
M(x) = −F (L− x) (2.12)

For a beam that is clamped at one end, boundary conditions require that displacement
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and deflection at the clamped end is zero:

ux=0 = 0

(
du

dx
)x=0 = 0

(2.13)

By integrating 2.10 twice with respect to x and using boundary conditions 2.13 to find the
integration constants, the displacement u of the beam as a function of distance x is obtained:

u(x) =
F

6EI
(3Lx2 − x3) (2.14)

Maximum displacement is at x = L and by employing Hooke’s law, spring constant of
the single-clamped beam in the linear regime can be expressed as

ksingle−clamped =
3EI

L3
. (2.15)

Spring constant for a double-clamped 1D NS is derived in a similar manner and can be
used to extract Young’s modulus in AFM three-point bending experiments. However, to in-
terpret actual experimental force-displacement curves, which are usually non-linear, intrinsic
stress and surface effects are invoked [81, 103, 104]. Typical experimental force-displacement
curve is shown in Figure 2.11. The top and bottom surfaces of a double-clamped 1D NS under
bending experience different deformations – one surface is under compression (top surface
in Figure 2.9), while another surface – under tension (bottom surface in Figure 2.9), with neu-
tral axis experiencing no stress in the elastic regime. After removing the bending moment
M , the 1D NS will be restored to its initial position.
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Figure 2.11: Quasi-stationary mechanical deformation of a 1D NS in three-point bending
experiment. (a) Experimental schematics using atomic force microscope cantilever for force
application and displacement measurement. (b) Typical force-displacement curve (discrete
points) and theoretical approximation (solid curve). Figure adapted from Ref. [104].

34



2.5. TOPOLOGICAL INSULATORS

The bending strain of an elastically deformed 1D NS in the thickness direction can be
calculated using thickness T and radius of curvature R as

ϵ =
T

2R
. (2.16)

The previous formula can be applied for cases when R >> T .
Both quasi-static and dynamic loading may lead to buckling deformation – a sudden

change in shape of the nanostructure. Buckling deformation is regarded as a highly con-
trollable nanomechanical deformation mode with the potential for achieving large displace-
ments [105]. In addition, a buckled nanostructure could lead to a record electrical frequency
tunability as it has been shown for CNT resonators [106].

2.5 Topological insulators

Band theory [107] has been successfully used to explain a plethora of electronic and op-
tical phenomena in different materials, dividing materials into three general classes – insula-
tors, semiconductors and metals. According to band theory, an insulator possesses an energy
gap between the highest occupied energy level and the lowest unoccupied energy level, and
the gap is roughly some orders of magnitude larger than the thermal energy at room tem-
perature. The allowed energy levels in the system can be found by solving time-independent
Schrodinger equation

Hψ = Eψ, (2.17)

whereH is the Hamiltonian operator, ψ is the wavefunction and E is the energy eigenvalue.
Topology is a branch of mathematics that studies properties of geometric objects under

continuous deformation. In physics, topology studies smooth transformations of Hamiltoni-
ans of the physical system and offers an additional paradigm for classification of materials
according to topological invariant. If two insulators can be turned into one another by slowly
changing the Hamiltonian such that the energy gap is never closed (i.e., there are no energy
eigenvalues that fall in the gap), then they are topologically equivalent. Consequently, if two
topologically inequivalent insulators are joined, a gap closing must take place. When this
gap closing occurs, gapless conducting states with peculiar properties emerge at the inter-
face between the two insulators.

2.5.1 Quantum Hall effect

One of the simplest examples to illustrate the emergence of gapless states, is the integer
quantum Hall effect (IQHE). When a conductor or a semiconductor is placed in a perpen-
dicular magnetic field, the charge carriers get deflected due to Lorentz force and transversal
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voltage develops across the sample. Hall effect measurement schematics shown in Figure
2.12. Classically, a linear dependence of transversal resistance Rxy = B

ne
on B field is ob-

served, while longitudinal resistance Rxx = L/W
neµ

does not depend on the B field (Figure 2.12
(b)). However, it turns out that the situation is very different when a 2D electron gas (2DEG,
free electrons confined in two dimensions) is placed in a very strong perpendicular mag-
netic field. Electrons start to orbit around circular trajectories and Hall resistivity changes in
steps with increasing B field, forming plateaus of values that are multiples of the inverse of
conductance quantum e2/h as

ρxy =
h

e2ν
, (2.18)

where h – Planck’s constant, e – electron charge and ν – integer (Figure 2.12 (c)). It has
to be emphasized that values of ρxy change proportionally to two fundamental constants and
that at these plateaus the resistivity value changes as little as one part in a billion. Longitu-
dinal resistivity ρxx stays zero during each step, appearing only during transitions from one
step to another.

From the microscopic view, electrons in a magnetic field undergo circular motion because
of the Lorentz force. The size of the resulting cyclotron orbit depends on the magnetic field
strength B and electron velocity v as

rc =
mv

eB
. (2.19)

The orbiting electron thus acquires angular momentum L = mvrc = eBr2c . Because
angular momentum in quantum theory is quantized as L = nh̄, only a set of discrete values
are allowed for rc, i.e., rn =

√
nlB , where lB =

√
h̄/eB is the magnetic length. The energy of

an electron in a quantized orbit is Lωc = nh̄ωc, where ωc = eB/m is the same for all sizes of
cyclotron orbits. As the energy levels are shifted up from zero energy by h̄ωc/2, the resulting
allowed energy levels are

En = h̄ωc(n+
1

2
), (2.20)

known as Landau levels (Figure 2.13 (a)). Each Landau level can hold many electrons –
one electron per magnetic flux quantumΨ0 = h/e, and the number of electrons in a level will
be proportional to the area of the sample. Landau levels can be compared to a band structure.
If n Landau levels are filled and the rest are empty, then an energy gap separates those states
similar to an ordinary insulator. With Fermi level in the gap, QH system represents the first
topological insulator.

Semiclassically, the movement of electrons around the edge can be imagined as skipping
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Figure 2.12: Hall effect. (a) Hall effect measurement schematics with depiction of charge
carriers and forces. Fm – magnetic force acting on positive charge carriers, Fe – electric
force arising from the charge build-up. (b) In the classical Hall effect, transversal resistance
depends linearly on the magnetic field, while longitudinal resistance is independent of it.
(c) Quantum Hall effect shows steps in transversal resistance that lead to plateaus of nearly
straight lines, accompanied by peak of longitudinal resistance at each step. Figure adapted
from [108].

orbits, since the circular electron trajectories cannot be completed at the edges (Figure 2.13
(b)). This results in propagation in different directions along each edge, and restricts backscat-
tering, as electron would need to traverse the whole sample to access available states that
travel in reverse direction. These states propagating in different directions are called chiral
edge states. In addition, conduction in these edge states is ballistic. The semiclassical picture
also supports the notion that edge conductivity is impossible without the existence of an
insulating bulk.

The quantization of transversal conductance does not depend on the system geometry
or materials used and therefore can be used as a resistance standard. The robustness and
generality of this effect is most completely described using topological arguments.

To explain how topology is connected to QHE, the ideas of Berry phase and Berry curva-
ture need to be introduced. In a sense, Berry phase classifies loops in momentum space, in
analogy to magnetic field in the real space.
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Figure 2.13: Microscopic and semiclassical picture of QHE, showing difference between bulk
and edge states. (a) Landau levels as a function of position x along the sample. States close
to the edge disperse and can carry current. Even if the Fermi level is in the gap in the bulk
of the sample, there are states at both edges that cross the Fermi level, resulting in quantized
transversal resistance. (b) In the bulk, electrons undergo circular motion and cannot carry
current. At the edges, the full circular trajectory cannot be completed, resulting in a current-
carrying motion. Figure adapted from [109].

Bloch states under cyclic evolution in the momentum space gain a phase shift

γ = i

˛
C

dk · ⟨ϕn| ∇k |ϕn⟩, (2.21)

where γ is the Berry phase. Similarly to vector potential in electromagnetism, the inte-
grand in 2.21 can be defined as Berry potential as

A = i⟨ϕn| ∇k |ϕn⟩ (2.22)

Taking the curl of A and employing Stoke’s theorem, Berry phase shift can be expressed
over a surface as

γ =

ˆ
S

dS · (∇× A) (2.23)

For QHE systems, Berry phase shift stays constant under smooth adiabatic transformation
of the Brillouin zone. TKNN model [110] used Berry shift to express the Hall conductance as

σxy = n
e2

h
=
e2

h

−i
(2π)2

ˆ
S

dS · (∇× A)

n =
−i

(2π)2

ˆ
S

dS · (∇× A),
(2.24)
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where n is the topological invariant for QHE, known as the Chern number. Chern number
is a positive integer, that corresponds to the number of filled Landau levels. For a trivial band
insulator, n is always zero. The topological invariant of a trivial insulator can not change to
that of a QH insulator under smooth Brillouin zone transform.

It turns out, that there exist physical systems, in which QH effects arise without applica-
tion of strong external magnetic fields and low temperatures, known as 2D and 3D TIs.

2.5.2 2D and 3D topological insulators

It turns out that the topological structure can exist even without the application of a
strong magnetic field. Instead, spin-orbit coupling (SOC) can function as a source of local
magnetic flux. SOC is a relativistic effect that describes interaction between electron’s spin
and orbital angularmomentum (Figure 2.14 (a)), and is explored for technological applications
in spintronics. Using SOC, Quantum Spin Hall effect (QSHE) in 2D was theoretically formu-
lated [111]. It was later demonstrated using transport experiments in a CdTe/HgTe/CdTe
semiconductor heterostructure quantum well [112], confirming the existence of 1D edge
channels with quantized conduction.
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Figure 2.14: (a) Origin of band inversion in 3D TIs. Spin-orbit coupling (SOC) describes the
interaction between electron’s orbital angular momentum L and spin’s intrinsic momentum
S, leading to a total momentum J . Strong SOC leads to band inversion in topological insu-
lators as shown for two Bi2Se3 pz orbitals in (b). (b) Schematics of combination of Bi and Se
atomic orbitals to form molecular orbitals and then conduction and valence bands in Bi2Se3.
Three interactions that change the placement of the energy levels are shown: (I) chemical
bonding, (II) crystal-field splitting and (III) SOC. Figure adapted from [113]

The strong SOC can easily invert valence and conduction bands in narrow gap semicon-
ductors in 3D TIs. More specifically, in Bi2Se3 inversion occurs between Bi pz orbital and Se
pz orbital with opposite parity at the Γ point (Figure 2.14 (b)) [113]. This means that in the fi-
nal band structure the conduction band has contributions from the original valence band and
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vice versa. Band inversion causes change in topological invariant and leads to development
of topological surface states (TSS).

To exploit the properties of the TSS, Fermi level has to lie in the insulating band gap,
which can be achieved using both electrical field and mechanical deformation.

2.5.3 Quantum oscillations and interference phenomena in Bi2Se3

The effects of magnetic flux on quantum transport in Bi2Se3 and other TI materials unveil
various oscillatory and interference phenomena. These phenomena provide insights into
the material’s electronic characteristics, encompassing its band structure, carrier density and
mobility. Particularly important for TIs, distinct signatures in these phenomena allow also
distinguishing Dirac fermions of surface states from those of an ordinary metal, 2DEG or
surface layer [62].

One important consequence of this interplay between electrons and magnetic field is
Landau quantization of energy levels, already discussed in the context of QHE. Raising the
magnetic field increases both the spacing between these levels and the available states per
each level (Figure 2.15). As a result, electrons tend to occupy lower and lower levels with
increasing field until all electrons occupy the lowest Landau level. The depopulation of Lan-
dau levels is expressed as oscillating longitudinal conductivity, revealing Shubnikov-De Haas
oscillations:

∆σxx ∝ [2π(
F

B
− 1

2
+ β)], (2.25)

where F is the frequency and β is the phase shift (0 ≤ β < 1).
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Figure 2.15: Formation and population of Landau levels as a function of B field. (a) ForB = 0
there are no Landau levels. (b) Increasing B field leads to increased spacing between Landau
levels. As the Landau level passes through the Fermi level, it gets depopulated, creating an
oscillatory pattern with period proportional to 1/B (c). Figure adapted from [62].
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Phase factor β in SdH oscillations allows to determine the Berry phase of the system [62].
For parabolic dispersion, Berry phase is zero (for the corresponding β = 0) and for Dirac
fermions (and also TIs for large number of LLs) it is π (for β = 1

2
). Moreover, it is possible to

determine the carrier density by analyzing the frequencyF of the SdH oscillations employing
Onsager’s equation.

f =
h̄c

2πe
πk2F , (2.26)

where kF is the Fermi wave vector. For a circular cross section of Fermi surface Fs, an
averaged value of kF can be calculated and thus the carrier density n.

Quantum interference phenomena such as universal conductance fluctuations (UCFs)
[114], weak anti-localization [115, 116] and Aharonov-Bohm oscillations [117, 118] are use-
ful tools for probing carrier transport properties in TIs. These phenomena emerge from the
wave-like nature of charge carriers, a characteristic that the semi-classical drift-diffusion
charge transport model does not account for.

In the case of open electron trajectories, random phase variations preclude interference
effects. However, in self-intersecting trajectories that form closed loops, a different scenario
takes place. Constructive interference of the trajectories increases probability of charge car-
rier backscattering and manifests as increased resistivity – an effect known as weak local-
ization (Figure 2.16 (a)). In materials like Bi2Se3, where the electron’s spin couples with its
orbital motion, destructive interference of amplitudes results in a reduction of classical re-
sistivity. This effect, referred to as weak antilocalization (WAL) (Figure 2.16 (b)), becomes
observable when the spin-orbit scattering length lSO is smaller than phase coherence length
lϕ. Here the electron gains an additional phase π after completing a closed trajectory.

The introduction of a magnetic field into this system further influences closed electron
trajectories by modulating the phase difference. This modulation leads to the suppression of
both weak localization and weak antilocalization effects. Consequently, magnetoresistance
measurements become valuable tools for determining the phase coherence length lϕ and spin-
orbit scattering length lSO.

These parameters can be extracted using Hikami-Larkin-Nagaoka (HLN) model [119].

δGWAL(B) ≡ G(B)−G(0) = α
e2

2π2h̄
[ψ(

1

2
+
Bϕ

B
)− ln Bϕ

B
], (2.27)

where Bϕ = h̄/4el2ϕ, ψ – digamma function and α – a prefactor, that characterizes SOC
and the coupling between surface and bulk states.
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Figure 2.16: Origin of weak localization and anti-localization in disordered systems with
diffusive transport. (a)The interference between to closed time reversed paths is constructive
without spin-orbit coupling and leads to increased backscattering (WL). (b) With spin-orbit
coupling included, interference is destructive and leads to reduced backscattering (WAL).
Figure adapted from [66].

2.5.4 Modulating Fermi level of Bi2Se3 nanostructures

In a NEM switch configuration, both electrostatic field and mechanical strain impacts the
charge carrier properties in the Bi2Se3 NS. As stated previously, to exploit the phenomena of
TSS, EF has to lie in the insulating bulk band gap. Due to difference in EF for bulk and TSS
on both top and bottom surfaces, charge transfer occurs to equilibriate the EF . This leads to
a development of a potential difference and corresponding band bending (Figure 2.17a).

Electrostatic gating has been employed as an effective means of tuning the Fermi level
of Bi2Se3 NS (Figure 2.17). Both bottom gate and top gate configurations (Figure 2.17b) have
been employed to observe field effect and demonstrate ambipolar transport [120]. Resistance
dependence on gate voltage can be used to confirm, if samples are bulk-insulating – then a
clear resistance maximum is observed, when the Dirac point is crossed.

Adding mechanical strain to the TI, it is possible to switch the topological character on
and off [70]. Straining materials to change their electronic properties is not a new concept
– for example, one of the major achievements in CMOS technology was the introduction of
strained Si to increase channel mobility. The straining can be achieved either by chemical
substitution or by epitaxial mismatch. Both of these approaches allow to either expand or
contract the crystal lattice, however, they do not offer reversibility. By using pure mechanical
deformation, it is possible to switch between topologically trivial and non-trivial material and
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Figure 2.17: (b) Band structure schematics of Bi2Se3, showing topological surface state (TSS)
Dirac dispersion on bottom and top surfaces, Fermi level EF and bulk conduction (CB) and
valence (VB) band bending. (a) Schematics showing typical gating setup with top (TG) and
bottom (BG) gates insulated from Bi2Se3 NS using high-κ dielectric and SiO2 respectively.
Figure adapted from [120]

back. This means we either switch on or off the spin current or low-dissipation properties of
the surface.

The shift of Dirac point has been demonstrated using ARPES for Bi2Se3 films with tensile
elastic strains up to 2.1% [121] and using transport experiments [122].

2.6 On-chip integration of suspended one-dimensional nanostructures

2.6.1 On-chip nanostructure integration methods

In situ investigation of NEM switches in SEMand transmission electronmicroscope (TEM)
[41, 83, 123] has greatly expanded the understanding about NEM switch operational prin-
ciples. In situ measurements allow following the dynamic processes that occur in NEM
switches in real time. Also, they are an invaluable tool for exploring vast space of geometri-
cal configurations – by using a manipulator, distances between the active elements and the
electrodes can be adjusted for the same active element and electrodes. Considering the vari-
ability of nanoscale elements, this allows for more certainty of interpretation of the results.
Thus in situmeasurements are a crucial step before fabricating integrated NEM switches with
comparably low reconfigurability but high robustness and repeatability.

In planar top-down integrated NEM switch technology, fabrication process is carried out
on the same substrate. Fabrication of a SiC NEM inverters can serve as a typical example [8].
NEM inverter consists of two in-plane NEM switches with beam length of 8 µm, width 200
nm and gap of 150 nm, with total area of approximately 8 µm2. Si with 500 nm thick thermal
SiO2 layer was used as a substrate. Chemical vapor deposition was used to deposit 400 nm
thick heavily nitrogen-doped polycrystalline 3C-SiC layer. To pattern the SiC layer, hard
mask was fabricated by first thermally evaporating 40 nm thick Ni layer and then patterning
it by electron-beam lithography and lift-off. The pattern was then transferred into SiC by
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deep reactive ion etching with SF6 gas. Wet etching was used to remove SiO2 layer to release
the devices, and supercritical CO2 drying to avoid stiction of the SiC beams to the substrate.

Integration of bottom-up 1D NS NEM switches on-chip usually involves at least two sub-
strates. 1D NS are grown on a separate growth substrate (e.g., glass, Si, quartz, foil, anodized
alumina) and are subsequently integrated on a device substrate with electrodes. The need
for different substrates can be understood considering the classical vapor-liquid-solid (VLS)
bottom-up growth mechanism of 1D nanostructures. VLS growth results in vertical or an-
gled with respect to the substrate NS that subsequently need to be integrated with planar thin
film electrodes. Integration involves transfer of 1D NS, alignment in desired positions, con-
tact fabrication and in case of NEM switches, also suspension of the NS to enable mechanical
movement.

Despite the exciting application prospects of 1D NS, their on-chip integration still needs
to address the following main challenges:

• How to position 1D NS with nanometer accuracy?

• How to select 1D NS with defined size, stoichiometry, morphology and properties?

• How to ensure parallel scalable integration with high yield?

• How to fabricate stable and reliable electrical contacts to 1D NS?

• How to ensure mechanical movement and avoid stiction due to capillary forces?

• How to preserve physical and chemical properties during integration?

Mechanical transfer is a simple method, where the growth substrate is pressed against
the device substrate either with or without pre-fabricated electrodes. Mechanical transfer
is often employed for characterization of individual 1D NS. This represents a relatively low
level of alignment, which can be greatly increased by applying a directed force [124].

The most accurate positioning can be achieved using nanomanipulation methods, where
the individual 1D NS can be manually placed in a target position using piezomotors [125].
While this method allows to implement exciting configurations, it is inherently serial and
thus results in low yield.

High placement accuracy and at the same time parallel process is offered by dielec-
trophoresis (DEP) method [126]. In DEP, 1D NS are suspended in a dielectric media, and
respond to distribution of electric field gradient. DEP can control both the position and num-
ber of aligned 1D NS. However, DEP requires a dedicated electrode structure that can differ
from the electrical connections in the final device. Similar to DEP, magnetic alignment can
be employed, and variations with assistance of microfluidic flow have been reported.
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Selective growth explores the patterning options of the device substrate that enhances
preferential 1D NS growth, thus avoiding the need for NS transfer completely [127–130].
Besides being a parallel process, it also allows to minimize chemical interaction with other
processing chemicals, as the NS growth can be one of the last fabrication steps. Vertical
selective 1D NS growth is very similar to the conventional VLS mechanism and can be em-
ployed for 3D integration, while lateral growth requires novel techniques. Some promising
approaches have been demonstrated by confining NS growth in narrow pre-patterned chan-
nels or utilizing the epitaxial interactions with the underlying crystalline substrate [128].
Some approaches focus on planarization of vertically grown 1D NS. First, an array of growth
sites is patterned to initiate vertical or angled growth of 1D NS, then a technique is em-
ployed to bend 1D NS so that they lie horizontally on the substrate. For example, contact
printing involves detachment of 1D NS from the growth substrate with the help of van der
Waals forces, while defining the alignment direction using hard-contact sliding [129]. Use of
elastocapillary forces for planarization of 1D NS has also been reported [130].

Morphology, stoichiometry, size and physical properties of the 1D NS can be controlled
already in the synthesis phase before transfer. However, in some cases a variety of NS are
grown during one synthesis run and transfer and alignment methods should exhibit some
form of selectivity towards the necessary NS characteristics. This has been demonstrated
in case of DEP alignment, where 1D NS were sorted according to their conductivity. Figure
2.18 and Table 2.2 summarize and give a qualitative comparison of approaches for 1D NS
integration.

Mechanical Nanomanipulations

Selective growth Dielectrophoretic

Figure 2.18: Schematic depiction of methods for on-chip integration of 1D NS.
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Table 2.2: Comparison of methods for on-chip integration of 1D NS in terms of positioning
accuracy, yield and implementation specifics.

Method Positioning
accuracy

Yield Comments References

Mechanical
transfer

Low Medium Easy to
implement,
no contami-

nation

[124, 131]

Nanomanipu-
lations

High Low Serial process [83, 125]

Dielectropho-
resis

High Medium Dedicated
electrode
structures
needed

[132–134]

Selective
growth

High High Growth and
device on the

same
substrate

[37, 127]

2.6.2 Fabrication of suspended nanostructures

Enabling of mechanical movements adds the next challenge to the integration process.
In top-down thin film fabrication processes, release of the active element by creating a sus-
pended structure is conventionally done as the last step, using wet or dry etching of the
substrate beneath the structure. A similar approach has been employed also in devices using
bottom-up fabricated active elements (e.g., CNTs [101]). Here it is very important to ensure
that the etchant exhibits high selectivity and attacks only the substrate material, leaving ac-
tive element intact. Alternatively, 1D NS can be transferred to substrates already containing
pre-patterned gaps, but this increases the risk of sticking to the substrate during next pro-
cessing steps. NEM switches can also be fabricated without top contacts, relying on adhesive
force between the suspended 1D NS and bottom contacts. This reduces number of steps and
device loss during fabrication, however, may increase contact resistance.

Dealing with nano-sized air gaps in processes involving liquids involves a high risk for
stiction due to capillary forces. When a liquid and vapor phase exists simultaneously (e.g.,
drying after lift-off and wet etch), it causes capillary forces and thus shrinkage. According to
Laplace’s equation, the pressure depends inversely on the distance d between the two plates
as (Figure 2.19(a))

∆P ≈ −2σcosθ

d
, (2.28)
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where σ is the surface tension and θ is the angle between solid and liquid meniscus.
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Figure 2.19: Supercritical drying. (a) Capillary forces between two plates depend on the
separation d and angle between liquid and gas θ. (b) Liquid-gas phase transition (red arrow)
can be avoided by operating beyond the critical point as in supercritical drying (blue arrow)
or going through liquid-solid-gas transition as in freeze drying (grey arrow). (c) CO2 phase
diagram, showing the region of supercritical fluid phase above 304.25 K and 73.9 bar.

Therefore inmicroscale and nanoscale separations the capillary forces become very strong
and need to be eliminated when handling fragile suspended structures. The idea behind su-
percritical drying is to avoid the phase boundary between the liquid and the gas by operating
at a critical point. Phase diagram of CO2 used in this work for supercritical drying in shown
in Figure 2.19 (b-c).
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3.EXPERIMENTAL

3.1 Synthesis, morphology and yield of one-dimensional nanostruc-
tures

3.1.1 Synthesis of one-dimensional nanostructures

CuO nanowires and Bi2Se3 nanobelts were grown at the Institute of Chemical Physics,
University of Latvia, in a quartz tube furnace, using thermal oxidation and physical vapour
deposition, respectively.

For CuO nanowire growth, Cu foil was used as the growth substrate. Oxidation cycle con-
sisted of heating with rate 16 °C/min up to 500 °C with 210 min oxidation at constant 500 °C.
Then the furnace was allowed to cool down to room temperature. To raise the humidity in
the air while synthesizing, a small container carrying 7 µL of distilled water was placed inside
the furnace tube near the substrate. This was done after the temperature reached 374 °C to
prevent droplets from forming on the substrate. To create an electric field, a piece of Cu foil
was put between two steel electrodes 1 cm apart, and a voltage of 200 V was applied using a
Keithley 6487 Picoammeter/Voltage source (Tektronix).

Bi2Se3 nanobelts were grown on glass from a Bi2Se3 powder in an N2 ambient via physical
vapor deposition, modified from [135]. Temperature cycle consisted of increasing tempera-
ture from room temperature to 585 °C in 45 min, then keeping constant 585 °C for 15 min
and allowing to cool down to 545 °C. During this stage, Bi2Se3 evaporation took place. After-
wards, the tube was pumped until its temperature reached 535 °C. At the next stage, N2 flow
at 20–25 Torr was used to initiate 1D NS growth. During growth, the temperature of the glass
substrate was in the range of 375–490 °CC. N2 flow was stopped as the temperature reached
500 °C, pumping was stopped at 475 °C. To finish the process, the tube was filled with N2 and
the glass substrate was removed when the temperature was in the range of 110–170 °C.

Both catalyst-free and synthesis with Au catalyst was used for growth of Bi2Se3 nanobelts.
Au catalyst particles were obtained by thermally evaporating Au thin film layers of thickness
1.5 to 16 nm and heating them.

Ge nanowires were synthesized in University College Cork (Cork, Ireland) using synthe-
sis in supercritical fluid (SCF) from alkanethiol-coated gold nanocrystals [87, 136, 137].

3.1.2 Characterization of morphology of one-dimensional nanostructures

The cross-sectional shape and its uniformity along the length determines mechanical re-
sponse of the 1D NS, allows to estimate the switch-ON voltage in a NEM switch and resonant
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frequencies.
Morphology of the as-synthesized 1D NS was characterized using scanning electron mi-

croscope (SEM) Hitachi FE-SEM S 4800 and atomic force microscope (AFM) Asylum Research
MFP-3D. The best resolution for SEM imaging was as as high as 1 nm (at 15 kV voltage and
4 mm working distance) and was used for determination of length, width and thickness.

2 μm
0

65 nm(a) (b)

w
t

Figure 3.1: (a) Overlayed colored SEM images, showing different projections of Bi2Se3
nanobelt fixed on an etched Au tip. The smallest and largest projection of the cross-section
reveals the rectangular ribbon-like shape. SEM was used to determine the length, width and
thickness of free-standing 1DNS. (b) AFM image of a Bi2Se3 nanobelt lying on a substrate and
its corresponding line profile (AB in inset), from which the thickness of 29 nm was obtained.

For in situ measurements, 1D NS were fixed to sharply etched gold electrodes. The sam-
ple was rotated inside SEM using a micromotor Faulhaber ADM0620. This allowed taking
images of projections at different angles (Figure 3.1 (a)) and thus determining maximum and
minimum cross-section corresponding to width and thickness, respectively, as well as the
maximum length values.

AFM with resolution up to 0.04 nm in z direction and 10 nm in xy directions was used
for thickness measurements for 1D NS lying on a flat substrate (Figure 3.1 (b)). AFM with
cantilevers AC160TS (resonant frequency 300± 100 kHz and spring constant in the range of
8.4–57 N/m) was used in AC dynamic oscillation regime to minimize shear force that could
damage or displace the 1D NS. Due to the angle of the AFM tip, AFM scans were used only
for rough determination of width values.

3.1.3 Characterization of mechanical and electrical properties of one-dimensional
nanostructures

Mechanical properties were determined in the elastic regime using quasi-static and dy-
namic methods of deformation. The quasi-static approach involved deforming a 1D NS by
applying a gradually increasing force to its middle point with an AFM tip while measuring
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the force and the deformation. The dynamic method involved inducing vibrations in the 1D
NS by application of alternating voltage combined with direct voltage. Sourcemeters Keith-
ley 6430 and Keithley 6487 were used to apply DC voltage and measure current between S,
D and G electrodes. To induce resonance in the suspended NS, an Agilent N9310A RF Signal
Generator was used for applying AC voltage. The resulting oscillatory AC+DC signal was
monitored using a Textronix TDS-1012 oscilloscope. The fundamental resonant frequency
was determined by registering the frequency at which the amplitude of vibration is maxi-
mum. In addition, the amplitude-frequency dependence shows a Lorentzian-shaped profile
at resonance. The vibrations were detected visually in SEM and electrically using a vector
network analyzer (VNA) Rohde & Schwarz ZNB 8. For electrical detection of mechanical
resonance, a circuit was designed and implemented on a printed circuit board (PCB) that is
compatible with the PPMS puck holder. The readout principle of the circuit was based on
registering changes in AC transfer parameter S21 as it gets modulated by a capacitively cou-
pled resonating Bi2Se3 nanobelt. The electrical circuit diagram along with the element values
is shown in Appendix B.2.

The fundamental resonant frequency and dimensions of the 1D NS were employed to
calculate Young’s modulus.

Charge carrier transport wasmeasured in two-terminal and four-terminal configurations,
fabricating metal electrodes on top of the 1D NS. Temperature-dependent resistance was
characterized for Bi2Se3 nanobelts in physical property measurement system (PPMS) Dyna-
Cool 9T, Quantum Design) in the temperature range from 300 to 2 K. Bi2Se3 magnetoresis-
tance was characterized at low temperatures in a perpendicular magnetic field up to 9 T, and
field effect was characterized by measuring longitudinal resistance RS−D as a function of
gate voltage through SiO2 dielectric.

3.2 In situ characterization of NEM switches

In situ measurements were carried out inside SEM, using nanopositioning system Smar-
Act 13D. SmarAct 13D consisted of 12 SLC-1720 linear positioners with step widths 50 to
1500 nm and scan range of 1.5 µm. Four 3D nanomanipulators could each be connected to an
electrode to investigate different configurations between the active elements and electrodes.
Electrochemically etched sharp gold tips with bending radii as low as 10 nm and gold-coated
flat AFM cantilevers with dimensions of 160 x 40 x 3.7 µm) were used as electrodes.

During the process of gating and measuring current in the nanostructure, special care
was taken to apply voltage in small steps to ensure a steady charge redistribution in the NS
and minimize the risk of generating large current peaks. Moreover, electrical measurements
were carried out with the electron beam off to avoid any increase in current through the
nanostructure caused by the electron beam. In cases where the beam was turned on, the
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additional current was registered and subtracted from the measured data.

3.3 On-chip integration of a NEM switch

Two main configurations of NEM switches were employed in this thesis (Figure 3.2). The
simplest version had 1D NS placed on top of previously structured electrodes, forming an
adhesive bottom contact. An optimized version included additional fabrication of ohmic
contacts on top of the 1D NS. Both architectures employed a bottom gate electrode, placed
directly under the suspended active element.

(a) (b)

1D NS

S DG

top contactsbottom contacts

Figure 3.2: Two main S and D contact configurations employed in this thesis: (a) with ad-
hesive bottom metal contact and (b) with top metal contact.

3.3.1 Fabrication of source, drain and gate electrodes in bottom-contact configura-
tion

1D NS were integrated on Si/SiO2 substrates diced in 10 x 10 mm chips with Si resistivity
levels from 1Ω · cm (p-type) to 50000Ω · cm (undoped) and thermal oxide thickness from 200
to 1000 nm. High resistivity substrates were used for resonance characterization. Different
oxide thickness allowed to vary trench depths.

NEM switch electrodes were fabricated with photolithography and electron beam lithog-
raphy (EBL), etching, thermal evaporation and lift-off. Optical lithography was used for pat-
terning relatively large electrodes (with lower width limit of about 1 µm), and electron beam
for patterning submicrometer features and to increase overlay alignment accuracy of dif-
ferent layers. The best achievable alignment accuracy depends on the patterning parameters
and the size of the overlay markers fabricated in the previous step and for optical lithography
is on the order of several hundreds of nanometers, while for EBL better than 40 nanometers.

Photolithography uses light to transfer a design pattern into light-sensitive thin film
polymer – resist – on a substrate. Two types of exposure tools were used: direct writer
and mask aligner. Direct laser writer with 375 nm wavelength laser diode source (Heidelberg
µPG 101 TabletopMicro Pattern Generator, minimum feature size 0.6 µm) exposed the design
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pattern from a CAD file without any contact with the substrate. The exposed areas were
defined using acousto-optic modulator and mechanical stage movement. This tool was used
for low volume fabrication during the design testing process, as the maskless process offers
high design flexibility. After confirming the final version of the design, the direct writer was
used for patterning of photomasks. To fabricate a photomask, the final design was exposed
on a glass substrate covered with opaque 100 nm thick chromium or semi-transparent iron
oxide thin film. Mask aligner (Mask aligner Suss MA/BA6 Gen4) aligned this pre-patterned
photomask with the substrate and pressed against it. 350 W Hg lamp source was used, and
the wavelength was controlled with a set of filters and dose with exposure time, transferring
the pattern in a 1:1 ratio. The main difference between the direct write and fixed design mask
aligner tools was the speed – exposure of 10 x 10 mm area took about 1 hour in a direct writer,
whereas mask aligner completed the exposure in several seconds.

Positive Novolak-based photoresists AZ1505 and AZ1518 with thickness from 0.6 to
1.8 µm were used for designs with minimum feature size of approximately 1 µm and 2 µm
respectively. Exposure with light of a certain wavelength increases the solubility of the pho-
toresist in the developer. Exposure dose and development time was optimized such that the
photoresist was cleared completely after development. For efficient lift-off (removal of the
unnecessary metal on top of the resist), an additional approximately 200 nm thick lift-off re-
sist LOR-3 was used before spin coating of AZ resist to ensure undercut of the resist stack.
Undercut ensured that the subsequently deposited metal forms a discontinuous film, making
it easier for the solvent to reach the photoresist underneath it during lift-off.

Finer size electrodes for four-probe contact geometry were patterned using EBL, either
using mix and match technique (EBL combined with photolithography) or fully-EBL. EBL is
a direct-write technique, similarly to laser writer. In terms of resolution, EBL can achieve
much higher resolution (≈ 10 nm), as it uses electron beam with shorter wavelength and
beam spot size. In EBL, polymer chains are either broken in case of positive resist or cross-
linked in case of negative resist to increase or decrease its solubility during development,
respectively. Positive polymethyl methacrylate (PMMA) resists with thickness from 200 nm
to 1.7 µm with bottom copolymer layer (El6 and El9) were used for sample fabrication in this
thesis.

Gate electrodes were fabricated by first patterning trenches into SiO2, using wet or dry
etching, followed by metal electrode definition and thermal evaporation into the trench. For
wet etching, HF-based etchant was used with AZ1505 and AZ1518 photoresists as masking
layers. Crucial step prior towet etching, was hardbake of the photoresist (optimized to 120 ◦C

for 5 minutes on a hotplate) to increase its etch-resistance and minimize underetch. Without
hardbake, trenches would become too wide and lead to stiction of the 1D NS to the electrode.
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A benefit for wet etching procedure was that the same masking layer could be used for
trench fabrication and metal deposition, securing a self-aligned procedure. Self-alignment
was not possible using dry etch. During dry etch, the photoresist got too thin both for suc-
cessful liftoff and for fabrication of trenches with larger depth, therefore during dry etching
a process using metal hard mask was optimized.

Dry etching of gate electrode trenches was done to get more anisotropic trench edge
profiles and larger trench depths, without compromising the width. SiO2 was etched with
CHF3−Ar gas at 10 °C table temperature with reactive ion etch system RIE Cobra. Different
thickness PMMA resists (approximately 200 nm thick PMMA A4 and 1700 nm thick PMMA
A9) were tested as masking layers for relatively shallow trenches and 100 nm thick Cr hard
mask was used for deep trenches up to 0.7 µm depth. Dry etch process required removal of
the masking layer using O2 plasma prior to metal deposition into trenches.

For thermal evaporation of 60 nm thick Au electrodes with Ti adhesion layer, vacuum
system Sidrabe was used. With this physical vapor deposition technique, the source material
is converted from solid to gas phase by heating it in a boat or crucible, made of a material
with high melting temperature (e.g., tungsten, molybdenum). Compared to other metal de-
position techniques such as magnetron sputtering, the deposition is relatively directional,
thus avoiding the coverage of resist sides and facilitating its removal during lift-off.

Figure 3.3 schematically depicts typical fabrication process steps from blank mask to
metal electrodes, patterned on a Si chip. The main stages of the fabrication process for one
design layer are:

• Substrate cleaning (wet cleaning in an ultrasonic bath using acetone and isopropyl
alcohol, followed by N2 drying and dry cleaning with O2 plasma);

• Spin-coating of the photoresist to achieve the desired thickness of the film;

• Soft-bake of the photoresist on hot plate to evaporate the excess solvent from the film;

• Exposure of the design pattern;

• Development of the design pattern;

• Optional hard-bake to make photoresist more resistant to etching step;

• Optional wet or dry etching of the opened areas on substrate for patterning electrodes
in trenches;

• Ashing with oxygen plasma to remove organic residues;

• Metal deposition using either thermal evaporation;
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Figure 3.3: Electrode fabrication process steps. (a) Silicon coated with SiO2 substrate. (b)
Spin-coating of photoresist/e-beam resist. (c) Exposure. (d) Developed resist. (e) Etching. (f)
Metal deposition. (g) The final sample with electrodes in the trenches after lift-off.

• Lift-off process, where the excess metal is removed by dissolving the underlying pho-
toresist.

Detailed recipes of the processes are given in the Appendix A.1 of this thesis.

3.3.2 One-dimensional nanostructure transfer

Three different methods were used to transfer 1D NS to the device substrate: nanoma-
nipulations, dielectrophoretic alignment (DEP) and mechanical dry transfer.

By using nanomanipulator with an electrochemically etched sharp Au tip, an individual
1DNSwas broken off from the growth substrate, picked up and either fixed to the tip or placed
at a desired location on thin film electrodes. Fixing on the Au tip was done with electron
beam-induced platinum deposition (EBID) in SEM (Tescan Lyra). As-fabricated samples were
employed in electromechanical experiments in situ.

For DEP alignment, 1D NS were first transferred from the growth substrate to a liquid
media (isopropyl alcohol).CuO nanowires were removed from Cu foil and dispersed in IPA
using 37 kHz ultrasonic agitation for 3 seconds. Bi2Se3 nanobelts were rinsed from the growth
substrate to obtain the suspension to avoid their breaking during ultrasonication.

The 1D NS concentration was measured by placing 20 µl of the suspension on a clean Si
substrate and letting it air-dry, then taking images in SEM and counting the number of 1D
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NS in ImageJ software.
For the DEP assembly of nanowires at the desired electrode sites, the Si chip was sub-

merged in the NW/IPA suspension and an AC voltage with 5 V–13 V amplitude was applied
between the countering electrodes for 10–20 minutes.

1D NS were also transferred to the chip by mechanically pressing it on the growth sub-
strate, resulting in randomly placed NS.

3.3.3 Top contact fabrication

CuO and Ge 1D NS were used in bottom adhesive contact configuration. To increase the
contact conductivity, control over the metal/1D N interface andmechanical stability, contacts
need to be placed on top of the suspended 1D NS, as was optimized in this thesis for Bi2Se3
nanobelt-based NEM switches.

Firstly, after resist exposure for top contacts, development time needs to be optimized.
Overdevelopment is more favorable than underdevelopment, as it is crucial to remove as
much resist residues as possible fro the surface of the nanostructure. Remaining nanometer-
thick residuals were removed using O2 plasma ashing (400 W power, 600 sccm at 1.3 mbar
pressure for 1 minute with Faraday cage). It must be ensured that there are no residues or
adsorbates left from the lithography process. However, O2 plasma promotes oxidation of the
surface of the NS. For semiconductor NS, native oxide layer forms in minutes or hours under
ambient conditions. For obtaining ohmic contact characteristics, the oxide layer needs to be
removed without damaging the NS and the metal deposition needs to be carried out shortly
after. TI NS need even more care during processing and interface preparation to avoid in-
creasing bulk electron concentration. Dilute HCl/acetic acid treatment for 60 seconds and
bombarment with Ar ions was used to remove native oxide of Bi2Se3. Typically, 3–5 nm
thick Cr, Ti and Pt adhesion layers were used as adhesion layers for fabricating Au contacts
on 1D NS at a pressure not larger than 4 · 10−7 mbar. For TIs, only two latter are used to
avoid unintentional dopingwith Cr. For low resistance contacts, the depositedmetal thin film
should cover the NS conformally, which imposed limits on allowable resist and metal thick-
ness. Reliable top-contact fabrication was achieved using metal with thickness not greater
than 200 nm. Electrical performance of the as-fabricated top contacts was characterized using
both two-terminal and four-terminal measurements.

3.3.4 Supercritical drying

Many fabrication process steps involved having the suspended 1D NS in a liquid that
needs to be subsequently removed. For example, CuO 1D NS were suspended in IPA after
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DEP process, Bi2Se3 1D NS with top contacts were suspended in acetone after lift-off.
Setup for supercritical drying of suspended 1D NS consisted of a chamber with inlet for

introducing CO2 and for removing IPA and CO2, with valves controlling the flow (Figure
3.4). A thermocouple was used for temperature control during the process and a manometer
for pressure control. Chamber was cooled for approximately 90 minutes in an ice bath to
a temperature of 10 °C. A small glass vessel with approximately 1 ml IPA containing the
submerged samplewas then placed in the chamber. Then liquid CO2 was introduced, reaching
a pressure of 100 bar in the chamber. After the temperature stabilized, process of IPA rinsing
was started. The rinsing was done, gradually releasing IPA and CO2, while maintaining the
temperature within the range of 0–15 °C and pressure between 65–100 bar. After all IPA was
released, the temperature in the chamber was raised to 35 °C. CO2 was gradually released
while ensuring temperature in the range of 35–40 °C.

Thermocouple

CO2 inlet

Chamber

IPA+CO2 out

Figure 3.4: Setup for supercritical drying of NEM switches.

3.4 Characterization of operation of an on-chip integratedNEM switch

Characterization of integrated NEM switches was carried out both in situ inside SEM at
room temperature to enable visual inspection and with PPMS at temperatures from 2 K to
300 K at 0.6 Torr pressure. For connecting to electrical contacts of external devices, Au tips
were contacted to thin films electrodes using nanomanipulator (Figure 3.5 (a)). For PPMS
measurements, thin film electrodes were connected to the measurement puck via ultrasonic
bonding with Au or Al wire (Figure3.5 (b)). Two electrical measurement setups were used:
one used solely in-built PPMS measurement options, while another used external sourceme-
ters connected via BNC cables.

PPMS resistivity option operates via resistance bridge, where one sourcemeter multi-
plexes to 3 channels. A DC current source provides 5 nA to 5 mA excitation, and voltmeter
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Figure 3.5: Setups for room temperature and cryogenic temperature characterization of on-
chip NEM switches. (a) Colored SEM image of Au tips (purple) contacting source (S), drain
(D) and gate (G) electrodes on a single NEM switch on chip (black arrow marks location of
the active element). (b) Physical property measurement system for characterization in the
temperature range from 2 K to 300 K by integrating chip with NEM switches on a puck with
12 electrical contacts (c) using ultrasonic bonding (d). In (d), S, D and G connections are
marked and white arrows indicate Al wire.

has up to 4 reads/second. The option is well-suited for resistance values of 1Ω to 1MΩ. PPMS
ETO option uses an an AC signal and digital lock-in detection that is based on phase-sensitive
read-out of a signal at a specific frequency and phase. Low impedance mode (current source
10 nA to 100 mA, voltmeter 1 nV to 5 V) was used for I-V and resistance measurements. For
gate voltage application, an external source meter was used. Magnetic field B was applied
perpendicular to the sample surface.
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4.RESULTS AND DISCUSSION

4.1 Bottom-up growth of one-dimensional nanostructures

The findings of this section are published in papers V and VII.

Several requirements guided the development of synthesis methods of 1D NS for appli-
cation in integrated on-chip NEM switches. The length of the NS needed to be as large as
possible and not smaller than 5 µm due to the constraints of the lithographic processing.
In addition, larger lengths allowed the creation of more stable contacts by increasing the
nanostructure contact area with the bottom or top electrode. The diameters and thicknesses
governed the elastic force stored in the active element. Too small diameter/thickness would
lead to either stiction-induced failure during the fabrication process or to too small elastic
force for volatile operation. Too large diameter/thickness would lead to contact reliability
issues and too high operating voltages which could lead to degradation of the active element
during contact formation.

4.1.1 Growth and morphology of CuO nanowires

An investigation was conducted to examine the effect of an external electric field and in-
creased humidity on the growth of CuO nanowires by thermal oxidation. The results showed
that nanowires have cylindrical shape and the diameters of the nanowires range from 20 nm
to 320 nm under all growth conditions.

Themost suitable geometric parameters and yield for use in NEM switches were achieved
through electric field-enhanced oxidation on the cathode side under wet air conditions. These
conditions resulted in the production of nanowires with an average diameter of approxi-
mately 70 nm and an average length of 5 µm. Assuming a trench depth of 120 nm, these
dimensions would lead to an approximate VON of 10 V. Increasing air humidity during the
initial stage of electric field-assisted growth produced high yields of nanowires with large
aspect ratios and diameters smaller than 100 nm.

4.1.2 Growth and morphology of Bi2Se3 nanobelts

Au catalyst-assisted synthesis was explored as a means of controlling yield and morphol-
ogy of stoichiometric Bi2Se3 nanobelts. Au catalyst nanoparticles with mean diameters from
8 to 150 nm were obtained by dewetting Au layers of thicknesses of 1.5 to 16 nm.
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The synthesis resulted in nanobelts with rectangular cross-section. During the synthesis
process, it was found that the highest yield of Bi2Se3 nanobelts occurred when it was carried
out on a dewetted 3 nm thick Au layer. This layer contained Au nanoparticles with a mean
diameter of 10 nm, and by the corresponding synthesis approximately 100 nanobelts per 1000
µm2 were produced. The achieved yield was almost 50 times greater than the yield obtained
in catalyst-free synthesis according to [135].

The method involving the use of a catalyst has made it possible to adjust the mean length
of Bi2Se3 nanobelts within the range of approximately 3 to 6 µm, and the mean thickness
within the range of 30 nm to 110 nm. Assuming a typical trench depth of 200 nm, these
dimensions would lead to an estimated VON range of 13 V to 32 V, and resonant frequencies
ranging from 7.5 MHz to 8.2 MHz.

4.1.3 Morphology of Ge nanowires

The supercritical fluid synthesis produced Ge nanowires with cylindrical cross-section
and high aspect ratios (length to diameter ratio of approximately 700).

Figure 4.1 shows examples of the as-synthesized one-dimensional nanostructures both
on the growth substrate ((a) is copper foil, (c) is glass, inset in (c) is silicon) and transferred
to a separate substrate for in situ characterization (a copper grid shown in (b)).

Figure 4.1: SEM images of as-grown one-dimensional nanostructures. (a) CuO nanowires
on the growth Cu foil substrate (side-view). (b) A single free-standing Ge nanowire fixed to
a substrate for characterization. (c) Top-view of the growth substrate of Bi2Se3 nanobelts.
Different-shaped products are formed during the synthesis, including platelets, nanowires
and nanobelts. The inset shows a single Bi2Se3 nanobelt growing from Bi2Se3 platelets.
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4.2 Mechanical and charge carrier transport properties ofCuOandBi2Se3
one-dimensional nanostructures

The results of this section are published in papers I, II, V, VII and XI.

4.2.1 Mechanical properties of CuO and Bi2Se3 one-dimensional nanostructures

CuO nanowires
The Young’s modulus of CuO nanowires was determined using AFM three-point bending
tests and in situ SEM resonance tests. The results, which are shown in Figure 4.2, indicate
that the two methods are in good agreement within a diameter range of 20 nm to 160 nm.
An exponential trendline (dashed line in Figure 4.2) can describe the data. As the diameter of
the nanowires increases, the trendline tends to 95 GPa, which is similar to the value for bulk
CuO [138]. However, for nanowires with diameters smaller than 50 nm, the size-dependence
becomes more noticeable, reaching Young’s modulus values of 550 GPa. This value is compa-
rable to high-speed NEM switches that use materials like SiC [8]. The size-dependence effect
is more pronounced for bending deformation than for resonance.

Figure 4.2: Size dependence of the effective Young’s modulus E of CuO nanowires, deter-
mined by resonance and three-point bending methods. Markers denote experimentally ob-
tained values for different growth methods and mechanical test methods. Dashed line is an
exponential fit to the data, while dotted line corresponds to the Young’s modulus value of
82 GPa for the bulk CuO. CuOA denotes nanowires synthesized by thermal oxidation in dry
air, CuOE(-) denotes nanowires synthesized in an electric field on the cathode side in wet air.
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Several important factors may contribute to size-dependent effective Young’s modulus
and its apparent dominance in bending. For example, tensile surface stresses have been in-
voked to account for size-dependent effective Young’s modulus [139]. Tensile surface stress
depends on, whether the loading mode is static bending, dynamic resonance or pure tension.
Also, single-clamped nanowires in resonance do not have fabrication-related intrinsic stress
[140], which can easily develop for double-clamped nanowires used in three-point bending.

A similar increase of Young’s modulus with decreasing diameter has been reported pre-
viously for CuO nanowires with a diameter smaller than 190 nm [138]. The study also used
three-point bending, however, the explored diameter range was limited to 80 nm and resulted
in an approximately three-fold increase in Young’s modulus [138] in contrast to the five-fold
increase reported in this work.

Bi2Se3 nanobelts
Young’s modulus of single-clamped Bi2Se3 nanobelts was determined using in situ SEM reso-
nance tests. The previously described physical vapour deposition growth of Bi2Se3 results in
predominantly rectangular-shaped ribbon-like 1D NS. For a nanobelt with rectangular cross-
section, two mutually orthogonal fundamental resonance frequencies exist – one along its
width, the other along its thickness (fw and ft, respectively). For an ideal rectangle, the ratio
of fw over ft would be equal to w over t.

However, as a consequence of its layered growth, Bi2Se3 nanobelts often possess charac-
teristic steps or terraces, that can be most accurately observed by AFM. The presence of ter-
races affects the cross-section and therefore also the area moment of inertia I of the nanobelt
and need to be taken into account when calculating Young’s modulus E. A method was de-
veloped that allows to differentiate nanobelts with rectangular cross-section from those with
terraced cross-section. This method involves using a parameter k, which quantifies the ratio
of resonant frequencies to the ratio of thickness and width according to

k =
ft/fw
t/w

. (4.1)

k measures how much the cross-section deviates from the rectangular. This indirect
method of morphology determination was validated by measuring the resonance and di-
mensions of a single Bi2Se3 nanobelt with SEM and confirming detailed morphology (i.e., the
presence of terraces) using AFM.

After the rectangular nanobelts were distinguished from those with terraces, only data
for rectangular nanobelts was used for determination of Young’s modulus of Bi2Se3. Res-
onant frequency parameters Fw and Ft were plotted as a function of width and thickness
respectively (Figure 4.3). The linear trend indicates the Young’s modulus does not depend
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on the cross-sectional dimensions of the Bi2Se3 nanobelts. The slope of the line corresponds
to
√
E/ρ which is proportional to propagation of the speed of sound in the corresponding

crystallographic direction, and allows to extract E. Using the mass density of a macroscopic
Bi2Se3 crystal ρ of 7680 kg m−3, E was calculated according to

Ft = t×
√
E/ρ

Fw = w ×
√
E/ρ

(4.2)

where

Ft =
4
√
3πftL

2

β2

Fw =
4
√
3πfwL

2

β2

(4.3)

Figure 4.3: Determination of average Young’s modulus of Bi2Se3 nanobelts via resonance
measurements. The dependence of measured resonant frequency parameters Ft and Fw on
thickness t (filled circles) and width w (filled triangles) of the nanoribbon, approximated by
a straight line (dashed). Empty circles and triangles represent how the calculated Young’s
modulus values would increase if all nanobelts (both with and without terraces) would be
included in the calculation.

From the slope of the linear fit of the experimental data (2.4± 0.1 · 103 m s−1, Figure 4.3),
the averageE value of 44 ± 4 GPa was determined. This value is close to that of macroscopic
Bi2Se3 crystal (47± 9 GPa) [141], which can be explained by the low defect density in the as-
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grown nanobelts, as well as their relatively large thickness and width. In contrast, reported
E values for thin films of Bi2Se3 range from 18 to 25 GPa [142].

Figure 4.3 also shows that incorporating all measured data, including that from the nanobelts
with terraces, increases the E value by approximately 30% (from a slope of 2.8± 0.1 · 103 m
s−1). The increased value ofE for terraced nanobelts could be explained by enhanced surface
effects due to the larger surface/volume ratio.

System for on-chip resonant frequency read-out at cryogenic temperatures
The measurement of the mechanical properties of double-clamped nanostructures using the
three-point bending tests with AFM is a well-established method. However, it has limitations
such as low throughput and incompatibility with low-temperature measurements which are
necessary for the development of the cryogenic NEM switch. To overcome these limitations,
an electrical system for resonance detection was developed and integrated onto a printed
circuit board (PCB). The developed system is compatible with a cryostat, which expands the
measurement temperature range for TI-based NEM switches to temperatures as low as 5 K.

The circuit operates by detecting changes in the AC transfer parameter S21 caused by
the modulation of a capacitively coupled resonating Bi2Se3 nanobelt. An on-PCB source fol-
lower (SF) circuit is an essential part of the circuit. SF circuits, also known as common-drain
amplifiers, have the advantage of being relatively insensitive to variations in transistor pa-
rameters and other component values at extreme temperatures. A detailed circuit schematic
with element values can be found in the Appendix B.2.

An operating frequency range of up to 10MHzwas selected because at higher frequencies,
oscillations were observed, attributed to the cables. To ensure that the electronic components
function correctly at temperatureswell below their specified operating temperatures−which
are typically above−55 °C− test measurements were conducted before inserting the sample.

A 5 MHz quartz resonator was used to examine gain and frequency variations of the
circuit as a function of temperature (Figure 4.4 (a)). In the temperature range from 300 K to
4.2 K a small ∼0.005 MHz frequency shift of the resonance was observed. This was expected
as the lower operating temperature limit of the quartz resonator is−20 °C.However, lowering
the temperature did not have an impact on the amplification of the circuit. The gain of the
system remained nearly constant with only ∼2 dB variation in this temperature range.

A standard resistor of 20 kΩ whose resistance matched a typical two-terminal resistance
of a Bi2Se3 nanobelt was used for ensuring that there do not appear any unwanted resonances
in the circuit (Figure4.4 (b) grey curve) in the frequency range from 0.1 MHz to 10 MHz.

Two Bi2Se3 nanobelts with small and large thickness-to-length ratios of 1:34 (No. 1 in
Table 4.1) and 1:237 (No. 2 in Table 4.1), respectively, were selected to test the circuit and
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Figure 4.4: (a) A 5 MHz quartz resonator connected between G and D functions as a test el-
ement instead of a Bi2Se3 nanobelt. Amplitude spectra at different temperatures show nearly
constant gain and small frequency variation. (b) Amplitude spectra of a Bi2Se3 nanobelt de-
vice (No. 1 in Table 4.1) in comparison with 20 kΩ resistor connected between S and D at 8 K.

examine their resonant response (Figure 4.5). Calculated resonant frequencies using the dy-
namic Euler-Bernoulli beam equation were 1.2 MHz for the 35 nm thin nanobelt (No. 1) and
9.8 MHz for the 224 nm thick nanobelt (No.2), respectively. Both exhibited similar lengths of
7.6–8.3 µm.

(a) (b)

S

G

L
D

Figure 4.5: (a) Scanning electron microscopy images of the measured Bi2Se3 nanobelts with
source (S), drain (D) and gate (G) electrodes in an angled view (No. 1 in Table 4.1) and (b) top
view (No. 2). Scale bar: 2 µm. A false colour was added for clarity, where magenta highlights
the deposited source, drain and gate electrodes, whilst the suspended nanobelt is highlighted
in blue.

The discrepancies in the expected frequency for nanobelt No.1 could be explained by
changes in clamping of the nanobelt ends due to differential expansion or compression of the
nanobelt and its contacting materials during cooling and heating cycles.

The current Ĩ through the nanobelt is modulated by the driving frequency ω. The relation
between the current and the amplitude of oscillation z̃ can be expressed as [99, 143]
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Table 4.1: Geometrical parameters (length L, thickness t, width w), source-drain resistance
R, measured fmeas and calculated fcalc resonant frequencies of the Bi2Se3 nanobelts.

Device L, µm t, nm w, nm R, kΩ fmeas, MHz fcalc,
MHz

No. 1 7.6 224 124 50 1.5 9.8
No. 2 8.3 35 266 36 1.2 1.2

Ĩ = jωCtotṼg + Vd
dG

dVg
Ṽg − jωCgVg

z̃

z0
− VdVg

dG

dVg

z̃

z0
, (4.4)

where Ṽg is the RF voltage and Vg is the DC gate bias voltage, Vd is the S-D voltage applied
across the nanobelt, Cg and Ctot are the capacitance between the nanobelt and the gate and
the total capacitance, respectively, and z0 is the distance between the nanobelt and the gate.
At resonance, z̃ is maximum and can be measured via the transmission coefficient S21 of the
device with network analyzer, where S21 = 50 ΩĨ/Ṽg .

The first two terms in Eq. 4.4 are independent of z̃ and thus account for the background
signal. The last two terms depend on z̃, and give maximum contribution to Ĩ at resonance.
The last term depends on transconductance dG

dVg
which makes the dominant contribution to Ĩ .

Thus devices with high transconductance will have large signal-to-noise ratio in amplitude-
frequency spectra.

Figure 4.4 (b) compares the amplitude spectra obtained for a Bi2Se3 nanobelt No. 1 with
a thickness of 224 nm and a length of 7.6 µm with a test circuit, where the nanobelt was
substituted with a similar resistance (20 kΩ) resistor.

Clear differences between the nanobelt and the resistor spectra were observed for fre-
quencies up to approximately 2 MHz. Here, the spectrum with the nanobelt shows a positive
peak at approximately 1.20 MHz, followed by a negative peak at 1.52 MHz. These antisym-
metric peaks were attributed to the mechanical resonance of the nanobelt. Near the reso-
nance, the phase of the mechanical oscillations changes relative to the phase of the driving
electric field from the gate electrode. The observed net signal is a sum of several factors, in-
cluding capacitive coupling and cross-talk between the wires. The asymmetric shape of the
gated nanobelt spectra may be explained by constructive and destructive interference be-
tween the signal modulated by the nanobelt and all other contributing factors. Similar pairs
of positive-negative peaks associated with a phase change have been reported in the litera-
ture [101, 143]. Another explanation of the asymmetric spectral peaks could be the positive
and negative mechanical feedback due to in-phase and out-of-phase oscillations [144].
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An alternative way to confirm if the observed spectral characteristics arise from the
nanobelt and not the from the electrical circuit itself is to measure gate voltage dependence.

For Bi2Se3 nanobelt No. 1, a series of spectra A(f) = |VAC−out(f)|/|VAC−in(f)| were
recorded at 8 K at different bias voltages Vg (Figure 4.6 (a)) to investigate the frequency and
amplitude dependence on the gate voltage.

Small systematic changes were detected by comparing spectra obtained at different gate
voltages. Figure 4.6 (b) shows the deviation ∆A from the mean spectrum recorded at Vg
intervals from −8 V to +8 V.
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Figure 4.6: (a) Amplitude spectra of system with a Bi2Se3 nanobelt (No. 1) and a preamplifier
at different gate voltages at 8 K temperature. (b) Difference in the amplitude spectra from the
mean spectrum. Insets show a narrow region of spectra near 1.5 MHz. The extreme points
of the fitted polynomial are marked by “+”.

The maximum difference occurs at approximately 1.52 MHz, which corresponds to the
minimum of the original spectra (Figure 4.6(a)).

Figure 4.7 shows the linear amplitude and frequency response to the applied gate voltage,
which decreases for negative voltage values and increases for positive values. Although a
parabolic dependence on Vg is expected, the relation observed in this study may appear linear
due to the low transconductance of the Bi2Se3 nanobelt.

Nevertheless, there is a strong correlation between amplitude and frequency and the ap-
plied DC voltage, confirming the tunability of the system. Other features in the spectra did
not exhibit as high a correlation, supporting the conclusion that the chosen frequency rep-
resents the mechanical resonant frequency of the nanobelt.

After confirming the mechanical origin of the observed spectral features, the circuit was
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Figure 4.7: Extreme amplitude (a) and frequency (b) dependence on gate voltage for Bi2Se3
nanobelt No. 1.

used to investigate temperature dependence of resonant frequency of Bi2Se3 nanobelts.
For the thin nanobelt No. 2, a series of spectra were recorded while heating the device

from 5 K to 300 K (Figure 4.8). At 5 K, the detected resonant frequency matched the value es-
timated using a dynamic Euler-Bernoulli beam equation and previously determined Young’s
modulus value of 44 GPa (see section 4.2). Upon heating, the resonant frequency decreased
almost twice, reaching a minimum value at about 200 K. Then it increased back to its low-
temperature value at 300 K. The unexpected upwards shift in the resonant frequency from
200 K to 300 K was observed in repeated measurements for this sample.
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Figure 4.8: (a) Amplitude spectra of a Bi2Se3 nanobelt (No. 2) at different temperatures from
300 K to 5 K. (b) Negative peak frequency f0 dependence on temperature.

In general, resonant frequency change with temperature is proportional to Young’s mod-
ulus temperature coefficient and linear thermal expansion temperature coefficient, as well
as on the thermal stresses induced in the nanobelt due to differential thermal expansion be-
tween the nanobelt and the substrate [145]. If thermal expansion of the nanobelt would be
the main contributing factor to the observed resonant frequency temperature dependence, a
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systematic decrease in the resonant frequency would be expected with raising the tempera-
ture.

Studies using differential reflectivity have reported an anomaly in the thermal expansion
coefficient and Young’s modulus of Bi2Se3 at ∼180 K [146, 147]. These findings report in-
creased Young’s modulus values around ∼180 K. Therefore, it was concluded that changes
in Young’s modulus cannot be the main reason for observed frequency change in our exper-
iments. More likely, tension in the nanobelt that arises from fabrication-induced stress and
differential thermal expansion of the materials, is the origin of the frequency temperature
dependence. Further studies would be needed to elucidate the impact of differential ther-
mal expansion of Bi2Se3, SiO2 substrate and Au thin film contacts on the observed resonance
temperature dependence.

The developed method for inducing and detecting mechanical vibrations in nanostruc-
tures on-chip can be further used in NEM switches for assessing the change of mechanical
state of the active element as a function of temperature. In addition, dynamic excitation can
be applied along with direct voltage to reduce voltage required for the switch to turn on.

4.2.2 Charge transport properties of CuO and Bi2Se3 one-dimensional nanostruc-
tures

CuO nanowires
The electrical resistivity of CuO nanowires with top Pd/Au contacts obtained using thermal
evaporation was measured using transfer line method (TLM). The TLM involves creating a
series of contacts at different distances along a 1D NS. By measuring the total resistance be-
tween pairs of contacts, the resistance as a function of the contact spacing can be plotted. The
resulting data can then be analyzed to extract the contact resistance RC . A significant scatter
in the measured resistivity values was observed, ranging from 0.05 to 160 Ω·m. The contacts
exhibited high RC values, reaching up to 540 MΩ. These results suggest that specialized con-
tact treatment and a different combination of metals are necessary to achieve a high ON/OFF
current ratio in NEM switches with top contacts. For simplicity, untreated CuO nanowires
were integrated into NEM switches with adhesive bottom Au contacts.

Bi2Se3 nanobelts
The resistivity of Bi2Se3 nanobelts in this work was determined using both two-terminal

and four-terminal configurations, with top and bottom contact geometries, for DEP-aligned
and mechanically transferred nanobelts in both suspended and supported configurations. It
was anticipated that RC in bottom adhesive contacts would greatly contribute to the to-
tal resistance, and this was confirmed by the measurements. However, top contacts using
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thermally evaporated Cr/Au and Ti/Au metal thin film combinations also exhibited high RC ,
comparable to that of bottom contacts, similar to CuO nanowires.

RC was reduced by wet etching of Bi2Se3 surface oxide in an acetic acid/HCl mixture,
which decreased the total resistance by several orders of magnitude and changed the I-V
characteristics from non-linear to linear. Table 4.2 and Figure 4.9 summarize the measured
total two-terminal resistance R, resistivity ρ, and I-V dependence for different contact ge-
ometries and interface fabrication methods for Bi2Se3 nanobelts.

Table 4.2: Electrical properties of Bi2Se3 nanobelts with different contact preparation
schemes. Note that top contacts without oxide etching result in the highest total two-terminal
resistance. In contrast, suspended and supported nanobelts exhibit significantly lower and
comparable resistance values. For non-linear I-V curves, the voltage value at which the re-
sistance was determined is given in parentheses.

Contact type
and

fabrication

Rtwo−probe, kΩ ρ, Ω ·m (RT ) I-V charac-
teristics

Comments

(a) bottom/ not
etched

8.7 · 103
(at 0.9 V)

– Non-linear supported on
Au and SiO2

(b) top/ not
etched

9.0 · 105 (at
4.4 V)

– Non-linear supported on
SiO2

(c) top/ etched 13 2.4 ·10−5 Linear supported on
SiO2

(d) top/ etched 8 3.8 ·10−5 Linear suspended

(a) (b) (c) (d)

VSD VSD

I, 
μ

A

I, 
nA

VSD VSD

I, 
μ

A

I, 
μ

A

Figure 4.9: Typical I-V characteristics of Bi2Se3 nanobelts using different contact fabrication
methods. (a) Bottom contacts and (b) top contacts without oxide etch both show nonlinear
Shottky-type conduction with relatively high resistance. (c) Top contacts with oxide etch
with nanobelt lying on surface and in (d) suspended configuration show linear I-V depen-
dence with small resistance.

To characterize the temperature dependence of resistance, as well as the low-temperature
gate voltage dependence of resistance and magnetoresistance, all Bi2Se3 nanobelt samples
were fabricated with etched top contacts.

The resistance of both suspended and non-suspended Bi2Se3 nanobelts wasmeasured over
a temperature range from 300 K to 2 K. Figure 4.10 (a) shows the sheet resistance, calculated
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as Rsheet = Rw
L

as a function of temperature for three different suspended nanobelts with
thicknesses of 60, 61, and 93 nm. Here, w is the width of the nanobelt, and L is the distance
between the electrical contacts.

Most of the measured nanobelts exhibited metallic behavior, with resistance decreasing
linearly as the temperature was lowered (nanobelts with thicknesses 93 and 60 nm), demon-
strating the typical characteristics of Bi2Se3 with Se vacancies. The increase in conductivity
at lower temperatures is beneficial for NEM switches as it enhances the ON/OFF current ra-
tio. At temperatures below 20 K, the resistance either reached a saturation plateau (nanobelts
with thicknesses 60 and 61 nm) or showed a slight upturn (nanobelt with thickness 93 nm).
The resistance saturation effect is typical for semiconductors at low temperatures and has
been observed previously for Bi2Se3. For low temperatures, most of the carriers lack the
thermal energy necessary to get excited into the conduction band and further temperature
reduction does not significantly change the carrier concentration, leaving them ’frozen’ in
their donor sites [148]. The upturn has also been observed previously and is explained by
electron-electron interaction influencing their coherence times [149, 150].

(b)(a)

Figure 4.10: Resistance dependence on temperature for suspended nanobelts and gate volt-
age for a supported Bi2Se3 nanobelt. (a) Sheet resistance as a function of temperature for
three nanobelts of different thicknesses, showing upturn (red data points) and saturation
(black and purple data points). (b) Resistance versus back-gate voltage at room temperature
for a nanobelt with thickness of 61 nm shows n-type semiconductor behaviour far from the
charge neutrality point.

Field-effect measurements were conducted on nanobelts supported on the substrate to
characterize the type of majority charge carriers. Gating of Bi2Se3 nanobelts in a two-probe
configuration was performed using a global Au back-gate through a 300 nm thermal SiO2

dielectric layer at temperatures below 2 K. The source-gate voltage was slowly swept from
zero to negative voltages and then to positive while monitoring the source-drain current. The
observed trend of increasing resistance with increasingly negative voltage corresponds to n-
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type semiconductor behavior, as shown in Figure 4.10 (b) for a 61 nm thick nanobelt. This is
consistent with the observations from temperature-dependent transport measurements. As
the increasingly negative voltage repelled electrons from the surface, the resistance increased
from approximately 17.5 kΩ at 0 V to 18.0 kΩ at −120 V, resulting in a small relative change
of approximately ∼2.86%. The bulk charge carriers from the relatively thick nanobelt, along
with carriers from the accumulation layer on the surface of the SiO2, all participate in conduc-
tion. However, the contribution from the accumulation layer is reduced due to suspension.
These factors make it difficult to achieve the charge neutrality point and demonstrate am-
bipolar transport [67, 120] in our samples. Reducing the thickness of the nanobelts could be
used to access surface states more effectively.

Magnetoresistance (MR) measurements offer a way to probe the transport properties
of TIs and distinguish between surface and bulk states. Figure 4.11 (a) shows the MR, defined
as ((R(B)−R(0))/R(0), in a perpendicular magnetic field for both suspended and supported
samples. In the high-field regime, MR exhibits a parabolic B2 dependence due to the deflec-
tion of carriers under the influence of the Lorentz force. This cyclotron motion shortens the
mean free path of the carriers, thereby increasing the resistance. The maximum observed
magnetoresistance for all suspended and supported samples was 35% (Figure 4.11 (b)), which
is consistent with other studies on Bi2Se3 nanomaterials [151]. No systematic difference be-
tween MR values of supported and suspended samples was observed, when the experiments
were carried out on different nanobelts.
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(b)(a)

(d)(c)

Lφ∝T-0.62 

Figure 4.11: Magnetoresistance (MR) measurements of supported and suspended Bi2Se3
nanobelts. (a) Longitudinal MR of a single suspended Bi2Se3 nanobelt at 2 K from −9 to 9 T.
(b) MR curves for suspended (dashed lines) and supported (solid lines) Bi2Se3 nanobelts at
2 K. (c) MR of the suspended nanobelt shown in (a), measured at different temperatures from
2 K to 20 K and expressed as longitudinal conductance difference for analysis of weak anti-
localization. (d) Phase coherence length extracted from (c) using Hikami-Larkin-Nagaoka
equation, as a function of temperature.

Most of themeasured nanobelts exhibited a sharp negative peak inMRnear zeromagnetic
field, characteristic of the weak anti-localization (WAL) effect Figure 4.11 (a). By comparing
WAL at different temperatures, from 2 K to 20 K, it could be seen that the line shape gets
less sharp at higher temperatures. This can be attributed to an increase in phonon scattering,
which suppresses quantum interference, as thermal vibrations disrupt the coherent paths
of electrons. To analyze these observations, we converted the magnetoresistance curves to
conductance, symmetrized the data, and fitted it using the 2DHikami-Larkin-Nagaoka (HLN)
equation for WAL effect (Figure 4.11 (c)). At 2 K, we determined a phase coherence length of
approximately 0.7 µm, which decreased to 0.1 µm at 20 K (Figure 4.11 (d)). The high phase co-
herence length at 2 K is comparable to the literature value of approximately 0.7 µm observed
in∼20 nm thin Bi2Se3 film fabricated by molecular beam epitaxy on sapphire substrate at 2 K
[115], indicating the high quality of the nanobelts synthesized in our work.
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By fitting the data to a power function, an exponent of −0.62 was obtained, which is close
to the theoretical value of −0.5 for a 2D system where electron-electron interaction is the
dominant decoherence mechanism [115]. This suggests that electron-electron interactions
significantly influence the decoherence in our nanobelts.

To minimize sample-to-sample variation in transport properties, we fabricated samples
containing both suspended and supported segments of the same Bi2Se3 nanobelt (Figure 4.12).
This design ensures that any differences in transport properties are due to the suspension
rather than variations between different samples. Measurements were conducted by sourcing
current through the source (S) and drain (D) electrodes and measuring the voltage using
probes V1, V2 and V3. This setup allows for precise comparison of electrical properties in
different regions of the same nanobelt.

Figure 4.12: False-colored SEM image of a Bi2Se3 nanobelt with one part suspended over a
gate electrode, one part supported on SiO2. The current was sourced through S and D elec-
trodes, and the resistance was measured with voltage probes V1, V2 and V3 Series resistances
RS and RG were added to decrease the current flowing through the nanobelt.

In Figure 4.13 (a), MR is plotted for the two segments of the same nanobelt with a thick-
ness of 71 nm, a width of 200 nm and a suspended length of 9.2 µm, showing slightly higher
MR values for the suspended part. To investigate possible Shubnikov-de Haas (SdH) oscil-
lations in the longitudinal resistance at high magnetic fields, the following procedure was
implemented: first, a polynomial background was subtracted from the raw R(B) data and
the results were plotted for medium and high fields (4 T to 13 T). Then, ∆Rxx versus inverse
magnetic field B−1 was plotted, and its derivative ∂2∆Rxx/∂B

2 was analyzed using Fast
Fourier Transform (FFT) (Figure 4.13 (b) and (c)). The FFT of the supported part revealed two

73



4.2. MECHANICAL AND CHARGE CARRIER TRANSPORT PROPERTIES OF CUO AND BI2SE3 ONE-DIMENSIONAL
NANOSTRUCTURES

frequencies at Fsupp,1 = 52.9 T and Fsupp,2 = 96.9 T.
Each frequency in SdH oscillations corresponds to a different conductance channel, either

at the bottom surface, top surface, or in the bulk [67]. For states at the bottom surface, lower
charge carrier mobility is expected due to charge accumulation layer on the substrate. Lower
mobility may impede the observation of SdH oscillations due to increased scattering, making
it less likely that oscillations stem from the bottom surface. Thus, the observed Fsupp,1 and
Fsupp,2 were attributed to the top surface states at the interface with vacuum, and to the bulk,
respectively.
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Figure 4.13: Magnetotransport measurements of a Bi2Se3 nanobelt with one part suspended,
one part supported. (a) Magnetoresistance of suspended and supported parts. Data from (a)
was processed and analyzed to reveal Shubnikov-de Haas oscillations at high fields (b-c).
Fourier transform power spectra of ∂2∆Rxx/∂B

2 (inset) are shown for supported (b) and
suspended (c) parts, revealing two (b) and three (c) dominant frequencies.

For the suspended part, the FFT of the ∂2∆Rxx/∂B
2 oscillations showed three frequen-

cies: Fsusp,1 =25.9 T, Fsusp,2 = 43.4 T and Fsusp,3 = 93.6 T (Figure4.13 (c)). The appearance of
the lowest frequency could be explained by the states from the bottom surface, which were
no longer masked by the accumulation layer at the nanobelt-substrate interface. A similar
triple-frequency pattern was observed in [122] using suspended pre-bent Bi2Se3 nanowires.

Table 4.3 summarizes the electrical and mechanical characterization results described in
this section, including room-temperature effective Young’s modulusE and electrical resistiv-
ity ρ values for CuO nanowires and Bi2Se3 nanobelts. The determined high Young’s modulus
values make CuO and Bi2Se3 promising candidates for implementing volatile switching in a
2T configuration. Particularly, CuO nanowires with diameters smaller than 50 nm could be
used to create NEM switches with high elastic restoring force for volatile operation. The high
electrical resistivity of CuO nanowires makes them less susceptible to variations in electrical
characteristics due to high contact resistance. The low resistivity of Bi2Se3 nanobelts moti-
vates their use for the development of NEM switches with a high ON/OFF current ratio at
cryogenic temperatures.
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Table 4.3: Room temperature Young’s modulus E and electrical resistivity ρ of 1D NS exam-
ined as active switch elements.

1D NS E, GPa Method and
remarks

ρ,Ω ·m Method and
remarks

Bi2Se3 44 ± 4 Resonance
method, size-
independent

E

2.4–3.8·10−5 Optimized
contact

resistance

CuO 95–550 Resonance
method,
3-point

bending, size-
dependent E

0.05–160 Transfer
length

method, large
ρ scatter

4.3 NEM switches in situ

Findings described in this section are published in papers VIII and X.

Finding forces in a NEM switch contact
In contrast to the simplified 2T NEM switch modelled as a parallel plate capacitor (see

section 2.1), the deformation of the active element in a real NEM switch is non-uniform.
The force distribution at the 1D NS-electrode contact in the ON state, and consequently the
deformation profile of the 1D NS, is influenced by both the dynamics of contact formation
and surface reaction forces. Conversely, analyzing the experimentally determined deforma-
tion and comparing it to the theoretical model can provide valuable insights into the contact
forces.

Measurements of the deformation profile of the active element were conducted on a
single-clamped Ge nanowire with a length of 139 µm and a radius of 99 nm. A gold-coated
Si AFM chip was used as a plane counter electrode, positioned at a distance of L0h from
the nanowire, where h is a non-dimensional parameter, defined as the ratio between deflec-
tion and length of the nanowire. The voltage between the nanowire and the electrode was
gradually increased from 0 V in 0.1 V increments until the nanowire made contact with the
surface, which was recorded. Figure 4.14 (a) illustrates the distances and forces acting on the
nanowire during the experiment.

The deformation profile of the nanowire was determined by comparing SEM images be-
fore and immediately after the contact was established. Deformation profiles were analyzed
for various values of h. The experimentally obtained profiles, shown in Figure 4.14 (b), cex-
plained by considering the effects of static friction f and bending momentM at the contact
point.
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Force component parallel to the electrode surface fxrepresenting static friction exhibited
large scatter in the determined values (Figure 4.14 (c)). The absolute value of the parallel force
component was comparable or even exceeded normal force component value fy (Figure 4.14
(d)). These differences could be explained by acceleration of the free end of the active element
and its sliding on the surface of the electrode during jump-in. Right after establishment of
the contact, surface adhesion forces prevent the active element to return to its equilibrium
position. These results indicate that in the ON state the single-clamped active element ex-
periences both bending and axial tension. The theoretical approach described in this section
can also be used to derive the reaction forces in a double-clamped NEM switch from its de-
formed shape, e.g., for a lateral NEM switch configuration with gate electrodes in the sides
of the active element.
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Figure 4.14: Determination of forces acting in a single-clamped 2T NEM switch contact. (a)
Schematic of the experiment, showing the bent nanowire with length L0 at a distance L0h
from plane electrode (e1). (b) Typical example of the shape of the nanowire in contact, where
X is the coordinate along the axis of the nanowire and Y is the coordinate perpendicular
to the axis of the nanowire. Circles represent experimental measurements, the dashed line
represents the analytical solution for fx = 0 andM = 0 and the solid line represents the fitted
solution with optimal values of fx and M for the deflection describing parameter h = 0.21.
Reaction force component (c) fx parallel and (d) fy normal to the surface as a function of h.
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Reduction of VON using dynamic AC-DC actuation
For a 2T switch, VON can either be decreased by reducing distance between the active

element and the electrode or by reducing stiffness of the active element. Both methods de-
crease the elastic force stored in the deformed nanowire. When the elastic force becomes
insufficient to overcome the adhesion force at the contact, the switch cannot return to its
OFF position after the voltage is removed. To address this issue, an approach was developed
that allows for the reduction of VON while keeping the elastic energy at a sufficient level for
volatile operation by combining DC actuation with AC at the nanowire’s resonant frequency.

This principle of dynamicVON reductionwas tested in single-clampedGe1−xSnx nanowire
and Bi2Se3 nanobelt switches. The geometric and vibrational parameters of the Ge1−xSnx ac-
tive element were L0 = 14.8 µm, radius R = 115 nm, resonant frequency f0 = 623 kHz,
Young’s modulus E = 106 GPa un quality factor Q = 550. Figure 4.15 (a) shows the NEM
switching I-V curve with the voltage applied between the source and gate electrodes.
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Figure 4.15: The effect of combining AC and DC actuation. (a) I-V curve for a Ge1−xSnx

NEM switch. Using DC only actuation, the switch turns on at 13.8 V (red arrow). By adding
AC actuation, the switch-ON voltage is lowered to 5.0 V (green arrow). (b) A plot of current
versus time showing repeatable switching of a Bi2Se3 NEM switch in situ from low to high
current levels using AC-DC actuation.

By ramping the DC voltage from 0 V, a current jump was registered at 13.8 V, indicat-
ing the establishment of contact. Detachment occurred at 3.3 V, denoted as VOFF . When a
continuous AC voltage with a frequency of 610.8 kHz and amplitude VON,AC = 0.45 V was
applied, a current jump was registered at a reduced DC voltage of 5.0 V. This approach not
only reduces energy consumption but also minimizes the risk of degradation of sensitive
nanostructures, as demonstrated with Bi2Se3 nanobelts. Continuous volatile switching was
only achievable with AC-DC actuation (4.15 (b)), whereas DC-only actuation resulted in the
electrical burn-out of the nanobelt.

A similar switching principle can be applied also to on-chip NEM switches. Figure 4.16
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shows a Ge nanowire-based integrated NEM switch in resonance.

Figure 4.16: SEM image of a double-clamped Ge nanowire NEM switch (a) with no voltage
applied and (b) with AC-DC voltage applied between the nanowire and the G electrode at the
resonant frequency of the nanowire.

In situ experiments identified the optimal distances between the active elements and the
electrodes to enable repeatable volatile switching. By using real-time imaging and moni-
toring the ON-state current, it was confirmed that current-induced heating and repeatable
mechanical deformation do not degrade the active element.

These experiments also established the operating voltage range, up to 50 V for CuO and
up to 20 V for Bi2Se3, which was critical for detecting a significant current signal in the ON
state while avoiding current-induced damage and burnout. It was especially important to
optimize the voltage range for Bi2Se3 nanobelts, as they were found to be more susceptible
to current-induced breakdown compared to CuO.

4.4 Fabrication of on-chip NEM switches

The findings of this section are published in papers III, IV and VI.

4.4.1 Calculation of the NEM switch geometry

Having established the current and corresponding operating voltage range for repeatable
volatile NEM switch operation (as described in section 4.3), it became possible to determine
the geometry of the integrated NEM switch.

From a technological standpoint, the simplest parameters to adjust are the effective length
L0 (i.e., the distance between the two mechanical clamping points of the active element) and
the distance between the bottom surface of the active element and the gate electrode, de-
noted as z0. Both L0 and z0 are determined by the fabrication process. The minimum value
of L0 was constrained from bottom by resolution and alignment precision of the lithography
process, which was approximately 5 µm in the case of photo lithography. The diameter or
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thickness range corresponded to the characteristic size distribution determined for each spe-
cific synthesis. For instance, for CuO nanowires obtained by thermal oxidation, the diameter
ranged from 50 to 200 nm. Consequently, the VON range was explored for various (L0; z0)
combinations across a broader diameter d and thickness t range.

Using a combined numerical-analytical model, we derived the geometrical parameters of
a double-clamped NEM switch at room temperature, as detailed below.

To find the switch-ON voltage, the system was modeled using the Euler-Bernoulli equa-
tion for a double-clamped nanowire subjected to electrostatic forces:

Y (4)(ξ)− Fx(ξ)Y
(2)(ξ)− FE(ξ) = 0, ξ =

L

L0

(4.5)

In Eq. 4.5, Y represents the perpendicular displacement of the nanowire, ξ is the nor-
malized coordinate along its length, Fx is the tension force, FE is the linear density of the
electrostatic force, and L0 is the suspended length. The superscripts in parentheses denote
derivatives with respect to the normalized coordinate.

The linear density of the electrostatic force is expressed as an integral of the electrostatic
potential over the circular cross-section perimeter of the cylindrical nanowire:

FE =
4ε0

πEL0R3

ˆ 2π

0

(
dϕ

dr
)2cosαdα. (4.6)

In Eq. 4.6E is the Young’s modulus, ε0 is the permittivity of vacuum,R is the radius of the
nanowire, ϕ is the electrical potential of the surface, and α represents the angular coordinate.

If axial displacement is restricted, the nanowire experiences tension force Fx. From this it
is possible to obtain analytic formula for electrostatic potential and, using Eq. 4.6, the required
electrostatic force as

FE =
16

EL0R4

V 2ε0√
z2 −R2Lnc2

, c =
2z2

R2

(
1−

√
1− R2

z2

)
− 1 (4.7)

Here, z is the distance from the axis of the nanowire to the gate electrode, and V is the
applied voltage. To use Eq. 4.7 in Eq. 4.5, the distance to the gate electrode must be adjusted
for each cross-section based on the nanowire’s deflection:

z = z0 + Y (ξ), (4.8)

where z0 denotes the initial distance from the nanowire axis to the gate electrode. Since
the fixed ends of a double-clamped nanowire prevent axial movement, the nanowire experi-
ences tension when it bends towards the gate. This tension force can be expressed as:
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Fx =
4

R2

[
1−
ˆ 1

0

√
1− (Y (1)(ξ))2dε

]
(4.9)

The corresponding boundary conditions for this fixed-fixed case are:

Y (0) = Y (1) = Y (1)(0) = Y (1)(1) = 0 (4.10)

To estimate the switch-ON voltage VON , the set of equations 4.5 and 4.7 – 4.10 were
numerically solved for a set of increasing values of applied voltage. The threshold voltage,
VON , was identified as the voltage at which no solution could be found, indicating that the
deformed nanowire intersected the counter electrode surface.

As an example, the calculated VON values for a CuONEM switch as a function of nanowire
diameter are shown in Figure 4.17. The values of L0 (6.0, 8.0, and 8.6 µm) and z0 (120, 180,
and 200 nm) were set by the fabrication process. Assuming a Young’s modulus of 155 GPa
(the average value determined for this diameter range in section 4.2) and rigid clamping of
both ends, the calculated VON values ranged from 2 V to 48 V.

Figure 4.17: Calculation of VON as a function of nanowire diameter d for a CuO nanowire-
based NEM switch. Experimentally relevant gap height z0 and suspended length L0 com-
binations are considered. Lines are guides to the eye, with line types corresponding to L0

values (dashed line 6.0 µm, solid line 8.0 µm, dotted line 8.6 µm), and colours corresponding
to z0 values (red square to 120 nm, blue triangle to 180 nm and green circle to 200 nm).
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4.4.2 Positioning of nanostructures on-chip

Two main configurations of double-clamped NEM switches were fabricated: one with
bottom contacts and the other with top contacts (Figure 4.18). For the positioning of one-
dimensional nanostructures on-chip, different electrode designs were fabricated for mechan-
ical transfer and dielectrophoresis (DEP) methods.

For mechanical transfer, dense electrode arrays were used, whereas DEP utilized elec-
trodes with fewer electrode pairs per chip. Various suspended length L0 and gap height z0
combinations detailed in subsection 4.4.1 were used to set the distances between source and
drain electrodes and trench depths of the gate electrode.

Three main challenges were identified in integrating 1D NS into planar NEM switches
using the methods described in the Experimental section: 1) accurate positioning of 1D NS
on the device substrate; 2) ensuring reliable electrical contacts to the 1D NS; and 3) avoiding
stiction. The following discussion outlines the solutions implemented to overcome these
challenges, thereby increasing the yield of successfully fabricated devices per chip.
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Figure 4.18: NEM switch configurations. SEM images of fabricated NEM switches with (a)
bottom (where the 1D NS lies on top of a metal thin film) and (b), (c) top (where the 1D NS is
fixed under ametal thin film) contacts in two-terminal (b) and four-terminal (c) configuration.

The ideal alignment scenario involves positioning a single 1D NS across a single gate elec-
trode, with both ends supported on the substrate. This setup avoids any additional structures
that could potentially create an electrical short between the source and gate connections.
Tuning the DEP parameters was found to be the most effective method for achieving this.

The concentration of nanostructures in the isopropanol suspension was adjusted to∼ 104

nanowires/ nanobelts per µL. The amplitude and duration of the applied AC voltage were
selected based on previous studies with similar DEP electrode configurations and spacings
[152, 153]. It was observed that larger amplitudes led to 1D NS degradation, while smaller
voltages weakened the DEP force, resulting in an insufficient number of aligned 1D NS. Ex-
tending the DEP duration allowed more 1D NS to reach the electrode sites, where they were
attracted by the DEP force; however, excessively long duration increased the likelihood of
multiple connections forming at the same site.
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Optimal DEP parameters were determined by conducting experiments on chips without
gate electrodes and with symmetrically aligned electrode pairs (Figure 4.19). The maximum
number of aligned single nanowires per chip was obtained using 100 kHz frequency and 5 V
amplitude applied to the S-D electrodes for 20 minutes. This configuration resulted in 20%
of all S-D electrode pairs being connected with a single nanowire. Although the introduc-
tion of a gate electrode slightly reduced this yield, CuO nanowire-based NEM switches were
successfully fabricated using these parameters.
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Figure 4.19: (a) SEM image showing a single CuO nanowire aligned between the source (S)
and drain (D) electrodes using dielectrophoresis, with an adhesive bottom contact. (b) Ex-
perimentally determined yield of single-nanowire interconnects as a function of the applied
AC frequency f . The dashed line serves as a visual guide.

Bi2Se3 also showed promising preliminary DEP alignment results at a frequency of 2MHz,
with an 8 V amplitude and a duration of up to 10 minutes (Figure 4.20 (a)).
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Figure 4.20: Positioning of Bi2Se3 nanobelts on the device substrate. SEM images showing:
(a) DEP aligned nanobelts perpendicular to the metallic S and D electrodes and spanning
across the G electrode. The red arrowmarks a single suspended nanobelt; (b) Bi2Se3 nanobelts
on a silicon surface obtained by drop-casting and drying a suspension, showing agglomerates
of various morphologies. The red arrow points to a single nanobelt, while the green arrow
indicates an agglomerate of a nanobelt surrounded by platelets of various sizes; (c) High-
yield transfer of non-agglomerated nanobelts achieved by mechanically pressing the growth
substrate against the silicon substrate.
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However, difficulties arose in preparing a suspension with a sufficiently high concen-
tration of Bi2Se3 nanobelts without contaminants of other morphologies. During synthesis,
in addition to the desired nanobelts and nanowires, variously-sized platelets also formed on
the glass substrate. These different products tended to agglomerate in the suspension (Fig-
ure 4.20 (b)) and were deposited on the NEM switch electrodes during DEP. To successfully
align Bi2Se3 nanobelts via DEP, it was concluded that some form of filtering or morphology
selectivity should be introduced either during suspension preparation or the DEP process.

On the other hand, dry mechanical transfer proved highly effective for transferring long,
non-agglomerated Bi2Se3 nanobelts (Figure 4.20 (c)). Although this method resulted in ran-
dom placement and alignment, it achieved the highest yield of switches per chip (>20 single-
nanobelt connections) for Bi2Se3 nanobelts.

4.4.3 Nanostructure/metal contact fabrication

A common challenge in fabricating thin film electrodes using the lift-off process is the
formation of metal side edges (Figure 4.21).
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Figure 4.21: Optimization of NEM switch contacts in bottom adhesive source-drain contact
configuration and for gate fabrication. AFM scans of S and D electrodes show pronounced
metal side-edges rising approximately 300 nm above the metal surface (a) and smooth surface
with no side-edges by using an optimized photoresist processing recipe (b). (c) and (d) are
the corresponding line profiles for (a) and (b), respectively.

This issue is particularly problematic for bottom-contact configurations in NEM switch
fabrication. These edges can reach heights of up to 500 nm, reducing the contact area between
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the electrode and the 1D NS and complicating the transfer process of 1D NS. Consequently,
it becomes difficult to predict the exact gap height in the NEM switch.

The side-edge issue was pronounced in NEM switch fabrication using photolithograpy.
These edges are a result of thin film covering the sidewalls of the resist and can be avoided
by adjusting the resist profile from positive to negative. It was solved by using a two-resist
process with fine-tuned soft-bake temperature, soft-bake time and development time, given
in detail in Appendix A.1.

For Bi2Se3 NEM switches, a top-contact approach was introduced to decrease contact
resistance, achieve ohmic I-V characteristics, and enhance the mechanical stability of the
switch during continuous operation. However, despite the metal layer appearing continuous
over the nanostructure, closer inspection sometimes revealed breaks, leading to open circuits
(Figure 4.22 (a)). This problem was alleviated by using a metal layer thicker than the 1D NS
(Figure 4.22 (b)). It is important to note that increasing the metal layer thickness requires a
corresponding increase in resist layer thickness, which reduces resolution and complicates
the lift-off process, potentially breaking suspended wires. The maximum top-layer thickness
found to be successful for NEM switch fabrication was 200 nm.

1 μm 

(a) (b)

Figure 4.22: Fabrication of top contacts on Bi2Se3 nanobelts. SEM images of metal (green)
covering the nanobelt (purple) (a) with breaks and (b) continuously. Yellow arrows in (a)
mark the areas with discontinuities in the metal film. Scale bar: 1 µm.

4.4.4 Minimizing stiction of suspended nanostructures

Suspended nanostructures are highly susceptible to deformation and, in severe cases,
stiction failure due to capillary forces that arise during various fabrication processes, such
as resist deposition, development, wet etching, and lift-off. It was observed that thinner 1D
NS are particularly prone to stiction due to their lower elastic forces, with the maximum
stiction-free suspended length being 5-6 µm, allowing for minimal deformation.

Besides using supercritical drying, another fabrication approach was introduced to fur-
ther reduce the risks of stiction. In the ”etch-last” method, a conducting layer (Au) is first
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deposited on the substrate, followed by the deposition of an insulating layer (Al2O3, SiOx).
The 1D NS are then released from the substrate after top-contact fabrication by selectively
etching part of the underlying insulator layer beneath the 1D NS. This approach allows for
wet processing after the 1D NS are securely clamped at their ends, significantly minimizing
the risk of deformation and stiction. Figure 4.23 shows the fabrication flow with Al2O3 as the
insulator.
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Figure 4.23: NEM switch fabricated using the etch-last method to minimize stiction risks.
A series of optical images with corresponding cross-sectional schematics showing: (a) 1D
NS on substrate with patterned top electrodes; (b)the patterned bottom gate; (c) the etched
bottom gate. SEM images of the fabricated device with 100 nm gap in both (d) top-view and
(e) angled-view. I-V characteristics between the source and drain (f) show ohmic behavior,
while the source-gate (g) current of 1.5 nA at 0.2 V is only three orders of magnitude smaller
than source-drain, indicating leakage through Al2O3 layer.

However, the etch-last method presents challenges, such as the potential for chemical or
physical modification of the 1D NS due to aggressive etchants. Additionally, leakage through
the insulator layer can limit the operating voltage range of these switches. As shown in Figure
4.23 (f) and (g), the source-gate (S-G) current leakage at 0.2 V is only three orders ofmagnitude
lower than the source-drain (S-D) current through the 1D NS, indicating a limitation of this
approach.

Also, the profile of the trench was identified as a critical factor in controlling stiction
during NEM switch fabrication. Key trench features include the aspect ratio (width to depth)
and the sidewall profile. The fabricationmethod significantly influences these characteristics:
for instance, isotropic wet etching of SiO2 results in sidewalls with a small angle, while dry
etching can produce nearly vertical sidewalls (close to 90 degrees). Small sidewall angles were
found to be undesirable, as they complicate the suspension of 1D NS, potentially leading to
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slack or unintentional contact with the bottom gate electrode. Moreover, with small angles,
the bottom dimension of the trench is smaller than its top, which reduces the span of the gate
electrode along the length of the 1D NS, thereby diminishing electromechanical coupling. To
optimize the process, dry etching of SiO2 and Si was adopted for trench fabrication, ensuring
better control over sidewall angles and minimizing stiction risks.

4.4.5 Characterization of the geometry of the integrated NEM switches

The fabricated switches were systematically characterized at various stages of the fab-
rication process, using optical microscopy, SEM, and AFM, both before and after electrical
testing (Figure 4.24). This thorough characterization is crucial for determining the precise
height, profile, suspended length, and thickness of the active elements. In some instances,
slack in nanostructures can develop over trenches, particularly when trenches are fabricated
prior to the transfer of 1D NS, resulting in a non-uniform gap (Figure 4.24 (b)) that can sig-
nificantly affect the measured VON values.
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Figure 4.24: Characterization of the fabricated 1D NS-based switches. (a) Coloured SEM
image of a bottom-contact Bi2Se3 nanobelt-based NEM switch, showing source (S), gate (G)
and drain (D) electrodes. (b) NEM switch with a non-uniform gap between the active element
(magenta) and gate electrode (green). (c) AFM image and corresponding line profiles (d) of a
suspended portion of the nanobelt shown in (a). Scale bars are 2 µm in (a, b) and 1 µm in (c).

It is important to minimize electron beam exposure during SEM characterization to pre-
vent charge injection into the electrodes, local changes in the conductivity of 1D NS [154],
and carbon deposition. Similarly, AFM characterization should be conducted with caution
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— using slow scanning speeds and minimal force — to avoid unwanted mechanical de-
formation of the active element. Excessive shear force during AFM can potentially damage
or even break the 1D NS. Among the materials tested, Ge and CuO were found to be more
robust, exhibiting superior mechanical and electrical performance compared to Bi2Se3.
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4.5 Operation of integrated NEM switches

The findings of this section are published in papers III, VI and VIII.
Integrated NEM switches based on CuO and Bi2Se3 1D NS were fabricated with bottom

adhesive contacts and with top contacts. These switches were designed using experimentally
determined mechanical and electrical properties, the appropriate operating voltage ranges
(sections 4.2 and 4.3), and geometries derived from the numerical calculations described in
4.4. Two different switching modes were investigated as shown in Figure 4.25 (a): one with
current control through the nanostructure before contact formation with the gate electrode
(employing VSG and VSD voltages), and one without (employing VSG only). CuO nanowires
were tested at room temperature, while Bi2Se3 nanobelts were tested at cryogenic tempera-
tures.
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Figure 4.25: Operation of integrated 1D NS-based switches. (a) Schematics of electrical
connections and terminal designations for NEM switch operation testing. NEM switches
were tested using either VSG only, or VSG combined with VSD. (b) Top: Sweeping of VSG
to precisely determine VON and its evolution; Bottom: Square VSG signal to observe time
evolution of ION and IOFF .

The operational characterization of these NEM switches involved ramping the voltage
VSG in small increments while registering the current ISG response (Figure 4.25 (b) top panel).
Gradually increasing the voltage allowed for the observation of the evolution of the operating
voltages, VON and VOFF , over time, making it particularly useful for the initial examination
of switch dynamics. For devices that exhibited non-volatile, one-time switching, only VON

and subthreshold slope data were obtainable from the experiments.
In contrast, for switches demonstrating volatile and repeatable operation, a periodically

changing square voltage signal VSG was applied at the appropriate levels (Figure 4.25 (b)
bottom panel) to induce and study the ON and OFF sates, along with the time evolution of
the ON-state and OFF-state currents.

Table 4.4 summarizes the geometrical and elastic parameters, along with the experi-
mentally obtained and calculated VON values, for the double-clamped CuO and Bi2Se3 NEM
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switches. A total of 6 CuO and 4 Bi2Se3 NEM switches were fabricated and measured. The
diameters of the active CuO nanowire elements ranged from 50 nm to 210 nm, while the
Bi2Se3 nanobelts had thicknesses from 51 nm to 145 nm. Suspension gap heights were from
120 nm to 200 nm, with measured VON values ranging from 4.5 V to 49 V.

Table 4.4: Summary of CuO and Bi2Se3 1D NS NEM switch data, showing geometrical pa-
rameters (diameter d or thickness t, suspended length L0, gap height z0 and area moment of
inertia I), elastic parameters (elastic force Felas and spring constant k) and experimentally
obtained and calculated VON values.

No. d/t, nm L0, µm z0, nm I·10−29,
m4

k,
nN/nm

Felas,
nN

VON,exp,
V

VON,calc,
V

CuO-1 50 6.2 120 0.03 0.08 11.1 4.5 4.3
CuO-2 125 8.6 120 1.20 1.12 16.8 12 8.5
CuO-3 210 6.4 120 9.60 21.7 325 49 39
CuO-4 100 7.4 190 0.49 0.72 17.1 26 17
CuO-5 118 9.2 190 0.95 0.73 17.3 16 12
CuO-6 150 6.7 190 2.50 4.92 117 28 37
Bi2Se3-
1

51 3.3 190 0.57 2.80 64.0 20 23

Bi2Se3-
2

122 3.3 190 3.30 15.7 368 25 27

Bi2Se3-
3

86 3.6 200 1.00 3.60 91.0 17 15

Bi2Se3-
4

145 6.7 200 2.70 1.50 28.0 27 27

Discrepancies between the experimentally obtained and theoretically calculated VON val-
ues can be attributed to several factors. For both CuO and Bi2Se3, lower experimental VON

values for some of the switches may result from movement-induced sliding of the active ele-
ment during the switching-ON process, as the element is only fixed to the S and D electrodes
by adhesion forces. Higher experimental VON values for CuO nanowire switches might arise
from the size-dependent effective Young’s modulus of the nanowires. For Bi2Se3 switches, the
higher VON values could be due to cooling-induced contraction and tension in the nanobelt
at low temperatures.

4.5.1 Operation of CuO switch for room temperature applications

To fabricate an integrated CuO NEM switch designed for volatile switching, we utilized
the nanowire morphology results from section 4.1, the Young’s modulus and electrical resis-
tivity characterized in section 4.2 and the VON calculation detailed in section 4.4. A switch
with typical dimensions of d = 150 nm, L0 = 6.7 µm and z0 = 190 nm was fabricated for im-
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plementing volatile switching. Figure 4.26 (a) illustrates the switch’s performance over five
consecutive voltage ramping cycles, ranging from 0 V to 30 V in 0.5 V increments.

Across all cycles, the current exhibits two distinct levels, corresponding to high and low
voltage regions. It remains at a noise level of approximately 0.01 nA during the voltage ramp-
up phase and increases to a maximum of approximately 12 nA. However, each cycle shows a
progressively decreasing VON value.

Figure 4.26: Initial stages of CuO NEM switch operation. (a) Voltage ramping during the
first five cycles shows a decrease in VON from 28.0 V (black curve) to 12.5 V (green curve).
The switching-ON process is abrupt (except for cycle #2), while the switching-OFF process
is gradual, suggesting that the active element the active element detaches from the elec-
trode gradually, piece by piece. (b) A regime, where VON retains a constant value of 12.5 V
over multiple cycles, suggesting that the active element no longer undergoes any mechanical
changes. Inset shows electrical terminal connections.

In the first cycle, a sharp increase in current is observed at 28 V, which then returns to the
noise level at 1 V. In contrast, the second cycle reaches a high current state at a much lower
voltage of 15.5 V.This initial reduction in VON is consistent with observations in other studies
[36, 155]. One possible explanation for this behaviour is that a mechanical relaxation occurs
at the adhesive interface of CuO nanowire and bottom electrode, which results in changes
of nanowire position. Another reason could be related to material degradation due to power
dissipation at the moment of contact. Sufficiently high energy release could result in changes
of Young’s modulus of CuO nanowire. Despite these potential causes, our data suggests that
material degradation is unlikely. Firstly, the bending radii in our setup areminimal. Secondly,
the electrical properties remain consistent, with the ON-state current stable across the cycles.

In the following three cycles, the reduction in VON is less pronounced, stabilizing at 12.5 V
by the fifth cycle. After this point, VON remains constant across many cycles, and VOFF

stabilizes in the range of 2.5 to 3.5 V, as shown in (Figure 4.26 (b)).
With a stable VON , we extended the examination to analyze the ON and OFF state cur-
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rent levels. Figure 4.27 shows an excerpt containing 5 cycles, each applying three voltage
levels in square pulses:: 0 V (OFF state), 8 V (control) and 15 V (ON state). The intermediate
voltage level of 8 V serves to verify that the CuO nanowire remains in the volatile operation
regime. If contact with the gate electrode occurs, significant current would be observed at
this level, whereas the current remains at the noise level at 0 V.Throughout the 100 cycles, no
decrease in the ON-state current was detected, indicating that CuO nanowires are resilient
and promising candidates for high-voltage NEM switch applications.

Figure 4.27: An excerpt of extended cycling of a CuO NEM switch by applying square volt-
age pulses. Red circles indicate current level at different applied voltages (black squares) of
0 V (OFF), 8 V (OFF, control), 15 V (ON). For 0 V and 8 V, the current stays at the noise level,
whereas ON-current reaches nanoampere level, when the applied voltage is 15 V.

4.5.2 Operation of Bi2Se3 switch for cryogenic temperature applications

2T NEM switch with a S-G current control
Based on the morphological, mechanical, and electrical characterizations described in

sections 4.1 through 4.2, the in situ switching experiments in section 4.3 and the calcula-
tions in section 4.4, double-clamped Bi2Se3 nanobelt NEM switches were fabricated in both
bottom contact 2T and top contact 3T configurations. The bottom contact configuration, fab-
ricated similarly to CuO nanowire-based switches, to demonstrate proof-of-principle opera-
tion at cryogenic temperatures. The top-contact configuration was employed to investigate
deformation-induced electrical changes and processes in the nanostructure prior to contact
formation with the gate electrode.

The fabricated Bi2Se3 NEM switches featured active element thicknesses ranging from 51
to 145 nm, with gaps between 190 and 200 nm and exhibited VON values between 17 V and
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27 V.
For a typical switch with the following Bi2Se3 nanobelt parameters – L0 = 3.3 µm, t =

51 nm, z0= 190 nm, and w = 512 nm (device Bi2Se3-1 in Table 4.4) –, the calculated VON

value was approximately 23 V, while the experimentally determined VON was 20 V. This dis-
crepancy can be attributed to two competing mechanisms that could influence the observed
value. If the active element was fully clamped, lowering the temperature would increase VON

compared to the room temperature value due to the induced tension in the structure, as re-
ported in previous NEM switch studies [20]. However, in a bottom-contact structure, where
the nanobelt is held by adhesion forces, some sliding of the active element on top of the elec-
trode may occur during the jump-in process [20]. This sliding would result in a decrease in
VON , as observed for devices Bi2Se3-1 and Bi2Se3-2.

The behavior of the full ON-OFF cycle varied depending on the balance between the ad-
hesion forces at the contact points and the elastic restoring force of the active element.

hen the adhesion force exceeded the elastic force, the active element remained in contact
after the voltage was removed. This behavior was inferred from a cycle that exhibited a
pronounced current jump (Figure 4.28 cycle #1), followed by a cycle displaying non-linear
Schottky-type I-V characteristics (Figure 4.28 cycle #2).

Figure 4.28: Repeatable non-volatile Bi2Se3 NEM switch operation with ISG current control
at 5 K.The first switching cycle (red filled circles) is followed by a cycle with no sharp current
jump (empty circles), followed again by a cycle with a sharp current jump (black filled dia-
monds) after a heating-cooling cycle. The sharp pull-in behaviour is recovered after a heating
cooling cycle, as seen in cycle #3. Inset shows electrical terminal connections.

When the difference between the opposing forces was small, additional energy in the
form of heat was sufficient to detach the active element from the electrode. By increasing
temperature to 300 K and then lowering it back to 5 K, NEM switch Bi2Se3-1 operated in a
typical reversible nonvolatile regime, exhibiting a repeated current jump (Figure 4.28 cycle
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#3), similar to memory devices made from Si and Ge nanowires in [41].
Volatile NEM switching was achieved when the elastic force was larger than the adhesion

force at the contact point. In Figure 4.29 (a), the current initially remained at the noise level of
0.1 nA until a sharp rise reaching the set level of current compliance of 100 nA was recorded
at 9.2 V. From cycle #1 to cycle #2, VON decreased to approximately 8.2 V. The detachment of
the nanobelt from the contact was marked by a sharp current decrease to the noise level at
VOFF of approximately 2.3 V. With each subsequent cycle, VON gradually decreased, albeit
by a smaller amount than between cycles #1 and #2 – similar to the behavior previously
observed in CuO switches during the initial cycles of operation.

The volatile switch exhibited ON-OFF current ratio of approximately 103, corresponding
to leakage current levels of 0.1 nA and ON-state current levels, set by compliance, of 100 nA.
The average subthreshold slopes (SS) for transition to the ON-state, calculated as mV/log10I ,
were 135 mV/decade at 10 K and to as low as 80 mV/decade at 5 K (Figure 4.29 (b)). Although
these values are higher than the thermal limit for MOSFET transistors of 60 mV/decade at
room temperature, they represent the upper limit of the SS value for this Bi2Se3 NEM switch.
The SS value could be further reduced by increasing the current compliance and decreasing
the voltage step size.
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Figure 4.29: (a) Cryogenic temperature operation of a volatile reversible Bi2Se3-based NEM
switch. (a) Three cycles at 10 K (#1 − #3, dashed lines) are followed by two cycles at 5 K
(#4−#5, solid lines). Upwards arrows indicate transition to ON-state, downwards–transition
to OFF-state. (b) Log scale representation of the I-V characteristics in (a) to estimate the
subthreshold slope.

3T NEM switch with a S-D and S-G current control
In previous sections, the operation of NEM switches that utilize source-gate (S-G) current for
switching between states was demonstrated. While this is a simple and effective technique,

93



4.5. OPERATION OF INTEGRATED NEM SWITCHES

it also possesses some drawbacks. The most apparent is the physical contact formation and
release, which may lead either to degradation or stiction. This issue is exacerbated by the size
distribution of the synthesized nanobelts. Although the synthesis process was optimized to
produce nanobelts with a well-defined size distribution, variability still exists. This variability
impacts the elastic restoring force of NEM switches, resulting in differences in the balance
between ON-state adhesion and the nanobelt’s elastic force across different switches on the
same chip, potentially leading to stiction in some of the fabricated switches.

To address these challenges, an alternative method of deformation control during switch-
ing was explored, which involves monitoring changes in source-drain (S-D) current as the
nanobelt approaches the gate electrode.

When a relaxed nanobelt is electrostatically bent, the deformation and mechanical strain
in the structure change gradually and smoothly. However, if the nanobelt is initially buckled,
a sharper transition in its mechanical state can be observed during deformation. Anticipating
also sharp changes in the electrical characteristics, a NEM switch was fabricated using an
upwards buckled Bi2Se3 nanobelt to measure gate voltage-induced changes in its resistance
(Figure 4.30).

Figure 4.30: (a) Angled SEM and AFM (b) images of the upwards-buckled Bi2Se3 nanobelt
NEM switch. The inset in (b) shows the line profile of the nanobelt measured just above the
gate electrode (yellow dotted line in (b)).

The gating of this NEM switch in a three-terminal (3T) configuration was carried out at
2 K and 4 K. Both negative and positive DC gate voltage sweeps were performed from 0 V to
maximum amplitude of ± 80 V (Figure 4.31). In both cases, a change in resistance slope was
observed at a gate voltage of ± 35 V, which was attributed to a transition in the nanobelt’s
deformation state from upwards to downwards bending.

For a typical highly doped n-type Bi2Se3 field effect, a resistance increase would be ex-
pected at negative voltages, with little to no significant change in resistance under positive
polarity voltage, as discussed in section 4.2. However, in this case, the observed decrease
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Figure 4.31: Source-drain resistance as a function of VSG voltage at 2 K (a-b) and 4 K (c-d)
temperatures. The orange dashed line is a linear fit in the high electric field range, while the
purple dashed line represents a linear fit in the low electric field range. The solid red lines
indicate the voltage value of ± 35 V.

in S-D resistance during a positive voltage sweep was attributed to the relaxation of the
nanobelt from its upwards-buckled shape. When the voltage polarity was reversed, an in-
crease in resistance was observed, which likely corresponded to the nanobelt returning to its
initial shape, as well as charge redistribution due to the electrostatic field effect. The magni-
tude of the resistance change during the positive gate sweep from 0 and 80 V was modest at
−1.62%, comparable to the resistance changes observed during electrostatic gating on a SiO2

substrate, as presented in section 4.2.
To validate the assumption of a mechanical deformation change, the same buckled sam-

ple was tested in situ inside an SEM. A series of S-D I-V measurements were taken as a
function of VSG, while simultaneously monitoring the nanobelt’s deformation from an angle.
Figure 4.32 (b) shows SEM images of the nanobelt in its initial state (green) and after apply-
ing a voltage of ± 40 V (red). The images clearly demonstrate that the nanobelt undergoes
a buckling deformation, transitioning from an upwards to a downwards bend. This obser-
vation was consistent with the low-temperature gate measurements (Figure 4.31), where the
change in resistance slopes occurred at ± 35 V.

The implementation of ISD monitoring in NEM switches provides a precise determination
of the VON value. Additionally, at small nanobelt-to-gate distances, it would be possible to
access a regime with two parallel currents, as the tunneling current ISD would contribute
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to the overall current. The geometry of this NEM switch suggests that a top gate electrode
could be added for additional control, potentially enabling its use as a non-volatile memory
device due to its upwards-bent shape.

1 µm

G

S D
50 µm

(a) (b)

VSG

VSD

Figure 4.32: In situ measurement of RSD versus VSG. (a) False-color SEM image of Au
electrodes connected to a single NEM switch. (b) Overlayed false-color SEM images, showing
pronounced deformation of the Bi2Se3 nanobelt as the applied gate voltage changes from
initial voltage of 0 V (green) to final voltage (red). Top image corresponds to negative voltage,
bottom – to positive.
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CONCLUSIONS

1. For CuO nanowires, the required yield and geometric parameters with amean diameter
of approximately 70 nm and a mean length of 5 µm for application in NEM switches are
achieved via electric field-enhanced oxidation on the cathode side in a wet air atmo-
sphere. Synthesis on a 3 nm thick Au layer produces the optimal yield for NEM switch
fabrication of approximately 100 Bi2Se3 nanobelts per 1000 µm2 with mean lengths of
3 to 6 µm, and mean thicknesses within the range of 30 to 110 nm.

These nanostructure dimensions enable reliable fabrication of NEM switches with re-
peatable operation. Further scaling would enable reduction of switch-ON voltage be-
low 4 V.

2. The effective Young’s modulus of CuO nanowires with diameters smaller than 50 nm
is found to exhibit size dependence, increasing up to 550 GPa. For Bi2Se3 nanobelts
Young’s modulus is found to remain at a constant average value of 44 GPa in the ex-
amined thickness range from 35 nm to 171 nm.

A method for electrical characterization of mechanical vibrations of double-clamped
nanostructures as a function of temperature in the temperature range from 5 K to 300 K
and frequencies up to 10MHz is developed. Using this method, Bi2Se3 nanobelts exhibit
strong temperature-dependent vibrations, that could possibly be explained by differ-
ential thermal expansion of the nanobelt-electrode-substrate system.

3. A process flow for bottom-up integrated NEM switch fabrication is developed using
photo- and electron beam lithography. Using this process flow, single CuO nanowire
and topological insulator Bi2Se3 nanobelt switches with gap heights from 120 nm to
200 nm are fabricated.

4. Repeatable operation of a two-terminal CuO nanowire-based NEM switches at room
temperature is demonstrated. Switching for 100 cycles is demonstrated with stable
switching-ON voltage of 12.5 V and stable ON-state current of approximately 4 nA.
CuO nanowire NEM switches are thus suitable for robust high-voltage applications.

5. Volatile and non-volatile repeatable operation is demonstrated with Bi2Se3 nanobelt-
based two-terminal NEM switches at temperatures as low as 5 K. It exhibits switching-
ONvoltage of 8.0 V, ON/OFF current ratio of 103 and a subthreshold slope of 80mV/decade,
which is close to the 60 mV/decade thermionic limit of electronic transistors at room
temperature.
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6. Bi2Se3 nanobelt-based three-terminal NEM switch with continuous current monitoring
through the nanobelt during OFF state was demonstrated at 2 K temperature. This
novel switching mode could enable precise determination of switch-ON voltage and
increase switch reliability.
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A.1. PROCESSING METHODS

A.1 Processing methods

A.1.1 Mask fabrication for photolithography

• Fabrication of Cr masks

1. Rinse Cr blank in acetone and isopropyl alcohol

2. Blow dry with N2

3. Dehydration bake at 100 °C for 2 minutes on a hotplate, let cool down for 5 min-
utes

4. Spin coat AZ1518 at 4000 rpm with 4000 rpm/s acceleration for 40 seconds (for
1.7 µm thickness)

5. Soft-bake at 100 °C for 2 minutes on hotplate, let cool down for 5 minutes

6. Expose design with Heidelberg Instruments Micro Pattern generator µPG101 (ap-
proximate dose 30 mJ/cm2)

7. Develop 70 seconds in AZ 726 metal ion free developer (TMAH-based)

8. Rinse in DIW

9. Blow dry with N2

10. Hard bake at 100 °C for 5 minutes on hotplate, let cool down for 5 minutes

11. Etch for 35 seconds in Cr etchant containing perchloric acid and ceric ammonium
nitrate

12. Rinse in deionised water (DIW)

13. Strip AZ1518 in warm Technistrip solvent (≈ 80 °C) for 30 minutes

14. Rinse in isopropyl alcohol

15. Blow dry with N2

• Fabrication of Fe2O3 masks

1. Repeat same steps as for Cr blank up to etch step

2. Etch for 90–100 seconds in concentrated HCl etch

3. Repeat same steps as for Cr blank
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A.1. PROCESSING METHODS

A.1.2 Fabrication of NEM switches by photolithography

• Gate electrodes in trenches

1. Clean Si die 10 minutes using ultrasonic agitation in acetone followed by 10 min-
utes in isopropyl alcohol

2. Blow dry with N2

3. Prime with hexamethyldisilazane (HMDS) at 150 °C

4. Cool down for 5 minutes

5. Spin coat positive AZ1505 resist at 4000 rpm with 4000 rpm/s acceleration for
40 seconds (for 600 nm thickness)

6. Soft-bake at 100 °C for 50 seconds on hotplate, let cool down for 5 minutes

7. Expose design with dose 30–40 mJ/cm2

8. Develop for 35–50 seconds

9. Rinse in DIW

10. Blow dry with N2

11. Hardbake at 120 °C for 5 minutes, let cool down

12. Etch in buffered hydrofluoric acid (BOE), with approximate rate of 1.4 nm/s at
room-temperature

13. Stop etch and rinse thoroughly in DIW

14. O2 plasma ash for 60 seconds

15. Evaporate 5 nm Ti and 55 nm Au

16. Lift-off in warm Technistrip (≈ 80 °C)

17. Rinse in acetone and isopropyl alcohol

18. Blow dry with N2

• Electrodes on top of Bi2Se3 nanobelts

1. Short and mild O2 plasma ash for 2 seconds

2. Prime with hexamethyldisilazane (HMDS) at 150 °C

3. Cool down for 5 minutes

4. Spin coat lift-off resist LOR-3 at 3000 rpm with 3000 rpm/s acceleration

5. Soft-bake at 150 °C for 3 minutes on hotplate, let cool down for 5 minutes
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6. Spin coat AZ1505 at 4000 rpm with 4000 rpm/s acceleration for 40 seconds (for
600 nm thickness)

7. Soft bake at 100 °C for 50 seconds on hotplate, let cool down for 5 minutes

8. Expose design with dose 30–40 mJ/cm2

9. Develop for 50 seconds

10. Rinse in DIW

11. Blow dry with N2

12. Etch Bi2Se3 oxide in acetic acid/HCl mixture for 60 seconds

13. Rinse in DIW

14. Load into thermal evaporator immediately after etch

15. Evaporate 5 nm Ti and 120–200 nm (depending on the thickness of 1D NS) Au at
pressure of <7e−7 mbar

16. Lift-off in warm Technistrip (≈ 80 °C)

17. Rinse in acetone and isopropyl alcohol

18. Blow dry with N2 for 1D NS on substrate. Follow a supercritical drying procedure
for 1D NS on trenches to avoid capillary action.

A.1.3 Fabrication of NEM switches by e-beam lithography

• Gate electrodes in trenches

1. Clean Si die for 10 minutes using ultrasonic agitation in acetone followed by
10 minutes in isopropyl alcohol

2. Blow dry with N2

3. O2 plasma clean for 60 seconds

4. Spin coat PMMA A9 at 4000 rpm with 4000 rpm/s acceleration for 1 minute (for
a thickness of 1700 nm)

5. Soft-bake at 160 °C for 5 minutes on hotplate, let cool down for 5 minutes

6. Expose design with dose of 210 µC/cm2

7. Develop in isopropyl alcohol/DIW mixture (93:7 v/v) for 15 seconds

8. Blow dry with N2

9. O2 plasma ash for 20 seconds
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10. Reactive ion etch using CHF3-Ar at 10 °C for 5 minutes for trench depth of 260 nm

11. Ash with O2 plasma for 20 seconds

12. Evaporate 5 nm Ti and 55 nm Au

13. Lift-off in acetone

14. Rinse in isopropyl alcohol

15. Blow dry with N2

• Electrodes on top of Bi2Se3 nanobelts

1. Spin coat EL6 copolymer at 4000 rpm with 4000 rpm/s acceleration for 1 minute

2. Soft-bake at 150 °C for 5 minutes on hotplate, let cool down for 5 minutes

3. Spin coat PMMA A4 at 4000 rpm with 4000 rpm/s acceleration for 1 minute (for
a thickness of 200 nm)

4. Soft-bake at 150 °C for 5 minutes on hotplate, let cool down for 5 minutes

5. Expose design with a dose of 210 mJ/cm2

6. Develop in IPA/DIW mixture (93/7 v/v) for 15 seconds

7. Blow dry with N2

8. Ash with O2 plasma for 20 seconds

9. Etch Bi2Se3 oxide in acetic acid/HCl mixture for 60 seconds

10. Evaporate 5 nm Ti and 120–200 nm (depending on the thickness of 1D NS)

11. Lift-off in acetone

12. Rinse in isopropyl alcohol

13. Blow dry with N2

B.2 Circuit for electrical detection of resonant frequency

Figure B.2.1 shows the electrical circuit schematic of the integrated preamplifier used to
characterize temperature-dependent resonant vibrations in Bi2Se3 nanobelts.

The conductivity of the Bi2Se3 nanobelt was modulated by the gate (G) electrode, which
applied a DC voltage Vg through a resistor R2, provided by a programmable external source
Keithley-6430. Gate electrode was connected to the input terminal VAC−in through the ca-
pacitor C2. A VAC−in signal was generated using a vector network analyzer VNA, Rohde &
Schwarz ZNB 8 port 1. The output signal VAC−out was connected to VNA port 2 and the S21
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(a)

(b) (c) (d)

Figure B.2.1: (a) Electrical circuit schematic of the integrated preamplifier. Element values
were R1—50Ω; R2, R4, R5—2MΩ; R3 approximately equal to DC resistance of Bi2Se3 nanowire;
R6—1.2 kΩ; C1, C2, C3, C4—0.1 µF; C5—0.5 µF; T1—2N7002. PCB layout with corresponding
element designations shown from (b) top and (c) bottom sides. (d) PCB mounted on a PPMS
holder with sample bonded on the top.

parameter was used to characterize the system amplitude transfer function A(f). The typi-
cal operating parameters were VAC−in,rms 0.22 V, VDC−power 15 V and VDC−bias 0.04 V with a
corresponding ISD in the range of 0.5–1.0 µA.

The AC component of the voltage drop across the Bi2Se3 nanobelt was connected through
the capacitor C3 to the gate of the transistor T1 (2N7002), which operated as a source follower.
The resistors R4 and R5 ensured that the transistor gate was biased above the gate-source
threshold voltage VT of T1.

Bi2Se3 nanobelt and the resistor R3 formed a voltage divider, which was connected to
a VDC−bias source Keithley-2400. Source-drain current monitoring allowed to determine,
whether the nanobelt was damaged, while R3 was used for limiting current flow through
it.

The resistance of R6 was chosen relatively high to avoid heating inside the cryostat. C5 is
a bypass capacitor for the supply voltage VDC−power.

Monitoring the direct current at Vg indicated whether a jump-to-contact event had oc-
curred. To avoid the risk of the nanobelt contacting the gate electrode, the gate voltage was
kept in the range of ± 8 V.

The R1C1 matching network additionally provided a load of VAC−in voltage for diagnostic
of electric connections.
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A B S T R A C T   

Nanodevices consisting of the suspended and supported parts of topological insulator Bi2Se3 nanowires were 
fabricated and measured at low and room temperatures. Probing of topological surface states, accompanied by 
the electrostatic field effect used to dynamically manipulate bending deformation, was carried out to monitor the 
external strain introduced into the suspended and supported parts within the same Bi2Se3 nanowire. Depending 
on the device geometry, pure elastic and elastoplastic types of concave deformation, as well as convex buckling 
deformation, were realized in the suspended parts of the nanowires. For various types of observed deformations, 
different magnitudes of increase in the Source-Drain resistance of the deformed part compared to the relaxed part 
of the same devices were determined. All suspended devices exhibit external strain-sensitive Shubnikov-de Haas 
oscillation frequencies representing the carriers of top and bottom surface states and bulk, whereas, in the case of 
supported devices, the bottom surface states are masked by a trivial 2DEG. The obtained results may be useful for 
strain engineering of TI materials, as well as for applications in NEMS and other areas related to suspended 
nanostructures.   

1. Introduction 

Suspended devices based on nanosized structures in the form of 
nanowires (NWs), nanobelts, nanoribbons, and thin films (TF) are suc
cessfully implemented in a wide field of various applications in elec
tronics [1-4], biosensing [5-7], gas sensing [10,8,9], photonics [11], 
thermoelectric performance devices [12,13], nanomechanical resona
tors [14-16], devices for fundamental phenomena investigations [17, 
18], and nanoelectromechanical switches [19-22] due to their small 
size, low mass, high crystalline quality, significant anelasticity, plas
ticity, and ultra-high strength [23,24]. Indeed, the coupling of me
chanical and other degrees of freedom, such as electrical, spin or optical, 
allows the creation of novel devices with improved characteristics. 

One class of these devices is nanoelectromechanical (NEM) switches, 
which exploit mechanical and electrical interaction between movable 
and static elements [22,25,26]. Most of the NEM switches based on 
suspended TF (graphene) [27,28] or NWs [21,29,30] have previously 
been demonstrated at room temperature. However, the use of a material 
with a high melting point, such as molybdenum or silicon carbide, in 
NEM switches makes it possible to implement devices at high 

temperatures (up to 800 K) [31,32]. Thus, NEM switches have already 
proven their superiority as low-voltage [33-35], low standby-power 
devices [36], and suitability for harsh environment applications [31, 
32]. These energy-efficient devices can be used as memory, logical and 
sensing elements, endowed with high sensitivity and speed. Moreover, 
the use of a material with suitable physical properties at low tempera
tures (e.g. graphene, or topological insulators (TIs)) as the active 
element of NEM switches will lead to new applications in space in
stallations [37] or quantum computing applications [38]. Recently, a 
NEM switch operating at temperatures as low as 5 K has been demon
strated by our group using a layered topological insulator material – 
bismuth selenide (Bi2Se3) [39]. 

Three-dimensional topological insulators (3D TIs) are a novel class of 
quantum materials that are insulating in the bulk, but host conducting 
topological surface states (TSSs) protected by time-reversal symmetry. 
Due to spin-momentum locking of Dirac fermions originating from TSSs, 
the material provides an opportunity to realize a broad range of appli
cations inaccessible in ordinary materials [40,41]. Experimentally 
accessing TSSs has been a challenge due to a significant contribution 
from the bulk carriers that place the Fermi level in the bulk conduction 
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band [42-44]. To overcome this problem (reduce the concentration of 
bulk carriers), efforts have been aimed at: a) synthesis of 3D TIs with an 
increased surface-to-volume ratio [45,46], b) introduction of chemical 
compensating dopants into TI materials [43,47,48], and c) control of 
Dirac states in TIs by introducing various strain (strain engineering) 
[49-53]. While the synthesis of reduced-size nanostructures and the 
compensating doping approaches allow optimization of TI material 
properties before device fabrication and are irreversible, strain engi
neering provides a reversible route for modifying the electronic struc
ture in TI-based devices [54]. Since 3D TI materials as Bi2Se3, Bi2Te3 and 
Sb2Te3 have a tetradymite structure formed by five covalently bonded 
atomic sheets (e.g., Se–Bi–Se–Bi–Se) defined as a quintuple layer (QL), 
which are weakly bonded between each other (van der Waals) [40], the 
bulk band topology of TIs would be expected to be sensitive to uniaxial 
in-plane stain [54]. Thus, strain is a particularly exciting way to 
manipulate and control the Fermi level in TIs, since different types of 
deformations can lead to different properties [55]. For example, strain 
may lead to phase transitions from topological to trivial states and 
vice-versa [56,57]. It has been theoretically calculated that the elec
tronic band gap of Bi2Se3 decreases with tensile in-plane strain and in
creases with compressive in-plane strain [58]. 

TI-based NEM switches could take advantage of both the strain 
tunability of electronic properties of Bi2Se3 and the suitable electro
mechanical properties for undergoing electromechanical «ON/OFF» 
switching. Typically, the moment of «ON/OFF» switching is determined 
by a significant and sharp change in current after closing or opening the 
contact: in the case of a Source-Drain current a nanorelay configuration 
is implemented, and in the case of a Gate-Drain current a two-terminal 
switch is realized. The disadvantage of currently implemented 2‑ter
minal switches based on Bi2Se3 nanowires is the large distribution of the 
geometric dimensions of the synthesized nanostructures, which causes 
differences in the elastic properties of nanowires. As a result, the balance 
between «ON» state adhesion and nanowire elastic force is different for 
individual nanowires, so often when the gate voltage is released, the 
elastic force of the nanowire does not exceed the adhesion force, and the 
nanowire can remain in the «ON» state. However, the strain-induced 
rearrangement of the electronic properties of Bi2Se3 makes it possible 
to continuously control the Source-Drain current not only at the moment 
of switching but also at all stages of nanowire bending, as well as to 
monitor the state of the nanowire under different bending modes. 

The active element in the form of nanowires used in NEM devices can 
be repeatedly exposed to external mechanical stress (compression, ten
sion, bending and buckling), which requires excellent resistance to 
bending fatigue. However, as was recently shown by Kong at al. [23], 
previous studies (theoretical and experimental) have mainly focused on 
the loading behavior of nanowires (tensile/compressive) in NEMS, while 
the bending deformation behavior of nanowires remains less studied 
[59-65]. 

In this study, based on the sensitivity of TSSs to external strain, we 
exploited the magnetotransport properties of the suspended and sup
ported parts within the same Bi2Se3 nanowire to investigate the effects 
of nanowire bending/buckling deformation for further use in NEM ap
plications. Temperature dependence of resistance, magnetoresistance as 
a function of a magnetic field, and Hall effect measurements are used to 
describe the properties of TI nanowires in relaxed and strained states. 
The electrostatic field effect was used to deform the nanowire at room 
and low temperatures. Our results may pave the way towards a single 
device in which «ON/OFF» switching would be complemented by the 
possibility of dynamical manipulation of the Fermi level and topological 
states via electrostatically induced strain. 

2. Materials and methods 

The free-standing Bi2Se3 nanowires were synthesized by vapor- 
liquid-solid (VLS) growth in a quartz tube furnace on a glass substrate 
using the Au catalyst nanoparticles, formed by a dewetted ultrathin Au 

film as described in [66]. For better comparability, nanowires from the 
same batch were used to fabricate samples for bending experiments. The 
7 × 7 mm sized Si/SiO2 (300 nm) chips were patterned via 
electron-beam lithography (EBL) to define the shape of the trenches. 
After that, the pre-patterned chips were etched either by reactive ion 
etching (RIE) in a mixture of CHF3 (20 sccm) and O2 (5 sccm) at 10◦C 
and 200 W power for 8 min (using Cr metal mask) (Device 1) or in 
buffered hydrofluoric acid 7 : 1 (BOE) (HF : NH4F = 12.5 : 87.5%) for 
approx. 3 min to fully etch a silicon oxide layer (Device 2 and 3). Next, 
Ti/Au (5/95 nm) back-gate contacts were formed by the e-beam evap
orator. Then the NWs were transferred to the substrate with the 
trenches, slightly pressing this chip (a flip-chip method) to the glass with 
nanowires (Device 1 and 2). For Device 3 the NWs were suspended in 
isopropyl alcohol for alignment across the trenches with the gates using 
floating-electrode dielectrophoresis [39,67]. Supercritical CO2 drying 
was used to remove the isopropyl residuals and avoid capillary forces 
between the nanowire and the gate electrode. 

Then, the nanowires transferred across the trenches were patterned 
using EBL to create electrical contacts. To remove the native oxide layer 
and provide a robust ohmic contact, the surface of the nanowires was 
etched off (approximately 3–4 nm) with Ar-ion milling prior to the 
deposition of the metal electrodes. 

The width, thickness and suspended/supported length of the devices 
were determined using an atomic force microscope (AFM, Bruker 
Dimension ICON). In-situ transport measurements (2-probe configura
tion) of Device 3 at room temperature were carried out using a scanning 
electron microscope (SEM, Hitachi FE-SEM S-4800) equipped with a 
nanomanipulator. 

Tilted SEM images of the devices were obtained using SEM-Zeiss 
Supra 60 VP. Electron-beam lithography (JEOL JBX 9300FS), Reactive 
Ion Etcher (Oxford Instruments PlasmaPro Cobra), Ar-ion beam etching 
(Oxford Ionfab 300 Plus), and vacuum evaporator (Lesker PVD 225) 
were used to fabricate the trenches and create electrical contacts to the 
individual nanowires in a cleanroom environment. Magnetotransport 
measurements were performed in the physical property measurement 
system PPMS (Quantum Design DynaCool (14 T)) equipped with 
external electronics at the temperature of 2 K. All devices were measured 
in DC bias mode. The biasing circuit consists of a voltage source Vb 
(Keithley 2400), a bias resistor Rb (for current biasing), and a sampling 
resistor Rs that is used for probing the current supplied to the device 
(Figs. 1a and 6b). Both the voltage drops across the supported Vsupp and 
suspended Vsusp parts of the device as well as IbRs are measured using a 
setup consisting of two low-noise differential amplifiers (Stanford In
struments) connected to the digital multimeters (Keithley 2000), to get 
voltages and current across the device, respectively. The gate electrode 
was connected to another source meter VG

b (Keithley 2400) through a 
bias resistor RG

b with a nominal 1 MΩ to reduce the noise. The Gate- 
Drain current was simultaneously monitored during applying the 
back-gate voltage. 

3. Results and discussion 

3.1. Magnetotransport properties of synthesized Bi2Se3 nanowires 

After synthesis, several nanowires of different thicknesses 
(30–120 nm) were characterized in terms of electron transport proper
ties. All nanowires demonstrate nearly linear behavior of the longitu
dinal magnetoresistance as a function of temperature, which indicates 
metallic conduction frequently observed in Bi2Se3 due to conductive 
bulk states [68]. Magnetoresistance as a function of a magnetic field 
measured at 2 K exhibits oscillations at the magnetic field above ~5 T 
attributed to the Shubnikov–de Haas (SdH) oscillations (quantum 
transport phenomena representing magneto-oscillations of the resis
tance in systems with high-mobility electrons at sufficiently low tem
peratures). They arise as a result of the cyclotron motion of electrons and 
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Fig. 1. Tilted false-color SEM images of fabricated Device 1 based on a Bi2Se3 nanoribbon (green) transferred onto a Si/SiO2 substrate (violet), containing an etched 
trench with a gold back-gate electrode (light-yellow) inside. The metal electrodes are shown in yellow. The device consists of the suspended and supported parts. (a) 
The device (with the measurements scheme) in the «OFF» configuration (an unstrained suspended wire above the back-gate electrode). (b) The device in the «ON» 
configuration (a wire is touching the gate). The inset is a zoom-in region showing that the suspended nanowire is deformed by the electrostatic force and attached to 
the gate. 

Fig. 2. Magnetotransport measurements of Device 1 presented in Fig. 1a. (a) The longitudinal sheet resistance Rxx(Ω/□) as a function of a magnetic field for the 
suspended and supported parts. (b) Magnetoresistance MR = (Rxx(B) − Rxx(0))/Rxx(0)) as a function of a magnetic field. Shubnikov-de Haas oscillations analysis: the 
Fourier transform power spectra of ∂2ΔRxx/∂B2 (presented in the insets) for the supported part shown in (c), and for the suspended part shown in (d), respectively. 
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the sequential crossings of the discrete Landau Levels through the Fermi 
energy [69]. These observed oscillations are not strictly periodic in 1/B, 
and the Fourier transform (FT) of them reveals a few frequencies, which 
leads to a beating pattern of the SdH oscillations. Such multiple fre
quencies for Bi2Se3 nanowires with thicknesses above ~30 nm have 
previously been reported by our group in [46,66,70] and also by other 
groups [71,72]. The complex pattern of the SdH oscillations originates 
from the coexistence of the 3D bulk carriers and the 2D topological 
surface states. Thus, the nanowires synthesized in this study exhibit 
features of both surface states and bulk carriers, which is consistent with 
previously observed phenomena in Bi2Se3 synthesized by various 
methods. In general, the transport behavior of measured nanowires is 
qualitatively the same with transport of the supported parts of the de
vices presented below. 

3.2. Magnetotransport properties of an elastically deformed suspended 
nanowire 

To implement a micron-sized long NEM switch based on a Bi2Se3 
nanowire, Device 1 containing the supported and the suspended over 
the trench with the gate electrode parts was fabricated (Fig. 1). 

To study the electronic properties and distinguish the difference in 
Source-Drain transport between the suspended and supported parts of 
Device 1, the magnetotransport measurements with a magnetic field 
applied perpendicularly to the nanowire were performed at 2 K. Fig. 2a 
represents the longitudinal sheet resistance, calculated as Rxx (Ω/□)=
Rxx(Ω)×w/L, where w is the actual nanowire width and L is the distance 
between the longitudinal contacts, as a function of a magnetic field. The 
value Rxx(Ω/□) is slightly different for the suspended and supported 
parts. We attribute this difference to the influence of contact resistance 
in the case of supported part measurements (three-probe configuration). 
Since the values of Rxx are different, we plot magnetoresistance MR=
(Rxx(B)− Rxx(0))/Rxx(0)) as a function of a magnetic field to show the 
difference between two parts within one nanowire (Fig. 2b). 

For both suspended and supported parts of the wire, the ΔRxx os
cillations were found by subtracting a polynomial background. This 
effect is associated with the Shubnikov-de Haas oscillations. The Fourier 
transform of the ∂2ΔRxx/∂B2 for the supported part reveals only two 
frequencies F1

supp=42.3 T and F2
supp=70.6 T. Following the Onsager 

relation [73], these frequencies correspond to n1
2D_supp=1.02×1012 cm− 2 

and n2
2D_supp=1.71×1012 cm− 2, respectively (Fig. 2c). A similar multi

frequency pattern (with two dominating frequencies) for Bi2Se3 nano
ribbons with thicknesses above 30 nm was previously observed by our 
group [46]. Since the surface states (at the substrate-nanowire interface) 
are overlapped with the charge accumulation layer having lower charge 
carrier mobility, the bottom surface SdH oscillations do not usually 
appear in magnetoresistance. Moreover, these frequencies (previously 
observed in [46]) were unaffected by the applied gate voltage (up to 
− 75 V), indicating that they correspond to either bulk or surface state 
carriers at the top surface (at the nanoribbon-vacuum interface) [45,46, 
74]. Thus, we attribute observed F1

supp and F2
supp to the top surface states 

at the interface with vacuum and to the bulk, respectively. 
For the suspended part, the FT of the ∂2ΔRxx/∂B2 oscillations dem

onstrates three frequencies: F1
susp=13.1 T, F2

susp=45.8 T and F3
susp=70.5 T, 

which correspond to n1
2D_susp=3.16×1011 cm− 2, n2

2D_susp=1.11×1012 

cm− 2 and n3
2D_susp=1.70×1012 cm− 2, respectively (Fig. 2d). We attribute 

the appearance of the third (lowest) frequency to the states from the 
bottom surface, which are no longer masked by the accumulation layer. 
Since the SdH frequencies of TI are sensitive to external strain [53], the 
fact that the frequencies corresponding to the top surface states for the 
suspended and supported parts remain almost the same is in good 
agreement with the absence of deformation at the suspended part, as 
shown in Fig. 1a. 

After examination of the suspended and supported parts in a relaxed 

state, the Rxx as a function of the gate voltage has been studied for De
vice 1. 

According to existing analytical models of bending [75,76], the 
strain of a bent nanowire in the thickness direction can be divided into 
three types: pure elastic, elastoplastic, and pure plastic deformation 
(Fig. 3). In the case of pure elastic deformation, the top surface (inner 
side) of the nanowire experiences compressive stress, while the bottom 
surface (outer side) is under tensile stress, and there is no stress in the 
middle (neutral layer (NL)). After removing the bending moment M, the 
elastic deformation will be restored. As shown in [77], if the radius of 
bending curvature R is much larger than the substrate thickness t and the 
dominant deformation occurs in the longitudinal direction, the bending 
strain can be calculated using the formula of the continuum mechanics 
model for elastic beams: ε = t/2 R. In the case of elastoplastic defor
mation, the NL is displaced from the centroid of the cross-section due to 
the mass conservation effect, which induces a transition of tensile/
compressive stresses across the thickness of the nanowire. The direction 
of NL displacement is related to the material properties and the bending 
curvature. In most cases (for materials with similar behavior under 
compressive/tensile stresses), the neutral layer is shifting towards the 
center of curvature. After releasing the bending moment M, the elastic 
deformation is restored, but the plastic deformation remains, which 
leads to deviations in the dimensions of the nanowire. If the stretching 
applied during the bending process is large enough, NL can extend 
beyond the cross-section, thus the stress gradient across the thickness of 
the nanowire will reduce and elasticity will decrease sharply (plastic 
deformation) compared to the pure bending effect [76]. 

Applying a negative voltage to the gate electrode first of all leads to 
the formation of oppositely charged carriers (depletion layer) at the 
bottom surface of the naturally n-doped nanowire. As far as a depletion 
layer is formed, an electrostatic attractive force acts on the wire uni
axially bending it towards the gate (Fig. 1b). A similar procedure occurs 
if a positive voltage is applied to the gate electrode. First, an accumu
lation layer (negatively charged carriers) is formed at the bottom surface 
of the nanowire, and then, as a consequence, the nanowire bends to
wards the gate under the influence of the electrostatic attractive force. 
During such bending, the top surface of the nanowire experiences 
compressive stress, while the bottom surface is under tensile stress 
(Fig. 3b). When a negative voltage is applied to the device, there is a 
clear increase in the resistance of the suspended part (Fig. 4a bottom 
panel), while the resistance of the supported part remains unchanged 
(Fig. 4a top panel (inset)). As the dielectric constant of SiO2 (εSiO2=3–4) 
[78] is higher than that of vacuum (εvac=1) [79], the effect of changing 
Fermi energy via the gating effect (at the initial moment when the dis
tance to the wire is the same) should be more effective in the case of the 
supported wire, even in the presence of the accumulation layer, since the 
trivial 2DEG at the bottom extends well inside the bulk, and is therefore 
screened by topological surface states [72]. Thus, we attribute the 
change in resistance when the wire is suspended to the mechanical 
deformation (bending towards the gate). 

During the gate voltage sweep, the current between the gate elec
trode and the nanowire IGD (similar to 2‑terminal switches[20,25,29,39, 
67]) also was monitored (Fig. 4a top panel). At a certain point (− 1.45 V) 
the IGD starts increasing because the distance (separation) between the 
nanowire and the gate becomes small and a tunneling effect appears. A 
further increase in the potential at the back gate leads to the emersion of 
pronounced peaks in the Gate-Drain current and resistance curves. This 
may be due to the logarithmically increasing tunneling current with 
decreasing distance [80], as well as the action of additional attractive 
van der Waals forces that come into play when the distance between the 
nanosized objects is several nanometers [81]. The change in the resis
tance slopes (purple dashed lines in Fig. 4a bottom panel) indicates the 
point of initial action of additional van der Waals forces. At − 1.84 V (left 
orange line in Fig. 4a), IGD starts to increase sharply, which is a sign of 
the device switching to the «ON» mode. To prove the fact that the in
crease in Source-Drain resistance (with gate range from 0 to − 1.84 V) is 
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a result of mechanical deformation and not of the tuning of the Fermi 
energy due to the field effect, we increased the back-gate voltage to 
− 2 V. After this the Gate-Drain current value increased linearly from ≈
− 0.6 nA to − 1.7 μA, which means the device is in stable «ON» mode. 
Even after that, the increased resistance of the suspended part remains at 
the same value (does not decrease to the initial value before gating/
bending). It is a sign of the deformation effect since the influence of the 
electric field does not affect the wire anymore. SEM image as well as 
AFM image and height profile of the bent wire in «ON» mode are pre
sented in Fig. 2b and Figs. 4b and 4c, respectively. 

To investigate the strain-induced rearrangement of the electronic 
properties after bending the wire to the gate contact, magnetotransport 
of Device 1 was remeasured in «ON» mode at a fixed voltage on the back 
gate of − 2 V. The longitudinal sheet resistance and MR as a function of a 
magnetic field are presented in Fig. 5a and b, respectively. It is clearly 
seen, that Rxx(Ω/□) value of the supported part remains unaffected by 
the gate voltage, while the suspended part reveals an increase in resis
tance (3,84%) in comparison with the data presented in Fig. 3. 
Following the analysis of the SdH oscillations described above, we did 
not find any difference for the supported part before and after applying 

Fig. 3. The scheme of the distribution of various types of deformation along the thickness of the nanowire. (a) A nanowire before bending (relaxed state). (b) A 
nanowire under elastic deformation. The predominant deformation occurs in the longitudinal direction. (c) A nanowire in elastoplastic deformation regime. (d) Shift 
of NL beyond the nanowire cross-section (the entire cross-section is under tensile strain) (plastic deformation). 

Fig. 4. (a) Gate-Drain current and Rxx of the suspended and supported (in the inset) parts as a function of the back-gate voltage (Device 1). The blue, red and green 
lines represent experimental data. The black lines depict filtered data. The vertical orange lines indicate pronounced peaks due to mechanical deformation. The 
change in the slopes of the two purple dashed lines indicates the point of the initial action of the additional van der Waals forces to the electrostatic attractive force, 
resulting in faster deformation of the nanowire. (b) AFM image of the device in «ON» mode. (c) Height profile of the bent nanowire, presented in (b). 
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the gate voltage, as expected. However, the suspended part exhibits a 
slight shift of F2 − 2V

susp =41.5 T (n2 − 2V
2D_susp=1.00×1012 cm− 2) towards lower 

frequency in comparison with F2
susp =45.8 T (n2

2D_susp=1.11×1012 cm− 2), 
as well as F1 − 2V

susp =22.4 T (n1 − 2V
2D_susp=5.38×1011 cm− 2) towards higher 

value comparing to F1
susp=13.1 T (n1

2D_susp=3.16×1011 cm− 2), while the 
third frequency remains the same F3 − 2V

susp ≈ F3
susp. All values of the SdH 

frequencies, as well as 2D carrier concentrations in relaxed and 
deformed states are summarized in Table 1. 

Fig. 5. Magnetotransport measurements of Device 1 presented in Fig. 2b in «ON» regime (with a fixed gate voltage of − 2 V). (a) The longitudinal sheet resistance 
Rxx(Ω/□) as a function of a magnetic field for the suspended and supported parts. (b) The magnetoresistance MR = (Rxx(B) − Rxx(0))/Rxx(0)) as a function of a 
magnetic field. (c) The Fourier transform power spectra of ∂2ΔRxx/∂B2 (presented in the insets) for the suspended part. (d) Gate-Drain current of the suspended parts 
as a function of the back-gate voltage after magnetotransport measurements. The top inset is Rxx as a function of the gate voltage. The bottom inset is the schematic of 
«ON» regime of the switch, when FvdW + Felec > Felas. 

Table 1 
Deformation type of the nanowire.   

Design Channel SdH frequency, T n2D, cm− 2 Deformation Deformation type ΔR, % 

Device 1 Suspended Top surface 45.8 1.11 × 1012 relaxed Relaxed - 
Bottom surface 13.1 3.16 × 1011 relaxed 
Bulk 70.5 1.70 × 1012 relaxed 

Supported Top surface 42.3 1.02 × 1012 relaxed Relaxed - 
Bottom surface - - relaxed 
Bulk 70.6 1.70 × 1012 relaxed 

Device 1 (− 2 V) Suspended Top surface 41.5 1.00 × 1012 compression Elastic 3.84 
Bottom surface 22.4 5.38 × 1011 tension 
Bulk 70.4 1.70 × 1012 relaxed 

Supported Top surface 42.3 1.02 × 1012 relaxed Relaxed - 
Bottom surface - - relaxed 
Bulk 70.6 1.70 × 1012 relaxed 

Device 2 Suspended 
(Deformed) 

Top surface 43.4 6.29 × 1011 compression Elastoplastic 21.85 
Bottom surface 25.9 1.05 × 1012 tension 
Bulk 93.6 2.26 × 1012 compression 

Supported Top surface 52.9 1.28 × 1012 relaxed Relaxed - 
Bottom surface - - relaxed 
Bulk 96.9 2.34 × 1012 relaxed 

Device 3 Suspended 
(Buckled) 

Top surface 41.4 1.00 × 1012 tension Buckled -1.62 
Bottom surface 20.7 5.01 × 1011 compression 
Bulk 69.1 1.67 × 1012 -  
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The observed results are consistent with [53,82], where the tensile 
strain shifts the Dirac point towards lower energies, while compressive 
strain causes a shift to higher energies. So, the SdH frequencies experi
ence upshift/downshift with tension/compression of the nanowire on 
the bottom/top surface. We attribute the downshift of F2 − 2V

susp frequency 
(top surface states) to the induced compressive deformation on the top 
surface of the nanowire and the upshift of F1 − 2V

susp (bottom surface states) 
to the induced tensile deformation on the bottom surface of the nano
wire, respectively. The fact that the SdH frequency representing bulk 
charge carriers remains unchanged after the performed measurements 
and is identical to the value of the relaxed (supported) part, indicates 
that the NL is not displaced from the centroid of the nanowire 
cross-section, and there is a balance of stresses on the top and bottom 
surfaces, which is a clear sign of elastic deformation regime. 

Taking into consideration an elastic deformation regime, the formula 
ε = t/2 R can be used to estimate the amount of nanowire deformation. 
For given Device 1, the radius of curvature is equal to R=21.5 µm 
(calculated based on AFM measurements (Fig. 4c)), and therefore the 
strain is ε = 0.22%. 

After completing the magnetoresistance measurements, the gate 
swept from − 2 to 0.25 V. The Gate-Drain current as well as the gate 
dependence of resistance for the suspended part are shown in Fig. 5d. 
The linear behavior of the current-voltage characteristic and the absence 
of a change in resistance during the sweep indicate that the balance 
between attractive van der Waals FvdW + electrostatic Felec and repulsive 
elastic Felas forces is violated (FvdW + Felec > Felas), which results in 
strong attachment of the wire to the gate electrode (Fig. 2b, Fig. 5d 
bottom inset) [25]. In our case, this procedure was performed inten
tionally to demonstrate the strain distribution in the nanowire under 
different «ON» and «OFF» regimes. For the repeatable operation of the 
device in «ON – OFF» regimes (as in the electromechanical switch), the 
gate bias voltage must be less than the value of − 1.84 V (the left vertical 
orange line in Fig. 4a). 

In summary, uniaxial electrostatic bending of the nanowire towards 
the gate results in compressive strain on the top surface and tensile strain 
on the bottom surface, as evidenced by a shift in the SdH oscillation 
frequencies corresponding to these surfaces. The bulk frequency remains 
the same for the supported part, suspended and suspended deformed 
parts, which is a sign of the elastic deformation regime. During the 
bending process, an increase in the Source-Drain resistance by 3.84% 
was observed. We associate it with the effect of deformation, since after 
the switching to «ON» regime the resistance value remained unchanged. 
To regulate the distance between the nanowire and the gate electrode, 
an electrostatic potential should be precisely applied. It will allow to 
monitor the Source-Drain current continuously and to access (at certain 
gate voltages) the regime in which two parallel currents (Source-Drain 
current as well as Gate-Drain tunneling current) are present. Simulta
neous control of these two currents makes it possible to accurately 
define the moment when it is necessary to stop bending and consider the 
nanowire to be in the «ON» regime. As a result, a stable balance is 
determined between the adhesion force and the elastic force of the 
nanowire, so when the gate voltage is released, the latter one exceeds the 
adhesion force and the device should turn into the «OFF» state, and 
hence the switch can operate in a repeatable manner. 

3.3. Magnetotransport properties of an elastoplastically deformed 
suspended nanowire 

To study the electrical and mechanical properties of suspended 
nanowires in the elastoplastic deformation mode, Device 2 was fabri
cated. To introduce a plastic component of deformation, a certain 
amount of strain (greater than in the elastic mode) must be applied to 
the nanowire, which will cause an irreversible change in geometry. In 
order to introduce additional strain to the device (for example, due to 
the load on the sample) without significant change in the fabrication 

process, it was decided to increase the length of the suspended part. 
According to the classical beam deformation theory, in the case of the 
beam fixed at both ends with a uniform continuously distributed load on 
top, the maximum deflection of the beam at center is δmax =

qL4

384EI, where 
q is the uniform load [N/m], L is the distance between fixed ends, E is the 
modulus of elasticity [Pa⋅N/m2], I is the area moment of inertia [m4] 
[83]. Indeed, due to δmax ∼ L4, an increase in L at the same load on the 
top of the suspended nanowire (for example, a resist) will bend the 
nanowire more efficiently. Using the property of isotropic etching of 
SiO2 with wet chemicals (BOE), we increased the trench width from 3 up 
to 8 µm. Since Device 2 was fabricated identically to Device 1, the 
suspended part of the nanowire experienced significant loading (resist 
and metal), resulting in elastoplastic bending of the nanowire towards 
the gate electrode. After removal of the loading from the suspended part 
(Lift-off), the deformation of the nanowire remains even without 
applying voltage to the back-gate electrode. Representative optical and 
AFM images of Device 2 with the suspended and supported parts of the 
nanowire, as well as AFM profile of the deformed nanowire (in «ON» 
regime) are presented in Fig. 6. The provided geometry of contacts al
lows independent measurements of the supported and suspended parts 
of the nanowire in a four-probe configuration, thus eliminating the 
contact resistance effects. Moreover, the additional pair of Hall bars 
allows to measure the type and concentration of charge carriers. 

Since the stress during elastoplastic deformation is distributed over 
the nanowire cross-section, the formula ε = t/2 R can no longer be used 
for strain value estimation. We carried out transport measurements to 
compare the relaxed (supported) part of the nanowire with the sus
pended part that experienced elastoplastic deformation. This compari
son will help to evaluate the effect of strain on the properties of the 
nanowire. 

First, we checked whether the nanowire was touching the gate 
contact by measuring the current between the gate and the nanowire 
(IGD), which indicated an open circuit. Then, to measure transport 
properties in elastoplastic deformation mode, Device 2 was cooled down 
from room temperature (RT) to 2 K. A metallic temperature dependence 
of the longitudinal sheet resistances Rxx(Ω/□) for the supported and 
suspended parts was observed (Fig. 7a). As shown in Fig. 7a, the Rxx(Ω/ 
□) of the suspended part is higher than that of the supported part 
(21,85% at 2 K), and we attribute this fact to the bending effect and 
elastoplastic deformation of the nanowire introduced during 
fabrication. 

To estimate the type and charge carrier’s concentration of the 
examined nanowire (Device 2), the Hall resistance Rxy was measured as 
a function of a magnetic field at the temperature of 2 K at the supported 
part. The negative Rxy(B) slope indicates n-type carriers (Fig. 7a inset). 
The values of the 2D carrier concentration were calculated from the Hall 
resistance as [46]: n2D_Hall = (wH/w)/(e⋅∂Rxy/∂B), where w is the actual 
nanowire width, wH is the distance between the Hall contacts, and e is 
the elementary charge. The linear fit of the Hall resistance (blue dashed 
line in the inset of Fig. 7a) in the low magnetic field range depicts the 
deviation from the linearity at higher magnetic fields (orange dashed 
line in the inset of Fig. 7a). This non-linearity indicates the contribution 
of another band (for example an accumulation layer at the interface 
between the nanoribbon and substrate with different mobility and 
concentrations of carriers) to the entire transport through the nanowire 
[45,46,74]. The fitting results of the experimental Hall data yield 
n2D_Hall=2.81×1013 cm− 2 and µHall=2.02×103 cm2 (Vs)− 1

, which are 
typical values for Bi2Se3 nanowires synthesized by our group using 
physical vapor deposition method [46,66,70,74,84]. 

Likewise to Device 1, magnetotransport measurements with a mag
netic field applied perpendicularly to the nanowire at 2 K were per
formed for Device 2. The Fourier transform of the ∂2ΔRxx/∂B2 

oscillations for the supported part reveals two frequencies F1
supp=52.9 T 

and F2
supp=96.9 T, corresponding to n1

2D_supp=1.28×1012 cm− 2 and 
n2

2D_supp=2.34×1012 cm− 2, respectively (Fig. 7c). Similar to Device 1, we 
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attribute observed F1
supp and F2

supp to the top surface states at the interface 
with vacuum and to the bulk, respectively. It should be noted here, that 
the deviation from the linearity at high magnetic fields for the Hall effect 
measurements (Fig. 7a inset) and the discrepancy in 2D carrier con
centrations extracted from the SdH oscillations analysis and the Hall 
effect measurements confirm that the charge accumulation layer formed 
at the substrate-nanowire interface dominates in the Hall conductance 
and mask bottom topological surface states. 

In the case of the suspended part, the FT of the ∂2ΔRxx/∂B2 oscilla
tions depicts three frequencies: F1

susp=25.9 T, F2
susp=43.3 T, and 

F3
susp=93.6 T, which according to the Onsager relation correspond to 

n1
2D_susp=6.29×1011 cm− 2, n2

2D_susp=1.05×1012 cm− 2, and 
n3

2D_susp=2.26×1012 cm− 2, respectively (Fig. 7d). All observed fre
quencies are summarized in Table 1. As for Device 1, the lowest fre
quency F1

susp represents the states from the bottom surface. The 
frequency F1

supp=52.9 T representing the top surface states carriers under 
relaxed condition (supported part) exhibits shift to lower frequency 
F2

susp=43.3 T, indicating compression of the Bi2Se3 nanowire on the top 
surface. Moreover, the frequency representing bulk in the suspended 
case also experiences a downshift in comparison with the bulk states in a 
relaxed mode. This means that, due to the elastoplastic deformation 
regime, the NL is displaced from the centroid of the cross-section to
wards the center of curvature, and the balance of stresses on the top and 
bottom surfaces of the nanowire changes (Fig. 3c). This may result in a 

change in the overall conductance of the wire. Moreover, in [53] it is 
shown that relaxed or compressed surfaces demonstrate lower mobility 
of carriers than under tension, therefore σ = enµ for a surface deformed 
under compression is much lower than under tensile deformation or in a 
relaxed state, due to lower mobility and charge carrier concentration. 
Assuming that the top and bottom surface states act as parallel 
conductive transport channels, decrease of conductance at the top sur
face results in an increase in the overall resistance of the nanowire. Thus, 
in the particular case of Device 2, we attribute the higher resistance of 
the suspended part (in comparison with the supported part (Fig. 7a)) to 
the effect of elastoplastic deformation of the nanowire. 

Since the formula ε = t/2 R is no longer applicable, we tried to 
evaluate the strain by comparing the resistance for the relaxed and 
strained modes. As it is shown in [85] for materials based on bismuth 
chalcogenides, the relative changes in the resistance of the samples 
ΔR/R are proportional to ε. Using the coefficient of strain sensitivity 
ΔR/εR, which ranged from 100 to 200 for different samples measured at 
room temperature [85], the strain ε ≈ 0.27–0.53% (the ratio 
ΔR/R=0.53 is extracted from Fig. 7a at 300 K) for Device 2 at RT can be 
roughly evaluated. 

Fig. 8a represents the Gate-Drain current of the suspended part as a 
function of the back-gate voltage. Due to a very short distance between 
the suspended nanowire and the gate electrode (approximately ten 
nanometers), upon applying negative gate voltage, the suspended 
nanowire is immediately attached to the gate electrode (Fig. 8b). This 
behavior was expected, since basing upon numerical calculation 

Fig. 6. (a) Optical image of a transferred Bi2Se3 nanowire across the pre-patterned trench with a gold electrode inside. (b) Optical image (with measurements 
scheme) of Device 2 containing the suspended and supported nanowire parts, shown in panel (a). (c) AFM image and (d) corresponding height profiles of Device 2, 
indicating full mechanical contact («ON» regime) of the nanowire with the gate electrode after applying gate voltage. 
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described in [67], we found that for a certain device geometry (nano
wire thickness t=71 nm, width w=200 nm, distance between electrodes 
(suspended part) Lsusp=9.2 µm, and distance between the gate and 
nanowire d≈6–8 nm) at back-gate voltage of ≈− 25 mV, the nanowire 
should collapse to the gate electrode. Indeed, the current between the 
gate electrode and nanowire (IGD), monitored during the gate sweep, 

shows a linear dependence (with a small deviation around 0 V gate 
voltage (top inset in Fig. 8a), indicating an ohmic contact between the 
nanowire and the back-gate electrode (Fig. 8a). After switching to the 
«ON» state, the Source-Drain resistance of the suspended part Rxx (Ω/□) 
increased by 6.52% compared to the wire resistance in the «OFF» state. 
Moreover, according to the numerical calculation of the distribution of 

Fig. 7. Magnetotransport measurements of Device 2 presented in Fig. 6. (a) Temperature dependence of Rxx(Ω/□) for the suspended and supported parts. The inset is 
anti-symmetrized Hall effect measurements Rxy(B). The blue dashed line is the linear fit in the range from 0 to 2 T, while the orange dashed line is the linear fit in the 
range from 7 to 14 T. (b) Magnetoresistance MR = (Rxx(B) − Rxx(0))/Rxx(0)) as a function of a magnetic field. Shubnikov-de Haas oscillations analysis: the Fourier 
transform power spectra of ∂2ΔRxx/∂B2 (presented in the insets) for the supported part shown in (c) and for the suspended part shown in (d), respectively. 

Fig. 8. (a) The gate-drain current measured as a function of the gate voltage for the suspended part of Device 2. The blue, orange, and green curves represent scan 
sweeps with different directions. The top inset is a zoom-in view of the 0..− 0.2 V sweep. The purple dashed lines show the deviation from linearity at − 0.02 V, 
indicating the «ON» state switching. The bottom inset is Rxx as a function of the gate voltage, indicating a stable «ON» state even after the gate voltage is removed or 
swept positively. (b) SEM image of switched «ON» device after performed measurements. 
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electrostatic forces near the corner of the gate electrode, the electric 
field causes an infinite force on an infinitesimal part of the conductor 
[86], which results in the wire deformation near both sides of the gate 
(Fig. 6d). The radii of these bends (kinks) are much smaller than the 
radius of curvature of the suspended device, which causes large local
ized deformations. Turning off the back-gate voltage does not lead to the 
detaching of the nanowire from the gate. The increased Source-Drain 
resistance persists after the gate voltage is removed (bottom inset in 
Fig. 8a). We attribute this fact to the presence of van der Waals inter
action between the wire and the gate electrode. Due to the very large 
contact area, as well as to the plastic deformation (kinks) of the nano
wire, it leads to the changes in the geometry of the device. Figs. 6b and 
8b show AFM and SEM images of Device 2 after the measurements were 
performed. It is clearly visible, that the nanowire is lying on the surface 
of the gate electrode. According to AFM data, the bending radius of the 
suspended part of Device 2 is equal to ≈ 53 µm, and the radii of small 
kinks are ≈ 23,4 µm. The overall nature of strain in the switched-«ON» 
Device 2 becomes more complicated due to the presence of localized (at 
the kinks) deformations. The magnitudes of the change in Source-Drain 
resistance in the «OFF» and «ON» states are 21.85% and 29.80%, 
respectively, which is significantly higher in comparison with elastically 
deformed Device 1 (where the difference was 3.84%). 

The use of elastoplastically deformed nanowires in NEM switches 
will provide more effective bending in contrast to a pure elastically 
deformed nanowire. However, the presence of a plastic deformation 
term will play a negative role in the resistance to bending fatigue, which 
may adversely affect the repeatability of the device in «ON»–«OFF» 
regimes, and most probably the life-time of the device will be signifi
cantly shorter than in the case of pure elastic deformation. 

3.4. Magnetotransport properties of a convex-buckled suspended 
nanowire 

Since the distribution of stresses over the cross-section of a sus
pended nanowire during deformation with upward and downward 
bending can be different (the NL can move in different directions), De
vice 3, which experiences a convex shape deformation, in contrast to 
Device 1 and 2 (concave shape), was fabricated. 

During the cooling process from RT to 2 K, the Source-Drain resis
tance measured in the two-probe configuration experiences a metallic 
behavior (Fig. 9a inset). Magnetotransport analysis of Device 3 at 2 K 
shows similar behavior with the suspended part of Device 1, demon
strating three SdH oscillation frequencies: F1

susp=20.7 T, F2
susp=41.4 T, 

and F3
susp=69.1 T after the Fourier transform of the ∂2ΔRxx/∂B2 (Fig. 9b). 

Observed frequencies with corresponding charge carrier densities 
n1

2D_susp=5.01×1011 cm− 2, n2
2D_susp=1.00×1012 cm− 2, and 

n3
2D_susp=1.67×1012 cm− 2 refer to the bottom, top surface, and bulk 

states, respectively. All data related to the SdH oscillations are sum
marized in Table 1. 

Then, the gate dependence of Source-Drain resistance was measured 
at 2 and 4 K (Fig. 10). Both negative and positive gate voltage sweeps 
show deviation in resistance change with gate voltage at ±35 V (deno
ted as the intersection of linear fits (the dashed lines in Fig. 10) of 
experimental data in high and low electric fields). For the buckled beam 
fixed at both sides, the transition from the first stable position (convex 
shape) (Fig. 11) to the opposite stable position (concave shape) under 
the influence of an electrostatic field leads to the appearance of a third 
(curved) intermediate state [87]. We associate the observed change in 
slopes with the transition of the nanowire from the initial state to the 
second stable (concave shape) position (via an intermediate curved 
mode), while a further increase in voltage leads to the deformation of 
the nanowire towards the gate. 

Since the selenium vacancies exist in Bi2Se3 and are the main origin 
of n-doping, it is reasonable that charges in the Bi2Se3 nanowires can be 
redistributed under the influence of a strong external electric field. Thus, 
we associate the decrease in the Source-Drain resistance of the buckled 
nanowire (during a positive voltage sweep at the gate) with the relax
ation of the nanowire from its convex shape. Changing the voltage po
larity on the gate sweep leads to an increase in resistance, which is 
presumably related to returning the nanowire to its original (convex) 
shape, as well as with charge redistribution due to the electrostatic field 
effect. With a negative voltage sweep, we assume an additional Fermi 
energy tuning process, because a much higher voltage is applied to 
Device 3 compared to Devices 1 and 2. 

The observed magnitude of the change in Source-Drain resistance 
with a positive gate sweep between 0 and 80 V is − 1.62%, which is 
twice less in comparison to the elastically deformed Device 1 (which has 
a similar lateral geometry). Here, the change in resistance is calculated 
as the difference from 0 V, however, the nanowire is not relaxed at this 
point due to its buckled nature. Thus, this value indicates the change in 
resistance that occurred during bending from the first stable point to the 
maximum deformed position for Device 3. However, it is worth noting 
here that the bending distance in the case of Device 3 is much higher 
compared to Device 1, but the resistance changes during bending are 
still lower. Negative strain values indicate a relaxation process after the 
initial convex state. Due to the smaller resistance change during the 
operation of buckled Device 3 (with a significantly larger initial distance 

Fig. 9. Magnetotransport measurements of Device 3. (a) Rxx as a function of a magnetic field. The inset is the temperature dependence of Rxx. (b) Shubnikov-de Haas 
oscillations analysis: the Fourier transform power spectra of ∂2ΔRxx/∂B2 (presented in the inset). 
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between the nanowire and the gate) compared to the conventional De
vice 1, buckled devices are promising candidates for NEM switches. This 
fact is a good advantage of buckled devices in terms of the resistance to 
bending fatigue. In addition, the convex shape allows the use of an 
additional (top gate) electrode to implement a three-terminal switch, 
and also such devices can be used for non-volatile memory applications. 

To confirm that the wire deforms from the initial state (convex) to a 
second stable state (concave) after the gate voltage reaches ±35 V, we 
used an on-SEM nanomanipulator equipped with sharp gold tips to 

electrically connect the nanowire and the back-gate electrode to perform 
an in-situ measurement at room temperature, as shown in Fig. 11 and S1 
(Supplementary material). Figs. 11c and 11d show in-situ measured 
SEM images of the buckled nanowire in the initial state (green) and after 
applying a voltage of ±40 V (red in panel c and d). It is clearly seen that 
the shape of the nanowire changes to concave. This fact is in good 
agreement with the low temperature gate measurements (Fig. 10), in 
which the change in resistance slopes occurred at ±35 V. 

Fig. 10. Source-Drain Rxx as a function of back-gate voltage measured at 2 K (a-b) and 4 K (b-c) for Device 3. Each data point represents the averaged Rxx value 
extracted from twenty I-V curves measured at a certain voltage value. The orange dashed line is the linear fit in the high electric field range, while the purple dashed 
line is the linear fit in the low electric field range. The solid red lines indicate the voltage value of ±35 V. 

Fig. 11. (a) SEM image of suspended Device 3, connected via an on-SEM manipulator (two-probe configuration) and (b) zoom-in tilted SEM image of the nanowire 
suspended across the back-gate electrode after transfer and contacts fabrication. (c, d) Overlayed SEM images, showing sharp deformation of the nanowire as the 
applied gate voltage changes from 0 V (green) to − 40 V (c, red) and 40 V (d, red). Images are colored for improved comprehension. 
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4. Conclusions 

Suspended devices based on VLS-grown topological insulator Bi2Se3 
nanowires were fabricated using different methods. The effect of me
chanical deformation on the suspended part of the devices was studied 
using magnetotransport measurements (at low temperature), as well as 
in-situ SEM measurements at room temperature. The electrostatic field 
effect was used to dynamically manipulate bending deformation, while 
the magnetotransport measurements were performed to monitor the 
external strain introduced into the suspended and supported parts 
within the same Bi2Se3 nanowire. The pure elastic and elastoplastic 
types as well as a buckled deformation were realized in the suspended 
parts of the nanowires. All devices exhibit the Shubnikov-de Haas 
oscillation frequencies representing the carriers of the top and bottom 
surface states and the bulk (see Table 1). In the case of supported de
vices, the bottom surface states are masked by the trivial 2DEG, and only 
two frequencies were observed, whereas for the suspended parts, a third 
frequency appears because the carriers of the bottom surface states are 
not masked by trivial 2DEG, formed at the interface between the sub
strate and the nanowire. It can be seen that, regardless of the type of 
deformation (elastic, elastoplastic), the SdH frequencies experienced 
downshift and upshift with compressive and tensile strain, respectively. 
Changes in the Source-Drain resistance as well as the Gate-Drain current 
were continuously monitored as the nanowire was bent towards the gate 
electrode to determine the moment of contact with the gate, as well as to 
monitor the type of deformation induced and changes in the electrical 
transport properties of the device. During the bending of the suspended 
nanowires, an increase in the Source-Drain resistance was observed by 
3.84% for elastic deformation, 21.85% for elastoplastic deformation, 
and only 1.62% for deformation of the buckled nanowire. Thus, elas
toplastic deformation provides more effective bending compared to the 
pure elastically deformed and buckled nanowire. However, the presence 
of a plastic term will play a negative role in the resistance to bending 
fatigue compared to pure elastic deformation. The buckled devices are 
also promising candidates for NEM switches because the convex shape 
allows the use of an additional electrode to implement a three-terminal 
switch, and such devices can also be used for non-volatile memory ap
plications. It should be noted here, that the results presented in this work 
are in good agreement and extend previous study [53], where Bi2Se3 
nanowires were initially (statically) deformed (without the gate effect). 
We implemented more precise control during strain injection and 
demonstrated three different deformation regimes. The obtained results 
can be useful for strain engineering of TI materials, as well as for ap
plications in NEMS and other fields related to suspended nanostructures 
(thermoelectric, sensing, etc.). 
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[2] N. Abelé, R. Fritschi, K. Boucart, F. Casset, P. Ancey, A.M. Ionescu, Suspended-Gate 
MOSFET: Bringing New MEMS Functionality into Solid-State MOS Transistor. IEEE 
International Electron Devices Meeting, 2005, IEDM Tech. Dig. (2005) 479–481. 

[3] S. Sasaki, K. Tateno, G. Zhang, H. Suominen, Y. Harada, S. Saito, A. Fujiwara, 
T. Sogawa, K. Muraki, Encapsulated Gate-All-around InAs Nanowire Field-Effect 
Transistors, Appl. Phys. Lett. 103 (2013) 213502. 

[4] H.-C. Lin, C.-H. Kuo, G.-J. Li, C.-J. Su, T.-Y. Huang, Operation of a Novel Device 
with Suspended Nanowire Channels, IEEE Electron Device Lett. (2010) 31. 

[5] A. Thiha, F. Ibrahim, S. Muniandy, I.J. Dinshaw, S.J. Teh, K.L. Thong, B.F. Leo, 
M. Madou, All-carbon suspended nanowire sensors as a rapid highly-sensitive 
label-free chemiresistive biosensing platform, Biosens. Bioelectron. 107 (2018) 
145–152. 

[6] A. Boisen, T. Thundat, Design & fabrication of cantilever array biosensors, Mater. 
Today 12 (2009) 32–38. 

[7] F. Bendriaa, F. Le Bihan, A.C. Salaün, T. Mohammed-Brahim, O. Bonnaud, Study of 
mechanical stability of suspended bridge devices used as PH sensors, J. Non Cryst. 
Solids 352 (2006) 1246–1249. 

[8] K.-W. Choi, M.-S. Jo, J.-S. Lee, J.-Y. Yoo, J.-B. Yoon, K. Choi, M. Jo, J. Lee, J. Yoo, 
J. Yoon, Perfectly aligned, air-suspended nanowire array heater and its application 
in an always-on gas sensor, Adv. Funct. Mater. 30 (2020) 2004448. 

[9] Y. Lim, Y. Lee, J.Il Heo, H. Shin, Highly sensitive hydrogen gas sensor based on a 
suspended palladium/carbon nanowire fabricated via batch microfabrication 
processes, Sens Actuators B Chem. 210 (2015) 218–224. 

[10] J. Choi, J. Kim, Highly sensitive hydrogen sensor based on suspended, 
functionalized single tungsten nanowire bridge, Sens Actuators B Chem. 136 
(2009) 92–98. 

[11] D. Hatanaka, A. Bachtold, H. Yamaguchi, Electrostatically induced phononic 
crystal, Phys. Rev. Appl. 11 (2019) 024024. 

[12] G. Li, D. Liang, R.L.J. Qiu, X.P.A. Gao, Thermal conductivity measurement of 
individual Bi2Se3 nano-ribbon by self-heating Three-ω method, Appl. Phys. Lett. 
102 (2013) 43104. 

[13] Dedi, P.C. Lee, P.C. Wei, Y.Y. Chen, Thermoelectric characteristics of a single- 
crystalline topological insulator Bi2Se3 nanowire, Nanomaterials 11 (2021) 819. 

[14] M. Kim, J. Kim, Y. Hou, D. Yu, Y.J. Doh, B. Kim, K.W. Kim, J. Suh, Nanomechanical 
characterization of quantum interference in a topological insulator nanowire, Nat. 
Commun. 10 (2019) 1–7. 

[15] C.B. Maliakkal, J.P. Mathew, N. Hatui, A.A. Rahman, M.M. Deshmukh, 
A. Bhattacharya, Fabrication and characterization of GaN nanowire doubly 
clamped resonators, J. Appl. Phys. 118 (2015) 114301. 

[16] A. Husain, J. Hone, H.W.C. Postma, X.M.H. Huang, T. Drake, M. Barbic, A. Scherer, 
M.L. Roukes, Nanowire-based very-high-frequency electromechanical resonator, 
Appl. Phys. Lett. 83 (2003) 1240–1242. 

[17] A. Iorio, M. Rocci, L. Bours, M. Carrega, V. Zannier, L. Sorba, S. Roddaro, 
F. Giazotto, E. Strambini, Vectorial control of the spin-orbit interaction in 
suspended InAs nanowires, Nano Lett. 19 (2019) 652–657. 

[18] R.I. Shekhter, F. Santandrea, G. Sonne, L.Y. Gorelik, M. Jonson, Nonequilibrium 
and quantum coherent phenomena in the electromechanics of suspended 
nanowires (Review Article), Low. Temp. Phys. 35 (2009) 662–678. 

[19] M. Liao, S. Hishita, E. Watanabe, S. Koizumi, Y. Koide, Suspended single-crystal 
diamond nanowires for high-performance nanoelectromechanical switches, Adv. 
Mater. 22 (2010) 5393–5397. 

[20] K.J. Ziegler, D.M. Lyons, J.D. Holmes, D. Erts, B. Polyakov, H. Olin, K. Svensson, 
E. Olsson, Bistable nanoelectromechanical devices, Appl. Phys. Lett. 84 (2004) 
4074–4076. 

[21] L. Boodhoo, L. Crudgington, H.M.H. Chong, Y. Tsuchiya, Z. Moktadir, T. Hasegawa, 
H. Mizuta, Fabrication and characterisation of suspended narrow silicon nanowire 
channels for low-power nano-electro-mechanical (NEM) switch applications, Micro 
Eng. 145 (2015) 66–70. 

[23] L. Kong, G. Cao, H. Zhou, J. Wang, In Situ observation of high bending strain 
recoverability in Au nanowires, Crystals 13 (2023) 1159. 

[22] O.Y. Loh, H.D. Espinosa, Nanoelectromechanical contact switches, Nat. 
Nanotechnol. 7 (2012) 283–295. 

[24] W. Tomita, S. Sasaki, K. Tateno, H. Okamoto, H. Yamaguchi, Novel fabrication 
technique of suspended nanowire devices for nanomechanical applications, Phys. 
Status Solidi (b) 257 (2020) 1900401. 

K. Niherysh et al.                                                                                                                                                                                                                               



Sensors and Actuators: A. Physical 371 (2024) 115292

13

[25] L. Jasulaneca, J. Kosmaca, R. Meija, J. Andzane, D. Erts, Review: electrostatically 
actuated nanobeam-based nanoelectromechanical switches – materials solutions 
and operational conditions, Beilstein J. Nanotechnol. 9 (2018) 271–300. 

[26] L. Wang, P. Zhang, Z. Liu, Z. Wang, R. Yang, On-chip mechanical computing: 
status, challenges, and opportunities, Chip 2 (2023) 100038. 

[27] N. Huynh Van, M. Muruganathan, J. Kulothungan, H. Mizuta, Fabrication of a 
three-terminal graphene nanoelectromechanical switch using two-dimensional 
materials, Nanoscale 10 (2018) 12349. 

[28] P. Li, G. Jing, B. Zhang, S. Sando, T. Cui, Single-crystalline monolayer and 
multilayer graphene nano switches, Appl. Phys. Lett. 104 (2014) 39. 

[29] J. Andzane, R. Meija, A.I. Livshits, J. Prikulis, S. Biswas, J.D. Holmes, D. Erts, An 
AC-assisted single-nanowire electromechanical switch, J. Mater. Chem. C. Mater. 1 
(2013) 7134–7138. 

[30] R. He, X.L. Feng, M.L. Roukes, P. Yang, Self-transducing silicon nanowire 
electromechanical systems at room temperature, Nano Lett. 8 (2008) 1756–1761. 

[31] Y. Qian, B.W. Soon, P. Singh, H. Campanella, C. Lee, All metal 
nanoelectromechanical switch working at 300 ◦C for rugged electronics 
applications, Nanoscale 6 (2014) 5606–5611. 

[32] T.H. Lee, S. Bhunia, M. Mehregany, Electromechanical computing at 500◦C with 
silicon carbide, Science 1979 (2010) 1316–1318. 329. 

[33] J. Kulothungan, K. Kandhasamy, Large scale fabrication of graphene based nano- 
electromechanical (NEM) contact switches with Sub-0.5 volt actuation, Adv. Phys. 
Res. 2 (2023) 2200050. 

[34] J.O. Lee, Y.H. Song, M.W. Kim, M.H. Kang, J.S. Oh, H.H. Yang, J.B. Yoon, A Sub-1- 
Volt Nanoelectromechanical Switching Device, Nat. Nanotechnol. 8 (2012) 36–40. 

[35] S. Rana, J. Mouro, S.J. Bleiker, J.D. Reynolds, H.M.H. Chong, F. Niklaus, 
D. Pamunuwa, Nanoelectromechanical Relay without Pull-in Instability for High- 
Temperature Non-Volatile Memory, Nat. Commun. 11 (2020) 1–10. 

[36] A. Peschot, C. Qian, T.-J.K. Liu, Nanoelectromechanical Switches for Low-Power 
Digital Computing, Micromachines 6 (2015) 1046–1065. 

[37] R.R. Benoit, N.S. Barker, Reliability of RF MEMS Switches at Cryogenic (Liquid He) 
Temperatures, Microelectron. Reliab. 111 (2020) 113706. 

[38] E. Lee, J.W. Kang, Molecular Dynamics Analysis of Graphene-Based 
Nanoelectromechanical Switch, ECS Trans. 72 (2016) 1–6. 

[39] L. Jasulaneca, R. Meija, E. Kauranens, R. Sondors, J. Andzane, R. Rimsa, 
G. Mozolevskis, D. Erts, Cryogenic Nanoelectromechanical Switch Enabled by 
Bi2Se3 Nanoribbons, Mater. Sci. Eng.: B 275 (2022) 115510. 

[40] Y. Ando, T, opological Insul. Mater. 82 (2013). 
[41] C. Felser, S. Zhang, B. Yan, J.J. Cha, K.J. Koski, Y. Cui, Topological Insulator 

Nanostructures. Physica status solidi (RRL), Rapid Res. Lett. 7 (2013) 15–25. 
[42] S.S. Hong, J.J. Cha, D. Kong, Y. Cui, Ultra-Low Carrier Concentration and Surface- 

Dominant Transport in Antimony-Doped Bi2Se3 Topological Insulator 
Nanoribbons, Nat. Commun. 3 (2012) 1–7. 

[43] D. Kong, Y. Chen, J.J. Cha, Q. Zhang, J.G. Analytis, K. Lai, Z. Liu, S.S. Hong, K. 
J. Koski, S.K. Mo, et al., Ambipolar Field Effect in the Ternary Topological Insulator 
(BixSb1–x)2Te3 by Composition Tuning, Nat. Nanotechnol. 6 (2011) 705–709. 

[44] H. Steinberg, D.R. Gardner, Y.S. Lee, P. Jarillo-Herrero, Surface State Transport 
and Ambipolar Electric Field Effect in Bi2Se3 Nanodevices, Nano Lett. 10 (2010) 
5032–5036. 

[45] R. Sondors, K. Niherysh, J. Andzane, X. Palermo, T. Bauch, F. Lombardi, D. Erts, 
Low-Vacuum Catalyst-Free Physical Vapor Deposition and Magnetotransport 
Properties of Ultrathin Bi2Se3 Nanoribbons, Nanomaterials 13 (2023) 2484. 

[46] G. Kunakova, L. Galletti, S. Charpentier, J. Andzane, D. Erts, F. Léonard, C. 
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Abstract: A single transistor preamplifier circuit was designed to facilitate electrical detection of me-
chanical oscillations in nanoelectromechanical systems (NEMSs) at low temperatures. The amplifier
was integrated in the close vicinity of the nanowire inside the cryostat to minimize cabling load and
interference. The function of the circuit was impedance conversion for current flow measurements in
NEMSs with a high internal resistance. The circuit was tested to operate at temperatures as low as 5 K
and demonstrated the ability to detect oscillations in double-clamped bismuth selenide nanowires
upon excitation by a 0.1 MHz–10 MHz AC signal applied to a mechanically separated gate electrode.
A strong resonance frequency dependency on temperature was observed. A relatively weak shift
in the oscillation amplitude and resonance frequency was measured when a DC bias voltage was
applied to the gate electrode at a constant temperature.

Keywords: resonance detection; radio-frequency; 1D nanomaterials; bismuth selenide

1. Introduction

Nanoelectromechanical systems (NEMSs) are a continuously developing technology
that exploit the quasi-static and dynamic mechanical motion of nanostructures to convey
signals with high energy efficiency [1–3]. In the quasi-static mode, structural deformations
of the nanostructure are used to switch from one stability point to another, also usually
employing formation of electrical and mechanical contact. This is used in logic and memory
elements (switches and relays) to create fast switching suitable for harsh environment
applications [2–4]. Dynamic NEMSs exploit their vibrations in non-contact mode. They
are characterized by high resonance frequencies and a broad tuning range [5,6], enabling
precise and versatile devices such as high-performance resonators, filters, oscillators and
sensors [7,8]. Besides device applications, mechanical phenomena can also be exploited
as a means for material property characterization of nanoscale components (e.g., effective
Young’s modulus [9,10]) for studying energy losses, current-induced processes [6,11] and
even sensitive mesoscopic interference phenomena [12].

There are various transduction methods that can be used to excite and detect mechan-
ical resonances in nanomaterials, including electric [13,14], electrothermal [6], piezoelec-
tric [15] and optical [6,15] methods. Due to the extremely small displacement amplitudes
of the resonant structures in the range of nanometers or less, detection of the vibrations is
the most complicated part of the experiment. Detection schemes widely applied in micro-
electromechanical systems (MEMSs) need to be adapted for nanoscale use. The detection
often needs to be performed in customized setups, e.g., to conduct experiments at very
low or high temperatures, in a vacuum or in high magnetic fields, requiring increasing

Micromachines 2023, 14, 1910. https://doi.org/10.3390/mi14101910 https://www.mdpi.com/journal/micromachines



Micromachines 2023, 14, 1910 2 of 11

amounts of wiring. Low temperature applications have been actively explored for quantum
computers [16] and space technologies.

Among the readout schemes, direct observation with electron and light microscopes [17,18]
and electrical [13,14] and optical [6,15] schemes are commonly employed. Electrical de-
tection schemes are widely used for resonance registration, as they are easy to integrate
with other components and, in the case of one-dimensional (1D) materials, have larger
coupling than, e.g., optical detection schemes. Although optical detection has been adapted
to detect resonance at low temperatures [19], its implementation is more complicated [20].
Optical probing may induce local heating that may change the properties of sensitive
nanomaterials [15]. By using the same electrical setup in a cryostat both for magnetotrans-
port measurements and resonance detection, it would be possible to obtain information
about charge carriers and mechanical properties simultaneously without added complexity.
A common electrical detection technique employs electrical mixing [21,22] that allows for
efficient detection of the resonance by converting it to another frequency that does not
suffer from parasitic elements of the circuit, such as electrodes and wires contacting the
nanostructure. Another approach is to employ a local gate electrode close to the vibrating
nanostructure [13,23] to minimize parasitic circuit contribution and facilitate readout at the
same frequency as the excitation, thus increasing the detection speed.

Bismuth selenide (Bi2Se3) nanostructures are attractive for various applications, for ex-
ample, spintronic and energy-efficient electronic devices [24,25], owing to their topological
insulator properties and the possibility to access and manipulate unique surface states [26].
Another application is their potential use as NEM switch-active elements at low tempera-
tures [27]. Resonant frequency detection allows rapid characterization of NEM switching
elements and presents the possibility for on-chip voltage reduction [28] of a NEM switch
operating at low temperatures. In addition, as a semiconductor, Bi2Se3 exhibits gate tun-
ability that would allow modulation of ON-state current in the NEM switch and to employ
direct readouts of the resonance frequency, similarly to graphene [13,29].

In this study, we develop a setup for the electrical detection of the mechanical res-
onance of nanostructures at low temperatures by integrating a preamplifier next to the
measured device. We show that this setup allows efficient detection of the resonant fre-
quency of 1D nanostructures by measuring individual double-clamped Bi2Se3 nanowires.
The detection setup is generic and may potentially be used for studies of other NEMSs.

2. Materials and Methods
2.1. Device Fabrication

Devices with suspended Bi2Se3 nanoribbons on Si substrates were fabricated using
electron beam lithography (EBL, eLINE Plus, Raith, Dortmund, Germany) on commercially
available high-resistivity Si substrates (10 kΩ cm) with a 200 nm-thick dry thermal SiO2
layer. Trenches for gate electrodes were patterned using reactive ion etching (PlasmaPro 100
Cobra ICP RIE, Oxford Instruments, Abingdon, UK) with SiO2 using a PMMA A9 electron
beam resist as a mask and CHF3-O2 (20 sccm CHF3 and 5 sccm O2 at 10 °C and 200 W HF
power) gas as the etchant. Trenches with depths down to 270 nm were fabricated, followed
by another lithography step for thermal evaporation (Sidrabe Vacuum, Riga, Latvia) of a
5 nm/60 nm Ti/Au metal layer in the trenches to form local gate electrodes.

Bi2Se3 nanoribbons were grown using a high-yield vapor–solid synthesis method
with a Au catalyst reported previously [30]. They were transferred mechanically to the
as-fabricated substrate with gate electrodes. Suitable nanoribbons were identified using an
optical microscope for patterning source and drain electrodes via electron beam lithogra-
phy. To create ohmic contacts between Bi2Se3 and Au, native oxide covering Bi2Se3 was
etched in a hydrochloric acid/acetic-acid-based solution prior to metallization with 200 nm
Ti/Au layers.

The final devices were inspected via scanning electron microscopy (SEM, Hitachi
FE-SEM S-4800, Hitachi, Chiyoda City, Tokyo, Japan) to check that they had not adhered
to the gate electrode and there was a continuous metal layer over the nanostructure. The
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thickness of the nanoribbons and depth of the trenches were measured using atomic force
microscopy (AFM, Asylum Research MFP-3D, Santa Barbara, CA, USA).

Nanowires with thicknesses from 35 to 224 nm, widths from 124 to 266 nm and
lengths from 7.6 to 8.3 µm, with a distance to the gate electrode of 157 nm and two-
terminal resistances up to 50 kΩ, were analyzed using an electrical detection method
described below.

2.2. Electronic Measurements

Figure 1 shows the diagram of the preamplifier circuit inside the physical prop-
erty measurement system (PPMS, Dynacool 9T, Quantum Design, San Diego, CA, USA).
Bi2Se3 nanowires and the resistor R3 formed a voltage divider, which was connected to
a VDC−bias source (Keithley-2400, Tektronix, Bracknell, UK). Current flow measurements
at the VDC−bias source indicated whether the Bi2Se3 nanowire was damaged, while R3
also served as a current limiter. The capacitor C3 connected the AC component of the
voltage drop across the Bi2Se3 nanowire to the gate of the transistor T1 (2N7002, Diodes
Incorporated, Plano, TX, USA), which operated as a source follower (SF). The advantage
of SF circuits (common drain amplifier) is that they are relatively immune to transistor
parameters and other component value variations at extreme temperatures. The resistors
R4 and R5 ensured that the transistor gate was biased above the gate-source threshold
voltage VT of T1. For an ideal SF scheme, the AC component of the voltage drop across
the resistor R6 is equal to that of the Bi2Se3 nanowire, but with a much lower impedance
for driving the load at terminal VAC−out via capacitor C4. The resistance of R6 was chosen
relatively high to avoid heating inside the cryostat. C5 is a bypass capacitor for the supply
voltage VDC−power. The conductivity of the Bi2Se3 nanowire was modulated by the middle
(G) electrode, which through the capacitor C2 was connected to the input terminal VAC−in
and through the resistor R2 was biased by a DC voltage Vg that was provided by a pro-
grammable external source (Keithley-6430, Tektronix, Bracknell, UK). Monitoring the DC
current at Vg indicated whether a jump-to-contact event had occurred. To avoid the risk of
nanowires contacting the gate electrode, the gate voltage was kept in the range of ±8 V.
The R1C1 matching network additionally provided a load of VAC−in voltage for diagnostic
of electric connections.

All components including the Si substrate with the Bi2Se3 nanowire were assembled
on a miniature printed circuit board (PCB) (Figure 1b–d), that was mounted on a sample
holder of the PPMS. The connections between the PCB and sample substrate were made
with a 25 µm diameter Au bonding wire using a UniTemp WB-100 (UniTemp, Pfaffenhofen,
Germany) ultrasonic wire bonder (Figure 1d). The holder with the bonded sample was
loaded into the PPMS and measurements were taken at a pressure of approximately 0.6 Torr.

A VAC−in signal was generated using a vector network analyzer (VNA, Rohde &
Schwarz ZNB 8, Rohde & Schwarz, Columbia, MD, USA) port 1. The output signal VAC−out
was connected to VNA port 2 and the S21 parameter was used to characterize the system
amplitude transfer function A( f ). The typical operating parameters were VAC−in,rms 0.22 V,
VDC−power 15 V and VDC−bias 0.04 V with a corresponding ISD in the range of 0.5–1.0 µA.

According to the manufacturer’s datasheets, the operating temperature of the elec-
tronic components is specified to a limited range, typically above −55 °C. However, they
often can function even at cryogenic temperatures [31,32], although with deviations from
guaranteed parameter tolerances. Indeed, at low temperatures, the resistor values were sev-
eral times higher than nominal, as measured by the PPMS (not shown). The cabling in the
PPMS is designed for DC or low frequency measurements and at higher frequencies suffers
from parasitic reactive elements, interference and poor impedance matching. Moreover,
no proper VNA calibration was possible for samples inside the cryostat. To account for
these issues, the response of the electrical circuit was characterized prior to the nanowire
measurements by using:

1. A standard MOSFET as a test three-terminal device to determine if the amplification
of the circuit remains consistent at low temperatures;
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2. A 5 MHz quartz resonator to examine gain and frequency variations in response to
lowering the temperature;

3. A standard 20 kΩ resistor to check for unwanted resonances in the circuit.

These tests allowed determination of the operation bandwidth. Here, we observed that
amplification of the signal remains consistent until 5 K, which is the lowest temperature
achievable in our setup, and unwanted resonances do not appear in the frequency range
from 0.1 MHz to 10 MHz.

The 5 MHz quartz resonator (Abracon ABLS-5.000MHZ-B2-T, Abracon, Spicewood,
TX, USA) was connected to G and D terminals (Figure 1) with VDC−bias disconnected. A
standard 20 kΩ resistor was connected to S and D terminals.

(a)

(b) (c) (d)

Figure 1. (a) Schematic of the preamplifier circuit. Element values: R1—50 Ω; R2, R4, R5—2 MΩ;
R3 equal to DC resistance of Bi2Se3 nanowire; R6—1.2 kΩ; C1, C2, C3, C4—0.1 µF; C5—0.5 µF; T1—
2N7002. Layout of the PCB shown from (b) top and (c) bottom sides. (d) PCB mounted on a PPMS
holder with the sample bonded to the top.

3. Results and Discussion

Figure 2a shows the amplitude spectra for a 5 MHz quartz resonator in temperature
range of 300 K to 4.2 K. There is a small ∼0.005 MHz frequency shift in the resonance,
as the lower operating temperature limit of quartz resonator is −20 °C. However, lowering
the temperature does not impact amplification, as the gain of the system remained nearly
constant with only a ∼2 dB variation until approximately 4 K. The general characteristics
of MOSFET operation at these temperatures are expected to change insignificantly [32].
Although changes in DC output due to variation in the gate threshold voltage with temper-
ature could be expected, by operating the circuit as a source follower, the AC component is
insensitive to parameter changes.

Although an increase in the quality factor of the quartz resonator alone would be
expected by lowering the temperature, in our setup, we measured the response of the
whole system. Here, the quartz resonator is effectively connected in series with a biasing
circuit (∼ 1M R4 and R5 in parallel with a small ∼50 pF input capacitance of T1). This
configuration may limit the apparent quality factor of the test circuit.
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Figure 2. (a) Amplitude spectra of a 5 MHz quartz resonator at different temperatures. (b) Amplitude
spectra of a Bi2Se3 nanowire device (No. 1) and a 20 kΩ resistor at 8 K.

Two Bi2Se3 nanowire devices with small and large thickness to length ratios (1:34 for
device No. 1 and 1:237 for device No. 2) were selected to test the circuit and examine their
resonant response (Figure 3). The relevant geometrical parameters of the nanowires, S-D
resistance and measured and calculated resonant frequencies are shown in Table 1.

(a) (b)

S

G

L

t

D

w

Figure 3. (a) Scanning electron microscopy images of the tested devices with source (S), drain (D)
and gate (G) electrodes in an angled view (device No. 1) (b) and top view (device No. 2). Scale bar:
2 µm. A false colour was added for clarity, where magenta highlights the deposited source, drain and
gate electrodes, whilst the suspended nanowire is highlighted in blue. The rectangular cross section
of the Bi2Se3 nanowire is shown in the schematic inset with width w and thickness t.

Table 1. Geometrical parameters (length L, thickness t, width w), resistance R, measured fmeas and
calculated fcalc resonant frequencies of the Bi2Se3 resonators.

Device L,µm t, nm w, nm R, kΩ fmeas, MHz fcalc, MHz

No. 1 7.6 224 124 50 1.5 9.8
No. 2 8.3 35 266 36 1.2 1.2

Figure 2b compares the amplitude spectra obtained for a Bi2Se3 nanowire device
(No. 1) with a thickness of 224 nm and a length of 7.6 µm with a test circuit, where the
nanowire was substituted with a similar resistance (20 kΩ) resistor. In contrast with
the quartz resonator, the amplitude for both systems is negative. These differences can
be understood by considering that the quartz resonator is connected between G and D
terminals (Figure 1) and at resonance, its impedance becomes very low, raising the overall
system gain to a positive ∼13 dB. However, for nanowires, the system detects a small
modulation in the DC conductivity between S and D terminals of the nanowire induced by
the gate electrode. As the transconductance of the gated nanowire is very low in comparison
with, e.g., a regular field-effect transistor, the net gain of the system remains negative. At the
same time, this does not hinder the detection of clear differences between the nanowire and
the resistor spectra for frequencies up to approximately 2 MHz. Here, the spectrum with
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the nanowire shows a positive peak at approximately 1.20 MHz, followed by a negative
peak at 1.52 MHz. We associate these antisymmetric peaks with the mechanical resonance
of the nanowire. Near the resonance, the phase of the mechanical oscillations changes
relative to the phase of the driving electric field from the gate electrode. The observed net
signal is a sum of several factors, including capacitive coupling and cross-talk between
the wires. The asymmetric shape of the gated nanowire spectra may be explained by
constructive and destructive interference between the modulated nanowire signal and all
other contributing factors. Similar pairs of positive–negative peaks associated with a phase
change, as well as negative amplitudes of the resonance signal, have been reported in the
literature [14,33–35]. Since the gate-induced electric field depends on the distance to the
nanowire, the response may become nonlinear at large oscillation amplitudes. Another
explanation of the asymmetric spectral peaks could be the positive and negative mechanical
feedback due to in-phase and out-of-phase oscillations [36].

To calculate the expected resonant frequencies, we use the dynamic Euler–Bernoulli
equation for the fundamental resonant frequency f0 of a double-clamped beam [37]:

f0 =
22.4

2πL2

√
EI
ρA

,

where L—suspended length, E—Young’s modulus, I—area moment of inertia, ρ—density
and A—actuation area. For E, the room temperature value of 44 GPa, determined for Bi2Se3
nanoribbons via the electromechanical resonance method [9], was used. Whilst the most
interesting quantum phenomena of Bi2Se3 occur at low temperatures, there is currently very
little experimental data about the elastic and thermoelastic properties of nanoscale Bi2Se3 at
low temperatures to the best of our knowledge. A recent study has reported the resonance
of two double-clamped Bi2Se3 nanowire devices [12] at millikelvin temperatures. In this
report, for a device with nanowire dimensions of a width of 105 nm, a thickness of 116 nm
and a length of 1.5 µm, a resonant frequency of 115 MHz was determined, which is 10%
lower than estimated using a room temperature Young’s modulus value of 44 GPa [9]. It
must be taken into account that nanomaterials may exhibit size dependence in the Young’s
modulus and its temperature dependence may differ from its bulk counterpart [38,39].
However, for Bi2Se3 nanoribbons in particular, in a thickness range of 30 to 100 nm, no size
dependence has been reported [9].

By comparing the results for device No. 1 and device No. 2, it is apparent that the
device with the thickest nanowire (No. 1) exhibits an almost 7 times lower frequency than
expected, while the thinner nanowire (No. 2) matches closely with the expected value.
The discrepancies in the expected frequency could be explained by changes in clamping of
the nanowire ends due to differential expansion or compression of the nanowire and its
contact with material during cooling and heating cycles.

For the thin nanowire device (No. 2), a series of spectra were recorded while heat-
ing the device from 5 K to 300 K (Figure 4). The resonant frequency decreased almost
two-fold with increasing temperature. Then, it reached a minimum value at about 200 K
and increased back to its low-temperature value. The observed temperature response is
significant and can be compared to a graphene monolayer resonator [40,41], which exhibits
an up to two-fold increase in frequency while cooling from 300 K to 125 K. However,
for graphene, the upwards shift in frequency came from the isotropic contraction of metal
contacts that were also suspended. In contrast, for double- and single-clamped Si [15] and
GaN [42] nanowires, a frequency increase of only up to 1% has been observed down to
12 K, attributed to a temperature-dependent Young’s modulus and thermal contraction of
the resonating materials.

The unexpected upwards shift in the resonant frequency from 200 K to 300 K was
observed in repeated measurements for this sample and requires further investigation to
determine if its origin is connected to differential thermal compression/expansion of the
structure leading to changes in the boundary conditions of the resonator.
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Figure 4. (a) Amplitude spectra of a Bi2Se3 nanowire (device No. 2) at different temperatures from
300 K to 5 K. (b) Negative peak frequency f0 dependence on temperature.

The differences in observed line shapes for both samples could be accounted for by
different geometries and Q factors that all contribute to phase shifts in resonant systems.
To understand the occurrence of asymmetric line shapes and their different appearance
for both examined devices, the expected response was simulated using an equivalent
circuit (Figure 5a), which is typical for modeling NEM resonators [43]. Without any
other components, the network of Cs, Ls and Rs would produce a series resonance that
can be observed as a positive peak in the amplitude transfer function. With Cp added
parallel to the series network, a negative peak is introduced in the spectrum. Such pairs of
positive and negative peaks in experimentally measured NEMS transfer functions have
been reported previously [14,43]. In our equivalent circuit, we included an additional
resistor Rb and capacitor Cg, which represent the biasing resistors in a real circuit and
the effective input capacitance of the MOSFET amplifier. In the presence of Rb and Cg,
the positive peak broadens and reduces in magnitude in comparison to the negative peak
(Figure 5b). The input attenuator Γ characterizes the coupling strength of the gate electrode
and the nanowire. The simulated spectrum of A = 20 log10 |

Vac−out
Vac−in

| − Γ (Figure 5b) with
element values detailed in the figure caption corresponds well with measured spectrum
of device No. 1 (Figure 2b). The choice of element value combinations in the equivalent
circuit changes the relative magnitude of the positive and negative peaks and can make the
positive peak less prominent as in the case of device No. 2.

0.5 1.0 2.0 5.0 10.0

f, MHz

40

35

30

25

20

15

A
, 
d
B

VAC-in

Cs Ls Rs

Cp

VAC-out

CgRb
Atten.

(a) (b)

Figure 5. (a) Equivalent circuit diagram of the Bi2Se3 nanowire resonator. Element values: Cs—0.3 pF;
Ls—50 mH; Rs—20 kΩ; Cp—1 pF; Rb—20 kΩ; Cg—1 pF; 10 dB attenuator (Atten.) models the coupling
strength of the gate electrode. (b) Simulated response of (a) with aforementioned parameters shows
asymmetric shape of the resonance spectrum, qualitatively similar to that of device No. 1.

For Bi2Se3 nanowire device No. 1, a series of spectra A( f ) = |VAC−out( f )|/|VAC−in( f )|
were recorded at 8 K at different bias voltages Vg (Figure 6a) to investigate the frequency
and amplitude dependence on the gate voltage.
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Figure 6. (a) Amplitude spectra of system with a Bi2Se3 nanowire (device No. 1) and a preamplifier
at different gate voltages at 8 K temperature. (b) Difference in the amplitude spectra from the mean
spectrum. Insets show a narrow region of spectra near 1.5 MHz.

Small systematic changes were detected by comparing spectra at different gate volt-
ages. Figure 6b shows the deviation ∆A from the mean spectrum recorded at Vg intervals
from −8 V to +8 V. The maximum difference occurs at approximately 1.52 MHz, which cor-
responds to the minimum of the original spectra (Figure 6a). In order to find the amplitude
and frequency changes, the spectra near 1.52 MHz were fitted with a polynomial function.
The extreme points of the fitted polynomial are marked by “+” in the inset of Figure 6a.

Figure 7 shows the linear amplitude and frequency response to the applied gate
voltage, which decreases for negative voltage values and increases for positive values. For
the nanowire dimensions characterized in our study, we can use the continuum model to
describe the force that is exerted by AC and DC voltages by

Fext(x, t) =
1
2

dcg

du
(x)
(

V2
g +

1
2

Vac2

g + 2VgVac
g cos(2π f t) +

1
2

Vac2

g cos(4π f t)
)

,

where cg—capacitance per unit length and u(x)—displacement. Assuming the AC voltage
is much smaller than the DC voltage, the quadratic terms in the equation can be neglected.
A parabolic dependence on Vg is expected; however, the relation observed in this study
may appear linear due to the low-tunability of the device.

5 0 5
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 d

B
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slope 0.043 dB/V

(a)
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(b)

Figure 7. Extreme amplitude (a) and frequency (b) dependence on gate voltage for device No. 1.

The anti-symmetric amplitude and frequency dependence around zero Vg can be
explained by work function differences between the Bi2Se3 and Au electrode materials,
similar to [17]. The changes in amplitude (Figure 7a) and frequency (Figure 7b) were
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relatively small, at 0.043 dB/V and 105 Hz/V, in comparison to, e.g., graphene modulation
in [29], which was in the MHz/V range. One possible reason for the low tunabilty could be
the thickness of the nanowire. For example, in a 2D layered ReS2 nanoresonator device [44],
a device with a thickness of 106 nm exhibited no tunability, while a 7 nm-thick device
exhibited pronounced gate-induced frequency changes. The mechanical strain induced in
the nanowire during cooling can also reduce the gate effect.

Nevertheless, there is a strong correlation between amplitude and frequency and the
applied DC voltage, confirming the tunability of the system. Other features in the spectra
did not exhibit as high a correlation, supporting the conclusion that the chosen frequency
represents the mechanical resonant frequency of the nanowire.

4. Conclusions

We have presented an electrical preamplifier circuit for the detection of 1D nanomate-
rial resonance inside a cryostat. Placing the preamplifier in close vicinity of the resonator
allows minimization of the contribution from the parasitic wire capacitance and enables
facile readouts at the same frequency as the excitation. The temperature and gate voltage
dependence of the resonant frequency was investigated for Bi2Se3 nanowire samples at
temperatures as low as 5 K, showing large changes in resonant frequency with temperature
and the possibility to tune the oscillations with gating. Samples with higher transconduc-
tances possibly using thinner Bi2Se3 nanowires would allow obtaining a higher response
from the system to understand in detail how the elastic properties change with temperature.
This would allow a precise NEM switch design for operation at low temperatures for future
quantum and space technologies. Although the system was demonstrated using Bi2Se3
nanowires, the circuit is a generic common drain amplifier and may be used for studies of
other NEMSs at low temperatures.
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A B S T R A C T   

Nanoelectromechanical (NEM) switches are potential candidates for memory and logic devices for low standby- 
current and harsh environment applications. Cryogenic operation of these devices would allow to use them, e.g., 
in space probes and in conjunction with quantum computers. Herein, it is demonstrated that cryogenic appli
cation requirements such as good flexibility and conductivity are satisfied by using Bi2Se3 nanoribbons as active 
elements in NEM switches. Experimental proof of principle NEM switching at temperatures as low as 5 K is 
achieved in volatile and non-volatile reversible regimes, exhibiting distinct ON and OFF states, backed by 
theoretical modelling. The results open new avenues for research and development of NEM systems at cryogenic 
temperatures.   

1. Introduction 

Nanoelectromechanical (NEM) switches belong to a class of steep 
subthreshold slope devices, such as tunneling field-effect transistors, 
suspended gate field-effect transistors and metal–insulator-transition 
devices [1–3]. This distinctive switching behavior is enabled by the 
operation principle of the NEM switch. A conducting active element is 
separated from an electrode by a physical gap, creating an open circuit 
(OFF state) with a negligible leakage current. By applying energy, e.g., 
in the form of an electrostatic field, the active element is deflected until a 
certain critical deflection is reached. At this deflection, when the 
gradient of the attractive force exceeds the spring constant of the active 
element, the active element jumps into contact with the electrode and 
current can flow through the circuit (ON state). Upon removal of the 
field, the active element detaches from the electrode and volatile oper
ation is achieved. If the active element remains in contact after removal 
of the field, the switch exhibits non-volatile behavior. Additional energy 
needs to be supplied to return the switch to its original position. Thus, 
the same principle of operation can be used to perform logic and 
memory functions [4]. 

NEM switches have been realized using various structures such as 
single nanowires [4–5] and nanotubes [6], bundles of nanowires [7] and 
thin films [8–9]. The exact choice of active element (metals [10–11], 
semiconductors [12–14] or carbon allotropes [8,9,15,16]) and electrode 

materials for NEM switches is governed by the application-specific 
combination of mechanical, thermal and electrical properties. Most of 
the state-of-the-art NEM switches have been demonstrated at room 
temperature [12,5–9]. High temperature application (e.g., aerospace, 
automotive) requirements can be satisfied by choosing materials with 
high melting point such as Mo [10] and SiC [14]. On the other end of the 
temperature scale, cryogenic NEM switches would be useful for space 
installations [17] and cryogenic industrial applications and research 
areas such as quantum computers, superfluids and in conjunction with 
superconductors [18]. A few reports have demonstrated cryogenic 
operation at temperatures lower than 6 K of larger micro
electromechanical (MEM) switches using Au thin films as the active 
elements [17,19]. However, to the best of our knowledge, the lowest 
operating temperature reported in the nanoscale domain is 78 K for a 
graphene NEM switch [16]. This could be explained by a lack of mate
rials with suitable physical properties. 

Bi2Se3 is a semiconductor material with room-temperature me
chanical and electrical properties suitable for applications in NEM 
switches [20–21]. Bi2Se3 1D nanostructures exhibit room-temperature 
Young’s modulus of 44 GPa [20], high enough value for implementing 
efficient reversible switching in a two-terminal NEM switch configura
tion and low enough for energy-efficient operation in downscaled de
vices. Room-temperature volatile switching has already been 
demonstrated both for a collective switching of Bi2Se3 nanoribbons in 
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sandwich-like structures [22] and for a single nanoribbon [23] in situ 
inside a scanning electron microscope. The good conductivity of Bi2Se3 
nanoribbons even at cryogenic temperatures [21] would enable fabri
cation of cryogenic devices with high ON/OFF current ratio. 

In this work, we present fabrication and the first experimental 
demonstration of cryogenic operation of single-nanoribbon NEM switch 
at temperatures as low as 5 K. The active elements, Bi2Se3 nanoribbons, 
are dielectrophoretically aligned and suspended on micropatterned 
electrodes. We employ a cost-effective and scalable fabrication approach 
without using top electrical contacts for fixing of the nanoribbon- 
electrode contact. Repeatable non-volatile and volatile switching is 
achieved with switch-ON voltage as low as 7.8 V, subthreshold slope as 
low as 80 mV/dec and ON/OFF current ratio of 103. 

2. Methods 

Bi2Se3 nanoribbons were synthesized on glass using both catalyst- 
free [24] and Au catalyst-assisted [25] physical vapor deposition. 
Fig. 1 depicts the as-synthesized nanoribbons along with the schematics 
of a NEM switch array and of a single device. Commercially available Si 
wafer with thermally grown 1 µm thick SiO2 was used as a substrate. On 
this substrate, first photolithography step defined an array of gate (G) 
electrodes, patterned by wet etching of SiO2 and subsequent thermal 
evaporation of 10 nm Cr adhesion layer and 80 nm Au layer. Wet etching 
of SiO2 allowed to obtain different distances between the suspended 
nanoribbon and the G electrode (i.e., gaps). Second lithography step 
defined source (S) and drain (D) electrodes via thermal evaporation. The 
nanoribbons were suspended in isopropyl alcohol for alignment at the 
desired sites on S and D electrodes using floating-electrode dielec
trophoresis [26] with 2 MHz AC frequency and 13 V peak-to-peak 
amplitude. Supercritical CO2 drying was used to remove the solvent 
avoiding capillary forces that could induce stiction of the active element 
to the G electrode. The final device consisted of a single nanoribbon 
lying on S and D electrodes and suspended over a bottom G electrode. 
More in-depth details of the fabrication method can be found in [27]. 

The width and suspended length of the as-fabricated NEM switch 
active elements were determined using scanning electron microscope 
(SEM, Hitachi FE-SEM S-4800), thickness and initial distance between 
nanoribbon and bottom electrode were determined using atomic force 
microscope (AFM, Asylum Research MFP-3D) before electrical testing. 

NEM switch electrodes on SiO2/Si chip were wire-bonded (Wire 
Bonder UniTemp WB-100) to a physical property measurement system 
(PPMS DynaCool 9 T) holder pads. Electrical measurements at cryogenic 
temperatures were carried out in PPMS, using an external cur
rent–voltage source Keithley 6430 (Keithley Model 6430 Sub-Femtoamp 

Remote SourceMeter). 
For theoretical modelling, numerical calculations were carried out 

with R studio software using bvpSolve package [28]. 

3. Results and discussion 

NEM switches were fabricated for operation at 5 K temperature in 
different regimes: reversible non-volatile and volatile, depending on the 
force balance between adhesion force in contact and the elastic restoring 
force of the active element. 

A typical device with suspended length L0 = 3.3 µm, thickness t = 51 
nm, and initial distance between nanoribbon and bottom electrode z0 =

190 nm and width w = 512 nm is shown in Fig. 2. 
Prior to cryogenic operation testing, the resistance of the 

nanoribbon-electrode system was measured at room temperature using 
a 2-point configuration with the voltage applied between S and D 
electrodes (Fig. 2a-c). As the nanoribbon was held to the supporting 
electrode by mechanical (adhesive) contact only, its mechanical 
strength and electrical conductivity had to be stabilized to ensure stable 
NEM switch operation [27]. For this purpose, voltage was cycled several 
times (Fig. 3a) causing current induced modification of the contact. With 
every next cycle, the resistance of the nanoribbon-electrode system 
gradually decreased (Fig. 3b) until reaching a stable value. The final 
resistance of the system was estimated to be approximately 0.9 MΩ, 
measured at 0.8 V. As expected in case of a mechanical contact, the main 
contribution to the measured resistance was from contact resistance. 
The nanoribbons themselves would exhibit room temperature electrical 
resistivity of the order of 10-5 Ω ⋅ m as determined in 4-point measure
ments [21]. This would translate to resistance in the range of several to 
several tens of kiloohms for the geometry considered above. 

Numerical modelling was used to estimate the VON for Bi2Se3 nano
ribbon NEM switches [27]. Bi2Se3 nanoribbon was modelled as a con
ducting rectangular beam with suspended length L0 at an initial distance 
z0 from an infinite conducting plane electrode. Voltage applied between 
the S and G electrodes induced an incremental deflection of the 

Fig. 1. (a) SEM image of the as-synthesized Bi2Se3 nanoribbons on glass sub
strate; (b) top-view schematics of a microchip with patterned arrays of elec
trodes which was immersed in nanoribbon suspension for dielectrophoretic 
(DEP) alignment and dried supercritically using CO2 to avoid nanoribbon 
sticking to bottom G electrode; zoom-in view shows side-view schematics of the 
final structure with single nanoribbon approaching Cr/Au S and D electrodes 
during DEP alignment. 

Fig. 2. Schematics of the suspended nanoribbon NEM switch, showing relevant 
geometrical parameters and electrical connections in OFF (a) and ON (b) states. 
(c) SEM image (false-colored) of a nanoribbon lying on source (S) and drain (D) 
electrodes suspended over a bottom gate (G) electrode. A selected area marked 
with a red rectangle was imaged with AFM in AC topography mode, shown in 
(d); (e) corresponding line scans, showing electrode (1) and nanoribbon (2) 
height profiles. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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nanoribbon, now at a new distance z between the nanoribbon and 
electrode. Relative deflection of the nanoribbon in the presence of 
applied electrostatic force was approximated numerically by solving the 
Euler-Bernoulli equation: 

Y (4)(ξ) − Fx(ξ)Y(2)(ξ) − FE(ξ) = 0, ξ =
L
L0

(1)  

where Y denotes the displacement perpendicular to the beam, ξ is the 
normalized coordinate along the nanoribbon, Fx is the force created by 
tension, and FE is the linear density of the electrostatic force. 

Boundary conditions for a double-clamped nanoribbon were: 

Y(0) = Y(1) = Y (1)(0) = Y (1)(1) = 0 (2) 

The experimentally determined VON,exp and calculated VON,model 
values at 5 K, along with the geometrical parameters of devices are listed 
in Table 1. The NEM switches had active element thickness in the range 
of 51–145 nm, gaps of 190–200 nm and exhibited VON,exp in the range 
from 17 V to 27 V. 

4 of 5 NEM switches showed lower experimentally determined 
switching voltage than the modelled value (Fig. 4), the reasons for which 
will be discussed in the following. 

For a typical device with Bi2Se3 nanoribbon parameters L0 = 3.3 µm, 
t = 51 nm, z0 = 190 nm and w = 512 nm (device no 1 in Table 1; Fig. 2), 
the calculated VON value was approximately 22.6 V, while the experi
mentally determined was 20 V (Fig. 4b). Lowering the temperature 
would increase VON in comparison with the room temperature value for 
a clamped active element due to induced tension in the structure, as 
reported previously for NEM switch devices [16]. As the nanoribbon is 
fixed by contact area-dependent adhesion force only, some sliding of the 
active element on top of the electrode may occur during jump-in, as also 
reported for other NEM switches without top contacts [16,27]. This, on 
the contrary, would result in decreased VON, as observed for devices no 
1, 2 and 4. 

Different operating regimes were achieved for the full ON-OFF cycle, 
depending on the balance between adhesion forces in contact and elastic 
restoring force of the active element. When the adhesion force was 
larger than the elastic force, the active element remained in contact after 
removal of the voltage. When the difference between the opposing 
forces was small, additional energy supplied in form of heat detached 

the active element from the electrode. By increasing temperature to 300 
K and back to 5 K, device no 1 was operated in a typical reversible non- 
volatile regime (Fig. 4b cycle #2), similar to memory device in [4]. 

Volatile NEM switching was achieved when the elastic force was 
larger than the adhesion force in contact (Fig. 5). During the voltage 
sweep between S and G electrodes, the current initially was at the noise 
level of 0.1 nA until a sharp rise in current reaching the set level of 
current compliance of 100 nA was recorded at 9.2 V (Fig. 5 cycle #1). 

After the initial switch-ON, VON decreased from 9.2 V to approxi
mately 8.2 V from cycle #1 to cycle #2. Nanoribbon detachment from 
the contact manifested as sharp current decrease from current compli
ance level to the noise level at VOFF of approximately 2.3 V. With every 
next cycle, VON gradually decreased by an amount smaller than between 
cycles #1 and #2 (Fig. 5b). VOFF remained at a stable value of 2.3 V 
through all cycles. Similar decrease of VON has been reported for other 
NEM switches, using both clamped [9] and non-clamped active element 
configurations [27,29], which was explained either by sliding or me
chanical stress release in the nanowire-electrode contact. Even with 
sliding of the nanoribbon during the first switching cycles, repeatable 
switching with stable VON can be achieved without using top-contacts 
for clamping. A similar behavior was shown for NEM switches at room 
temperature, making this simple fabrication method attractive for high- 
yield outcome [27]. 

The volatile switch exhibited ON-OFF current ratio of approximately 
103 (leakage current levels at 10-10 A, ON-state current levels set by 
compliance at 10-7 A). The average subthreshold slopes (SS) for 

Fig. 3. (a) NEM switch I-V cycling in a 2-point configuration at 300 K, with 
voltage applied between S and D electrodes; (b) Evolution of NEM switch S-D 
resistance RS-D. RS-D, measured at 0.8 V, decreases with every next I-V cycle 
until reaching a stable value. 

Table 1 
Fabricated Bi2Se3-based non-volatile NEM switches, along with geometrical 
parameters and experimentally and theoretically calculated VON voltages at 5 K.  

Device no. t, nm w, nm L0,μm z0, nm VON, exp,V VON,model, V 

1 51 512  3.3 190 20  22.6 
2 75 90  4.0 200 23  28.4 
3 86 190  6.1 200 17  14.9 
4 122 220  5.6 190 24  27.4 
5 145 107  6.7 200 27  26.7  

Fig. 4. (a) Comparison of experimentally determined (filled rectangles) and 
theoretically calculated (empty circles) VON values as a function of Bi2Se3 
nanoribbon t/L0 ratio for devices 1 to 5; (b) Reversible non-volatile operation of 
a NEM switch (device no 1) at 5 K. I-V cycling characteristics with voltage 
applied between S and G electrodes show 2 subsequent switching cycles (#1 
and #2). In between the cycles, temperature was raised to 300 K and cooled 
down to 5 K again. 

Fig. 5. (a) NEM switch volatile reversible operation at low temperatures: three 
cycles at 10 K (#1-#3, dashed lines) followed by two cycles at 5 K (#4-#5, solid 
lines). Upwards arrows mark transition to ON-state, downwards – transition to 
OFF-state. (b) VON versus switching cycle number. (c) Log scale representation 
of the I-V switching from (a) to estimate the subthreshold slope. 
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transition to the ON-state, calculated as mV/log10I were 135 mV/dec at 
10 K and to 80 mV/dec at 5 K (Fig. 5c). These values are higher than the 
thermal limit for MOSFET transistors of 60 mV/dec at room tempera
ture, however, they represent the upper limit of SS value for this device. 
By increasing the current compliance and decreasing the voltage step, SS 
value could be further decreased. 

4. Conclusions 

In summary, cryogenic operation of a NEM switch employing Bi2Se3 
nanoribbons as active elements is demonstrated, extending the materials 
choice suitable for NEM systems at cryogenic temperatures. Proof-of- 
principle reversible operation at temperatures down to 5 K is demon
strated in non-volatile and volatile regimes. The characterized devices 
exhibit switch-ON voltages as low as to 7.8 V and OFF-voltages of 2.3 V, 
with an upper limit of the subthreshold slope value of 135 mV/dec and 
ON/OFF current ratio of 103 for the volatile NEM switch. Differences 
between experimental and modelled values of VON are observed (up to 
14%) and can be explained by competing effects – increase of VON with 
increased tension at lower temperatures and decrease of VON due to 
mechanical sliding of the active element along the supporting electrode. 
Although a decrease in the value of VON is observed due to active 
element sliding on contact electrodes in the first cycles, continued 
operation of the device ensures switching at nearly constant ON and OFF 
voltages. The proposed fabrication method offers a simple way to ach
ieve high-yield outcome with potential for repeatable and stable oper
ation. An easily implemented solution to reduce or eliminate sliding 
during the first cycles would be to increase the length of the supported 
ends of the active element. Additional fixing of the active element by 
using top-metal electrodes would increase the operational stability of 
the NEM switch, however this would also increase the fabrication 
complexity. 
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A B S T R A C T   

Dielectrophoresis is used to assemble nanowires between metallic electrodes to form scalable functional in
terconnects. The dielectrophoresis parameters are investigated for semiconductor copper oxide (CuO) nanowires 
that are desirable for energy conversion and storage, gas sensors and nanoelectromechanical systems. Experi
mental yields of multiple- and single-nanowire interconnects are explored at dielectrophoresis frequencies from 
500 Hz to 500 kHz. The electrical properties of nanowire-electrode physical contact interfaces formed by die
lectrophoresis, metal deposition, and dry mechanical transfer are investigated. The electrical transport mecha
nism in these interconnects is determined to be ohmic conductivity at small electric field, which is overtaken by 
an order of magnitude higher space charge limited conductivity for electric fields above 105 V/m. The developed 
method is demonstrated as a promising route to produce nanowire interconnects towards scalable on-chip 
nanoelectromechanical systems.   

1. Introduction 

Copper oxide (CuO) nanowires are desirable components for build
ing functional nanosystems, such as sensors and nanoelectromechanical 
systems (NEMS), owing to scalable low-cost synthesis [1] and versatile 
properties [2]. The high specific surface area and semiconductor elec
tronic structure can be used for highly-sensitive [3] and fast response [4] 
gas sensors. One-dimensional shape and high mechanical stiffness [5,6] 
in combination with robust electrical performance [6–8] suggest these 
nanowires as promising candidates for NEMS switches, where electrical 
connections are provided by mechanical actuation of the nanowires [9, 
10]. 

Nanowire interconnects are typically established by top-down ap
proaches, for example, using lithography and metal deposition to form 
electrical contacts [1,11]. To assemble nanowires at predetermined 
positions, bottom-up approaches, such as direct mechanical transfer, 
nanomanipulations or liquid assembly can be used. Conventional me
chanical transfer methods result in randomly distributed nanowires, that 
typically require examination of the nanowire sites and additional ad
justments by nanomanipulations. Nanomanipulations have proven ef
ficiency for accurate alignment of individual nanowires [12], however, 

it is a time-consuming approach unsuitable at an industrial level. 
Scalable controlled alignment of nanowires on electrode sites can be 

achieved using dielectrophoresis (DEP) in liquid media [13,14]. The 
yield of the nanowire interconnects established during DEP process has 
been found to be influenced by various factors, such as density of the 
nanowires and solution flow rate near electrodes [13], electrode 
configuration [15], amplitude and frequency of the applied AC signal 
[16–18]. The AC frequency region for nanowire alignment is usually 
selected based on the properties of nanowires and liquid [14,15]. At 
some frequencies, DEP can be disrupted by electro-osmosis and elec
trode polarization [16,17], therefore experimental investigation is 
needed for the determination of optimal frequencies for selected com
binations of nanowire and liquid materials. 

To date, DEP alignment has been demonstrated for only few fre
quencies to produce CuO nanowire interconnects [7,19]. It would be 
useful to further develop the DEP parameters for the fabrication of 
scalable yield CuO nanowire systems to optimize the process. Single- 
and multiple-nanowire interconnects are both desirable depending on 
the nature of their application. For example, single nanowires are 
typically preferred for NEMS [10,12], whilst gas sensors can utilize CuO 
nanowire networks [20]. The factors influencing the number of 
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interconnects and electrical properties of these nanowire systems need 
further determination for their technological implementation. 

Dielectrophoresis has the potential to produce aligned nanowire in
terconnects whilst preserving the pristine structure of the as-grown 
nanowires. However, the physical interface of the nanowire-electrode 
contacts after dielectrophoresis can differ from the nanocontacts after 
metal deposition or dry transfer. Variability of the resulting mechanical 
contact area can lead to high electrical contact resistances. For nano
wires with intrinsically high resistivities, such as CuO [1], system per
formance is expected to be more resilient to high resistance contacts, 
than low resistivity nanowires, which often require post-DEP contact 
modification by etching, metallization or annealing [21,22]. Moreover, 

strong space charge limited currents (SCLC) manifested for semi
conducting nanowires [23–25], have been recently reported for CuO 
nanowire interconnects [7,8]. Ability to conduct high currents in the 
SCLC regime suggests CuO nanowires are suitable for transducing 
electrical signal in NEMS switches. Electrical characterization of the 
produced nanowire interconnects is required to reveal the conduction 
mechanisms in the system and analyze how decisive the 
nanowire-electrode contact interface is for the electrical behavior of 
CuO nanowires. 

In this work, CuO nanowire interconnects are optimized by DEP and 
electrically characterized. The nanowires are synthesized by a thermal 
oxidation method [6] and aligned between lithographically defined Au 
electrodes. Optimized yields for achieving aligned multiple- or 
single-nanowire interconnects are experimentally determined depend
ing on the DEP field frequency. Current-voltage measurements are 
performed on individual CuO nanowires to assess their electrical 
transport properties. The nanowires suspended on electrodes by DEP are 
compared to nanowires aligned by dry mechanical transfer, and the 
impact of contact metallization is investigated. Electrical characteriza
tion of individual nanowires can improve understanding of the electrical 
behavior of single and multiple nanowire-based systems, whilst opti
mization of dielectrophoresis frequencies will foster their further tech
nological development. 

2. Materials and methods 

Copper oxide nanowires were synthesized by thermal oxidation of Cu 
foil substrates (GoodFellow, 99.9% purity) in air at 500 ◦C for 210 min 
inside a GSL-1100X tube furnace [6]. To transfer the synthesized 
nanowires from the foil substrate to liquid, the samples were placed in 
isopropanol and processed in ultrasonication bath for 3 s. The nanowire 
concentration in the suspension was adjusted to ~104 nanowires per µL, 
which is similar to concentrations used in previously reported DEP with 
CuO [19], as well as other composition nanowires [14,26]. The 

Fig. 1. (a) Schematic diagram of the dielectrophoresis experimental setup with 
a microelectrode chip submerged in nanowire-isopropanol (NW/IPA) suspen
sion. The microelectrode and gap sizes in the design schematics are not to scale; 
(b) Scanning electron microscope image showing a microelectrode pair with a 
gap of 8 μm. 

Fig. 2. (a) Schematics of nanowire in 
liquid media near electrodes in DEP setup 
(side view); (b) Log-Log plot of the real 
part of Clausius-Mossotti factor about the 
long axis Re[KL] vs. AC frequency f 
(calculation parameters εm = 18.6, εp =

10, σm = 6 ⋅ 10− 6 S/m and σp = 0.025 S/ 
m); inset – Log-Linear plot; (c) Represen
tative SEM image of a multiple-nanowire 
interconnect (top view); (d) Experimen
tally determined yield of the multiple- 
nanowire interconnects vs. applied AC 
frequency f, dashed line is a guide for 
eyes; (e) Representative SEM image of a 
single-nanowire interconnect (top view); 
(f) Experimentally determined yield of the 
single-nanowire interconnects vs. applied 
AC frequency f, dashed line is a guide for 
eyes.   
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nanowire-isopropanol (NW/IPA) suspension was stored in 2 mL vessels. 
A fresh vessel was used each time to perform DEP at a selected 
frequency. 

Arrays of microelectrodes were lithographically pre-patterned on 1 
cm2 chips for DEP (Fig. 1a). The chips were diced from a commercially 
available Si/SiO2 wafer substrates (MTI Corporation) with thermally 
grown 1000 nm thick SiO2 layer. The metallic Cr/Au microelectrodes 
with heights of 3/60 nm, widths of 1 μm and triangle shaped tips were 
interspaced by 2, 4, 6, 8 μm gaps to form 152 microelectrode pairs on 
each chip (Fig. 1a,b). 

For the DEP assembly of nanowires on microelectrodes, the chip was 
submerged in the NW/IPA suspension (Fig. 1a) and an AC voltage with 
5 V amplitude was applied to microelectrodes for 20 min. These 
parameter values were chosen considering previously reported intervals 
of voltage and time for nanowire DEP at similar electrode configurations 
(e.g., 0.5–2 V and 2–8 min in [26], 5 V in [15], 10 V in [27]). Our 
preliminary experiments showed that 10 V and higher voltages could 
lead to dielectric breakdown at the electrode sites, whilst 3 V or smaller 
voltages would result in too few nanowires being aligned in the used 
setup. The voltage and time parameter values were preset to show how 
the proportion of aligned multiple- and single-nanowires can vary for 
the range of explored frequencies. Previous reports [26] have suggested 
that increasing voltage and time increases the yield of 
multiple-nanowire rather than single-nanowire interconnections. The 
time is coupled with the nanowire concentration, defining the number of 
nanowires able to reach the region near the electrodes, where they can 
be captured by the DEP force. 

To avoid contact of suspended nanowires with the bottom surface 
due to capillary forces during the drying process, DEP was com
plemented by a supercritical drying step in liquid CO2. Metallization of 
the nanowire-electrode contacts was performed by e-beam induced 

deposition of Pt stripes in SEM (Tescan Lyra). 
Number and morphology of the individual nanowires and nanowire 

interconnects on microelectrodes were determined by scanning electron 
microscopy (Hitachi SEM S4800) analysis. The DEP yield percentages 
for single- or multiple-nanowire interconnects were determined by SEM 
analysis of all electrode sites over the chip. Electrical measurements on 
individual nanowires were carried out in a high vacuum chamber (10− 6 

Torr) inside SEM at room temperature, using Keithley 6430 
SourceMeter. 

3. Results and discussion 

3.1. Dielectrophoresis of CuO nanowires in kilohertz-frequency range 

The nanowires synthesized by thermal oxidation and extracted from 
the isopropanol suspension had straight shapes with radii of 18–73 nm 
and lengths of 2–12 µm. Electrodes with gaps from 2 to 8 µm were 
fabricated to achieve optimal ratios of gap size to nanowire length in the 
range of 0.4–1.0, where DEP force acting on a nanowire is expected to be 
maximal [16,27]. 

During the DEP process, CuO nanowires in isopropanol become 
oriented parallel to the electric field gradient near the electrodes 
(Fig. 2a). In such configuration, the DEP force acting on the nanowire is 
proportional to the real part of Clausius-Mossotti factor about the long 
axis of the nanowire Re[KL] [15,27]: 

KL =
σp − σm − iε0

(
εm − εp

)
ω

σm + iε0εmω , (1)  

where ω = 2π ⋅ f is the angular frequency, εm and εp denote the dielectric 
constants, and σm and σp are electrical conductivities for the media and 
nanowire. The nanowires become attracted to the regions of highest 

Fig. 3. (a) Representative 2-point I-V characteristics for DEP aligned CuO nanowires on Au electrodes in voltage interval from 0 up to +10 V, down to − 10 V and 
back to 0 V with a voltage step 0.1 V. Insets – SEM images of nanowire 1 with effective length 9 µm, mean radius 23 nm, and nanowire 2 with effective length 7 µm, 
mean radius 41 nm (scale bar 2 µm); (b) Log-Log plot of the calculated current densities j in nanowire 1 and nanowire 2 vs. electric field E between the electrodes, 
obtained at increasing voltage from 0.1 to 10 V; (c),(d) – I-V characteristics and Log-Log plot of j vs. E for nanowire 1 and 2 after contact metallization. 
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electric field gradient near the electrodes, when the DEP force is posi
tive, i.e. when Re[KL] > 0, which is frequency-dependent [14,26]. 

Fig. 2b shows a plot of Re[KL] calculated for CuO nanowires in iso
propanol. It is high at low frequencies, more significantly decreases in 
the frequency interval of 1–50 kHz (Fig. 2b, inset) and tends to zero near 
a cross-over frequency of ~500 kHz (Fig. 2b). 

The CuO nanowire DEP was performed at nine frequencies between 
500 Hz and 500 kHz with aim to localize the working frequency in
tervals suitable for multiple- and single-nanowire alignment on elec
trodes to form interconnects (Fig. 2c,e). The yield of the nanowire 
interconnects detected at various frequencies is shown in Fig. 2d,f. The 
overall yield is dominated by multiple-nanowire interconnects, reaching 
60–70% below 10 kHz frequencies. However, at higher frequencies it 
gradually decreases (Fig. 2d, dashed line) similarly to the theoretical 
trend of Re[KL] plotted in Log-Log scale (Fig. 2b). In contrast, the yield of 
single-nanowire interconnects shows an opposing trend. By comparing 
the average experimental yields for the low and high frequency regions, 
it is possible to distinguish two regimes (Fig. 2f). In the low f regime 
(from 500 Hz to 10 kHz), the yield of the single-nanowire interconnects 
is around only 1–2%. In the high f regime (from 50 kHz to 500 kHz) the 
yield of the single-nanowire interconnects is in the range of 11–20%, 
which was confirmed by multiple experiments near 100 kHz (Fig. 2f). 
Therefore, DEP in high f regime is yielding in single-nanowire in
terconnects, whilst the low f regime is sufficient for multiple-nanowire 
interconnects. 

The highest yield of single-nanowire connections is observed near 
cross-over frequencies, which is similar to previously reported for Si, 
InAs, Rh, ZnO and MnO2 nanowires [14–16,26]. Here, the lower 
magnitude DEP force balances with the direction that could provide a 
better control over nanowire positioning in the proximity of a micro
electrode site [14,26]. For the studied CuO nanowires in isopropanol, 
the frequencies near 100 kHz, yielding on maximal 20% in the used 
setup, can be assumed optimal for precise single-nanowire placement. 
Previously reported frequencies of 20 kHz–0.5 MHz used for CuO 
nanowire DEP [7,19] are close to our determined values. 

After these optimal DEP frequencies for the nanowire suspension 
have been determined, the yield of the aligned single nanowires can be 
further improved by adjusting other DEP parameters, such as the 
voltage, time and concentration, for example, by following the direc
tor–disruptor framework proposed in [16]. Finally, optimization of the 
DEP yield can be achieved by modifying the setup, for example, 
involving the fluid flow [13] or capillary action [14] in the process, as 
well as by post-process nanomanipulations [10]. 

3.2. I-V characterization of single CuO nanowire interconnects 

To assess electrical transport properties of such interconnects, 
current-voltage (I-V) curves were obtained for several DEP aligned CuO 
nanowires in two-point configuration. The nanowires were suspended 
on high Au electrodes above substrate with a gate electrode, in a con
figurationthat was used for fabrication of nanoelectromechanical 
switches described in [10]. 

Fig. 3a shows two typical examples of the measured I-V curves, for 
DEP aligned CuO nanowires: near linear (ohmic) I-V for a nanowire 1 
with effective length 9 µm, mean radius 23 nm, and non-linear I-V for 
nanowire 2 with effective length 7 µm, mean radius 41 nm. For the 
applied voltages of 0 ± 10 V, registered electrical current values do not 
exceed few tens of nA (Fig. 3a), meaning the resistances of such single- 
nanowire interconnects are in GΩ range, which is in agreement with 
literature data on their 10–40 Ω m resistivities [1,11]. Log-Log plots of 
the forward (positive) branches of current density j vs. electric field E 
values extracted from these I-V curves are shown in Fig. 3b. Both curves 
(near linear and non-linear) can be approximated by power functions in 
form j ~ Eα, where the power factor α shows different values (from 1 to 
6.3) for selected E intervals (black lines, Fig. 3b). This behavior can be 
attributed to a combination of ohmic and space charge limited current 

(SCLC) conduction mechanisms in CuO nanowires on Au electrodes [7, 
8]. In such case, at small electric field the current is driven by intrinsic 
charge carriers in the nanowire and increases linearly to follow Ohm’s 
law. At higher electric field, it transits to SCLC regime as the number of 
charge carriers injected from electrode material grows. There the cur
rent increase deviates from linear to a power law j ~ Eα, α > 1 for 
increasing electric field, until a saturation regime, where α is again ex
pected to decrease down to 1. For trap-free SCLC regime, α = 2, and 
increase of α above 2 can be attributed to presence of traps in the CuO 
nanowire material [7,8]. 

From Fig. 3b, the power law approximation takes over ohmic linear 
law at electric field above 105 V/m, which agrees well with previously 
reported 0.9 ⋅ 105 V/m [6]. For example, for near linear I-V (nanowire 
1), the current density dependence on electric field above 105 V/m can 
be approximated with a power function j ~ E1.5 (Fig. 3b). For non-linear 
I-V (nanowire 2), the current density curve follows linear law at low 
electric fields up to ~ 1.5 ⋅ 105V/m (j ~ E1.0) which then changes to 
higher order power law with α = 1.8, α = 6.3, α = 2.4 approximated for 
certain E intervals above 105 V/m. Increase of α from 1.8 to 6.3 refers to 
switching to trap-filling regime, which will transform to trap-free SCLC 
at electric fields above 0.5 ⋅ 106 V/m. 

The range of conductivities about 0.01–1 S/m can be estimated from 
the current densities of 103–104 A/m2 at low electric fields of 104–105 V/ 
m, where the ohmic conductivity mechanism is prevalent (Fig. 3b). This 
range includes the conductivity used for Re[KL] calculation, and previ
ously reported values of 0.02–0.1 S/m for CuO nanowires [1,11]. At 
higher electric field above 105 V/m, the conductivities of the measured 
nanowires significantly increase, within 1–10 S/m at 106 V/m (Fig. 3b). 

Nanowire-electrode contact after DEP can be further improved by 
metallization, which increases the effective contact area and eliminates 
possible tunneling barriers that may develop for mechanical contact. 
The I-V curves taken for the nanowires after contact metallization with 
Pt strips (Fig. 3c) show approximately 1.5 times higher currents, 
compared to their initial near linear and non-linear I-V curves (Fig. 3a). 
Corresponding Log-Log plots of the current density vs. electric field 
values and their approximation by power functions after metallization 
are shown in Fig. 3d. The j-E curve for initially near linear I-V (nanowire 
1) can be approximated with a linear fit (α is 1.0–1.1) for the whole 
explored range of E. Meanwhile, for initially non-linear I-V (nanowire 2), 
the power factor of the used approximation function, α changes as 1.1 
below E ~ 0.5 ⋅ 105 V/m, 2.4 at (0.7–2.5) ⋅ 105 V/m, and 1.4 above 2.5 ⋅ 
105 V/m (Fig. 3d). On one hand, decrease of α compared to initial 
(Fig. 3b) for both nanowires indicate rise of ohmic contribution in 
overall conduction mechanism. This becomes prominent at small E 
values below 105 V/m and is due to reduction of nanowire-electrode 
contact resistance by metallization. The ohmic conductivities extrac
ted from the current densities of 103–105 A/m2 corresponding to electric 
field of 104–105 V/m (Fig. 3d), can be higher by an order of magnitude 
than the ohmic conductivities before metallization. On the other hand, a 
decrease of α from 2.4 to 1.4 observed for nanowire 2 at high electric 
field can be related to approaching charge carrier velocity saturation 
regime. The order of current densities 106–107 A/m2 at electric field of 
106 V/m (Fig. 3b,d) remains similar before and after contact metalli
zation, as expected for nanowire interconnects in the SCLC regime [28]. 
DEP aligned CuO nanowire interconnects with mechanical contacts 
were found to be able to withstand current densities reaching up to 108 

A/m2 and voltages in order of 30–50 V corresponding to electric fields 
above 6 ⋅ 106 V/m before electrical breakdown. Therefore, CuO nano
wire interconnects with mechanical contacts are well suited for NEMS 
operating at relatively high electric fields, where SCLC dominates. 

Nanowire DEP interconnects with mechanical contacts were 
compared with alternatively established interconnects made by dry 
mechanical transfer (DMT) of CuO nanowires on Au electrodes. In DMT, 
nanowires from Cu foil were transferred to a flat SiO2 substrate with 
lithographically prepatterned Au electrodes, by pressing the surfaces of 
the two substrates together. From measurements on 16 DEP and 20 DMT 
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single nanowires, most of their I-V show similar non-linear behavior 
following the power law at voltages near 5–10 V. The current densities 
of individual nanowires calculated at voltage of 10 V, where SCLC is 
expected to be dominating mechanism, vary from 103 to 107 A/m2 and 
scale with the nanowire dimensions. 

The nanowire interconnects aligned by DEP had effective lengths of 
4–10 µm, radii of 23–109 nm and aspect ratios L/r of 60–420, close to 
nanowires aligned by DMT with effective lengths of 1.2–8 µm, radii of 
35–134 nm and L/r of 20–150. For nanowires with high aspect ratios, 
current densities in SCLC regime correlate with material properties, 
geometry and applied voltage as [23,28,29]: 

j = ς0

(
L
r

)2

ε0εpμ V2

L3 , (2)  

where ς0 is a factor related to nanowire aspect ratio, and µ is the carrier 
mobility. The dependence between L/r and j ⋅ L3 calculated at 10 V is in 
agreement with a power law j ⋅ L3 ~ (L/r)2 (Fig. 4a, dashed line) for both 
DEP and DMT nanowires in the examined range. Log-log plot (Fig. 4a, 
inset) demonstrates good overlap between DEP and DMT nanowire in
terconnects. Some scatter of the data on the plot can be explained with 
differences in aspect ratios which change ς0, and deviations from pure 
SCLC regime for individual nanowires. 

For long DEP aligned nanowire interconnects, current densities j at 
10 V correlate with their geometrical factor 1/(r2 ⋅ L) (Fig. 4b). The 
average carrier mobility in order of 0.01 cm2/(V ⋅ s) estimated from the 
slope of a linear fit of the graph (Fig. 4b, dashed line) is consistent with 
the range of values between 10− 3 and 10 cm2/(V ⋅ s) for CuO nanowires 
from literature [7,11,30]. 

4. Conclusions 

In summary, we systematically investigated the amount and 
morphology of the nanowire interconnects formed by dielectrophoresis 
at frequencies between 500 Hz and 500 kHz. Percentage of single- 
nanowire interconnects increases near 100 kHz frequency, which is 
defined by dielectric properties of the nanowires and the liquid media. 
Using dielectrophoresis for nanowire alignment between metallic elec
trodes is an approach suitable for fabrication of single-nanowire devices. 

Characterization of the nanowire-electrode electrical contact in
terfaces revealed both ohmic and space charge limited conduction 
mechanisms contributing to the overall conductivity. The contact 
properties for nanowires transferred from liquid by dielectrophoresis 
and nanowires aligned on electrodes by dry mechanical transfer are 
similar. Owing to space charge limited currents, the conductance of the 

nanowire interconnects increases at high voltages, compared to rela
tively low ohmic part below 105 V/m. These nanowires can conduct 
relatively high currents without the additional step of contact modifi
cation, which is advantageous for fabrication of devices with suspended 
nanowires, such as nanoelectromechanical systems. 
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Abstract: The yield and morphology (length, width, thickness) of stoichiometric Bi2Se3 nanoribbons
grown by physical vapor deposition is studied as a function of the diameters and areal number
density of the Au catalyst nanoparticles of mean diameters 8–150 nm formed by dewetting Au
layers of thicknesses 1.5–16 nm. The highest yield of the Bi2Se3 nanoribbons is reached when
synthesized on dewetted 3 nm thick Au layer (mean diameter of Au nanoparticles ~10 nm) and
exceeds the nanoribbon yield obtained in catalyst-free synthesis by almost 50 times. The mean
lengths and thicknesses of the Bi2Se3 nanoribbons are directly proportional to the mean diameters
of Au catalyst nanoparticles. In contrast, the mean widths of the Bi2Se3 nanoribbons do not show
a direct correlation with the Au nanoparticle size as they depend on the contribution ratio of two
main growth mechanisms—catalyst-free and vapor–liquid–solid deposition. The Bi2Se3 nanoribbon
growth mechanisms in relation to the Au catalyst nanoparticle size and areal number density are
discussed. Determined charge transport characteristics confirm the high quality of the synthesized
Bi2Se3 nanoribbons, which, together with the high yield and tunable morphology, makes these
suitable for application in a variety of nanoscale devices.

Keywords: Bi2Se3; nanoribbon; synthesis; physical vapor deposition

1. Introduction

Bismuth Selenide (Bi2Se3) is a layered narrow bandgap semiconductor, which has been
widely studied and demonstrated potential for application in optical recording systems [1],
photochemical devices [2], battery electrodes [3], and thermoelectric devices [4]. This
material belongs to the recently discovered class of three-dimensional topological insulators
(TI), exhibiting conducting states with nondegenerate spins protected by time-reversal
symmetry [5]. The simple surface states make Bi2Se3 an ideal candidate to realize various
unique physical phenomena, such as quantum anomalous Hall effect, superconductivity,
topological magnetoelectric effect, enhancement of thermoelectric figure of merit [5–10], as
well as the bulk bandgap of Bi2Se3 specifies great potential for possible high-temperature
spintronic applications [11].

However, the unique properties of Bi2Se3 surface states are challenging to utilize
practically, as the bulk carriers overwhelm the surface carriers. Bi2Se3 nanostructures,
such as nanoplates, nanowires, and nanoribbons, have emerged as perfect candidates
for exploiting properties of the topological surface states due to their high surface-to-
volume ratio [12,13]. For example, complete suppression of bulk conduction has been
demonstrated in Bi2Se3 nanoribbons thinner than 30 nm [13]. The surface-to-volume ratio
has also been shown to play an important role in tuning thermoelectric properties [14].

Nanomaterials 2021, 11, 2020. https://doi.org/10.3390/nano11082020 https://www.mdpi.com/journal/nanomaterials
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Bi2Se3 nanoribbons can reach lengths of tens of micrometers and even millimeters [15],
allowing one to easily make multiple electrical connections to probe topological transport
properties, as well as can serve as field-effect transistor channels [16] and active elements in
nanoelectromechanical devices [17,18]. Successful applications of Bi2Se3 nanostructures as
nanowires and nanoribbons have been demonstrated in the areas of thermoelectrics [19–21],
photodetection [22], topological insulator devices [23–25], and nanoelectromechanical
devices [17,18].

Both applications of Bi2Se3 nanoribbons in nanoelectromechanical devices and fabrica-
tion of electron transport devices employing topological insulator properties of the material
require certain morphology of the nanoribbons. Methods for obtaining Bi2Se3 nanostruc-
tures include sonochemical [26], solvothermal [27], metal–organic chemical vapor depo-
sition [28], and both catalyst-free and catalyst-assisted physical vapor deposition [12,27].
Catalyst-free physical vapor deposition methods are especially attractive due to the high
quality of the synthesized nanostructures and contamination-free process [29]; however,
these methods result in the formation of diverse nanostructures as nanoplates, nanoribbons,
and nanowires of random morphology formed during one synthesis run. For practical
applications in devices, it is necessary to control the morphology during the synthesis and
to increase the yield of the synthesized nanostructures with the required geometry.

A good candidate for control of the morphology of the Bi2Se3 nanoribbons is catalyst-
assisted synthesis, which has been widely exploited for the production of highly crystalline
nanoribbons that exhibit distinct topological properties [30]. In this method, either as-
deposited or pre-annealed (dewetted) Au thin film or colloidal Au particles have been
used as catalysts promoting vapor–liquid–solid (VLS) [30] or vapor–solid–solid (VSS) [31]
growth of the Bi2Se3 nanostructures. In the classical vapor–liquid–solid (VLS) growth
reported for the 20–30 nm Au nanoparticles, the source material in the vapor phase diffuses
into a liquid-metal catalyst. The concentration of the source material is increased until
the solubility limit is reached and precipitation of the solid nanostructure takes place.
Depending on the size and temperature-dependent surface and body diffusion coefficients
of adatoms, the nucleation and further growth of the nanostructures can occur on the
top (the catalyst nanoparticle remains on the substrate, the nanostructure grows up) or
bottom (the catalyst nanoparticle remains on the tip of the grown nanostructure) surface of
the catalyst nanoparticle [32]. In the VSS growth mode, the vapor of the source material
penetrates the catalyst particle remaining in the solid state; however, there are very limited
reports on Au-catalyzed VSS growth of the Bi2Se3 nanostructures claiming the occurrence
of this mode instead of VLS when the Au nanoparticle size is 300 nm and above [31]. While
it has been reported that the presence of the Au catalyst influences the Bi2Se3 nanostructure
morphology evolution at the initial growth stage, most of the studies of VLS Bi2Se3 growth
employ only one particular size of the catalyst nanoparticles or thickness of the catalyst
layer. To the best of knowledge, there are no reports on the systematic investigation of
the dependence of morphology and yield of the Bi2Se3 nanoribbons on the size and areal
number density of the Au catalyst nanoparticles.

In this work, the Bi2Se3 nanoribbon morphology and yield are studied in relation
to the diameter and areal number density of Au nanoparticles formed during the pre-
annealing of Au catalyst layers of different thicknesses. The contribution of two different
growth mechanisms—catalyst-free and vapor–liquid–solid—to the outcome of the Bi2Se3
nanoribbon synthesis and mechanical transfer of the nanoribbons to other substrates
resulting in the selective transfer of nanoribbons of certain geometry is discussed.

Charge transport properties of the Bi2Se3 nanoribbons grown on the Au catalyst layer
promoting the highest yield indicate consistency with the previously reported nanoribbon
magnetotransport characteristics.
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2. Materials and Methods

Au films with thicknesses from 1.5 to 16 nm were deposited on microscope glass slides
(25 × 75 mm2) using thermal evaporation in a Sidrabe SAF EM metal deposition system.
The films were annealed in an inert atmosphere by heating from room temperature to
585 ◦C for 45 min at a rate of 13 ◦C/min at a starting pressure of 2 Torr. The temperature
was kept at 585 ◦C for 15 min, after which the substrate was allowed to cool naturally.
Then, the size distribution and the areal number density of the formed Au nanoparticles
were characterized using a scanning electron microscope (SEM, Hitachi FE-SEM S-4800,
Tokyo, Japan). The obtained SEM images were analyzed with ImageJ software.

Bi2Se3 nanoribbons were grown on the as-produced dewetted Au substrates [29].
The source material (99.999% Bi2Se3 powder, Sigma-Aldrich, Burlington, MA, USA) was
placed in the center of the quartz furnace tube where the temperature reaches a maximum
of 585 ◦C during the deposition process. The substrates were placed downstream from
the source material where the temperature reaches a maximum of 375–490 ◦C during the
deposition process. The furnace was flushed with nitrogen for 3–5 min, then heated from
room temperature at a rate of 13 ◦C/min for 45 min at a starting pressure of 2 Torr until the
temperature in the center of the furnace reached 585 ◦C. The furnace was held at 585 ◦C for
15 min and cooled down to 535 ◦C at a cooling rate of 8 ◦C/min. When the temperature
had dropped to 535 ◦C, a nitrogen gas flow at a constant pressure of 25 Torr was introduced
into the furnace tube to induce the growth of nanoribbons. When the temperature had
dropped to 475 ◦C, the synthesis was terminated by filling the tube with nitrogen until the
pressure had reached 1 atm.

Number density and distribution of lengths and widths of the nanoribbons were
determined by SEM by inspection of as-grown samples. The thicknesses of the nanoribbons
were determined using an atomic force microscope (AFM, Asylum Research MFP-3D, Santa
Barbara, CA, USA). For AFM characterization, the as-synthesized nanostructures were
mechanically transferred to Si/SiO2 chips by pressing the chip against the region of interest
on the substrate.

The crystalline structure of the synthesized samples was studied using X-ray diffrac-
tion spectroscopy (powder diffractometer X’PERT MRD with Cu Kα radiation source,
Malvern Panalytical Ltd., Malvern, UK), ref. card No. 96-901-1966 [33].

For determination of transport properties, nanoribbons grown on a dewetted Au
layer of initial thickness 3 nm were transferred to Si/SiO2 substrates, and electron beam
lithography (Raith, eLine) followed by metal evaporation (5 nm Ti/80 nm Au, Sidrabe,
Riga, Latvia) was used to fabricate electrical contacts. Magnetotransport measurements
were performed with a Quantum Design DynaCool 9T physical property measurement
system (San Diego, CA, USA). Resistance was recorded in a four-probe measurement setup,
and the magnetic field was applied perpendicular to the nanoribbon top surface.

3. Results and Discussion
3.1. Yield and Morphology

Au nanoparticles with mean diameter from 10 nm to 148 nm and number density from
9 nps/µm2 to 8000 nps/µm2 were formed by dewetting Au layers with initial thickness
from 1.5 nm to 16 nm, with thicker initial Au layers yielding larger Au nanoparticles
(Figure 1a–c).
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nm; (d–f) Bi2Se3 nanostructures synthesized on dewetted Au layers with various initial layer thicknesses: (d) 3 nm; (e) 9 
nm; (f) 13 nm. 
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diameter 〈ܦ〉 was described, approximating 〈ܦ〉 by a power function of ݄ as 〈ܦ〉 	∼ ݄௓ 
[19] (Figure 2a). The blue line shows the equation fitted to the experimental data. Approx-
imating the nanoparticles as perfect spheres and assuming conservation of volume, the 
resultant Au nanoparticle number density ܰ can be estimated by dividing the initial Au 
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By comparing experimentally measured and calculated Au nanoparticle number 
density (Figure 2b), it can be seen that the theoretical model describes the experimental 
data reasonably well. 

Figure 1. SEM images: (a–c) Thermally dewetted Au layers with various initial layer thicknesses: (a) 3 nm; (b) 9 nm;
(c) 13 nm; (d–f) Bi2Se3 nanostructures synthesized on dewetted Au layers with various initial layer thicknesses: (d) 3 nm;
(e) 9 nm; (f) 13 nm.

The effect of the initial Au layer thickness h on the mean dewetted Au nanoparticle
diameter 〈D〉was described, approximating 〈D〉 by a power function of h as 〈D〉 ∼ hZ [19]
(Figure 2a). The blue line shows the equation fitted to the experimental data. Approxi-
mating the nanoparticles as perfect spheres and assuming conservation of volume, the
resultant Au nanoparticle number density N can be estimated by dividing the initial Au
volume per substrate area VL

AS
by the mean volume of the nanoparticle VNP:

N =
VL

AS ·VNP
=

6h

π〈D〉3
.

By comparing experimentally measured and calculated Au nanoparticle number
density (Figure 2b), it can be seen that the theoretical model describes the experimental
data reasonably well.

SEM images of the substrate with deposited Bi2Se3 showed that the surface of the sub-
strate was covered with a layer of Bi2Se3 nanostructures (Figure 1d–f). Energy-dispersive
X-ray spectroscopy measurements confirmed stoichiometric nanostructure growth in a
region where the maximum temperature reached 443 ± 9 ◦C during Bi2Se3 deposition. In
total, more than 70,000 measurements were made in this region to determine nanowire
Bi2Se3 nanoribbon geometrical parameters.
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The areal number density of the Bi2Se3 nanoribbons vs. the initial Au layer thick-
ness showed pronounced non-linear dependence with a maximum at 3 nm thin Au
layer (Figure 3a); however, the number density of the nanoribbons per 1000 nanopar-
ticles showed a linear increase with the increase of the nanoparticle diameter (Figure 3b),
which may indicate increasing domination of the VLS growth mechanism over the catalyst-
free growth, as discussed in detail in Section 3.2 of this article. The mean length of the
synthesized Bi2Se3 nanoribbons showed almost no changes for the initial Au layer thick-
nesses below 5 nm and correspondingly for the Au nanoparticles with diameters below
50 nm; however, the increase of the initial thickness of the Au layer above 5 nm and conse-
quently of the sizes of Au nanoparticle above 50 nm resulted in the pronounced increase
of the mean lengths of the Bi2Se3 nanoribbons (Figure 3c,d). Bi2Se3 nanoribbon length
dependence indicates that larger Au nanoparticles correspond to the increased growth
rate of the nanoribbons, possibly because of an increased Au catalyst surface area, which
enables a greater Bi2Se3 throughput. Positive dependences on the initial thickness of the
Au layer and on the diameter of the Au nanoparticles were also observed for the mean
thickness of the Bi2Se3 nanoribbons (Figure 3e,f). The nearly linear relationship between
Bi2Se3 nanoribbon thickness and Au nanoparticle size can be explained by the effect of
surface stresses at the VLS triple-phase junction during nanoribbon growth [34]—the angle
between the Au nanoparticle and Bi2Se3 nanoribbon α is a function of surface tensions:
sinα = γVS/γVL = T/DNP, where γVS is the vapor/solid surface tension, γVL is the
vapor/liquid surface tension, T is nanoribbon thickness and DNP is nanoparticle diameter.
If the angle between the Au nanoparticle and Bi2Se3 nanoribbon surfaces is constant, then
the nanoribbon thickness is expected to be directly proportional to nanoparticle diameter.
In contrast, the mean width of the Bi2Se3 nanoribbons vs. Au layer thickness as well as vs.
Au nanoparticle diameter showed pronounced non-linear dependence with a minimum at
3 nm thin Au film and Au nanoparticles with diameters ~10 nm (Figure 3g,h). Presumably,
the widths of the nanoribbons may depend on the prevailing nucleation and growth mode
and be governed either by the size of the Au nanoparticle or by the nanoplate seed, as
is discussed in detail in the next section. It should also be noted that the widths of the
nanoribbons were extracted from the SEM images of as-grown samples by measuring the vi-
sualized projections of the nanoribbons, which does not allow high-accuracy determination
of actual nanoribbon width.
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3.2. Growth Mechanism

A significant part of the nanoribbons was found to be growing from the nanoplates
seeds (Figure 4a), which is consistent with the growth mechanism observed in the simi-
lar two-step catalyst-free synthesis process [13,29] when the width of the nanoribbon is
governed by the width of the nanoplate facet it starts from.
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The XRD spectra of Bi2Se3 nanostructures synthesized on the dewetted layers of Au
particles of mean diameters ~10 and ~85 nm, obtained from 3 nm and 13 nm thick Au layers,
respectively, with the XRD spectra of Bi2Se3 nanostructures grown on a glass substrate by
the catalyst-free method showed a decreased intensity of diffraction peaks corresponding
to Bi2Se3 nanostructure growth with the c-axis perpendicular to the substrate surface
(peaks at 9.26◦, 18.58◦, and 27.94◦ correspond to Bi2Se3 crystallographic planes (003), (006),
and (009), all belonging to the (003n) group), accompanied by an increase of intensity for
diffraction peaks related to other Bi2Se3 crystallographic planes (104), (015), (1010), and
(110) (Figure 5). According to previous reports, the increase of intensity of these XRD
peaks has a direct correlation with the number of the Bi2Se3 nanoplates tilted relative to the
substrate surface under the angles of 35◦, 54◦, and >65◦, respectively, which was confirmed
by the AFM [35] and SEM [13] characterization.

These XRD peaks are the most intensive for the Bi2Se3 nanostructures grown on 3 nm
(nanoparticle size ~10 nm) thick Au layer (Figure 5b), indicating the highest number of
the tilted nanoplates in comparison to the other samples and explaining the highest yield
of the Bi2Se3 nanoribbons per area unit (Figure 3a), as it was reported previously that the
tilted nanoplates promote the nanoribbon growth [13]. Presumably, the large number of
tilted nanoplates originates from their growth initiated by the VLS growth mechanism with
prevailing Bi2Se3 nucleation mode on the top surface of the Au nanoparticles due to their
small diameters [31,32]. Formed on the top of the catalyst nanoparticles, these nanoplates
promote further catalyst-free growth of the nanoribbons. At the same time, ~20–30% of the
Bi2Se3 nanoribbons grown on this sample had a Au nanoparticle on its tip, indicating a
VLS growth mechanism with the nucleation on the bottom surface of the catalyst, which is
expected for the Au catalyst nanoparticles of large diameters. In this case, the width of the
nanoribbon is governed by the size of the Au nanoparticle. While typically, the VLS-grown
anisotropic nanoribbons are wider than the diameters of the catalyst nanoparticles [36],
the size of the nanoparticle limits the maximal widths of the nanoribbons. For example,
the widths of the nanoribbons grown on 20 nm Au nanoparticles typically do not exceed
100 nm for the nanoparticles with a diameter ~20 nm [37]. Thus, the contribution of the
relatively narrow VLS-grown nanoribbons results in an indicative decrease of their mean
widths for the sample grown on 1.5 nm and 3 nm (nanoparticle size ~8–10 nm) thin Au
layers in comparison with the nanoribbons grown by catalyst-free method (Figure 3g).
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The sample grown on the 13 nm thin Au layer (mean Au nanoparticle diameter
~85 nm) had less intensive XRD peaks related to the tilted nanoplates (Figure 5b) in com-
parison with the sample synthesized on a 3 nm thin Au layer, which may explain the
decrease of the areal number density of the nanoribbons grown on 13 nm thin Au layer
(Figure 3a). At the same time, significantly higher in comparison with the samples synthe-
sized on 3 nm Au layer proportion of the nanoribbons presented a Au nanoparticle on its
tip (~60–70%) (Figure 4b). This indicates VLS [5] or even VSS [31] growth mechanism with
Bi2Se3 nucleation and growth occurring on the bottom surface of the nanoparticle, which
is expected for the Au catalyst nanoparticles with diameters above 20 nm at the growth
temperature used in the experiments (~450 ◦C) [32]. Larger Au nanoparticle diameters
result in larger widths of the grown nanoribbons due to the higher throughput of the source
vapor. Additionally, the relatively large and rarely located Au nanoparticles formed by
the dewetting of thicker than 5 nm (Figure 2) Au layers allow growth of the planar (with
c-axis oriented perpendicularly to the substrate surface) Bi2Se3 nanoplates between the
Au nanoparticles, which is proved by the presence of dominating (003) diffraction peak
at 2Θ 9.26◦ in the XRD pattern of this sample (Figure 5). Some of the planar nanoplates
become seeds for the catalyst-free growth of the Bi2Se3 nanoribbons, which are normally
wider in comparison with the catalyst-grown (Figure 4c) [29]. The total contribution of the
widths of the VLS-grown and catalyst-free grown nanoribbons to the statistics results in a
slight increase of the mean widths of the nanoribbons with the increase of the thickness
of the initial Au layer above 3 nm and diameters of the Au nanoparticles above 20 nm
(Figure 3g,h).

The statistical results on the dependence of the mean length, thickness, and width of
the Bi2Se3 nanoribbons clearly show that the required geometry of the nanoribbons can
be obtained by choice of the initial thickness of the Au layer or by choice of diameter of
catalyst nanoparticles; however, practical applications of the nanoribbons often require
their transfer to other surfaces. Depending on the initial thickness of the Au layer and
correspondingly, the diameters of the Au nanoparticles formed by dewetting of these
layers, the nanoribbons of certain widths may be selectively transferred by a mechanical
pressing process. In this process, only the nanoribbons having weak adhesion to the
substrate/nanoplate seed and freestanding above the substrate surface are transferred. The
mean width of the mechanically transferred Bi2Se3 nanoribbons vs. thickness of the initial
Au layer showed a minimum for the catalyst-free synthesis and a maximum for the sample
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synthesized on a 3 nm thin Au layer. The mean widths of the nanoribbons transferred from
the samples grown on thicker Au layers showed a tendency for a slight decrease followed
by a slight increase, but these deviations were within error limits (Figure 6a).
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The width distribution histogram (Figure 6b) showed the differences in statistically
prevailing nanoribbon widths in samples synthesized on Au layers of different thicknesses.
The largest percentage (~25–35%) of the Bi2Se3 nanoribbons narrower than 100 nm was
transferred from the samples synthesized on Au layers with thicknesses 3 nm and 9 nm.
The percentage of Bi2Se3 nanoribbons wider than 300 nm was maximal (~20%) for the
sample synthesized on a 1.5 nm thin Au layer and gradually decreased with the increase
of the Au layer thickness. In turn, ~90% of the nanoribbons transferred from the sample
grown on a 13 nm thin Au layer had widths between 100 and 300 nm. These findings
are important for the applications employing blind transfer of the nanoribbons due to the
high probability that the nanoribbons of the required geometry will be transferred to the
desired locations.

3.3. Carrier Transport Properties

Due to their high yield, Bi2Se3 nanoribbons from the synthesis with an initial Au layer
thickness of 3 nm were selected for electron transport property measurements. In total,
four nanoribbons of different thicknesses (32–120 nm) were measured. A SEM image of
one of the nanoribbon devices is shown in Figure 7a. Temperature dependence of the sheet
resistance for all the measured nanoribbons is plotted in Figure 7b (RxxSheet = Rxxw/L,
where Rxx is the resistance measured with a four-probe configuration, L is the length and
w is the width of a nanoribbon). Its nearly linear behavior indicates metallic conduction
frequently observed in Bi2Se3 [38–40].

Magnetoresistance Rxx(B) dependence at a temperature of 2 K shows oscillations
at the magnetic field above ~4 T (Figure 7c, nanoribbon NW3, t = 120 nm). These are
the Shubnikov–de Haas oscillations (SdHO). Residual resistance ∆Rxx obtained by re-
moval of polynomial background is not strictly periodic in 1/B (Figure 7d), and Fourier
transform gives three frequencies, all below 100 T (see in the inset of Figure 7c). The
multiple-frequency SdHO (3 frequencies, all below 100 T) were also recorded for the
three other nanoribbons of smaller thicknesses (32, 45, and 56 nm). The multi-frequency
SdHO pattern has previously been reported for Bi2Se3 nanoribbons with thicknesses above
~30 nm [13,15,40,41]. Here, measured nanoribbons are of relatively large thicknesses, and
the complex pattern of the SdHO originates from the coexistence of the 3D bulk carriers,
the 2D topological surface states, and (or) trivial 2D states [13,40,41].
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Figure 7. Magnetotransport in 3 nm Au-PVD Bi2Se3 nanoribbons: (a) SEM image of Bi2Se3 nanoribbon device used
in transport measurements (nanoribbon A5-1); (b) sheet resistance RxxSheet (= Rxxw/L) as a function of temperature.
(c) Magnetoresistance Rxx of the nanoribbon NW3 measured at 2 K. Inset: FFT spectra of Shubnikov–de Haas oscillations.
(d) Shubnikov–de Haas oscillations with the subtracted background of the nanoribbon NW3, measured at temperatures
2–30 K. (e) Cyclotron mass versus magnetic field. Inset: oscillation amplitude as a function of temperature, dashed blue line
is the LK fit yielding mc = 0.130me and the data correspond to the 2nd peak from the left in the ∆Rxx(1/B) plot. (f) Sheet
resistance versus nanoribbon thickness for Bi2Se3 nanoribbons synthesized using different approaches: catalyst-free PVD
on a glass substrate, data from [41], catalyst-free PVD on anodized alumina (AAO), data from [13], Au-PVD, data from [38].

The temperature dependence of the SdHO (Figure 7d) was measured to determine the
cyclotron mass mc. The values of mc at a given magnetic field were estimated by fitting
the oscillation amplitude ∆Rxx temperature dependence with the Lifshitz–Kosevich (LK)
theory [42]. The ∆Rxx(T) dependence at B = 8 T with the corresponding LK fit is plotted
in the inset of Figure 7e, and determined masses are shown in Figure 7e. The calculated
mc varies from ~0.105 to 0.147 me, where me is the electron mass. The previously reported
value of 0.13 me determined by the ARPES of Bi2Se3 bulk single crystal [39] fits well within
this range, indicating the high quality of the Bi2Se3 nanoribbons synthesized in this work.

Figure 7f summarizes determined RxxSh. for all four measured Bi2Se3 nanoribbons.
These data are comparable to the sheet resistances of Bi2Se3 nanoribbons synthesized using
the: (1) catalyst-free PVD on a glass substrate, (2) catalyst-free PVD on AAO substrate, and
(3) Au-PVD approach. The nanoribbons grown using the 3 nm-Au-PVD approach have an
RxxSh. approximately 2–3 times higher. This implies lower carrier density and indicates
that the chemical potential in these nanoribbons could be tuned more efficiently by gating
techniques, which is important in accessing the transport via the surface Dirac states.

4. Conclusions

Physical vapor deposition of Bi2Se3 nanoribbons on dewetted Au layers allows tuning
Bi2Se3 nanoribbon morphology and yield through the initial Au layer thickness. The
initial Au layer thickness impacts the size and number density of Au nanoparticles and,
consequently, the yield of synthesized Bi2Se3 nanoribbons—the highest nanoribbon number
density is achieved at an initial Au layer thickness of 3 nm. There are more tilted Bi2Se3
nanostructures synthesized on dewetted Au, compared to catalyst-free syntheses. A larger
amount of tilted Bi2Se3 nanostructures corresponds to a larger nanoribbon number density.
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Changes in nanoribbon geometry suggest that the dominating Bi2Se3 nanoribbon growth
mechanism possibly depends on the diameter and number density of Au nanoparticles. For
the initial Au layer thicknesses below 5 nm (average size of Au nanoparticles ~8–10 nm),
the catalyst-free Bi2Se3 nanoribbon growth from the tilted relative to the substrate surface
Bi2Se3 nanoplate seeds dominates. For the initial Au layers of thicknesses above 5 nm
(average sizes of Au nanoparticles 20–150 nm), the vapor–liquid–solid mechanism with
nucleation at the bottom surface of the Au catalyst nanoparticle becomes dominant.

Different frequencies extracted from observed Shubnikov–de Haas oscillations in the
synthesized nanoribbons indicate the presence of 3D bulk carriers, as well as 2D topo-
logical surface states and (or) trivial 2D states. Determined values of the sheet resistance
are about two times higher compared to the ones reported for catalyst-free synthesized
nanoribbons, the potential for improving tunability of chemical potential via electrostatic
gating and accessing the transport via topological surface states. This confirms that the
use of thermally dewetted Au catalyst layers for the high-yield synthesis of Bi2Se3 nanorib-
bons with tuned morphology does not result in degradation of transport properties of
the nanoribbons. The possibility of adjusting synthesis parameters in order to tune the
yield and morphology of synthesized Bi2Se3 nanoribbons and good transport properties
makes them great candidates for applications in nanoelectromechanical devices, where
the geometry of the active element determines the operational parameters of the device.
The mechanical transfer of the Bi2Se3 nanoribbons grown on Au layers of different initial
thicknesses and, respectively, on Au nanoparticles of different diameters is found to be
selective to the nanoribbon geometry. This allows transferring to the other substrates the
nanoribbons of required geometry with an efficiency of up to 90%.
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Abstract: Electrostatically actuated nanoelectromechanical (NEM) switches hold promise for op-
eration with sharply defined ON/OFF states, high ON/OFF current ratio, low OFF state power
consumption, and a compact design. The present challenge for the development of nanoelectrome-
chanical system (NEMS) technology is fabrication of single nanowire based NEM switches. In this
work, we demonstrate the first application of CuO nanowires as NEM switch active elements. We de-
velop bottom-up and top-down approaches for NEM switch fabrication, such as CuO nanowire
synthesis, lithography, etching, dielectrophoretic alignment of nanowires on electrodes, and nanoma-
nipulations for building devices that are suitable for scalable production. Theoretical modelling finds
the device geometry that is necessary for volatile switching. The modelling results are validated by
constructing gateless double-clamped and single-clamped devices on-chip that show robust and
repeatable switching. The proposed design and fabrication route enable the scalable integration of
bottom-up synthesized nanowires in NEMS.

Keywords: nanoelectromechanical switch; NEMS; nanowires; bottom-up; CuO

1. Introduction

The nanoelectromechanical (NEM) switch stands out as an energy-efficient candidate
for logic and memory applications, due to two most important characteristics of mechanical
switching: well-defined ON and OFF states and zero OFF state current [1–3], thus making
it the ideal switch. Because atomic diffusion does not significantly impact the performance
of these devices, mechanical switches can withstand a higher temperature than their
conventional electronic-only semiconductor counterparts [2,4]. Despite the promising
characteristics, the scalable fabrication and reliability of NEM switches is still an ongoing
effort from both the characterization and technological perspectives [1,2].

The operation and properties of NEM switches can be experimentally explored by two
approaches: using nanomanipulations in situ inside transmission [5–9] or scanning [10–12]
electron microscopes and as micro-/nanofabricated on-chip devices [13–18].

The ability of rapid adjustment of the NEM switch configuration is an advantage of the
in situ electron microscopy approach while using nanomanipulations [10–12], which allows
for exploring different working regimes without the repetitive nanofabrication of multiple
devices. Novel methods for NEM switch operation have been previously demonstrated in
situ, such as decreasing of the switch-ON and switch-OFF voltages by using oscillations
at resonance frequencies [10,12]. In situ characterization inside TEM and SEM have also
allowed for the determination of the mechanical properties of NEM switch active elements,
such as Young’s modulus [5,19–21], breaking strength [5], and resonant behavior [21,22].
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The first on-chip devices were implemented while using carbon nanotube (CNT)-
based nanorelays [13], followed by different metals [14,23], semiconductors [17,18], and,
recently, also TiN ceramics [15] and Cu [16]. Most efforts in the fabrication of NEM switches
have focused on the top-down approach, integrating the fabrication of the active element
in a complex process flow [4,14,15,24]. However, this constrains the available materials
and design architectures that are compatible with lithographic processing. The alterna-
tive use of bottom-up synthesized quasi-one-dimensional (1D) nanostructures (nanotubes,
nanowires) [10,12,25] taps into an exciting field of various materials with different proper-
ties and versatile functionality for application in NEM switches.

Among the bottom-up synthesized 1D structures, CNTs are, by far, the most popular
choice for NEM switches, due to their high Young’s modulus [25] and high resonance
frequencies [26]. However, CNT-based NEM switches suffer from ablation during con-
tact and they require additional electrode coating (e.g., diamond-like-carbon) to enhance
contact reliability [27]. Single-crystalline and defect-free semiconductor nanowires [28],
such as Si [17], Ge [8,29], and GeSn [12], have also been explored as potential candidate
materials and demonstrated reliable operation at voltages up to 40–50 V. This enables their
applications for high-voltage and low-current devices. CuO is a narrow band gap semicon-
ductor that can be thermally oxidized in order to produce nanowires. It has been recently
shown that CuO nanowires exhibit mechanical and electrical properties that are suitable
for NEM switch applications [30,31]. High yield, controllable morphology of the as-grown
nanowires and the low cost and simplicity of the method motivate the investigation of
CuO nanowire use in NEM switches.

One of the greatest challenges for NEM switch fabrication while using bottom-up
methods is the precise positioning of the active elements relative to the metal electrodes.
The assembly of bottom-up synthesized active elements for NEM switches can be real-
ized by spin-coating of the nanowire suspension [32], using dry mechanical transfer [33],
dielectrophoresis (DEP) [34–36], and mechanical manipulation [37,38]. Dry mechanical
transfer by pressing the substrate with nanowires against the chip with electrodes is fast
and cost-effective, but it cannot ensure the nanowire positioning in predefined locations.
Mechanical manipulation allows for precise alignment, but it is very time consuming.
The DEP technique that is used in the present study increases the device fabrication
throughput significantly by careful tuning of process parameters. The suspended length of
the nanowire, number of nanowires, and their alignment direction on the electrodes can be
efficiently controlled by DEP parameters (frequency, voltage, time), hydrodynamic forces,
distance between the electrodes, and their shape and size [34,35].

To the best of our knowledge, integration of bottom-up synthesized semiconductor
nanowires in NEM switches on-chip and their operation has not yet been tested. Here,
we develop a theoretical model for optimizing the device parameters for volatile NEM
switch operation. The model is used to calculate the switch-ON voltages for different NEM
switch dimensions. Based on the acquired theoretical results, the full fabrication process
of single- and double-clamped NEM switch is performed: (1) a scalable cost effective
synthesis of CuO nanowires [30] for use as the NEM switch active elements; (2) fabrication
of micropatterned device electrodes; and (3) dielectrophoresis [33] to align the nanowires
on the electrodes. The developed NEM switches are tested for volatile switching in order
to validate the theoretical results for both double-clamped and single-clamped devices.

2. Materials and Methods

Copper oxide (CuO) nanowires were synthesized by thermal oxidation of a Cu foil
(99.9% purity, 25 µm thickness; Goodfellow GmbH, Hamburg, Germany) in a tube furnace
(GSL-1100X, MTI Corporation, Richmond, CA, USA) at 500 ◦C for 3.5 h in ambient air, as re-
ported in [30,39]. Figure 1a shows the typical process flow for the fabrication of electrodes
and alignment of the as-synthesized nanowires. For microelectrode fabrication, AZ 1505
photoresist (Microchemicals GmbH, Ulm, Germany) was spin coated on a silicon substrate
with thermal silicon dioxide (Microchemicals GmbH, Ulm, Germany) and then patterned
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using maskless optical lithography direct write system (Heidelberg µPG 101 Micro Pattern
Generator, Heidelberg Instruments Mikrotechnik GmbH, Heidelberg, Germany) with a
375 nm laser source by the following procedure. Si substrates with 1000 nm thick thermal
SiO2 were cleaned, and then a pattern was defined in a first photoresist layer. After post-
bake of the photoresist, the exposed SiO2 was etched with a commercially available buffered
oxide etch (BOE 7:1 with Surfactant; Microchemicals GmbH, Ulm, Germany) (Figure 1(a1))
in order to define the distance between the active element and the electrode. 10 nm Cr
adhesion layer/70 nm Au layer (Kurt J. Lesker Company, Jefferson Hills, PA, USA) was
thermally evaporated into the etched trenches (Figure 1(a2)) to obtain actuation electrodes.
After lift-off, the second layer was aligned and patterned while using metal evaporation
and lift-off (Figure 1(a3)) in order to define DEP electrodes. Nanowires were assembled
on microelectrodes while using dielectrophoretic alignment (Figure 1(a4)) to yield final
devices with nanowires that were suspended over a gold electrode (Figure 1(a5)).
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Figure 1. (a) Process flow for fabrication of microelectrodes involving etching of thermal SiO2 (1), deposition of metal
electrodes (2, 3) and dielectrophoretic assembly and supercritical drying (4) to yield the final suspended device (5).
SEM images showing side view of a single nanowire aligned on 2 µm wide electrodes by (b) DEP without supercritical
drying, (c) dielectrophoresis (DEP) followed by supercritical drying; (d) SEM image showing top-view of multiple nanowires
aligned on 20 µm wide electrodes; and, (e) the removal of excess nanowires by nanomanipulations with etched gold tip
(tip shown in upper right side of the image).

To remove the nanowires from the oxidized Cu foil, the sample was placed in isopropyl
alcohol and then ultrasonicated for 3 s. For DEP alignment, the as-fabricated chips were
immersed in a nanowire-isopropanol suspension, applying AC signal with frequency of
50 kHz [33]. A floating electrode DEP configuration [40,41] was employed, which consisted
of an array of two opposing electrodes. One electrode was connected to a common line
to which the AC signal was applied. The opposite DEP electrode was held at a floating
potential. AC ground was connected to the back of the silicon substrate. Separate actuation
electrodes were fabricated between pairs of DEP electrodes, so that the voltage bias could
be individually applied to each single-nanowire device. This design allowed for decoupling
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and analyzing single device characteristics from the DEP array without parallel interference
from the other devices.

For the alignment of single nanowires in a double-clamped configuration, DEP was
performed on 2 µm wide tapered electrodes (Figure 1b,c). In order to increase the yield
of suspended nanowires, 20 µm wide electrodes for multiple nanowire DEP alignment in
both single-clamped and double-clamped configurations were used (Figure 1d,e). Finally,
to avoid nanowire’s stiction by capillary forces to the substrate during drying (Figure 1b),
supercritical CO2 drying was carried out to produce suspended nanowires (Figure 1c).

Electrode structure and topography were inspected in a scanning electron microscope
(Hitachi FE-SEM S-4800, Hitachi Ltd., Chiyoda, Tokyo, Japan) and atomic force micro-
scope (AFM, MFP-3D, Asylum Research Inc., Santa Barbara, CA, USA) to find suitable
devices. Nanowire manipulation (SmarAct 13D nanomanipulations system, SmarAct
GmbH, Oldenburg, Germany) inside the SEM with etched sharp gold tips was used in
order to remove other nanowires in cases where more than one nanowire was bridging the
gap between the electrodes (Figure 1d,e).

The switches were electrically tested ex situ in a custom-built vacuum chamber and in
SEM for visual inspection to monitor the structural stability of the switch.

Numerical calculations were carried out using FreeFem++ software (FreeFem++,
version 3.5.8, http://www3.freefem.org/).

3. Results and Discussion
3.1. Fabricated CuO Nanowire-Based NEM Switch Configurations

The NEM switches that were fabricated in this work were tested in two different
configurations—double-clamped and single-clamped. A single-nanowire double-clamped
NEM switch device consists of a nanowire, lying flat on two gold electrodes that serve
as both DEP electrodes for alignment and as the grounded switch source terminal (S)
(Figure 2a–c). A single-nanowire single-clamped NEM switch has a similar configuration,
but with the nanowire only fixed at one end (Figure 2a,e,f). A voltage was applied between
the nanowire and lower gold drain electrode (D) to create electrostatic force FE that pulls
the nanowire towards D. When the switch-ON voltage VON was reached, a sharp current
increase was detected in the circuit (Figure 2d,g). Switch-OFF voltage VOFF was registered
when the sum of FE and adhesion force FA in the contact became smaller than elastic tension
force Fx in the nanowire and electric current fell to the current noise floor. Switch-OFF
occurred at voltages that are lower than those for the switch-ON due to the presence of
adhesion force FA.

3.2. NEM Switch Model

We modelled the forces that lead to the switch-ON and switch-OFF events in order
to find the optimal operational and design parameters for repeatable NEM switching in a
double-clamped setup. The balance between the electrostatic, elastic, and adhesion forces
during switching were analyzed by combining the analytic and numerical approaches.
The VON was estimated for a range of nanowire diameters, corresponding to the diameter
distribution acquired during synthesis. The characteristic range of nanowire diameters for
CuO nanowires that were obtained by thermal oxidation in ambient air was approximately
50–200 nm [30] and the minimum distance between the side electrodes in the NEM switch
was 6 µm (Figure 2b), which was chosen to ensure a reproducible photolithography process.
The mechanical behavior of a double-clamped nanowire with suspended length L0 in
response to an external electrostatic force can be described while using the Euler–Bernoulli,
Equation (1)

Y(4)(ξ)− Fx(ξ)Y(2)(ξ)− FE(ξ) = 0, ξ =
L
L0

(1)
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Figure 2. (a) Optical microscope image of a device connected to a micropatterned gold electrode line that joins it with
other devices; (b) SEM image of a double-clamped single nanoelectromechanical (NEM) switch device in an array of
2 µm wide electrodes; (c) Schematics for a double-clamped nanowire switch in OFF and (d) ON state; (e) SEM image
of a single-clamped nanowire in an electrically identical setup with wide (20 µm) DEP electrodes; (f) Schematics for a
single-clamped nanowire switch in OFF and (g) ON state. Relevant design parameters shown in (c,d,f,g) are suspended
nanowire length L0, nanowire diameter d and distance between nanowire and electrode z0.

In (1), Y stands for a perpendicular displacement, ξ-for the normalized coordinate
along the nanowire, it coincides with the x axis, when the nanowire is not deformed (voltage
is not applied), Fx is a tension force, and FE is the linear density of the electrostatic force
(Figure 3). The derivatives over the normalized coordinate are represented as upper indices
in parentheses. Equation (1) can only be used in the case of small curvatures. The range of
distances between the nanowire and the electrode D was chosen in order to ensure that the
switch would operate in the small curvature regime. An extra-tension force is induced at
the nanowire-electrode contacts due to large curvatures, as described in [42]. It should be
mentioned that all of the physical quantities with the dimensionality of length are given in
units of the nanowire length, except the nanowire’s suspended length L0 itself.
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The linear density of the electrostatic force is given as an integral over the correspond-
ing circular cross section perimeter (2) (Figure 3a).

FE =
4ε0

πEL0R3

∫ 2π

0

(
dϕ

dr

)2
cos αdα (2)

In (2), E stands for the material Young’s modulus, ε0 for the permittivity of vacuum,
R for the radius of the nanowire cross section, and ϕ for the electric potential on the
surface. We consider the nanowire as an infinite conducting cylinder. The integration of
electric potential over a cross-section perimeter of the nanowire is carried out in order
to find the linear density of electrostatic force FE. If the displacement in axial direction
is forbidden, then the nanowire will experience tension force Fx. This allows for one to
obtain an analytic formula for the electric potential, and, finally, using (2), for the required
electrostatic force (3).

FE =
16

EL0R4
V2ε0√

z2 − R2Lnc2
, c =

2z2

R2

(
1−

√
1− R2

z2

)
− 1 (3)

In (3), z stands for the distance from the cylinder axis to the counter electrode, but V
for the applied voltage. To use the obtained Formula (3) in Equation (1), it is necessary
to adjust the distance to the counter electrode for each cross section according to the
nanowire deflection.

z = z0 + Y(ξ) (4)

In (4), z0 represents an initial distance from the nanowire axis to the counter electrode
(Figure 3a).

The boundary conditions at the nanowire endpoints determine the tension force Fx
in Equation (1). If at least one of the nanowire endpoints can slide in the axial direction,
then the Fx is equal to zero. If they are fixed in the axial direction at both ends, then the
nanowire will be under tension due to inevitable elongation when it is attracted to the
counter electrode, and the tension force Fx can be written as:

Fx =
4

R2

[
1−

∫ 1

0

√
1−

(
Y(1)(ξ)

)2 dξ

]
(5)

In all cases, we considered the nanowire axis direction to be fixed, because of the
substantial length of nanowire lying on the electrode. This leads to the following boundary
conditions for the perpendicular deflection of the nanowire:

Y(0) = Y(1) = Y(1)(0) = Y(1)(1) = 0 (6)

In order to estimate the VON, the problem that is formulated by Equations (1) and (3)–(6)
has been numerically solved for a set of increasing values of electric voltage. The threshold
voltage, above which the solution could no longer be found (the deformed nanowire
intersects the surface of the counter electrode) is reported as VON.

Figure 3b shows the calculated results for VON as a function of nanowire diameter for
three different suspended lengths of the nanowires (6, 8, and 8.6 µm) and three different
distances between the nanowire and the electrode (120, 180, and 200 nm). The L0 and z0
values were chosen according to the fabrication method. The calculated VON values ranged
from 2 to 48 V for NEM switches while using nanowires with diameters in the range of
50–200 nm, which are typical for the used synthesis method. We use the model to find
design parameters (L0, and z0) that allow for operating in the VON range below 50 V to
prevent burn-out of the nanowire and minimizing the current induced changes in the
contact [8,9,22].
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For the switch-OFF to occur, the elastic force of the nanowire should exceed the
adhesion force in the contact. For finding the adhesion force Fadh, we used the Maugis–
Dugdale model adapted by Carpick et al. [43], which has been used for calculations
of adhesion force in NEM switch nanowire–electrode contacts and it has shown good
agreement with the experimental data [8–10].

The restoring elastic force Fel of the nanowire in contact was found when assuming
that adhesion force in contact acts as a point force applied in the middle of the beam.
The equation that describes such a case is

Fel =
48EIz

L3
0

(7)

where I is the second moment of area of the nanowire and L0–suspended length of
the nanowire.

We find that, for example, for a nanowire with a diameter of 150 nm, the optimal
suspended nanowire’s length is in the range of 6–8 µm and the initial distance between the
nanowire and electrode z0: 120–190 nm. If these conditions are satisfied, then the calculated
elastic force (5.2–8.7 × 10−6 N) in the nanowire exceeds the adhesion force in the contact
(4.1–7.9 × 10−6 N), thus allowing for a successful switch-OFF and repeated operation of
the NEM switch.

3.3. Model Comparison with Experimental NEM Switch VON Data

Drawing on the modelling results, we chose distances between the nanowire and
electrode to be 120 and 190 nm, suspended nanowire lengths from 6.2 to 9.2 µm to fabricate,
and experimentally analyze CuO NEM switches. The resolution of the photolithography
limited further downscaling of suspended lengths. The experimentally determined VON
values fell within the pre-determined range for the calculated VON values: from 4.5 V for
50 nm thin nanowire up to 49 V for 210 nm thick nanowire for different suspended lengths
from 6.2 to 9.2 µm (Figure 4a). Here, all of the fabricated NEM switches are taken into
account, including those that only showed one or several operation cycles due to stiction
failure. The next section, will consider a typical device that showed volatile operation
through many cycles.

As the ends of the nanowire are held to the electrode substrate by adhesion force only,
their sliding along the surface of the substrate must be considered. The experimentally
determined values for VON were compared with calculated ones considering two different
scenarios—with or without nanowire sliding at the contact (Figure 4a). For geometries
that were considered in this work sliding during switch-ON can cause a decrease in VON
up to 20 % (Figure 4a). The experimentally obtained VON values are higher in all cases.
except for one (Figure 4a, device 6), which could indicate sliding in the contact in this
single case. It also should be noted that the sliding could be overlooked if the Young’s
moduli of the individual nanowires are higher than the average value of 155 GPa [30] used
in our calculations. The sliding-induced decrease of the VON in some cases can be observed
during repeated cycling and its possible applications will be discussed later. In order to
ensure a stable contact between the nanowire and the electrode, an additional fabrication
step could be employed, either by lithography or electron beam induced deposition of a
metal. However, this increases the complexity of the fabrication process.



Nanomaterials 2021, 11, 117 8 of 13

Nanomaterials 2021, 11, x FOR PEER REVIEW 8 of 14 
 

 

step could be employed, either by lithography or electron beam induced deposition of a 
metal. However, this increases the complexity of the fabrication process. 

 
Figure 4. (a) Comparison of experimentally determined and calculated VON values for six samples (labeled 1…6) with 
different nanowire diameter d and suspended length L0 values and two initial distances between the nanowire and the 
electrode z0 (120 nm and 190 nm). VON was calculated for two different cases: with and without sliding of the nanowire 
ends. (b) I–V cycling characteristics of a single device (#6) with voltage applied between S contacts. I–V cycling starts—
from maximum voltage absolute value |Vmax| of 10 V. The absolute value of maximum voltage is increased during every 
next cycle. Inset zooms in on the I–V plots for voltages up to 8 V, showing a reduction of contact resistance. 

3.4. Characterization, Testing and Optimization of Fabricated NEM Switches 
In the following section, we describe contact property engineering, operation, and 

stability of a typical volatile NEM switch device (#6). 

3.4.1. Reduction of Nanowire-Electrode Contact Resistance by I–V Cycling 
Nanowires that are aligned with DEP may have large contact resistances that can 

typically be improved by high temperature annealing or argon ion etching [44]. Here, we 
use an approach that was suggested by Meija et al. [22] employing I–V cycling to improve 
both contact electrical conductivity and its mechanical strength, which can reduce sliding 
in the contact. I–V cycling was carried out by applying voltage between the S-S electrodes 
that support the ends of the nanowire (Figure 4b inset). I–Vs were measured biasing from 
0 V to 10 V and symmetrically from 0 V to −10 V with 0.1 V increment. For every next 
cycle, the absolute value of the maximum voltage |Vmax | was increased with a 10 V step 
until it reached 50 V (Figure 4b). SEM analysis showed no signs of nanowire degradation, 
which demonstrated the suitability of CuO active elements for high voltage applications. 
The symmetric and nonlinear shape of the I–V curves (Figure 4b) suggests that current 
conduction in these nanowires is a combination of ohmic and space-charge-limited cur-
rents, as reported previously [33,45]. The current flowing through the nanowire during I–
V cycling induces Joule heating at nanowire-electrode contacts. The I–V characteristics of 
all NEM switches examined in this work showed an increase of CuO nanowire conduc-
tivity with cycling. Figure 4b shows the results for a single NEM switch. The conductivity 
of the system increased almost two times during 10 cycles. This may be attributed to both 
enhanced contact [22] and nanowire conductivity [46]. 

3.4.2. Initial Stages of NEM Switch Operation: VON Stabilization 

Figure 4. (a) Comparison of experimentally determined and calculated VON values for six samples (labeled 1 . . . 6) with
different nanowire diameter d and suspended length L0 values and two initial distances between the nanowire and the
electrode z0 (120 nm and 190 nm). VON was calculated for two different cases: with and without sliding of the nanowire
ends. (b) I–V cycling characteristics of a single device (#6) with voltage applied between S contacts. I–V cycling starts—from
maximum voltage absolute value |Vmax| of 10 V. The absolute value of maximum voltage is increased during every next
cycle. Inset zooms in on the I–V plots for voltages up to 8 V, showing a reduction of contact resistance.

3.4. Characterization, Testing and Optimization of Fabricated NEM Switches

In the following section, we describe contact property engineering, operation, and sta-
bility of a typical volatile NEM switch device (#6).

3.4.1. Reduction of Nanowire-Electrode Contact Resistance by I–V Cycling

Nanowires that are aligned with DEP may have large contact resistances that can
typically be improved by high temperature annealing or argon ion etching [44]. Here,
we use an approach that was suggested by Meija et al. [22] employing I–V cycling to
improve both contact electrical conductivity and its mechanical strength, which can reduce
sliding in the contact. I–V cycling was carried out by applying voltage between the S-S
electrodes that support the ends of the nanowire (Figure 4b inset). I–Vs were measured
biasing from 0 V to 10 V and symmetrically from 0 V to −10 V with 0.1 V increment.
For every next cycle, the absolute value of the maximum voltage |Vmax| was increased
with a 10 V step until it reached 50 V (Figure 4b). SEM analysis showed no signs of
nanowire degradation, which demonstrated the suitability of CuO active elements for high
voltage applications. The symmetric and nonlinear shape of the I–V curves (Figure 4b)
suggests that current conduction in these nanowires is a combination of ohmic and space-
charge-limited currents, as reported previously [33,45]. The current flowing through the
nanowire during I–V cycling induces Joule heating at nanowire-electrode contacts. The I–V
characteristics of all NEM switches examined in this work showed an increase of CuO
nanowire conductivity with cycling. Figure 4b shows the results for a single NEM switch.
The conductivity of the system increased almost two times during 10 cycles. This may be
attributed to both enhanced contact [22] and nanowire conductivity [46].

3.4.2. Initial Stages of NEM Switch Operation: VON Stabilization

The NEM switch operation was tested by applying the same voltage biasing scheme as
during the reduction of contact resistance between the nanowire S and the lower electrode
D (Figure 2). This approach is valuable for analyzing the stability of VON and VOFF values.
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Figure 5a shows the first five cycles of the NEM switch, when it is cycled between 0–30 V.
In the first I–V (1), the switch-ON occurs at 28 V and switch-OFF at 1 V. In the second
cycle, the VON decreases from 28 V to 15.5 V. During the next three cycles, it gradually
decreases towards 12.5 V. As a result of the cycling, the value of VOFF slightly increases
from 1 V to 2.5–3.5 V. The initial decrease of VON may be attributed to the nanowire-upper
electrode contact modification, which can result in the release of internal mechanical
stresses, as well as sliding along the surface. This prevents the nanowire’s return to its
original position, and it remains in a slightly deformed shape. In every next voltage cycle,
the nanowire slides again until a new stable equilibrium position is found for stable NEM
switch operation. A similar step-wise decrease of initial VON value has been reported for the
CNT bundle-based NEM switch, where the authors suggest a slipping of the CNT bundle
on the support as the possible explanation [47]. This can be contrasted to the gradual
voltage decrease observed in [27], which was interpreted as a removal of an outer layer of
the nanowire material. The relatively constant ON current level suggests that mechanical
effects are responsible for the observed changes in the NEM switch characteristics and there
is not much dissipation of electrical power in the nanowire-electrode contact. After five
cycles the VON value stabilized and a stable ON-OFF operation of NEM switch followed
(Figure 5b), where the switch-ON occurred at 12.5 V and switch-OFF at 4.5–8 V. A decrease
of the hysteresis loop may be beneficial for NEM switch operation, as it decreases energy
dissipation. The switch-ON is much more abrupt than the switch-OFF, which can be
explained by the relatively large contact area of the double-clamped nanowire that needs
to detach from the electrode as the voltage is decreased. The differences in the VOFF values
between cycles can be explained by variations in contact area. Additionally, the sliding
of the nanowire along the contacts can be deliberately employed in order to fine-tune
the NEM switch VON to a desired value. When it is reached, the active element can be
mechanically fixed while using an additional fabrication step (e.g., by lithography).
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(cycles from 1 to 5) until (b) reaching a stable NEM switch operation regime with constant VON at 12.5 V and VOFF at 4.5–8 V
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Figure 6a,b shows an example of a single-clamped NEM switch. The geometry of this
switch was chosen according to the previous theoretical and experimental work conducted
by our group [8,9,12]. VON for this device was 30 V and VOFF 13–17 V. In contrast to the
double-clamped case, the transition to ON/OFF states is sharp both for ON and OFF
switching, which can be explained by the smaller contact area and faster detachment from
the contact electrode. The calculated adhesion force [43] for this single-clamped nanowire
(2× 10–7 N) is an order of magnitude smaller than for a double-clamped case, which allows
for a sharper transition between the ON and OFF states. The smaller adhesion force can
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be explained by two orders of magnitude smaller effective contact area (78 nm2 for a
single-clamped and 7850 nm2 for a double-clamped case).
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Figure 6. CuO nanowire-based NEM switch in a single-clamped configuration. SEM image of the NEM switch in (a) OFF
state, (b) ON state; (c) Switch I–V cycling showing sharp transition to ON (at 30 V) and OFF (at 13–17 V) states, four switching
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3.4.3. Cycling of NEM Switch

Continued cycling of a double-clamped NEM switch was performed in order to
demonstrate the stability of the NEM switch operational parameters. Voltage was applied
in square pulses, alternating between 15 V (ON state), 0 V (OFF state), and 8 V (detachment
test). The latter voltage value was chosen to be smaller than the switch-ON voltage,
but larger than the non-conductive gap region observed in I–V characteristics of the
nanowire (Figure 4b) in order to detect the nanowire detachment without visual inspection.
The expected values for the current at each state were the following: signal in nA range for
15 V applied voltage and system noise for both 0 V and 8 V. Figure 7 shows a fragment of a
typical ON/OFF I(t) cycling, where the switch remains for 15 s in each of the states.
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4. Conclusions

In summary, we demonstrate the first fabrication and volatile operation of a NEM
switch on-chip that employs bottom-up synthesized semiconductor nanowires as the active
elements. It is shown that bottom-up synthesized CuO nanowires can serve as a robust and
reliable material for the active element fabrication. By combining conventional lithography,
dielectrophoresis, and nanomanipulations, as shown in this work, the fabrication yield can
be increased, and device operation assessed more quickly.

We propose a theoretical model for estimating switch-ON voltage, adhesion, elastic
force, and nanowires sliding dependence on nanowire’s suspended length, diameter,
and distance to the electrode in order to obtain parameters for successful volatile device
operation. The model was validated by fabricating NEM switches with the predetermined
geometry and testing their operation in gateless double-clamped setup. The calculated VON
values were close to those obtained experimentally, and volatile operation was achieved.
DEP alignment was successfully employed to also fabricate single-clamped NEM switches.

Both single- and double-clamped CuO nanowire-based switches exhibit abrupt switch-
ON, requiring approximately 0.5 V to transit from OFF to ON state. Single-clamped devices
show increased switching speeds from the ON to OFF state, which suggests that they
can offer faster operation and better energy efficiency than double-clamped configuration
switches. However, the demonstrated bottom-up fabrication approach using DEP is
currently more suitable for scalable fabrication of double-clamped switches, due to the
efficient control of suspended lengths of the nanowires by DEP parameters and electrode
geometry. The scalable fabrication of single-clamped switches will require improved
control over the suspended length of the nanowire. We also suggest that voltage cycling
can be used as a step in NEM switch fabrication to stabilize VON. Further research will
be devoted to improving the nanowire-electrode contact in order to improve NEM switch
operational characteristics.
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Abstract: Size distribution, Young’s moduli and electrical resistivity are investigated for CuO
nanowires synthesized by different thermal oxidation methods. Oxidation in dry and wet air were
applied for synthesis both with and without an external electrical field. An increased yield of high
aspect ratio nanowires with diameters below 100 nm is achieved by combining applied electric
field and growth conditions with additional water vapour at the first stage of synthesis. Young’s
moduli determined from resonance and bending experiments show similar diameter dependencies
and increase above 200 GPa for nanowires with diameters narrower than 50 nm. The nanowires
synthesized by simple thermal oxidation possess electrical resistivities about one order of magnitude
lower than the nanowires synthesized by electric field assisted approach in wet air. The high aspect
ratio, mechanical strength and robust electrical properties suggest CuO nanowires as promising
candidates for NEMS actuators.

Keywords: CuO; nanowire; synthesis; thermal oxidation; Young’s modulus; electrical resistivity; NEMS

1. Introduction

Metallic, semiconducting and insulating Cu based nanomaterials have been demonstrated and
are well recognized materials in the fields of electronic devices and catalysis. Metallic nanowires of Cu
have mostly been used for applications in flexible and transparent electrode materials. Cu nanowires
have been synthesized by several approaches, for example, the hydrothermal reduction process [1]
and template-based electrodeposition [2], as well as the thermal reduction of copper(II) oxide CuO
nanowires [3].

Semiconducting Cu-based nanowires, such as p-type CuO in particular, are commonly recognized
as a catalyst material [4]. Nanowires of CuO have attracted broad interest in many applications including
in sensors [5–7] and nanoelectronics (transistors [8,9], electric field emitters [10], memristors [11] and
other), mainly due to their enhanced aspect ratio [12], achieved by using relatively simple and low cost
synthesis. CuO nanowires also exhibit high stiffnesses [13], which make them promising candidates for
high-frequency and speed nanoelectromechanical systems (NEMS) [14,15]. Nanoresonators [16] and
switches [15,17] employ nanowires for both mechanical actuation and electrical signal transduction.
To achieve improved performance of these devices, more extensive studies of mechanical and electrical
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properties of the nanowires and the development of simple growth protocols to controllably achieve
nanowires with required parameters are needed.

The growth of CuO nanowires can be realized through various routes; for example,
hydrothermal [18], electrochemical [19], solid-state conversion [20] or thermal oxidation [12]. Thermal
oxidation is considered as one of the simplest and cheapest methods for scalable synthesis of crystalline
CuO nanowires [12]. In this process, the surface of Cu substrates becomes oxidized and forms a Cu2O
layer, which acts as a precursor for the formation of a CuO layer with nanowires. Previous studies
revealed that synthesis parameters (temperature, time, air flow, etc.) can significantly affect both the
yield and size distribution of the nanowires [21,22]. The synthesis typically utilizes a temperature
range from 400 ◦C to 700 ◦C [12,23]. Nanowire synthesis in the presence of water vapour resulted in
longer and thinner nanowires due to an increased oxidation rate of copper [24]. A similar effect was
observed for nanowire synthesis in external electric field [25], where CuO nanowires grew longer [26]
and had more uniform diameters [25]. However, a combination of both humidity and electric field
during CuO nanowire synthesis by thermal oxidation has yet to be studied. Moreover, the crystalline
structure of CuO nanowires, which is impacted by the synthesis method, may also influence their
mechanical properties [13].

The mechanical and electrical characterization of nanowires is challenging, since it requires
precise manipulation at the nanoscale. The Young’s moduli must be carefully evaluated by measuring
individual nanowires, because they can exhibit size-dependence arising from defects [13] and surface
stress [27,28]. Previously reported Young’s moduli for CuO nanowires synthesized by thermal oxidation
were in the range of 70–300 GPa [13], and showed a significant increase for thin nanowires compared
to bulk material [13]. The electrical transport mechanisms of similar nanowires contacted by metallic
electrodes can be a combination of ohmic with resistivities of 10–40 Ωm [9,23], and space-charge-limited
current (SCLC) [29,30], similar to other semiconductor nanowires [31,32]. Electrical properties of CuO
nanowires were also observed to depend significantly on the defect concentrations [30].

In this work, we have investigated the electric field-assisted thermal oxidation of Cu foil to achieve
a high yield growth of high aspect ratio CuO nanowires in conditions of wet air, and compared the
properties of these nanowires with those synthesized by a simple thermal oxidation in dry air. Statistical
analysis of the experimentally measured geometrical parameters of the nanowires grown by different
methods and synthesis conditions (dry and wet air) was used to compose detailed distributions of the
nanowire geometrical parameters. The Young’s moduli were determined from mechanical resonance
by in-situ electron microscopy [33,34] and bending tests by atomic force microscopy [33,35], which have
proven suitability for assessing the properties of individual nanowires. Current-voltage characteristics
were recorded for individual CuO nanowires of different lengths between the electrodes and the
transfer length method was used to determine contact resistances and calculate the resistivities of the
CuO nanowires. The determined characteristics of the nanowires were compared to properties of other
nanomaterials, which have found application in NEMS.

2. Materials and Methods

Synthesis of the CuO nanowires on a Cu foil substrate (99.9% purity, 25 µm thickness) (Goodfellow
GmbH, Hamburg, Germany) was performed in a GSL-1100X tube furnace (length 60 cm, diameter
46 mm) (MTI Corporation, Richmond, CA, USA). To prepare the substrates, the foil was cut in
16 × 25 mm pieces and rinsed in distilled water. The substrates were placed in the furnace tube and
heated from room temperature up to 500 ◦C for 30 min at a constant heating rate of 16 ◦C/min. The
temperature was maintained constant at 500 ◦C for 210 min, after which the furnace was turned off and
left to cool down to room temperature. To increase air humidity during the initial stage of synthesis, a
small vessel containing 7 µL of distilled water was placed inside the furnace tube near the substrate.
This was done when the temperature had reached the critical temperature of water (374 ◦C) to avoid
the formation of water droplets on the substrate. For generation of electric field, the Cu foil was
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placed between two steel electrodes 1 cm apart, and a voltage of 200 V was applied by a Keithley 6487
Picoammeter/Voltage source (Tektronix (China) Co. Ltd, Shanghai, China) (Figure 1a).

Figure 1. (a) Schematic representation of Cu foil between electrodes; SEM images: (b) CuO nanowires
synthesized on a Cu foil (top view); (c) CuO nanowires synthesized on a Cu foil (side view);
(d) transferred CuO nanowires on Si/SiO2 substrate.

After synthesis, the oxidized foil was examined in a Hitachi S4800 scanning electron microscope
(SEM, Hitachi Ltd., Chiyoda, Tokyo, Japan). The obtained images confirmed that nanowires had grown
on both sides of the foil substrate (Figure 1b). The oxidized surface layer of foil containing synthesized
nanowires was then mechanically removed and dispersed in isopropanol via ultrasonication for 3 s.
The layer containing nanowires was removed from both the cathode and anode sides separately for
the electric field assisted synthesis (Figure 1c).

The dispersed nanowires were then transferred to a Si/SiO2 chip by placing a drop of the suspension
on the substrate. After the isopropanol had evaporated the nanowires were examined in a SEM. The
acquired images (Figure 1d) were analyzed with ImageJ software to determine nanowire lengths and
diameters. SEM images with typical magnifications of ×1k and ×90k were used for the measurements
of lengths and diameters, respectively. The measured length and diameter data were organized into
separate datasets for each combination of synthesis parameters and used for extraction of the mean
values and histograms.

Mechanical characterization of the nanowires was performed by 3-point bending tests on
double-clamped nanowires by a Bruker Dimensions Edge atomic force microscope (AFM) (Bruker
Corporation, Billerica, MA, USA) and mechanical resonance tests on single-clamped nanowires by in situ
SEM [33,35]. For the bending tests, nanowires were transferred onto chemically etched trenches with
heights of 0.5 µm and widths of 6 µm prepatterned on SiO2 substrate surface by gently pressing the Cu
foil against it. This resulted in randomly placed nanowires, and freely suspended nanowires with both
ends supported were chosen for 3-point bending tests. Figure 2 shows a schematic of the AFM 3-point
bending test and an SEM picture of a single nanowire on a trench. A number of force-displacement curves
were measured, and Young’s moduli were calculated by using finite element method (FEM) [35].

Figure 2. (a) Schematic of the AFM 3-point bending test; (b) SEM image of a typical CuO nanowire on
a trench (top view).
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For the resonance tests, nanowires in the isopropanol suspension were dielectrophoretically
aligned [36,37] on the edges of pre-patterned Cr/Au electrodes with heights of 0.5 µm above the SiO2

substrate surface. Aligned nanowires with one end supported on the electrode and the other end
suspended were chosen for the resonance measurements. Nanowire vibrations were excited by AC/DC
voltage applied between the nanowire and a metallic tip counter electrode (Figure 3a,b). The AC
signal was generated by the AC sweep function generator Agilent N9310A (Agilent Technologies Inc.,
Santa Clara, CA, USA), the DC voltage was supplied by a Keithley 6487 voltage source, the signal
was monitored by a TDS 1012 oscilloscope (Tektronix Inc., Beaverton, OR, USA). The resonance was
detected visually from SEM images (Figure 3c,d). The Young’s moduli were determined from nanowire
resonance frequencies and geometry analytically using Euler–Bernoulli theory.

Figure 3. (a) Schematic of the in-situ SEM resonance test; (b) electric circuit during the resonance test;
(c) CuO nanowire before resonance; (d) CuO nanowire during resonance.

To enable electrical transport measurements, CuO nanowires were mechanically transferred by
gently pressing a peeled-off copper oxide layer on Si/SiO2 substrates. Electron beam lithography was
used to fabricate contacts to the individual nanowires. Sequential layers of Pd (3 nm) and Au (80 nm)
were evaporated as the electrode material. Current–Voltage characteristics (IVC) were recorded at
ambient conditions using a Keithley 4200SCS parameter analyser (Keithley Instruments, Inc., Cleveland,
OH, USA).

3. Results and Discussion

3.1. Size Distribution of CuO Nanowires

The geometrical parameters of CuO nanowires (diameter and length) were determined using SEM
images captured for nanowires transferred to Si/SiO2 substrates. In total, more than eight thousand
measurements of length and diameter were recorded and summarized in datasets. Statistical analysis
was applied to evaluate the distributions of the nanowire dimensions in histograms and extract the
mean values of diameters and lengths for each type of synthesis.

Figure 4a–f shows histograms of the diameters and lengths of nanowires synthesized by thermal
oxidation with and without electric field and in wet or dry air. Diameters of the nanowires were
found to be in a range from 20 to 320 nm for all the growth approaches and conditions used, with
some of the thinnest nanowires reaching 5 nm in diameter (Figure 4a–c). However, these diameter
distributions show a different percentage of nanowires with diameters below 100 nm for different
growth approaches.
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Figure 4. (a–c) Diameters and (d–f) lengths of CuO nanowires: (a) and (d) with no electric field; (b) and
(e): with an applied 20 kV/m electric field on the cathode side of the substrate; (c) and (f) with an
applied 20 kV/m electric field on the anode side of the substrate; (g) mean diameters and lengths of
CuO nanowires synthesized by different methods. The nanowires selected for the mechanical and
electrical characterization are denoted as CuOA—nanowires synthesized by thermal oxidation (dry
air), CuOE(-)—nanowires synthesized in electric field (cathode side, wet air).

(1) Thermal oxidation without electric field. The synthesis in normal dry air conditions resulted
in the relatively narrow, symmetrical distribution of nanowire diameters mainly being below 100 nm.
Approximately 69% of the nanowires synthesized by this method were thin (<100 nm) (Figure 4a).
Conditions of added water vapour resulted in notably increased ratio of the small diameter nanowires
(50 nm and below) and increased the proportion of the thin nanowires up to 89% (Figure 4a). This
phenomenon could be explained considering the fact that the water vapour initially increases the
oxidation rate of copper [24], which is particularly important at the beginning of the growth. Under
these conditions, grain size of CuO is expected to increase and eventually slow down the further
oxidation of copper [38,39]. When the content of water vapour becomes reduced, further growth of
the CuO nanowires takes place without the presence of the water vapour resulting in nanowires of
narrower diameters.

(2) Thermal oxidation with electric field. The synthesis employing electric field yielded in broader
distributions of nanowire diameters, compared to the results from conventional synthesis (Figure 4g).
The nanowires can be obtained on both the cathode and anode sides of the substrate, and the nanowires
from these sides were found to have different size distributions (Figure 4b,c). Obtained distributions of
diameters of the nanowires from the substrate surface at the anode side were rather similar in both
conditions of the synthesis (in dry and wet air, Figure 4c,g) and comparable to the ones synthesized
without electric field (Figure 4a,g). Approximately half of the nanowires grown on the anode side of
the substrate were with diameters of 50–100 nm (Figure 4c).

However, the distribution of the nanowire diameters obtained from the cathode side of the
substrate is entirely different. Here the growth conditions more prominently affect the nanowire
diameters, and wider distribution of dominating 100–150 nm, and >200 nm diameter nanowires were
achieved for synthesis without water vapour (Figure 4b,g). As a result, the number of thin nanowires
dropped from 69% down to 34%. Interestingly, nearly the opposite trend (narrower distribution with
dominating thin <50 nm and 50–100 nm diameters of the nanowires) can be achieved if the water
vapour is used (Figure 4b,g). The percentage of thin nanowires of 81% on the cathode side is close to
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that in wet air thermal oxidation without electric field (89%), and suggests that humidity compensates
the effect of electric field on nanowire diameter.

The lengths of the nanowires transferred from the synthesis substrate to surface of SiO2 varied
from 0.2 to 39 µm. The nanowires became shorter due to breakage during the ultrasonication process.
Thinner nanowires are expected to break more than the thicker ones. This can explain why the
nanowires with the smallest mean diameter have the shortest mean length (Figure 4g). Most of the
transferred nanowires synthesized within all the approaches and conditions used were of lengths
below 5 µm (Figure 4d–g). The number of nanowires with lengths >5 µm increased for the electric
field assisted synthesis (Figure 4e–g), particularly within conditions without the water vapour.

The different diameter distribution on the cathode and anode sides could be due to the effect
of the electric field on Cu+ ion diffusion direction and velocity. The growth mechanism is similar
on both sides of the substrate placed between the cathode and anode electrodes [25,26,40]; therefore,
the composition of the nanowires grown on both sides is expected to be similar. The electric field
influences lengths and thicknesses of the nanowires, because it facilitates Cu and O ion diffusion along
the growth direction of the nanowires parallel to the external electric field. The effect of electric field is
more pronounced on the cathode side, since the direction of the external electric field matches the local
electric field set up by the O ions at the solid/gas interface. This promotes the Cu ion diffusion and
results in increased mass of the CuO nanowires, manifested through increased diameters (synthesis in
dry air) or increased lengths (synthesis in wet air). Our results support previously observed changes in
diameters and increased lengths and yields of the nanowires grown with electric field compared to the
nanowires grown without electric field [25,26].

3.2. Mechanical Characterization

For the fabrication of NEM devices, longer nanowires with diameters below 100 nm are preferable,
because they provide lower switch-on voltages and lower adhesion in the contact [41]. The best
characteristics for application in NEMS are demonstrated for nanowires synthesized by simple
oxidation of Cu in dry air (mean diameter appr. 90 nm and mean length 3 µm) and synthesized with
the assistance of electric field on the cathode in a wet air atmosphere (mean diameter appr. 70 nm and
mean length 5 µm) (Figure 4g). Nanowires from both batches were chosen for further mechanical and
electrical characterization and in further text are denoted as CuOA (thermal oxidation in dry air) and
CuOE(-) (electric field, oxidation on the cathode side, wet air).

The Young’s moduli were found to be similar for the CuOA and CuOE(-) nanowires. Moreover,
the Young’s moduli determined from the AFM 3-point bending tests are in agreement with in-situ SEM
resonance tests (Figure 5). The observed trend of the Young’s moduli for the diameter range 20–160
nm can be described by an exponential trendline (Figure 5, dashed line). When increasing nanowire
diameter, the exponential trendline approaches 95 GPa, which is close to the value of 82 GPa for bulk
CuO [13]. The size-dependence becomes pronounced for nanowires with diameters below 50 nm.
Such size-dependent behavior is in agreement with the previously reported experimental data on CuO
nanowires synthesized by thermal oxidation in dry air [13]. The size-dependence of the nanowire
Young’s modulus can be attributed to the effects of tensile surface stresses [42], which depends on the
loading mode (static bending/dynamic resonance) and boundary conditions of the nanowire [27,28].
This can explain a more pronounced size dependence in Young’s moduli from bending than resonance.
The highest Young’s moduli determined for 20–30 nm diameter CuO nanowires can reach even up to
~500 GPa, which is comparable to the Young’s moduli for NEMS active element materials, such as TiN
and SiC [15].
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Figure 5. Experimental Young’s moduli from resonance and bending tests obtained for 44 CuO
nanowires vs. their mean diameters; CuOA—nanowires synthesized by thermal oxidation (dry air),
CuOE(-)—nanowires synthesized in electric field (cathode side, wet air). The dashed line is a guide to
the eye; the dotted line is the bulk Young’s modulus determined in [13].

3.3. Electrical Characterization

A SEM image of one of the CuO nanowires with electrodes fabricated by e-beam lithography for
four-point measurements is shown in Figure 6a. In total, seven nanowires—three of them grown by
oxidation in dry air CuOA and the others via electric field assisted approach in the presence of added
water—were incorporated into similar multiple-contact devices with the same distances between
the electrodes. IVCs for the nanowire CuOA–D1 with diameter of 50 nm are plotted in Figure 6b.
These IVCs were recorded in a two–electrode configuration, which also includes the contribution from
contact resistance, and in the measurements a voltage range of ±2 V (Figure 7a) was used. The voltage
range of ±1 V, where the IVCs were linear for all the measured nanowire lengths, was used to extract
the resistance.

Figure 6. (a) SEM image of CuO nanowire with 8 electrodes of distances from 80–2380 nm; (b) current—
voltage characteristics measured at room conditions and in 2-probe configuration; (c) resistance as a
function of the nanowire length (different distance between the electrodes). Linear fit (dashed line)
intercepts with the y axis at around 540 MΩ representing the contact resistance of the two electrodes
2Rc. SEM image and all the data shown here were recorded for CuO nanowire grown in dry air, without
electrical field, nanowire CuOA–D1.

The resistance of the contacts to a single nanowire can be evaluated by the transfer length method
where the total measured resistances are expected to scale with the nanowire lengths. Resistance as
a function of the distance is shown in Figure 6c. The linear fit intercepts with the resistance axis at
540 MΩ, which represents resistance of the contacts 2Rc. This extracted value of Rc is rather high
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and more effort of CuO nanowire contact interface engineering is needed to achieve lower contact
resistances. The extracted values of Rc were of the MΩ range for all the CuOA nanowires-540 MΩ
(CuOA-D1); 330 MΩ (CuOA-E1) and 6.63 MΩ (CuOA-E2). The CuOE(-) nanowires showed far larger
resistances especially for the long nanowire lengths (contact pairs 5–6, 6–7, 7–8, see SEM image,
Figure 6a) making it impossible to obtain reasonable resistance–distance dependences. In the further
calculations of resistivities for CuOE(-) nanowires, the largest determined contact resistance of 540 MΩ
was accounted for.

IVCs recorded for nanowires of the same electrode separation (~180 nm, electrodes 2–3 in Figure 6a)
and of diameters ranging from 36 to 50 nm are depicted in Figure 7a. In order to compare the two kinds
of CuO nanowires, resistivities for all the measured nanowires were calculated as ρ = (R − 2Rc)A/l,
where A and l are the cross-section area and the length of the nanowire, respectively.

Figure 7. (a) IVCs of the CuO nanowires grown via two different approaches; (b) calculated resistivities
ρ of CuO nanowires shown as a function of the measured nanowire length (distance).

Calculated resistivities for all the nanowires are plotted as a function of the distance (see Figure 7b).
In the case of a uniform nanowire/contact resistance the resistivity should be the same for all the
nanowire lengths in terms of a single nanowire. This case was entirely true for the CuOA–E1 nanowire
of diameter 50 nm (violet squares, Figure 7b), but for the others the values of resistivity vary slightly
for different nanowire lengths indicating nonuniform contact (nanowire) resistances. As one can
see, the calculated resistivities of CuOA nanowires (0.05–7 Ωm) are lower compared to the ones
extracted for CuOE(-) nanowires (20–160 Ωm). This could be explained assuming increased defect
concentration [30] for the nanowires synthesized with the electric field assisted approach and in
presence of water vapour. Despite the differences in resistivity for CuOA and CuOE(-) nanowires,
in general, the resistivities of both types of nanowires are comparable to previously reported values
of 10–40 Ωm for CuO nanowires synthesized by simple thermal oxidation method and measured in
field effect transistor geometries [9,23]. These values match with characteristics of some materials
applied in previously demonstrated NEM switch designs; for example, semiconductor Si and SiC [15].
The relatively high resistivities may be related to low mobility of charge carriers in CuO nanowires
at room temperature [29]. The mobility can be increased by increasing the temperature. Due to a
high melting point, CuO nanowires are able to withstand harsh environments, similarly to previously
demonstrated high-temperature SiC switches [43]. Alternatively, such CuO nanowires are attractive for
NEM switches and other devices with high operating voltages, where space-charge-limited currents
are expected to dominate charge carrier transport in the nanowires [29,30,32].

4. Conclusions

In summary, CuO nanowires synthesized by a simple thermal oxidation and electric field
assisted approach were investigated for different synthesis conditions (in dry and wet air). High
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yields of large aspect ratio nanowires with diameters below 100 nm were achieved by increasing air
humidity during the initial step of the electric field assisted synthesis. Nanowires synthesized by
simple thermal oxidation in dry air and by electric field assisted approach in wet air exhibit similar
mechanical properties. Nanowires with diameters less than 50 nm show higher Young’s moduli of up
to 200–500 GPa. The electrical resistivities are comparable with previously reported values for CuO
nanowires, and show an increase for the nanowires synthesized by thermal oxidation with electric
field in wet air. Relatively high electrical resistivities in combination with high mechanical stiffness
and a high melting point can be favorable in NEM-switching devices operating in extreme conditions
(harsh environments and high applied voltages).
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Abstract
Electrostatically actuated nanobeam-based electromechanical switches have shown promise for
versatile novel applications, such as low power devices. However, their widespread use is
restricted due to poor reliability resulting from high jump-in voltages. This article reports a new
method for lowering the jump-in voltage by inducing mechanical oscillations in the active element
during the switching ON process, reducing the jump-in voltage by more than three times.
Ge0.91Sn0.09 alloy and Bi2Se3 nanowire-based nanoelectromechanical switches were constructed
in situ to demonstrate the operation principles and advantages of the proposed method.
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Introduction

Nanoelectromechanical (NEM) systems have shown great
promise in the automotive [1], space [2] and electronics [3]
industries for applications such as high frequency resonators
[4], mass sensing [5–7] and switches [8–12]. NEM systems
represent the next technological advancement after micro-
electromechanical systems in terms of switching speed,
energy efficiency and integration density.

A NEM switch is a type of a NEM system, where
mechanical and electrical properties of flexile nanostructures
are exploited for switching between the ON and OFF posi-
tions. NEM switches have been proposed as low power [13]
devices with small leakage currents and high on/off ratios
[14–17]. Currently, the biggest challenge that delays the
commercialization of NEM switches, especially proposed
gateless switches with high jump-in voltages, is their insuf-
ficient durability [11, 12].

One of the main challenges for the durable operation of a
gate-less NEM switch is controlling electric field induced

effects. Uncontrolled, these effects may result in the permanent
ON state (stiction) or burn-out of the flexile element of the
switch. High electric fields, in the order of 108 Vm−1, between
the contact electrodes may result in switch stiction due to the
field-induced material transfer [18, 19]. For metal–metal
nanocontacts, the material transfer induced stiction has been
reported for the source–drain voltage exceeding 5 V [19].
Higher jump-in voltages can also result in electric field induced
burn-out of the flexile element in two-terminal devices [8, 10,
20–22]. Low jump-in voltages for a particular switch archi-
tecture will therefore likely increase the durability of a switch.

Several approaches to lower the jump-in voltage for gate-
less switches have been reported, with the most straightfor-
ward method being a reduction of the separation gap between
the flexile element and the contact electrode [17, 23]. A
drawback of this approach is a decrease of the restoring
elastic force accompanying the separation gap reduction,
often resulting in a permanent stiction of the flexile element in
an ON state due to the adhesion in the contact with the
electrode. Other more sophisticated ways to lower the jump-in
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voltage have included using novel device architectures, e.g.
pipe-clip design [15], and operating the switch in a dielectric
liquid [24].

The flexile elements of NEM switches are either fabri-
cated by top–down processes, using e-beam lithography
techniques, or synthesized independently by a bottom-up
technique and then arranged to the desired positions on the
NEM device during its configuration. Using synthesized
nanowires instead of lithography made nanobeams as flexile
elements in the NEM switches offers increased control over
their chemical composition and morphology. Other advan-
tages include smooth contact surfaces, low defect densities
and mechanical properties that approach the theoretical limits
for strength [25].

We have previously shown that mechanical oscillations
of a flexile element can be utilized to monitor switch
dynamics and adjust contact adhesion between an electrode
and the flexile element in a NEM switch [26, 27]. We have
also reported a method for switching a nanowire flexile ele-
ment in a NEM device from an ON to OFF state by inducing
resonant mechanical oscillations [28], reducing the work of
adhesion and consequently the switching voltage by up to 10
times for the gate-less NEM switches. Oscillations induced in
the flexile element have also been used to monitor its
mechanical strain [27] and the changes in NEM switch
nanocontacts [29].

This article reports a novel approach to decrease the
jump-in voltage (ON state) by inducing electrostatically
induced mechanical oscillations in the flexile element of a
NEM switch while it is in its OFF state. The method allows
maintenance of a large initial separation gap between the
flexile element and the contact electrode, leading to an elastic
restoration force strong enough to overcome adhesion in the
ON state contact. This approach also limits the jump-in cur-
rent, thus preventing current-induced modifications in the
contact during the ON state, which could result in a perma-
nent stiction of the switch [17, 23, 29]. This method is
presented for both cylindrical Ge0.91Sn0.09 (GeSn) and rec-
tangular Bi2Se3 nanowires. We chose GeSn nanowires,
because of their combination of high mechanical strength
[30], lower resistivity [31] and absence of non-conductive
germanium oxide outer shell [32] that is present in previously

used Ge nanowires [8]. Bi2Se3 nanowires were chosen
because of their lower resistivity and increased contact area
due to their rectangular shape, thus making them more con-
ductive [33, 34]. As Bi2Se3 is a thermoelectric material [35],
they could be also used in novel applications, for example, to
detect temperature difference across switch terminals.

Materials and methods

The experiments were carried out in situ SEM Hitachi
S-4800. For the contact electrodes, electrochemically etched
gold (GoodFellow 99.95%) tips were used. Sharp tips were
used to achieve a smaller contact area and thus lower adhe-
sion in the contact. A SmarAct 13D nanomanipulator was
used to transfer nanowires from substrates used for their
synthesis to gold tips, and for acquiring the desired switch
geometry.

GeSn and Bi2Se3 nanowires (cylindrical and rectangular
shapes) were used as switching elements. The GeSn nano-
wires were synthesized by a vapor–liquid–solid method [32]
and the Bi2Se3 nanowires were synthesized by catalyst-free
physical-vapor-deposition [33, 34].

For the electric measurements, Keithley 6430 and
Keithley 6487 source-meters were used. An Agilent N9310A
signal generator was used to induce the electrical oscillations
between the nanowires and the gold electrodes. The metho-
dology for the resonance frequency and Q-factor measure-
ments was similar to that previously reported [12, 26].

Results and discussions

The schematics of an electrostatically actuated gate-less NEM
switch in different OFF states can be seen in figure 1(a). The
position of the flexile element (in our case nanowire) during
the switch operation is determined by the resultant force
arising from the superposition of an attractive electrical force
F(x, t) and a repulsive elastic force of the deflected from
the equilibrium position nanowire Felas(x). The attractive
force can be caused solely by an applied DC field between the
electrodes, inducing deflection of the nanowire towards

Figure 1. (a) Electrostatically actuated NEM switch. U(t)—voltage applied between the electrode and the flexile element, h—initial distance
(gap) between the active element and the electrode, -x—the deflection of the active element. Black line—initial position of the nanowire,
when U(t)=0. When U(t) is applied, red line is the stable deflection of the nanowire and blue line is the unstable deflection of the nanowire,
which leads to jump in contact or return to the stable position. (b) Stable and unstable solutions of the equation (1). Numerical solution is
given by the solid line, while approximation—by the dotted line. For each α there is a y value that represents the stable solution (red line) and
the unstable solution (blue line) for the equation (4).
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the opposite electrode or by the combination of AC and DC
fields, inducing the deflection and mechanical oscillations of
the nanowire at its resonance frequency simultaneously.

A theoretical model was developed to qualitatively
describe the operation of this NEM switch. While not pro-
viding a quantitative description of the NEM switch opera-
tion, the model explains the main idea underlying the above
configuration of the NEM switch, as well as illustrating the
basic features of its operation.

Associating the coordinate x with the perpendicular
deflection of the free end of the nanowire (figure 1(a)), the
differential equation corresponding to the motion of the
nanowire is given by the expression shown in equation (1):

̈( ) ( ) ( ) ( ) ( ) ( )
p

p+ + =x t
f

Q
x t f x t F x t

2
2 , , 10

0
2

where f0 stands for the oscillator’s material dependent
mechanical eigen frequency of a nanowire, Q for its quality
factor and F(x, t) for the external electrostatic force per mass
unit. This force is proportional to the square of the electric
field. The latter is proportional to the voltage applied between
the switching element and the counter electrode. If both DC
and AC voltages are applied the resulting force F(x, t) can be
written as shown in equation (2):
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where f is AC field frequency and Uac, Udc are AC and DC
voltages—respectively.

The important feature of the force represented in
equation (2) is that it depends not only on time directly, but
also indirectly through the time-dependence on unknown
function g(x), as the coordinate x is also a function of time.

An accurate enough model of the external force F(x, t) can be
obtained by solving the corresponding electrostatic problem
(equation (2)) numerically. In this paper we are interested
only in the first mode of oscillation, which has the highest
amplitude for oscillations, which permits the nanowire to be
considered just as a harmonic oscillator. A simple qualitative
consideration can then be used, together with an analytic
model function, for g(x) as shown in equation (3):

( )
( )
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K

x h
K p, 0, 2 . 3

p

The proportionality constant K, the power parameter p, and
the distance between the initial non-deformed nanowire and
the counter electrode surface h are present in equation (3). h is
expected to be positive and x to be negative, thus the attrac-
tive force grows when  -x h. For simplicity a dimen-
sionless coordinate =y x

h
will be used.

DC only

First, the static solution when only DC voltage was applied to
the NEM switch [8–10, 22] was considered to estimate the
free parameters for the setup used in our experiments. In such
a case, equation (1) reduces to equation (4) as shown below:
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In figure 1(b), solutions to equation (4) in the interval yò[0;1]
are plotted. For the case of p= 2, by inspecting the roots of
the corresponding cubic equation, if a < ,4

27
two such solu-

tions exist. The solution which corresponds to the smaller
deflection (figures 1(a), (b) red line) represents a stable
equilibrium. The solution which corresponds to the larger
deflection (figures 1(a), (b) blue line) represents an unstable
equilibrium from which a jump to contact can occur. The
solution remains qualitatively unchanged if p is positive,
which corresponds to all real experimental setups.

The approximate expression for the stable equilibrium
(figures 1(a), (b)—dotted red line) can be found as a power
expansion, shown in equation (5). To obtain this result one
must represent the unknown function as a Taylor expansion
around α=0. By taking derivatives of the equation (4) it is
possible to get all of the necessary expansion coefficients, like

( ) ( )= = -
a

y 0 0, 1,dy
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0 and so on
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The approximate expression for the unstable equilibrium
(figures 1(a), (b)—dashed blue line) can be written as detailed
in equation (6). This result is achieved by rewriting the
equation (4) as // /a= - -y y1 p p1 1 and then expanding the
unknown function in powers of /a p1 the same way as it was

Figure 2. Deflection of a GeSn nanowire with LGeSn=14.8 μm,
RGeSn=115 nm, f0=623 kHz, Q=550 and E=106 GPa as a
function of static electric field applied between the NEM switch
electrodes. Data points—experiment, red line—fitted theoretical
calculations. After the last experimental point (13.7 V) the jump-in
occurred at 13.8 V.
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done for the stable solution (5)
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If the applied DC voltage increases, the parameter α which is
proportional to the voltage squared (equation (4)) also
increases, and the nanowire will deflect more. When α

reaches its largest value (figure 1(b)—intersection between
the blue and red lines), the jump-in voltage is reached, and the
nanowire jumps into the contact with the electrode
(figure 1(a)). The largest value of α depends on the chosen
value of the parameter p. As can be seen from the figure 1(b),
for p=3 α is close to 0.105 and for p=4 α is close
to 0.081.

To test the above theoretical model and to find the exact
values of parameters p and α for our setup, the deflection of a
GeSn nanowire as a function of applied voltage between the
electrodes (figure 2) was experimentally determined. The
length of the GeSn nanowire was LGeSn=14.8 μm, radius
RGeSn=115 nm, f0=623 kHz, Q=550 and the Young
modulus E=106 GPa. The initial separation gap h between
the nanowire and the gold tip was 0.57 μm. From the figure 2
it can be seen that the experimental points correspond well
with the theoretical curve calculated for the parameters

( )a = =  ´ -7.46 0.92 10K

f0
4

r
2 and p=1.78±0.20.

Figure 3 shows a DC-only driven gate-less NEM switch
with a jump-in voltage of 13.8 V and jump-off voltage of
3.3 V. There is a hysteresis in the current when the voltage
increases and decreases between 13.8 and 20 V, which is not
desirable for a NEM switch. The increased current in the
reverse part of the I–V curve indicates that the switch ele-
ments may have been changed [29]. Repeated I–V measure-
ments for another GeSn nanowire-based device can be found
in supplementary info (figure 1 of the supplementary infor-
mation is available online at stacks.iop.org/NANO/30/
385203/mmedia).

AC–DC combined

With all the experimental parameters for the theoretical model
of a NEM switch acquired, the oscillations due to additionally
applied AC voltage were considered.

To obtain the analytical expressions when both AC and
DC voltages are applied between the NEM switch electrodes,
the g(y) function was approximated around its static solution
y0 as a linear function gapprox(y), as shown in equation (7):
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resulting in an equation of motion as shown in equation (8):
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Equation (8) clearly demonstrates that the resonance fre-
quency fU of the oscillator decreases under the influence of
the electric field. This means that when a combined AC+DC
field is applied between the switch electrodes, the resonance
frequency fU of the nanowire will be lower than its eigen-
frequency f0. The solution to equation (8) can be obtained as
an expansion in powers of Uac. The linear term is presented in
equation (9) below:
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The corresponding amplitude of the oscillations of the
nanowire at any applied AC electric field frequency f is given
by equation (10):
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If this amplitude is larger than the difference between the
unstable root, given in equation (6), and the stable root, given
in the equation (5), then the jump-to-contact will occur. If the
Uac frequency f is equal to the field-modified resonance fre-
quency fu (equation (10)) then the condition for jump-to-

Figure 3. I–V characteristics of a DC-only driven NEM switch for a
GeSn nanowire with LGeSn=14.8 μm, RGeSn=115 nm,
f0=623 kHz, Q=550 and E=106 GPa. Black arrows show
direction of the voltage sweep. Blue arrows show SEM images of the
NEM switch in ON and OFF states during the sweep. Red arrow
represents the jump-in voltage for the switch driven by a combined
AC–DC field. White scale bars in SEM pictures represent 1 μm.
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contact can be represented by equation (11):
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Equation (11) predicts that for our experimental setup with
GeSn nanowire, where in a DC-only regime the jump-in
voltage was 13.8 V, the combined AC+DC regime (with
UACJumpT=0.15 V at fU=610.8 kHz) will decrease the
jump-in voltage down to Udc=5 V, which is almost a three
times effective jump-in voltage reduction.

To prove the above assumption, an experiment with
Udc=5 V and fU=610.8 kHz predicted by the theory was
carried out with the same GeSn nanowire NEM device, but
with a slightly larger UAC=0.45 V compared to the theoretical
value of UACJumpT=0.15 V (figure 4(a)). A higher AC voltage
than the theoretically predicted was chosen to achieve a stable
switching of the NEM device; operating at the theoretical limit
or close to it was undesirable due to possible instability (for
example, thermal drift) of the experimental system.

In comparison to DC only switching, the lower combined
AC+DC jump in voltage is shown in figure 3 as a red arrow
to emphasize the effect of the AC field on the jump in voltage.
Such a reduction of the jump-in voltage may lead to a
reduction of the current-induced effects and prolonged life-
time of the NEM switch [18].

The I(t) characteristics of the subsequent switching for
the same GeSn nanowire can be seen in figure 4(b). These
characteristics indicate a clear ON–OFF behavior of the
switch. The differences between the ON state current values
most likely indicate some variations in the contact areas for
each jump-in event. These differences may be due to the gold
electrode which has a conic shape, and each time the
cylindrical GeSn nanowire attaches in a slightly different
position, thus changing the contact area. The demonstrated
current switching can be used in biosensor applications where
the signal is in picoampere range [36].

To show our AC+DC method’s applicability for the
nanowires with different geometries, similar experiments were
carried out for rectangular Bi2Se3 nanowires [33, 34]. Due to
their shape, resulting in a larger contact area and lower resistance
[33, 34], a higher current through the circuit could be achieved
at the same voltage as for the cylindrical GeSn nanowires.

However, Bi2Se3 nanowires are prone to burn-out at
much lower jump-in voltages [21] in comparison to Ge [8, 22]
and Si [9] nanowires, which makes them difficult to imple-
ment in electrostatically actuated NEM switches [21]. In our
experimental setup, the Bi2Se3 nanowires switched ON–OFF
in a combined AC+DC regime when Udc=2.8 V and
Uac=0.8 V were applied between the switch electrodes
(figures 5(a), (b)) respectively. After the AC+DC test was
performed, it was not possible to test this nanowire in DC
only regime in the same geometry, due to burning of the
nanowire in jump-in when a Udc=8.3 V was applied. This
fact confirms that the combined AC+DC driven operation is
promising for the NEM switches with flexile elements made
of materials that cannot withstand high jump-in voltages.

Conclusions

We have demonstrated both theoretically and experimentally
a novel method that implements both AC voltage, at the
resonance frequency of nanowires, and DC voltage to
decrease the jump in voltage for electrostatically actuated
nanobeam-based NEM switches. We have shown experi-
mentally that for GeSn nanowires used as a NEM switching
element that the jump-in voltage can be reduced almost
3 times when operating in the AC+DC instead of DC-only
regime. For Bi2Se3 nanowires the AC+DC method provided
a low enough jump-in voltage to construct an operating
switch that did not fail due to burn-out. Using combined AC
+DC operating regimes is a convenient method to increase
the durability of a NEM switch, by decreasing the impact due
to such phenomena as electrostatic discharge, Joule heating,
Fowler–Nordheim tunneling etc.
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Figure 4. (a) SEM images of the switching element—GeSn
nanowire; (b) I(t) characteristics for combined AC+DC driven NEM
switch. The different current values in ON states can be attributed to
the different contact areas for each ON state.

Figure 5. (a) SEM images of the NEM switch with Bi2Se3 flexile
element in OFF and ON state; (b) I(t) characteristics for this NEM
switch.
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Abstract
This review summarizes relevant research in the field of electrostatically actuated nanobeam-based nanoelectromechanical (NEM)

switches. The main switch architectures and structural elements are briefly described and compared. Investigation methods that

allow for exploring coupled electromechanical interactions as well as studies of mechanically or electrically induced effects are

covered. An examination of the complex nanocontact behaviour during various stages of the switching cycle is provided. The

choice of the switching element and the electrode is addressed from the materials perspective, detailing the benefits and drawbacks

for each. An overview of experimentally demonstrated NEM switching devices is provided, and together with their operational pa-

rameters, the reliability issues and impact of the operating environment are discussed. Finally, the most common NEM switch

failure modes and the physical mechanisms behind them are reviewed and solutions proposed.
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Review
Introduction
Nanoelectromechanical (NEM) switches represent a class of

nanoscale devices, integrating both electrical and mechanical

functionality of nanostructures to process external stimuli

applied to the device and controlling the electrical current.

NEM switches have attracted attention as low-power [1]

devices, demonstrating abrupt on/off switching characteristics

and minimized sub-threshold swing, as well as reduced leakage

currents leading to improved on/off ratios [2]. In the context of

existing microelectromechanical (MEM) switches, downsizing

to the nanoscale leads to lower power consumption, increased

switching speed, integration density and higher precision. While

the characteristic dimensions of MEM switch components are

between 1 µm and 1 mm, for the NEM scale devices, it is below

100 nm. This means that NEM switches combine the advan-
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tages of a smaller mass with a higher surface area to volume

ratio. When the linear dimension scale decreases by three orders

of magnitude, the area and volume decrease by six and nine

orders of magnitude, respectively. Surface forces, proportional

to area, become a thousand times larger than forces that are

proportional to volume, making inertial forces negligible. At the

nanoscale, van der Waals, capillary and electrostatic forces

become the governing factors. It is important to note, that with

the decrease of the size scale, breakdown of the predictions of

continuum-based theories may occur. For instance, for

cantilevered resonating nanostructures, continuum mechanics

predictions fail when the cross-sectional area of the nanostruc-

ture is on the order of tens of lattice constants [3]. At this level,

quantum effects, crystalline perfection, surface and interface

interactions govern materials properties and behaviour [4].

Thus, NEM switches provide an exciting opportunity for

gaining fundamental insight in such fields as surface science

and electrical and mechanical processes in nanocontacts.

The NEM switch components can be produced from a wide

range of nanostructures (e.g., thin films [5-7], nanobundles [8],

nanowires [9-14], nanotubes [15,16]) fabricated from different

materials (e.g., metals [17-19], semiconductors [9,10,20-23],

carbon allotropes, including graphene [24-31] and carbon nano-

tubes [12,15,16,32-37]). With a proper choice of material and

architecture, NEM switches can withstand relatively high

radiation levels and extreme temperatures [19,25,38,39],

highlighting their potential for applications in harsh environ-

ments.

Currently, the investigation of NEM switches is mostly focused

on developing experimental approaches for device prototype

fabrication and testing in laboratory environment and theoreti-

cal modelling based on continuum mechanics and molecular dy-

namics, allowing simulations to be performed on the processes

occurring in NEM switching devices and the analysis of their

working parameters [40-46]. A common approach for experi-

mental investigation on NEM switches includes device fabrica-

tion and testing on chip. The fabrication can be based either on

entirely top-down, or on a combination of top-down, bottom-up

and nanomanipulation approaches. The top-down approach

involves lithography, etching and coating technologies to

fabricate device structures from bulk materials or thin films

[7,19,23,39,47-50]. The combined approach of fabricating

NEM switches requires subsequent transfer and alignment of

synthesized nanostructures (nanowires, nanotubes, nanorods,

graphene) with a good uniformity and desired properties. The

microfabrication routine may be supplemented with some

bottom-up approaches. Dielectrophoresis [33], controlled nano-

material growth [34], and nanomanipulation [9] have been

demonstrated as useful methods for small batch device fabrica-

tion with future prospects for scalable production of NEM

switches on chip.

Another approach for fabrication and characterization of NEM

device prototypes is in situ measurement technique, where the

switch elements are positioned using nanomanipulators inside

an electron microscope [8,10-15]. In situ studies of the dynam-

ics of force interactions, conductance and adhesion in gold point

contacts using combined transmission electron microscopy/

scanning tunnelling microscopy (TEM-STM) [51,52] and

atomic force microscopy/transmission electron microscopy

(AFM-TEM) [53] showed suitability of these techniques for

further NEM switch related research. A major advantage of in

situ experiments is that the device geometry and operation can

be visualized and adjusted in real time within one experimental

session. This allows optimization of the geometry of a NEM

device, avoiding the need for individual device fabrication of

each control parameter. This approach is favourable for funda-

mental research on specific parts and simulation of processes in

a NEM switch, where the assembly of the whole device is not

required. Real-time visualization helps to evaluate the contact

area [8,10,11,54], observe the electrical breakdown mechanism

for a single nanostructure [55-58], and investigate the dynamic

processes occurring in the switch nanocontact [54].

The durability of a NEM switch strongly depends on the evolu-

tion of the contact between the switching element and the con-

tact electrode during NEM switch operation. The increase of

adhesion in the contact or its conductivity reduction down

to the noise level with repetitive switching degrades the

device stability and often leads to device failure. The state

of the art lifetime of NEM switches varies from one-off labora-

tory-scale measurements [59], demonstrating a few tens

[10,11,26,47,49,60] of switching cycles, up to devices showing

104–108 [12,18,19,38,39,61] switching cycles. However, to

achieve a technology readiness level suitable for commercial

applications, NEM switches should endure up to 1015 cycles

without failing [59,62,63]. Thus, the reliability of NEM

switches is one of the most critical issues that slow down wider

adoption of this technology. Further efforts are necessary to

select the material combination and suitable architecture that

meet the requirements for commercial applications.

Actuation of NEM switches includes a variety of methods, for

example, electrostatic [7,12], thermal [64], piezoelectric [65],

resonant [66] and free-floating [67] switching. Electrostatic

actuation is one of the most widespread and actively studied

actuation modes. It is a promising method for operating nano-

sized switches due to its simple process requirements. More

advantages of the electrostatically actuated NEM contact

switches are temperature-independent actuation characteristics
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Figure 1: Schematics of electrostatically actuated 2T NEM nanobeam-based switches. Top panel: single-clamped 2T NEM switch in a) off and b) on
state. Middle panel: double-clamped 2T NEM switch in c) off and d) on state. Bottom panel: single-clamped NEM switch with multiple drain electrodes
in e) off and f) on state.

and reduction in power consumption with scaling. The device

configurations where electrostatically actuated single- or

double-clamped nanobeams are used as switching elements

have great potential for architecture modification of the device

and are widely used in development of NEM contact switch

prototypes. The aim of this work is to review recent research

carried out on electrostatically actuated nanobeam-based NEM

contact switches, fabricated by different methods. The pro-

cesses occurring in nanocontacts and the improvement of their

reliability in terms of choice of materials for both electrodes and

switching elements are covered in the light of the experimental

findings in the field. Methods and approaches for investigating

the behaviour of NEM switches as well as environmental

considerations and failure modes are discussed. This review

does not cover research into the use of other types of NEM

switches based on, for example, free-floating [67] or resonant

switching [66] principles, as well as thermal [64] or piezoelec-

tric [65] actuation methods.

Main architectures and basic operational
principles of electrostatically actuated
nanobeam-based NEM switches
In general, electrostatically actuated nanobeam-based NEM

switches can be divided into two main groups: two-terminal

(2T) switches, employing only source and drain electrodes, and

three-terminal (3T) and more terminal switches, employing an

additional single or multiple gate electrodes in single-clamped

and double-clamped configurations.

Two-terminal NEM switches
The full NEM switching cycle consists of establishment of a

mechanical and electrical contact between a switching element

and a contact electrode, which is followed by electrical-current-

assisted processes in the on state, and a subsequent disengage-

ment of both electrical and mechanical contacts while switching

back to the off state. The switching cycle is based on balancing

attractive (van der Waals (FvdW) and electrostatic (Felec)) and

repulsive elastic (Felas) forces acting on a movable switching el-

ement in single (Figure 1a) or double-clamped (Figure 1c) posi-

tion, and initially separated from the contact electrode by a dis-

tance z.

The operation principle of a NEM switch can be described from

the viewpoint of potential energy E = ∫ F dz of the switching el-

ement, where F is the force acting on the switching element and

z is the separation distance between the switching element and

the contact electrode. Its total potential energy can be expressed

as follows:

(1)
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Figure 2: a) Plots of total energy ET calculated for a Ge nanowire-based NEM device at different electrostatic potentials. The electrode surface is lo-
cated at z = 0. Inset shows the energy barrier between the two stable (on/off) minima in relation to 10kBT. Reprinted with permission from [13], copy-
right 2004 AIPP. b) Comparison between experimentally measured (diamonds) and theoretically predicted (solid line) switching cycles for a carbon
nanotube-based 2T bistable NEM switch, showing a sharp transition to the on state and a typical hysteresis behaviour. Reprinted with permission
from [15], copyright 2006 John Wiley & Sons, Inc.

where EvdW is the van der Waals (vdW) energy, Eelas is the

elastic energy and Eelec is the electrostatic energy. An example

of potential energy diagrams for the switching element–elec-

trode interactions is shown in Figure 2a [13]. At low or no elec-

trostatic field applied between the switching element and elec-

trode there are two local minima located respectively at an

initial switching element/electrode separation distance z0, and at

a few nanometres from the electrode surface zvdW. The

minimum located close to the electrode surface (at distance

zvdW) is related to attractive vdW forces. The minimum located

at z0 is related to the off state of the NEM switch, where the

elastic energy of switching element that is freely suspended

over the electrode is minimal (Figure 1a, c; Figure 2a solid

line). For z0 >> zvdW, the ET(z) curve would be symmetric with

respect to the minimum located at z0. However, at close dis-

tances between the switching element and the electrode

surface, the vdW interaction energy sufficiently reduces the

total potential energy. Applying an increasingly larger electro-

static force diminishes the potential barrier until its complete

elimination (Figure 2a dashed and dotted lines) and results in

deflection of the switching element towards the contact elec-

trode. For on and off states of a NEM switch to remain stable in

the on state at room temperature, the potential barrier between

energy minima must be much larger than 10kBT (kB is the

Boltzmann constant and T is temperature) (Figure 2a, inset)

[32].

When the gradient of total attractive force exceeds the spring

constant of the switching element approaching the electrode

surface, the switching element starts accelerating. This is

followed by establishment of mechanical and electrical

contact between them (jump-in), and consequently, initiation

of a current flow in the circuit (Figure 1b,d; Figure 2b)

[13,15,32,40,68].

The jump-in voltage depends on the geometry of the device and

the stiffness of the switching element. Switching from the on to

off state (jump-off) occurs when the spring constant of the

switching element exceeds the gradient of the total attractive

force Fadh at the contact between the switching element and the

electrode, and can be seen in I(V) curves as a sudden decrease

of electrical current down to the noise level (Figure 2b).

Since operation of NEM switches is substantially determined by

adhesion forces due to significant contribution of vdW forces

[69], jump-off occurs at lower voltages in comparison to jump-

in, and typical hysteresis loops in I(V) curves of NEM switches

are observed [8,10,15]. A hysteresis loop is illustrated in

Figure 2b showing experimentally obtained results [15] in com-

parison with the results of calculations assuming that the

switching element is a uniform linear elastic beam and a perfect

conductor [41,42].

To expand the functionality of the 2T configuration switch,

specially designed semi-paddle structures, allowing torsional

movement of the switching element and consequently three dif-

ferent operation states can be used, as it was shown for a 2T

TiN NEM switch [48] (Figure 3).

The off state is established when the switching element is sepa-

rated from the contact electrode (Figure 3, state A), and two

successive on states with different pull-in voltages (Figure 3,

states B and C) can be established by making contact between

the switching element and the electrode due to either torsional

or flexural movement of the paddle anchors. Such architecture

may serve for memory and logic applications.

A further variation of the 2T NEM switch is to use multiple

drain electrodes. Recently, switching of a moving element
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Figure 3: Operation of a 2T switch with a semi-paddle configuration. a) Image of the fabricated switch and schematic representation of its operational
states and b) switching characteristics of the device, showing three operation states A (off), B (torsional movement) and C (flexural movement).
Reprinted with permission from [48], copyright 2014 AIPP.

Figure 4: a) Example of 2T nanowire-based NEM switching between two symmetrically located drain electrodes and b) corresponding current indicat-
ing the switching events. Square voltage pulses alternately applied to the drain electrodes are represented by the red line (secondary axis). Reprinted
with permission from [14], copyright 2013 Andzane et al.

(Ge nanowire) between two drain electrodes located symmetri-

cally (Figure 1e,f drains 1 and 2) [14] and asymmetrically

(Figure 1e,f drains 1 and 3) [11] relative to the switching ele-

ment in 2T configuration was demonstrated. While switching

between symmetrically located drain electrodes may be applied

for switching between two circuits (Figure 4), the location of

the drain electrodes at different distances from the attached end

of the switching element (Figure 1e,f drains 1 and 3) allows

varying of resistance, and consequently, signal strength in the

circuit by adjusting the length of the switching element

connected to it.

Three-terminal NEM switches
In a 3T single-clamped configuration, an additional gate elec-

trode is used to pull the switching element in contact with the

drain (Figure 5).

In comparison with 2T switches, where minimal operating

voltage in the on state is fundamentally limited by the Voff

voltage (Figure 2b), the use of gate electrodes allows adjust-

ment of the source–drain voltage independent from the Von and

Voff voltages. Switching to the off position may be realized by

applying the same potential to the gate 1 and drain 1, resulting

in repulsive electrostatic force (Figure 5b), or by applying

attractive electrostatic force between the source and the gate 2

in single-clamped configuration (Figure 5a) and between the

source and the gate in double-clamped configuration

(Figure 5d). In comparison with 2T NEM switches, the possibil-

ity to apply an additional restoring force to the switching ele-

ment in the 3T configuration reduces the requirements to elastic

properties (stiffness) of the active element necessary for

switching to the off position and allows reducing the jump-in

voltage by diminishing the separation gap width. However, the
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Figure 5: Schematics of electrostatically actuated 3T NEM nanobeam-based switches. Top panel: single-clamped 3T NEM switch in a) off and b) on
state. Bottom panel: double-clamped 3T NEM switch in c) off and d) on state.

gap cannot be smaller than the critical distance at which vdW

interactions become dominant. For nanostructures, the jump-in-

contact of a switching element may occur from larger distances

than theoretically predicted by the vdW interactions [53].

The strong nanoscale contact adhesion, comprising an unusu-

ally strong tangential component of adhesion force [70], often

poses difficulties in returning the NEM switch to its off posi-

tion. Inducing resonant oscillations in the NEM switching ele-

ment in the on position was found to be an effective solution for

its release from the contact. The resonant oscillation modes in-

duced in the switching element by an external AC field

(Figure 6a) [11] or mechanically (Figure 6b) [71] allowed to

successfully overcome the adhesion potential in the contact and

allowed for reduction of the operating voltage of the NEM

switch [11] or a separation gap necessary for the release of the

switching element from the contact [71] by nearly an order of

magnitude.

Processes in NEM switch contacts
A reliable NEM switch contact is required to maintain stable

characteristics over repetitive operation cycles. Assuming the

switch is in an optimal operational environment, the contact

properties are mostly defined by the contacting material proper-

ties and the real contact area. In non-vacuum environments the

presence of contaminants can significantly impact these pro-

cesses, as will be discussed later in this review. Despite the

importance of understanding of the nanocontact evolution, only

a few papers have been published with partial experimental

analysis of the contact area and its influence on switching char-

acteristics [8,10]. This section gives a brief overview of the

main types of processes occurring in the nanocontacts during

the operation of a NEM switch.

Mechanical contact
The size of the mechanical contact determines the adhesion

force (Fadh) value which is responsible for keeping the

contacting surfaces together. Fundamentally, the contact is

formed by atoms interacting across the contact interface. At the

nanoscale, many models of nanocontact behaviour are based on

a single-asperity model, where contacting elements are repre-

sented by single asperities with curvature radii from tens of

nanometres to micrometres and are assumed to be ideally

smooth [72].

According to adhesion theories [73-76], the adhesion force can

be evaluated as Fadh ≈ R·Δγ, where R is radius of contact area

and Δγ is energy of adhesion: Δγ = γ1 + γ2 − γ12, where γ1 and

γ2 are the surface energy of the contacting surfaces, and γ12 is

the interfacial energy in the contact. γ12 = 0 if both surfaces are

of the same material. Thus, the surface energy of the contacting

materials is a critical factor in determining the strength of adhe-

sion in the contact in line with the contact area.

It should be noted that a real contact may consist of a number of

smaller asperities (multiasperity contact) so the true contact area

is smaller than predicted by the single-asperity theory. Howev-

er, simulations performed by Mo et al. [77] for multiasperity
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Figure 6: Resonant oscillations of the switching element as an effective solution to overcome on-state adhesion. a) Illustration of resonance-assisted
detachment of a Ge nanowire (left panel) and corresponding electrical current measured during the nanowire switching process (right panel). Ge
nanowire has been switched between two electrodes by applying a combined AC–DC field between the nanowire and the counter electrode.
Reprinted with permission from [11], copyright 2013 Royal Society of Chemistry. b) Resonance-assisted release of a carbon nanotube from the con-
tact with electrode (left panel) and corresponding reduction of separation gap (right panel). Reprinted with permission from [71], copyright 2013 AIPP.

contacts showed an excellent fit of this model with experimen-

tal data and the widely used Maugis–Dugdale single asperity

adhesive theory model [78]. Despite the fact that such a good fit

may be a result of the flexibility of the Maugis–Dugdale model,

which masks its deficiencies [77], this model is a useful tool for

the evaluation of adhesion in nanocontacts.

Estimations of nanocontact areas of 2T NEM switches with Ge

and Mo6S3I6 nanowires as switching elements and Au contact

electrodes [8,10], performed using a convenient approximation

for the Maugis–Dugdale theory of adhesion [74] proposed by

Carpick, Ogletree and Salmeron [73], showed that the typical

contact area between the switching element and the Au contact

electrode is 30–50 and 400–700 times smaller than the cross-

sectional area of Ge and Mo6S3I6 switching elements, respec-

tively [8,10] (Table 1). Thus, the contact area experiences

higher current density than that inside the nanowire. This should

be taken into account during analysis performed on NEM

switch operation.

The nanocontact area and stiffness of the switching element de-

termine the on–off hysteresis width of a NEM switch. With the

same switching element, reduction of the contact area in 2T

NEM switches results in a decrease of adhesion in the contact

and consequent decrease of the hysteresis width, allowing

reduction of the separation gap z for jump-in at lower voltages.

Figure 7 illustrates the decrease of the hysteresis width for a

Mo6S3I6 nanowire bundle-based 2T NEM switch, when the

Mo6S3I6 –Au contact area was reduced from 100 nm2 down to

45 nm2 while maintaining the same Von voltage.



Beilstein J. Nanotechnol. 2018, 9, 271–300.

278

Table 1: Parameters of nanocontact areas (nanowire radius rnw, cross-sectional area of the nanowire Snw, radius of electrode apex Re, nanocontact
area Sc) in Ge and Mo6S3I6 nanowire-based 2T NEM contact switches.

Material rnw (nm) Snw (nm2∙103) Re (nm) Sc, (nm2) Snw/Sc

Ge [10] 30 2.8 100 78 36
150 70.7 115 331 214
75 17.7 420 321 55
50 7.9 1300 259 30
60 11.3 600 218 52

Ge [11] 50 7.9 – 965 8
Mo6S3I6 [8] 100 31.4 – 100 314

100 31.4 – 45 698

Figure 7: Switching cycles of Mo6S3I6 nanowire-based NEM switch illustrating the impact of the contact area on hysteresis width: a) Von–Voff
hysteresis loop for the contact area of 100 nm2 (shown in the inset), and b) for the contact area of 45 nm2 (shown in the inset). Reprinted with permis-
sion from [8], copyright 2010 IOP Publishing.

However, such reduction of the contact area results in an

increase of the electrical current density flowing through it,

which may lead to modification of the properties of the

contacting materials. Alternatively, modifying the stiffness of

the switching element can shift the jump-in and jump-off volt-

ages and thus change the on–off hysteretic loop.

Adhesion in the contact may be impacted by the surface wear

occurring during repetitive on–off switching. An AFM-based

study on the nanoscale wear of diamond-like carbon against and

ultra-nanocrystalline diamond showed that the surface wear in-

creases the size of the contact by gradually removing atoms at

discrete sites and is a thermally activated stress-assisted process

[79]. This experiment was carried out with an AFM in ampli-

tude modulation mode complemented with molecular dynamics

simulations. An exponential wear rate dependence on the peak

force load was found, suggesting that lower contact forces are

needed to reduce the wear rate. It should be noted that for soft

materials, plastic deformation may have a bigger effect than

wear.

The presence of chemically active elements at the contact inter-

face may also significantly increase the adhesion in nanocon-

tacts due to formation of chemical bonds (e.g., C–Au bonds

[80], Au–S bonds [8,81]) between the contacting materials.

Nearly an order of magnitude increase in adhesion force was re-

ported in case of covalent Au–S bond formation for Mo6S3I6

nanowire-based NEM 2T switches [8].

Electrical field and current induced processes in the
contact
The electrical characteristics and performance of a NEM switch

are determined by the electrical properties of the contact area

between the NEM switching element and electrode. It should be

noted that the true contact area does not need to be continuous,

which becomes relevant when contact areas approach the size

of the mean free path length of the electrons (e.g., for gold

nanocontacts – 3.8 nm [82]). When the contact area becomes

smaller than the mean free path of the electrons in the material,

the electron transport enters ballistic conduction regime [83].

Nevertheless, typically, the metal–metal contact shows ohmic
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Figure 8: Size-dependent tuning of the mechanism of electrical conduction through a nanocontact. a) Experimental measurements of an Au–ZnO
interface carried out for different Au particle/ZnO nanowire diameter ratios RAu; b) Corresponding I(V) characteristics. c) A model of the current densi-
ty of the top face of a nanowire with diameter of 60 nm and RAu = 0.8. The dashed line is the edge of the contact interface. Adapted with permission
from [91], copyright 2015 American Chemical Society.

characteristics, which are preferable for low-power NEM

switches, but carry the risk of switch failure at higher operation

voltages.

In NEM switches with metal–semiconductor contacts, the type

of the contact is determined by the mutual arrangement of the

Fermi level of the metal and the valence and conduction bands

of the semiconductor. The contact has a Schottky barrier if the

Fermi level of the metal falls in between the valence and

conduction bands of the semiconductor. The type of the contact

(ohmic or Schottky) between two semiconductors is deter-

mined by the Fermi energies of contacting materials.

The presence of a nonconductive oxide layer between the

contacting materials (metal–metal, metal–semiconductor, and

semiconductor–semiconductor) always results in the formation

of a tunnel barrier in the contact.

In the presence of a potential barrier between the contacting

NEM switch materials, the magnitude of the contact resistance

depends on the width and height of the barrier. In general, the

interfacial charge carrier transfer in the NEM contact can be

based on two different mechanisms: thermionic emission

[84,85], which is dominant at high temperatures, and quantum

mechanical tunnelling of carriers across the barrier width –

direct [85,86] and Fowler–Nordheim (FN) tunnelling

[54,85,87,88]. The direct tunnelling occurs when the barrier is

trapezoidal, and the FN tunnelling occurs when the barrier is

triangular [10,89,90]. The shape of the initial potential barrier in

the NEM switch contact depends on the size and topography of

the contact area, as well as on the band structure of contacting

materials [86], and can be modulated by an applied

source–drain bias in the on state of a NEM switch. For example,

the change in the transport mechanism from direct tunnelling at

low drain bias to FN tunnelling at the higher drain bias was

shown for a Pd–MoS2 interface at low (123 K) temperatures

[85].

Studies of intimate ZnO nanowire–Au contacts have also shown

that the mechanism of nanoscale electrical transport through the

potential barrier depends on the relation between contact area

and diameter of the nanowire, allowing a controllable transition

from Schottky to ohmic type of conduction for smaller contact

area/nanowire diameter ratios (Figure 8a,b) [91]. This effect

was explained by enhanced tunnelling at the contact edge as a

result of the reduction of the depletion region (Figure 8c) [91].

This allows a good ohmic contact to be obtained at a semicon-

ductor/metal interface by only changing the contact area/nano-

wire diameter ratio.

As soon as the electric current begins to flow in the NEM

switch contact, it causes thermal heating in the switching ele-

ment and may result in small structural modifications of the

contacting surfaces, welding and even change of the chemical

composition of the contacting materials. Electrical-current-in-

duced thermal effects have been studied in various one-dimen-

sional nanostructures such as Si [92], Ge [10,54], carbon nano-

tubes (CNTs) [93-95], GaN [96,97] and ZnTe [98].

The evolution of a nanocontact between a nanowire and a con-

tact electrode may be observed and investigated using in situ

methods. Recent report showed that in situ detection of the

resonant frequency of the nanowire and monitoring of its shift

mirrors the electrical-current-induced strengthening of the

nanocontact between the Ge nanowire and the contact electrode

[54] (Figure 9a). Applying a voltage between the electrodes 2

and 3 results in a current flow through the nanowire. After each

voltage application, the AC field is applied between the elec-
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Figure 9: a) Experimental setup for in situ SEM investigation of pro-
cesses occurring in nanocontacts. b) Graph illustrating the relative
change of the resonance frequency of the nanowire and current densi-
ty j in the contact area versus voltage applied to the nanowire.
Reprinted with permission from [54], copyright 2015 IOP Publishing.

trode 1 and the nanowire (electrodes 2 and 3), and the resonant

frequency is determined. Electric current flow through the

contact causes immediate strengthening of the nanocontact,

which gradually develops until the current density of

10−3–10−2 nA/nm2 (Figure 9b) is reached.

Self-heating behaviour in the switching element/electrode con-

tact is determined by a combination of its electrical and thermal

conductivity [10,96,99]. If there is a low current density in the

contact (in the range of 1 pA/nm2) and a good thermal contact,

the temperature changes modestly (ΔT < 30 K) and almost no

Joule heating occurs [10]. However, even at current densities as

low as 3 pA/nm2, energy dissipation in the contact may result in

a smoothening of the contacting surfaces because of local Joule

heating and welding. The contact strengthening effect in

Figure 9b was explained by smoothing and thinning of the

native Ge oxide layer which results in an increase of contact

area and adhesion force [54].

At higher current densities (1–10 nA/nm2) a Joule heating in-

duced rise of temperature (in the range of 1000 °C) may trigger

a change of chemical composition of the material. For example,

for Mo6S3I6 bundles, a non-reversible transformation to Mo

was reported, as a result of evaporation of S and I [100]. This

effect may be used to anneal nanowires for enhancing electrical

and field emission properties [100].

Current densities higher than 10 nA/nm2 were reported to be

applicable for Joule heating induced local welding of Ag

(12 nA/nm2) [101] and Pt (up to 14.5 nA/nm2) [102,103] nano-

wires, as well as for welding of dissimilar materials.

To avoid high current densities, which is mostly a concern in 2T

NEM switches operating at high voltages, a thin insulating layer

between the contacting surfaces has been used [10,13,50].

Another solution for the limitation of the current density at the

jump-in moment for NEM switches is the connection of series

resistance of 25–500 MΩ in the circuit [8,10,13,17].

The electrical field between NEM switch elements may give

rise to material transfer [104,105]. During switching to the on

state, a reduction of the separation gap between the electrodes

prior to their mechanical contact results in an increase of the

electrostatic field between them, especially at their highest

asperities [105], where the electrostatic field achieves high

enough (≈108 V/m) values to induce FN electron emission from

the electrode (cathode). This process causes a temperature

increase of the other electrode (anode), resulting in thermal

evaporation of the electrode material and its transfer to the

opposite electrode. For metal electrodes, the material transfer

issues are reported for the source–drain bias exceeding 5 V.

When the contact electrodes are made of two different materi-

als [106], material transfer results in an increase of adhesion in

the contact and also makes the surfaces rougher, thus increas-

ing resistance in the contact. For self-mated contacts, for exam-

ple, in an all-molybdenum switch, material transfer was re-

ported to be a possible cause for the observed contact resis-

tance rise after approximately 104 switching cycles operating at

1 V drain voltage in a 3T configuration with 100 nm gap be-

tween the beam and the drain electrode [19].

Choice of material for the NEM switching
element
The material properties (Young’s modulus, free surface energy,

electrical conductivity, melting temperature) govern device per-

formance (switching speed, range of operational voltage and

current, reliability and durability), as well as dictate suitable

fabrication approaches. The following subsections provide a

brief overview of materials and material combinations used in

the fabrication of active elements of NEM contact switches.

A comparison of the physical properties of the materials,

together with the reported fabrication approaches, advantages

and challenges for each of the material classes, and their

prospective applications, summarizes the overviewed materials

for NEM switching elements in a concluding subsection.

Metals
Metal–metal contacts in NEM switches are particularly advanta-

geous for radio frequency (RF) applications due to their low

electrical resistance. Experimental studies of elastic properties

of metals, supported by atomistic simulations, have revealed

several different ways the size depends on elastic properties:

(1) increase in the Young’s modulus of metallic nanowires rela-

tive to the bulk value of the metal, as their diameters are

reduced (e.g., Ag and Pd [107-109] nanowires); (2) decrease of
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Young’s modulus with decreasing size, for example, for Cr

nanocantilevers [110]; (3) Young’s modulus shows almost no

dependence on the diameter of metal nanowires, for example,

for Au [111]. The change of the Young’s modulus can be ex-

plained by an increased influence of the surface atoms on the

overall elastic behaviour of the nanostructure at sizes below a

few nanometres [112,113], or by the noncrystalline structure of

the studied samples [110]. Atomistic simulations for fcc noble

metals [113] showed that either a decrease or increase of the

Young’s modulus for metallic crystalline nanowires can be

achieved by variation of their size and operation temperature.

The possibility to tune the Young’s modulus by changing an el-

ement size combined with facile integration with existing com-

plementary metal oxide semiconductor (CMOS) devices, make

metals attractive candidates for the use in NEM switches. How-

ever, metal-based NEM components with nanometre-scale

dimensions are difficult to fabricate due to their high intrinsic

stress, large surface roughness and grain size, inherent porosity,

and low strength. To date, there are rather few reports on

metallic NEM switches [17,18,114,115].

Molybdenum is attractive as a NEM switch material due to its

high melting temperature (2622 °C [116]) and Young’s

modulus (290-380 GPa) [117]. Recent reports on Mo-based

NEM switches have proven the robustness of the material. An

all-molybdenum 3T NEM switch was fabricated by a top-down

approach by filling Mo into a SiO2 mold, prepared by a one-

mask photolithography process. This process was followed by

etching of the SiO2 sacrificial layer for the release of Mo

switching structures [19,115]. Switches with 300 nm thick and

500–700 nm wide switching elements with lengths 28–40 µm

showed jump-in voltages in the range of 12–24 V for separa-

tion gaps of 100–150 nm. Cycling tests performed with

Mo-based switches showed 100% repeatable operation of the

switch with aforementioned dimensions of the switching ele-

ment [115], as well as stable operation up to 20,000 switching

cycles in vacuum at 300 °C [19]. The low subthreshold swing of

2.5 mV/decade was kept until the very end of the cycling tests

[19]. The reliability of Mo-based NEM switches was found to

be size-dependent due to the influence of residual stress in the

material on the shape of the switching element.

Copper has been used as a NEM switch structural material to

increase the feasibility of fabrication benefitting from a com-

mercial CMOS technology [17]. 2T switches have been fabri-

cated using the back end of line (BEOL) Cu layers of a

commercial 65 nm CMOS technology. As-fabricated NEM

switches showed jump-in voltages as low as 5.5 V, a good on/

off ratio (103), and high miniaturisation level, surpassing

other [17,23,49,114] top-down NEM switch fabrication ap-

proaches.

Similarly to copper, the fabrication of a platinum cantilever

NEM switching element involved an additional thermal

annealing step at 300 °C to reduce the stress gradient in the

beam. The usability of platinum for electron-beam lithography-

based fabrication of NEM relay-only and CMOS–NEM hybrid

circuits was demonstrated. Platinum cantilevers with thickness

of ≈60–70 nm, length of ≈3.2–3.5 μm and gap of 100 nm,

showed a jump-in voltage of 3.3 V in 3T configuration, and

5–6 V in the CMOS–NEM hybrid circuit [114].

Ruthenium also allows CMOS compatible fabrication in addi-

tion to such benefits as high stiffness (Young’s modulus

447 GPa), hardness (5 GPa), and high melting point (2333 °C

[116]). Ru-based NEM relays with small gap widths

have shown an even smaller coupling area than that of

Cu-based devices, with a pull-in voltage of 5 V [18], together

with the best-achieved turn-on delay of 400 ns. When

tested for durability, the Ru device withstood more than

2 × 106 switching cycles at 1 kHz frequency. However, when

downscaling Ru NEM switches, residual stress must be accu-

rately controlled to avoid the buckling of beams after etching of

the sacrificial layer. Another concern is the edge roughness of

the as-fabricated beams that leads to variation in jump-in volt-

ages and contact resistances for a given design [18].

To our knowledge, metal alloys used as NEM switching ele-

ments have been reported in only one study using a TiW

switching element and W as the contact electrode [49]. A jump-

in voltage lower than 1 V and on/off current ratio higher than

105 were demonstrated for this 2T NEM switch, employing an

innovative “pipe-clip” architecture. However, the device

showed poor reliability with marked deterioration in perfor-

mance after 10–20 switching cycles. This was attributed to

physical degradation of contacts, as well as formation of Ti and

W oxides during the device processing.

Carbon allotropes
Carbon nanotubes: Carbon nanotubes have diameters ranging

from the subnanometre range to tens of nanometres and may ex-

hibit length-to-diameter ratios of up to 132,000,000:1 [118],

which is significantly larger than for any other material, and

thus could offer improved sensitivity. They also possess extra-

ordinary mechanical strength (Young’s modulus up to 1 TPa

[119,120]), high thermal (2–6 kW∙m−1∙K−1 [121]) and elec-

trical (106–107 S/m) conductivity.

Several CNT-based relays and switches have been fabricated

using the bottom-up arrangement of CNTs, including dielec-

trophoresis [33], controlled growth of CNTs [34,37], dispersion

coating [12,35,36], nanomanipulation [15,32] techniques and

electron beam lithography/metal sputtering for the fabrication
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Figure 10: a) NEM switch with graphene sheet as the active element. Reprinted with permission from [25], copyright 2014 John Wiley & Sons, Inc.
b) Fabrication process of a nanocrystalline graphene (NCG) based NEM switch with bottom (B) and top (T) electrodes. c) Optical and scanning elec-
tron microscope images of the as-fabricated device arrays. Reprinted with permission from [27], copyright 2016 Royal Society of Chemistry.

of electrical contacts. CNT-based NEM switches exhibit a high

on/off current ratio (104–105) [59] and switching speed (≈1 ns)

[37] in combination with a jump-in voltage that can be as low as

a few volts [35,37]. Yet, most of these devices were unique lab-

oratory scale demonstrations. To the best of our knowledge, the

highest durability (106 on/off cycles, 10 ns response time) of a

2T CNT-based switch was demonstrated by Loh et al. for car-

bon–carbon contacts, using multiwall CNT as a switching ele-

ment and diamond-like carbon (DLC) as a contact material [12].

However, the reported actuation voltages for these switches

were relatively high at 20–40 V. The high current density that is

caused by the high actuation voltage in CNTs during switching

cycles can be lowered by the use of an insulating layer [15] or

by the choice of the appropriate type of CNTs. For example,

studies performed on properties and breaking parameters of dif-

ferent types of CNTs found that bamboo-like multiwall CNTs

are the most suitable for applications in NEM contact switches

due to much higher (≥25 V) burn-off failure voltages than for

tube-like multiwall CNTs (4–5 V) [122].

Besides individual CNTs, films consisting of many CNTs have

also been employed in the fabrication of NEM switches.

Networks of CNTs are currently under ongoing research for use

in 2T non-volatile memory devices, to date showing good relia-

bility of ≈1012 non-volatile switching cycles with no observ-

able wear or fatigue and read–write voltages below 5 V [123].

Here, the switching to the off state is achieved by applying a

voltage pulse, presumably causing a phonon heating driven

repulsion force [123].

However, practical challenges for the use of CNTs in NEM

contact switches still remain, such as dependence of electrical

properties of CNTs on mechanical strain [124,125], their elec-

trical breakdown and mass loss caused by field evaporation

[126].

Graphene: For fabricating NEM switches, monolayer [24-27]

as well as few-layer [28-31] graphene materials are used. The

mechanical properties are decisive for selecting the number of

layers of the graphene structure [26]. Few-layer graphene is

more favourable for reversible switching due to higher stiffness

than single-layer graphene, but it requires larger jump-in volt-

ages as a consequence. Graphene NEM switches are fabricated

using dry or polymer-assisted transfer techniques of chemical

vapour deposition (CVD)-synthesized or mechanically exfoli-

ated graphene flakes to the desired position on the substrate,

and photo- and electron-beam lithography and metal sputtering

techniques for fabrication of the electrical contacts. A SiO2

sacrificial layer may be used for the release of graphene

switching elements.

When the bending occurs along the length, and the normal

stress along the width is negligible, the narrow graphene strip

behaves as a nanobeam [127]. Graphene switches reported to

date are primarily 2T and operate by deflecting the double-

clamped graphene beam suspended over the drain electrode.

Another architecture of graphene-based devices includes circu-

larly clamped graphene switching elements [25]. Such devices

can operate in 2T or 3T configuration (Figure 10a) with sub-5 V

actuation voltage and provide a “line” contact of graphene

membrane during switching.

The typical number of on/off cycles performed by graphene-

based devices varies from 4–30 [60] up to 5000 [26]. These

switches have demonstrated jump-in voltages below 1–3 V,

high on/off ratios (≈105) and switching speeds on the order of
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Figure 11: a) Schematics and design of U-shaped dual Si beam NEM switch. Reprinted with permission from [20], copyright 2012 AIPP. b) I(V) char-
acteristics of a Si-based NEM switch illustrating significant reduction of hysteresis loop from >2 V to 0.5 V when initial Pt contact (black line) was
replaced by amorphous carbon (aC) coating (coloured lines). Reprinted with permission from [61], copyright 2014 IEEE.

100 ns. The lack of reliability of graphene-based NEM contact

switches is explained as follows: currently, large area graphene

can be prepared by the CVD technique; synthesized by this

method, graphene has a polycrystalline nature. Processes occur-

ring at the grain boundaries of polycrystalline graphene as, for

example, charge carrier scattering and mechanical stress, result

in significant degradation of graphene properties and, conse-

quently, poor performance of the CVD-graphene-based NEM

switches. Also, the Young’s modulus of CVD graphene is only

about 40% of that of exfoliated pristine graphene (0.4 TPa vs

0.98 TPa [128]). CVD graphene NEM switching elements with

comparable properties to mechanically exfoliated pristine

graphene were fabricated from a single CVD grown graphene

domain [26]. However, NEM switch fabrication using CVD

synthesis of graphene is a complicated method, as it is followed

by polymer-assisted graphene transfer to an insulator substrate

and a microfabrication process to configure the NEM switch,

posing challenges for large-scale production.

To facilitate the fabrication of graphene-based devices, direct

growth of nanocrystalline graphene on insulating substrates

using regular thin film process techniques (example of growth

process is shown in Figure 10b) has been reported [27]. The

nanocrystalline graphene on insulator had a very low thickness,

good uniformity, and a Young’s modulus comparable to me-

chanically exfoliated graphene [27]. Both single-crystalline and

nanocrystalline graphene are promising for commercial integra-

tion in high-performance NEM switches regarding their physi-

cal properties. Similar to CNT [12], graphene NEM switches

can find applications for data storage and logic [28]. Currently,

scalable production methods of graphene requires temperatures

of ≈800 °C [27] or higher, which are still too high for CMOS

integration.

Semiconductors
Silicon and germanium: Both Si and Ge have a long history as

semiconductor device materials. Comparable relatively high

Young’s moduli (Si, 130–188 GPa [129] and Ge, 103–150 GPa)

[130,131] make these materials useful for applications in NEM

devices. Due to the possibility of anisotropic etching, Si is

widely used in top-down fabrication of NEM switches [20-

22,50,132]. Top-down Si-based NEM devices of different

designs (for example, U-shaped dual-beam structure with

capacitive paddle (Figure 11a) [20], torsional [133]) are typical-

ly fabricated from single- or polycrystalline Si substrates using

a SiO2 layer as a sacrificial material to release free-standing ele-

ments [20-22,50,132,133]. 3T Si-based NEM switches can

operate at jump-in voltages as low as 0.8 V [20].

Both Si and Ge nanowires are used in bottom-up fabricated

NEM switches and in in situ testing of devices prototypes

[9-11,13,14]. It was found that the presence of a native oxide

layer on Si and Ge nanostructures implies some limitation on

NEM switch operation at low voltages due to the high contact

resistance expressed in low on/off ratio [9] and non-conductive

gap below 2–4 V [10,13,54]. On the other hand, in 2T NEM

switches, native oxide covered switching elements are able to

operate without breakdown at voltages up to 40 V [10], re-

quired for repeatable on/off switching.

In terms of reliability, individual Ge nanowire-based 2T devices

showed good durability with no signs of degradation during
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Figure 12: Different jump-in I(V) characteristics of a) bare, thin SiC beams (SiC–SiC contact) showing gradual current rise and b) aluminium metal-
lized SiC (Al–Al contact) showing abrupt transition to the on state (at 3 V). Reprinted with permission from [23], copyright 2010 American Chemical
Society.

tens of switching cycles [10,11]. The operation at low on-state

voltages is typically achieved by coating of Si or Ge NEM ele-

ments with some other conductive material like Au or Au

alloys, Pt or amorphous carbon (aC) [9,61]. For example,

coating Si NWs with metal (Au/Al) resulted in an improvement

of the on/off current ratio by an order of magnitude [9], but

coating of a Si-based NEM switch with amorphous carbon (aC)

(Figure 11b) [61] allowed more than 108 switching cycles to be

achieved. An alternative method of lowering the on-state

voltage range is removing the native oxide layer from the nano-

wires’ surface [10,13].

Molybdenum–sulfur–iodine: Excellent functional properties

of nanowires based on transition metal chalcogenide-halides,

combined with easy synthesis and intrinsic absence of impuri-

ties make them attractive NEM switch elements. The properties

of these materials include high electrical conductivity [134],

good thermal and mechanical stability and ability to withstand

high (up to 50 V) operational voltages [8]. Molybdenum–sul-

fur–iodine (Mo6S3I6) molecular wire bundles were investigated

as NEM switching elements and as a contact material employ-

ing combined in situ TEM-nanomanipulation techniques aimed

to determine how changes in the contact electrode material and

geometry of 2T NEM switch influence the device characteris-

tics [8]. The very low coefficient of friction of Mo6S3I6 (0.03

[135]) could help to reduce surface wear originating from the

tangential forces in the NEM contact when switching to the on

state [70].

Silicon carbide: Silicon carbide (SiC), well-known for its resis-

tance to corrosion, has been widely explored for harsh environ-

ment applications where traditional semiconductor materials

fail. In addition, it has tribological characteristics superior to

those of Si. SiC is a wide bandgap (2.4–3.3 eV) semiconductor

with a bulk Young’s modulus of 400–500 GPa [136] and high

thermal conductivity on the order of 330 W∙m−1∙K−1 for bulk

3C–SiC [137], a larger than 1 MV cm−1 breakdown electric

field as well as a high melting temperature. Regarding its elastic

properties, despite the relatively large discrepancy in the results,

the correlation between the diameter of SiC 1D nanostructures

(down to 18 nm) and their Young’s modulus was not found.

The Young’s moduli of 18–140 nm diameter SiC nanowires

were determined to be in the range of 275–750 GPa [138,139],

showing average value comparable with bulk values of

400–500 GPa [136]. Reported Q factors of electrically induced

mechanical resonance of SiC nanowires varied from 3,500 to

160,000 [138].

SiC-based NEM switches fabricated by top-down approach

have shown good durability. The approach involved electron

beam lithography patterning and etching of the SiC layer

deposited over the Si/SiO2 substrate and following release of

SiC nanostructures by removing the SiO2 sacrificial layer. The

as-fabricated 400–500 nm thick poly-SiC beam-based 3T

switches showed stable operation during more than 106 cycles

at both room temperature and as high as 500 °C [38,39].

Reducing the size of the switching element down to 25–50 nm

resulted in the gradual structural deformation of the switching

element [23]. SiC NEM switches with 25–50 nm thick

switching elements exhibited unstable switching to the on state,

lacking a distinct current rise (Figure 12a), presumably caused

by the lower conductivity of SiC–SiC contacts in comparison to
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metals. The metallization of SiC switches with aluminium

resulted in a sharper on-state current rise (Figure 12b), but

reduced durability of these NEM switches down to a few or in

some cases singular switching events [23].

Ceramics
Titanium and tungsten nitride ceramics: Titanium nitride

(TiN) has a low electrical resistivity that is comparable to some

metals, high stiffness (Young’s modulus of 427–590 GPa) and

high hardness, high melting temperature (2930 °C), high corro-

sion resistance [140], and low surface energy [141] – all benefi-

cial properties for NEM switch applications. TiN is also one of

the materials used in almost all standard surface and bulk

micromachining, thus available from routine CMOS production,

and it can be integrated in existing devices. Meanwhile TiN ex-

hibits strong residual stress within the thin film layers which has

to be taken into account for NEM switch applications as it can

cause unwanted out-of-plane deformations of switching ele-

ments [6,142]. Therefore, specific treatments for switching ele-

ments such as high-temperature annealing is necessary to

release the residual stress [142]. Typical actuation voltages re-

ported for TiN NEM switches were in the range of 5 V [48] to

14 V [47]. The 35 nm thick TiN beam-based NEM switch with

a TiN/W contact electrode coated with a 8 nm thin SiO2 layer

and a 15 nm separation gap was operated in ambient air for

more than 400 cycles with stable actuation voltages [47]. The

jump-in voltage of TiN NEM switches can be lowered by using

a harder material with higher melting temperature (for example,

Al2O3) as the electrode coating [48]. Configuration of 2T TiN

switches with three operation states (one off state and two on

states with different jump-in voltages), presented in [48] can

serve for memory and logic applications.

Amorphous tungsten nitride (WNx) was proposed by Mayet et

al. [5] as a prospective high-quality structural material for top-

down fabrication of NEM switches. The amorphous WNx thin

film deposited using a tungsten target at room temperature has a

Young’s modulus as high as 300 GPa, which is comparable

to the widely used WNx protective coatings (300–390 GPa)

[143]. 3T NEM switches were fabricated by a top-down ap-

proach using reactive ion sputtering over a SiO2 sacrificial

layer, employing electron beam lithography and etching

methods. Experimental results on these NEM switches, where

both the switching element and the contact electrode were

fabricated from WNx, indicated that this material is suitable

for low-voltage switches. A NEM switch with design of

relatively large dimensions (switching element size of

190 nm × 500 nm × 20 µm) [5] achieved a jump-in voltage of

0.8 V. High-contact resistance (10 MΩ) observed in the experi-

ments indicated that these materials may be used in applica-

tions where current must be limited.

Comparison of NEM switching element materials
Although the above overviewed materials belong to different

classes, their mechanical, electrical and thermal properties vary

in a relatively narrow range (Figure 13). Typically, they can

withstand high temperatures of at least 800 °C and are charac-

terized by a Young’s modulus of hundreds of GPa and have an

electrical conductivity above 104 S/m. High Young’s modulus

values result in switching speed and a stiffness needed for the

fast and volatile operation of a NEM switch. The electrical

conductivity of the switching element is decisive for the desired

application. For example, for RF applications, metallic conduc-

tivity is needed, while materials with relatively low conduc-

tivity are suitable for electrical current limitation applications.

The ability of withstanding high temperatures is favourable for

NEM switches operating in harsh environment. A demonstra-

tive comparison of fabrication approaches, general advantages

and challenges, together with some of the proposed applica-

tions of the materials for NEM switching elements is presented

in Table 2.

Figure 13: Materials properties for NEM switching elements. Marker
coordinates correspond to the electrical conductivity and Young’s
modulus of each material, and the marker colour represents its melting
temperature T.

Choice of electrical contact material
Despite numerous studies [51,52,82] on the properties of the

electrical contacts at the nanoscale, there is a limited number of

reports on the suitability of different materials combinations for

NEM switch applications. At the same time, choosing the

appropriate contact materials is one of the most important issues

in scaling the NEM switch, as traditional contact materials (e.g.,

Pt, Au, Cu) struggle to show reliable and stable performance

due to pronounced nanoscale adhesion, wear and dynamic

evolution of the contact. The importance of choosing the appro-

priate materials is highlighted by NEM switch research, where
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Table 2: Comparison of materials for NEM switching elements.

Materials Device fabrication
approaches
(examples)

Advantages Challenges Possible applications

metals Mo [19,115]
Cu [17]
Pt [114]
Ru [18]
TiW [49]

top-down
(lithography,
etching, thermal
annealing, atomic
layer deposition)

- high electrical
conductivity

- surface oxidation
(Mo, Cu, Ru, TiW)
- scaling and grain
boundary effects on
mechanical properties
- residual stress (Pt)

- RF applications

carbon
allotropes

CNTs
[12,15,32-37,59,123]
graphene [24-31]

top-down
(lithography,
etching, metal
sputtering) with
bottom-up
(dielectrophoresis,
controlled growth,
nanomanipulation)

- combination of
high electrical
conductivity and
extraordinary
mechanical
strength
- very high
decomposition
temperatures

- mechanical
strain-dependent
electrical properties
(CNTs)
- mass loss and
electrical breakdown
(CNTs)
- grain boundary
effects on mechanical
and electrical
properties (graphene)

- memory and logic
applications

semiconductors Si [20-22,50,132,133]
Ge [9-11,13,14]
Mo6S3I6 [8]
SiC [23,38,39]

top-down
(lithography,
etching) or
bottom-up
(nanomanipulation)

- operation at
relatively high
voltages up to
40–50 V (Si, Ge,
Mo6S3I6)
- can withstand
high temperatures
(SiC)

- surface oxidation (Si,
Ge)
- mechanical and
electrical properties
may change with
increasing temperature
(Ge, Si)

- memory (Si)
- logic and
high-temperature
applications (SiC)

ceramics TiN [6,47,48,142]
WNx [5]

top-down
(lithography,
etching, sputtering,
thermal anneal,
atomic layer
deposition)

- combination of
high electrical
conductivity and
stiffness (TiN)
-combination of
high elasticity and
hardness (WNx)

residual stress (TiN) - memory and logic
applications (TiN)
- electrical current
limitation and
low-voltage switches
(WNx)

classical switch architectures in combination with unconven-

tional materials combinations, for example, SiC [7] and

diamond-like carbon (DLC) [12] as electrical contact materials,

have led to increased reliability. The following subsections

summarize the advantages and drawbacks of some of the mate-

rials being used as electrical contacts in NEM switches.

Metals
The reliability of various metals as electrode materials has been

examined both theoretically [144] and experimentally [63,145-

152] using mechanical [145,146], electrical [145,146] or

coupled electromechanical [63,147-152] testing experiments.

The materials properties such as hardness, wear resistance,

melting point, conductivity and oxidation characteristics should

be considered for each particular application.

Theoretical studies have modelled the impact of NEM switch

scaling on the properties of metal electrode materials, showing

that a decrease in device dimensions will necessarily result in a

large increase of contact resistance as well as the risk of stic-

tion-induced failure [144]. It was found that no metal consid-

ered in this study (Ag, Al, Cu, Pt, Rh, Ru, Ti and W) can fulfil

the requirements of an ideal contact simultaneously [144].

Au is a material with an exceptional conductivity and oxidation

resistance. However, the reliability of pure Au–Au contacts is

very low as Au is a soft material, which is likely to undergo ma-

terial transfer and wear [144,153]. Alloying with another metal

(for example, Ni) is a method to strengthen soft metals to

increase wear resistance and reduce surface adhesion. Two-

phase Au–Ni alloys (at 20% Ni) showed reduced wear rate and

a small increase of contact resistance in comparison with pure

Au electrodes in a MEM switch setup [150]. It was also shown

that Au, alloyed with noble metals such as Pt, Rh and Ru,

reduced the contamination build-up rate [147].

Other noble metals such as Ir and Pt are attractive due to their

high Young’s modulus and oxidation resistance in ambient

environment. Under I(V) cycling with a Cr-coated AFM tip,

both materials exhibited relatively low initial contact resis-

tances in comparison with Ni and Cr [145]. Adhesion forces

were measured to be more than four times higher for the Ir/Si
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contact than for Pt/Si [145]. The electromechanical cycling of

Pt/Pt contacts for 109 cycles in ambient air showed more

than three orders of magnitude increase of contact resistance

accompanied by only a moderate 12% increase of adhesion

force and no signs of wear-related degradation [63]. TEM ob-

servations revealed an added layer of material on the switching

element and molecular dynamics simulations in the same study

showed that the presence of a tribopolymer layer between metal

contacts would increase the contact resistance, but weaken the

adhesive interactions, in comparison with a case with no

tribopolymer.

The use of W as the contact material in NEM switches is advan-

tageous due to the high hardness of the metal, high Young’s

modulus and high melting and boiling points. A W/Cr contact

demonstrated the lowest adhesion force, compared to other

metals (e.g., Pt and Ni) [145]. However, for a W contact materi-

al, relatively large changes in contact resistance [146] and deg-

radation of the on state current during cycling [49] have been

reported, which has been attributed to the impact of its native

oxide [49,146].

Al and Cu electrode materials have demonstrated very low

initial contact resistances during I(V) cycling [145] due to the

high conductivity of these electrode materials. However, both

materials displayed either gradual (Al) or abrupt (Cu) increase

of contact resistance after 104 I(V) cycles [145].

Ti stands out with the combination of a hardness and Young's

modulus relatively better than for other materials (e.g., Au, Al,

Cu), showing reliable I(V) cycling with low initial contact resis-

tance [145]. However, the stable cycling performance is

compromised by its larger resistivity in comparison with other

metals.

Metals have been alloyed with semiconductors in search for

novel NEM switch contact materials. Platinum silicide (PtxSi)

thin films were proposed as the perspective contact material due

to the combination of mechanical robustness and metal-like

conductivity [63,154,155].

In summary, the highest reliability is achieved using a material

with a combination of high Young’s modulus, high hardness

and high melting point, for example, Ti and W, while materials

traditionally used for contacts (noble metals such as Au and Pt)

are at risk of wear due to their low hardness and low Young’s

modulus [153].

Other materials
Electrically conductive stable oxides could also be considered

as prospective NEM switch contact materials, as they have

shown reliable performance for microscale contacts. For exam-

ple, switches based on ruthenium oxide RuO2–Au contacts

[149,151,152] reached more than 1010 switching cycles with-

out failure, surpassing such materials combinations as Pt–Au

and Ir–Au [149]. As RuO2 has lower surface reactivity than, for

example, Pt, the RuO2–Au contact material combination

prevents cycling-induced tribopolymer accumulation [149].

However, the conductivity of RuO2 is lower than that of Au

[152].

Another perspective contact material is Mo6S3I6, because of its

low surface energy [134]. Mo6S3I6 was tested in a NEM switch,

where the switching element was Mo6S3I6 nanowire bundles,

and the contact electrode material was Mo6S3I6 or Au. The per-

formed tests showed reduction of adhesion per unit area by nine

times for a Mo6S3I6–Mo6S3I6 contact in comparison with a

Mo6S3I6–Au contact [8].

Diamond-like carbon (DLC) and SiC have been suggested as

electrode materials due to their mechanical robustness, demon-

strating stable contact resistance over 106 switching cycles for

CNT-based NEM switch [12] and over 107 cycles for SiC-based

NEM switch [7]. The applications of these materials are, how-

ever, limited due to their high contact resistance.

Table 3 presents the advantages and drawbacks of the contact

materials combinations discussed above, as well as their cycling

behaviour, together with experimental setups used for testing.

Operating environment
Environmental conditions (e.g., pressure, temperature, humidi-

ty, presence of chemically active gases (among which the

impact of oxygen is the most widespread and studied), contami-

nation with carbonaceous compounds [63,156-158]) can impact

both the switching element and contact materials, influencing

NEM switch operational parameters such as switching speed,

jump-in voltage, hysteresis width, contact resistance and adhe-

sion. The environmental effects on the switching element may

result in a delay of response or change in jump-in/jump-out

voltage of the device. The most severe environmental impact is

experienced in the contact region, where the dynamic relation-

ship between contacting materials can introduce variability in

electrical and mechanical NEM switch operational parameters

over time.

Environmental damping of NEM switching element
In contrary to high-vacuum conditions, where the damping of

the switching element is determined by intrinsic losses (e.g.,

imperfect clamping, structural defects in the switching

element), in higher pressure (low vacuum, dry gas or liquid)

environments it experiences additional external losses,
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Table 3: Advantages and disadvantages of contact material/switching element combinations.

Contact material/
switching element

Advantages Cycling performance Drawbacks

Ir/Cr [145]a; Ir/Pt
[146]a

- high hardness
- high resistance to native oxide
formation

good cycling characteristics for
105–109 [63,145] cycles;
low initial contact

high adhesion forcea in
comparison with Cr, Ni, Ti, W,
Pt [145]

Pt/Cr [145]; Pt/Pt
[63]a, [144,146]

- lower adhesion force in comparison
with Ir, Ti, Ni, Cr, Al, Cu [145]
- harder than Au
- high resistance to native oxide
formation

resistance (in comparison with Ni
and Cr) [145]

contact resistance increase
over time [63,145] (more than
3 orders of magnitude after
2·109 switching cycles [63])

W/Cr [145]; W/TiW
[49]b, [144]; W/Pt
[146]

- lower adhesion force in comparison
with Pt [145]
- high hardness, high melting and
boiling points (compared to, e.g., Pt)

good I(V) cycling characteristics for
105 cycles [145];
larger changes in contact resistance
(compared to, e.g., Ir, Ni, Pt) [146];
degradation of on state current [49]

formation of native oxide

Ti/Cr [144,145] - combination of reliability, useful
lifetime, hardness and Young's
modulus relatively better than for
other materials (e.g., Au, Al, Cu)
- high corrosion resistance

good I(V) cycling characteristics and
stable contact resistance for
105 cycles [145]

higher resistivity in comparison
with other metals

Ni/Cr [145]; Ni/Pt
[146]

- good corrosion/oxidation resistance poor I(V) cycling performance [145];
less than 1% change in contact
resistance over 105 cycles [146]

high initial contact resistance
(3–5 orders of magnitude
higher than W, Pt, Ti, Ir) [145]

Cr/Cr [145] - high corrosion resistance and
hardness

poor I(V) cycling performance [145] formation of native oxide

Al/Cr [144,145] - low initial contact resistance gradually became nonconductive
after 104 I(V) cycles [145]

high adhesion force, formation
of native oxide

Cu/Cr [144,145] - low initial contact resistance abrupt large rise in contact
resistance after 104 I(V) cycles [145]

high adhesion force, formation
of native oxide

Au/Au
[147,148,150,153]c

- no oxidation
- very low initial electrical contact
resistance

material transfer during cycling high adhesion force, low
hardness;
rapid surface wear

Au–Ni alloy,
20 atom % Ni/Au
[150]

- reduced wear rate in comparison
with pure Au

larger number of switching cycles
with stable contact resistance
compared with pure Au

contact resistance higher than
that of pure Au

Mo6S3I6/Au
Mo6S3I6/Mo6S3I6
[8]b

- low surface energy [134] larger number of switching cycles in
comparison with Au electrode

S forms covalent bond with Au

DLC/CNT [12]b - low adhesion, mechanical
robustness
- high electrical resistivity, high
corrosion resistance

stable contact resistance over
106 switching cycles

high contact resistance

SiC/SiC [7]b - stable performance over testing
period of 7 days in ambient air
- suitability for high temperature
(500 °C) measurements

stable performance over 107 full
switching cycles at room
temperature

high contact resistance

RuO2/Au
[149,151,152]c

- electrically conductive and stable
oxide
- extended lifetime (in comparison
with Pt–Au and Ir–Au) due to catalytic
behaviour

reached more than 109 switching
cycles without failure [149]

lower conductivity that Au–Au
contacts [152]

PtxSi [63,154,155] - combination of mechanical
robustness with metal-like
conductivity
- good oxidation resistance

no cycling tests performed no cycling tests performed

aMetal-coated AFM tip/thin film-based nanoscale test platform. Si AFM tip was used in adhesion force measurements. bRepresentative NEM
switching device. cMicroscale test platform.

depending on the pressure and viscosity of the surrounding me-

dium, which are mirrored by a decrease of quality factor of the

switching element and may lead to reduction of the switching

speed. Figure 14 illustrates the impact of air pressure on the

quality factor for three different sized SiC nanocantilevers

indicating the transition from molecular to viscous damping
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[159], governed by collisions and viscosity of the medium, re-

spectively.

Figure 14: Quality factor as a function of air pressure showing the
transition from molecular (solid lines) to viscous (dashed lines)
damping. Red, green and blue colours mark three different sized
nanocantilevers (corresponding to widths 400 nm, 800 nm and 2 µm).
Inset shows the crossover pressure dependence on cantilever width.
Reprinted with permission from [159], copyright 2007 Macmillan
Publishers Limited.

Despite the negative impact on the quality factor of the

switching element, operating a NEM switch in a water-free

dielectric liquid with large dielectric constant has several signif-

icant advantages such as reduction of pull-in voltage,

suppressed arcing, avoiding capillary forces and exposure of

NEM switch components to oxygen, as well as reduction of van

der Waals force in the contact [160]. Operation in insulating

liquid media has been demonstrated for a few NEM/MEM

switches. A top-down fabricated 3T NEM switch using a

moving TiN cantilever and TiN electrode with a 40 nm gap

operating in insulating transformer oil showed about 40% de-

crease in pull-in voltage due to the liquid’s large dielectric con-

stant [160]. The additional benefits were reduction in hysteresis

width and improved cycling characteristics when compared to

operation in air [160]. For a much larger microelectromechan-

ical switch, a similar 31.8% reduction in pull-in voltage and a

more than 94% decrease of the adhesion force have been re-

ported when operating in mineral oil [161].

Operation in humid environments and ambient air
Capillary forces: If a NEM switch is fabricated using wet

etching or is operating in humid environments, the capillary

forces should be considered. It is increasingly important with

down-scaling of a NEM switch, as the ratio of capillary to

elastic restoring force of the switching element increases with

reducing device dimensions (Figure 15) [144]. In humid envi-

ronments, the capillary condensation from the surrounding

vapour on the NEM switch nanocontacts impacts the adhesion

behaviour during switching operation. During a NEM switch

fabrication process, the capillary forces may arise from resid-

uals left after lithographic processing using wet etching. The

impact of wet fabrication steps can be minimized using super

critical point drying [12,162,163]. To prevent the occurrence of

capillary forces arising from the device fabrication process, it is

recommended to use dry switching element release procedures

(e.g., dry etching with HF [5-7], reactive ion etching [5,12,19]).

Figure 15: Scaling impact on the capillary/elastic force ratio. The
impact of reducing the length of the switching element on the ratio of
capillary to elastic force is shown for three different humidity levels.
Reprinted with permission from [144], copyright 2011 IEEE.

Methods for minimising/elimination of capillary forces during

operation include coating the switch elements with hydro-

phobic self-assembled monolayers (SAMs) [104,164] and

immersing the NEM switch in an insulating liquid environment,

which also significantly reduces vdW forces. However, coating

with SAMs poses challenges in tailoring the electrical proper-

ties of the switch.

Oxidation: When designing a NEM switch for operation in

ambient environment, the oxidation characteristics of materials

must be considered. Regarding electrical contact materials,

noble metals are highly resistant to oxidation and corrosion in

ambient air at room temperature. However, for Pt-group metals

(e.g., Pt, Ir, Ru) the formation of the surface oxide can be acti-

vated by the presence of water vapour at relatively low tempera-

tures [165]. In contrast to noble metals, almost all base metals

develop a thin oxide layer under ambient conditions. In this

case, the chemical and mechanical properties of a native oxide

determine the corrosion resistance of NEM switch contact mate-

rials. For example, Ni, Cr and Ti form protective layers, making

them suitable as electrode coatings in a broad range of environ-

ments. The electrical conductivity of metal oxides of contact
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materials spans a large range of values from metallic to insu-

lating. For example, Ir can form an electrically conductive

oxide under proper temperature conditions. Cr oxide is moder-

ately conductive with resistivity in the range of 3 × 10−6 Ω·m

[166]. Native oxide of Cu is semiconducting (with resistivity

around 4.6 × 104 Ω·m at room temperature), showing pro-

nounced temperature dependence [167]. Ni oxidizes to form a

crystalline, mechanically robust NiO film at room temperature

with a resistivity of approximately 0.5 Ω·m [168]. Ti oxide

has high bulk resistivity [169], but for thin films, it can

significantly decrease due to the changes in material stoichiom-

etry [170,171]. One of the metal oxides with the highest

(5 × 1011 Ω·m [172]) is the brittle Al native oxide, growing

rapidly under ambient conditions. Commonly used for NEM

switching elements, semiconductors Si and Ge in ambient air

develop few nanometre thick, insulating (1 × 1012 Ω·m (Si)

[13,20] and 8 × 108 Ω·m (Ge) [10,173]) oxide layers.

Typically, the oxidation of NEM switch component materials

during fabrication or operation is accompanied by an increase

of contact resistance and creation of a potential barrier in the

contact [8,13,17,49], manifested in nonlinear I(V) characteris-

tics (Figure 16). Complete removal of the oxide layer leads to

reduction of the potential barrier between the contacting sur-

faces, resulting in significant improvement of electrical contact

and linear I(V) characteristics, allowing operation at low volt-

ages (Figure 16) [10].

Figure 16: I(V) characteristics of Ge nanowire with and without an
oxide layer. Reprinted with permission from [10], copyright 2009 Amer-
ican Chemical Society.

Alternatively, repetitive cycling of a NEM switch may lead to

modification (thinning) of the oxide layer in the nanocontact

area, reported, for example, during I(V) cycling of an oxide-

covered Ge nanowire–Au nanocontact [54]. Current flow and

heating caused by FN tunnelling through the oxide results in its

smoothening and thinning in the nanocontact. This leads to a si-

multaneous increase of the nanocontact area and a decrease of

the contact resistance [54].

The electrical charge stored in the poorly conductive oxide

layer may enforce the electrostatic attractive force applied to the

switching element. A decrease of jump-in voltage during

cycling was attributed to the charge build-up effect, reported for

NEM switches with Si [20] and Cu [17] switching elements.

Also, it has been shown that an oxide layer can significantly

alter the Young’s modulus and consequently the stiffness of the

switching element [174,175], affecting both jump-in and jump-

off voltages of the switch.

Environmental contaminants: Ambient hydrocarbons and

other organic compounds as traces of organic vapours may form

an insulating high molecular weight carbonaceous deposit

(tribopolymer) in the areas experiencing mechanical load [158],

for instance, during the on switching events. The impact of

tribopolymer on NEM switch operation has been experimental-

ly investigated using controlled environmental setups, intro-

ducing known levels of organic contaminant gasses such as

benzene [156,158]. The proposed explanation of the

tribopolymer formation phenomena is adsorption of hydro-

carbon molecules on a metal surface followed by chemical

interaction between themselves and with the metal surface

under mechanical load, becoming polymerized and dehydro-

genated [157,158,176]. While a detailed understanding of the

tribopolymer formation mechanism is lacking [157,168], it has

been related to catalytic activity of contact metals. It has been

shown that while Pt group metals are the most susceptible to

formation of a tribopolymer layer, it deposits also on the sur-

face of other metals such as Mo, Ta, Cr and Au [157]. The for-

mation of tribopolymer on most metal layers results in signifi-

cant reduction of adhesion between the contacting materials due

to significantly (by approximately three orders of magnitude)

decreased surface energy in comparison with pure metals [177].

Calculations have shown that every mechanical switching cycle

creates about a monolayer of polymer [157].

The electrical current, flowing through the nanocontact during

each switching cycle, has a twofold effect on formation and

evolution of the tribopolymer layer. On the one hand, it causes

dielectric breakdown of a layer grown during this cycle by

permanently altering its structure to a conductive state [158].

On the other hand, similar to mechanical stress, the electrical

current increases the rate of polymer growth by supplying addi-

tional energy to molecules adsorbed at the metal surface and

helps to overcome the activation energy barrier for adsorbent
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Figure 17: Temperature impact on NEM switch hysteresis. Hysteresis I(V) loops of a SiGe–TiN NEM relay measured at (a) 25 °C and (b) 125 °C.
Reprinted with permission from [6], copyright 2015 IEEE.

polymerization [156,158]. This process may result in an

increase of the electrical resistance of the NEM switch contact

by a few orders of magnitude over the contact lifetime of a few

billion cycles [63].

Operation at extreme temperatures
One of the strengths of NEM switches are their proposed supe-

riority for harsh environment applications such as extreme tem-

peratures. The operational characteristics at 300 °C for a molyb-

denum NEM switch and 500 °C for SiC showed that the off-

state leakage current is not influenced by temperature [7,19,38].

In comparison with room temperature, operation at higher tem-

peratures has improved the stability of the contact resistance,

suggesting that cleaning of the surfaces from moisture and cont-

aminants is taking place [19,158]. Increased temperatures may

also release residual stress in the switching element, thus

reducing NEM switching hysteresis width (Figure 17) [6]. It is

important to note that the temperature impact on Young’s

modulus and electrical resistivity of the switching element ma-

terial needs to be considered when designing the NEM switch.

For the majority of semiconductors, both the Young’s modulus

and the electrical resistivity significantly decrease with an

increase of temperature (references for Si and Ge are given as

an example [131,178,179]), while for metals, the high tempera-

ture related decrease of the Young’s modulus is accompanied

by an increase of electrical resistivity [180]. NEM switch

operation has also been demonstrated at low temperatures, for

example, for graphene NEM switches at 78 K and 10−6 Torr

[25].

Clean environments
Due to the environmental effects described previously, clean

environments such as high vacuum [19,152] or clean N2

[149,181-183] are needed to reduce or eliminate oxidation and

contamination, as well as to increase the switching speed. To

achieve clean operation, sources of environmental contamina-

tion (sacrificial layers, organic solvents, exposure to air) must

be eliminated during each stage of NEM switch fabrication and

testing, including processing, transfer to and testing in the oper-

ating environment.

Encapsulation of NEM/MEM devices may be a solution to

minimize environmental contamination- and oxidation-caused

modification of nanocontacts. However, it increases the device

size and the complexity of the fabrication process. Up to now,

only a few reports on MEM switch encapsulation attempts can

be found [184,185].

NEM switch failure modes and mechanisms
The following section provides a brief overview of specific

nanobeam-based NEM switch related problems that cause a

switch to malfunction. The most frequently observed failure

modes, their mechanisms, as well as suggestions of possible

solutions for preventing these failures are reviewed.

Mechanical tear
The estimations show that in NEM contact switches with 2T

single-clamped architectures shown in Figure 1a,b, the speed of

the free end of the switching element during the accelerated

jump-in motion can be as high as 200 m/s [15]. Compressive

stress of the switching element at the moment of contacting the

drain electrode can reach 30 GPa. It is accompanied by defor-

mation of the switching element, resulting in generation of a

strong elastic compression wave propagating along it, and is

superimposed on a bending stress in the switching element. This

may lead to wear, tear and loss of the contacting material

[24,29,186,187], especially over repetitive switching of CNTs

used as switching elements [15]. The possible solution for this

failure would be the reduction of the separation gap between the

contact electrode and the switching element, but that would

mean lower retraction forces and higher risk of device failure

due to stiction. Another option is to use more durable materials

such as semiconductor nanowires [8,10] for the switching ele-

ments.
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Increase of switch resistance resulting in current
drop down to the noise level in on state
The switch contact can become electrically insulating due to the

oxidation of the switching material or build-up of a non-

conductive tribopolymer layer under repetitively applied load in

the contact [63,156,188]. Oxidation and tribopolymer forma-

tion issues were discussed previously. Both problems can be

addressed by encapsulation of the switch in an inert atmosphere,

preferably high vacuum, but it increases the device size and

complexity of the fabrication process. Alternatively, the use of

chemically inert materials or materials covered with electrically

conductive oxides may be helpful in minimising these issues. If

the dielectric layer has already formed, for example, during the

fabrication process or mechanical cycling, it can be demolished

by applying higher electrical fields, thus breaking it down

[156]. However, this may result in the device failure.

Stiction
Permanent stiction occurs when adhesion in the contact be-

tween the switching element and the electrode exceeds the pull-

out forces, leaving the switching element permanently attached

to the contact electrode (on position). The most common ways

to prevent stiction of the switching element already during the

first switching cycle are: to decrease the contact area [8] (draw-

back – increased contact resistance and current density through

the contact); to increase the initial separation gap between the

switching element and the contact electrode [13] (drawback –

increased jump-in voltage); to use materials with lower free sur-

face energy [74-76].

During the on–off cycling of a NEM switch, there are several

processes (discussed previously), which may eventually result

in permanent stiction of the switch such as material transfer,

dielectric charging, surface wear and the formation of chemical

bonds at the contacting interface.

Material transfer: Material transfer caused by thermal evapo-

ration of material from anode electrode (described in detail pre-

viously) may be avoided by reducing the source–drain voltage

below a critical value [104,105,189]. However, this would

increase the risk of stiction for 2T NEM switches due to lower

restoring force of the switching element. Also, by increasing the

switching speed, the field emission time would be shorter, thus

minimising or avoiding the following thermal emission

[105,189]. Considering the described material transfer mecha-

nism, the materials with higher thermal conductivity and

melting temperature are a preferable choice to resolve this

problem.

Dielectric charging: Charging of the dielectric material (for ex-

ample, thin native non-conductive oxide, tribopolymer)

covering the contacting surfaces, may force the switch to jump

to an on state at voltages lower than the jump-in voltage. For

large charge build-up relative to the NEM switch separation

gap, this effect may lead to permanent stiction of the device

[190]. The charge accumulation issue may be partially resolved

by using bipolar AC rather than DC voltage actuation [191].

However, it would require complex electronics [192,193] to

drive the NEM switch in dielectric charging-free mode.

Surface wear: Surface wear, which develops during repeated

on–off cycling of a NEM switch, can lead to an increase of the

contact area to the point where stiction occurs. It can be

minimised using materials with high hardness and good elec-

trical conductivity, including innovative materials such as PtxSi

[63]. Soft metals, traditionally used for electrodes, for example,

Au, can be strengthened against wear by alloying with other

metals [150], however, using of such alloys instead of pure Au

may lead to increased current densities in contact. The physical

properties of materials which are used in NEM switches were

discussed in previous sections.

Chemical bonds: The formation of chemical bonds between

the contact material and the switching element increases the

adhesion forces in the contact. For instance, formation of cova-

lent bonds between Au and S atoms significantly increasing

adhesion in the contact, as was reported for a Mo6I3S6-based

NEM switch [8]. The process of chemical bond formation may

be enhanced by a current-induced temperature increase in the

contact area. Most graphene-based devices suffer from irre-

versible stiction after only a few switching cycles [24,25,27-

31,60,80] due to the high current density and corresponding

temperature increase in a graphene–gold switch contact. As a

result, carbon–gold chemical bonds are established at the inter-

face between the edge of a graphene nanoribbon switching ele-

ment and a gold contact electrode and leads to permanent stic-

tion of the switch [80].

Burn-out
The mechanism of electrical current induced burn-out of a

NEM switching element is governed by a set of parameters,

which include thermal and electrical conductivities of the

switching element, electrode and nanocontact area.

One of the most common burn-out mechanisms is partial local

melting of the electrode material at the contact point and partial

ablation of the switching element at the contact. This burn-out

mechanism is typical for jump-in events and can be explained

by rapid local heating caused by electrostatic discharge at the

jump-in-contact moment. In this process, charges accumulated

in the off state give rise to a current peak through the contact

area that is significantly larger than the steady-state on current
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Figure 18: Electrical burn-out induced failure of the NEM switching element. a) Ball formation at the end of a Ge nanowire at the jump-in moment.
Reprinted with permission from [10], copyright 2009 American Chemical Society. (b) GaN nanowire and (c) Mo6S3I6 nanowire bundle break in the
middle when the voltage is applied in the on state. Reprinted with permission from [96], copyright 2011 American Chemistry Society and from [8],
copyright 2010 IOP Publishing.

Figure 19: a) Breakdown I(V) characteristics of two individual Bi2Se3 nanobelts. 1-2-3 – The step-like breakdown of a nanobelt when the increase of
voltage is continued after the first partial breakdown. 1 – single-step complete breakdown of a nanobelt. b) Core meltdown of a Bi2Se3 nanobelt.
c) Core meltdown of a Ge nanowire, captured in both “before” and “after” states of the nanowire in a single frame. Reprinted with permission from
[55], copyright 2016 AIPP and from [10], copyright 2009 American Chemical Society.

[16]. Due to high jump-in voltages, this is the main failure

mode of bistable 2T NEM switches. As an example, the burn-

out of a Ge nanowire occurred at a jump-in voltage of 13.5 V

with current density of 3 nA/nm2 in the contact (Figure 18a

[10]).

Degradation of a switching element near the contact is also ob-

served for NEM switches in the on state, even if materials with

good thermal conductivity are used [10,14].

As the contact area is much smaller than the cross-sectional area

of the switching element (see Table 1), the current density in the

contact is high enough to cause migration of atoms in the mate-

rial and lead to failure of the switching element due to large

electromigration-induced mechanical stresses [96,99]. When the

thermal conductivity of a switching element is relatively low,

Joule heating at current densities >0.1 nA/nm2 (for GaAs nano-

wires) and >10 nA/nm2 (for Mo6S3I6 nanowires) leads to a high

temperature difference between the middle point and the ends

and consequent thermal breakdown of the switching element

into two halves [8,96] (Figure 18b,c). In Mo6S3I6 nanowires,

Joule heating also leads to chemical decomposition and trans-

formation into Mo nanowires through thermal evaporation of S

and I atoms. Breakdown of the transformed nanowires occurred

at current densities of about 80 nA/nm2 [100].

Native-oxide-coated nanowires may also experience meltdown

of the core material at the moment of jump-in contact [10] or

during the increase of current densities in on state [55], presum-

ably, due to poor thermal contact between the nanowire and

electrode. Figure 19a,b illustrates step-like degradation of a

Bi2Se3 nanowire during the on state. One to several breakdown

steps is typical for core/shell nanowires. The first current drop

(Figure 19a, marked with 1) occurs when the nanowire core

melts and is transformed to a shell-like structure filled with

droplets (Figure 19b) [55]. In air ambient Bi2Se3 nanowires

become covered with composite Bi and Se oxide shell [194]. As

the melting temperature of Bi2Se3 (710 °C) is significantly

higher than that of SeO3 (118 °C) and SeO2 (340 °C) and at the

same time lower than that of Bi2O3 (817 °C), it is possible that

after the core of the Bi2Se3 nanowire melts, a further voltage

increase leads to conduction through the semiconducting Bi2O3

shell until the current drops (Figure 19a, marked with 2 and 3),

indicating the successive burn-out of the oxide shell.

Germanium nanowire-based NEM switches demonstrated a

similar burn-out mechanism for germanium nanowires covered

with a native oxide layer [10]. An example of the core–shell

burn-out of a native-oxide-covered Ge nanowire at a jump-in

voltage of 37 V is shown in Figure 19c [10]. The core of the

nanowire melted in the moment of contacting the electrode. As
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Table 4: Main failure modes of NEM switches.

Failure mode Reasons Possible solutions Affected properties of proposed
solutions

mechanical tear
[15,24,29,186,187]

high impact speed and
following compression stress
when active element jumps
into the contact

lower switching speed (smaller
jump-in voltages), more durable
materials

lower jump-in voltages mean
weaker retraction force and possible
failure due to stiction

increase of switch
resistance resulting
in current drop in
on state down to
the noise level
[63,156]

oxidation of the contact
surfaces and contamination
with hydrocarbons when
operating in ambient
environment

use of chemically inert materials or
materials coated with electrically
conductive oxides

presence of an oxide layer may
lower contact conductivity

application of higher voltage pulses
for dielectric layer breakdown

risk of burn-out failure

encapsulation increases the device size and the
complexity of the fabrication
process

operation in vacuum may be insufficient to prevent
adsorption of hydrocarbons if the
vacuum is not high enough

stiction
[24,25,27,31,60,80,
104,105,189,193]

adhesion between switching
element and contact electrode
exceeds restoring (elastic)
force of the switching element

decrease of contact area increase of contact resistance

increase of initial gap thus increasing
the retraction force

increase of jump-in voltage

use of switching element with high
Young’s modulus, thus increasing
the retraction force

increase of jump-in voltage

use of materials with lower surface
energy

increase of contact resistance

material transfer reduction of source–drain voltage
below 5 V

increases risk of stiction in 2T NEM
switches due to reduction of
restoring force of switching element

increase of switching speed high mechanical impact forces
use of materials with good thermal
conductivity, high melting
temperature, high work function and
low roughness

–

dielectric charging use of bipolar AC rather than DC
voltage actuation

the charging effect cannot be
eliminated completely, more
complex electronics required

burn-out
[8,10,14,16,55,96,
99,100,194]

electrostatic discharge decrease of jump-in voltage increases risk of stiction

use of dielectric layers to increase
contact resistance and reduce
charge dissipation rate

increase of power dissipation, delay,
decrease of noise margin of the
device

Joule heating use of insulating contact layer and
materials with higher melting
temperature

insulating layer increases charge
buildup and enhances risk of
unstable pull-in voltage

addition of high resistance in series decreases on/off state current ratio

the core of Ge nanowire melted and divided in segments inside

Ge oxide tube, the temperature of the nanowire was in the range

between 938 and 1115 °C – the melting points of bulk Ge and

GeO2, respectively. Simulations performed for clarifying the

burn-out process showed that when the nanowire in the active

contact area is thermally isolated from the electrode, presum-

ably due to the poor mechanical contact, its temperature in-

creases rapidly, reaching the melting point of Ge in 100 ns [10].

Table 4 summarizes the main failure modes of NEM switches

and their possible solutions, as well as the affected properties of

the NEM switch, in case these solutions are employed.
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Conclusion
This review highlighted the most significant advancements in

nanobeam-based electrostatically actuated NEM switch technol-

ogy that have taken place during the last decade. Progress has

been made in various areas relevant for NEM switches, encom-

passing characterization of single nanostructures and nanocon-

tacts, as well as engineering of different device designs to

increase their reliability and longevity.

The field of NEM switch research continues to develop in

various directions, exploring new material combinations, testing

and fabrication methods, and operating environments. This

review considered both the advantages and drawbacks of cur-

rent nanobeam-based electrostatically actuated NEM switch

research and development. For NEM switches to become use-

ful for practical applications, further work should address the

remaining challenges, particularly, improvement of reliability

and durability of a NEM switch through prevention of its failure

during operation. The development of in situ microscopy based

methods for real-time monitoring of processes during the device

operation are extremely important for designing NEM switches

with improved reliability.

Selecting application-specific materials may help to find the

best NEM switch design solution. The general materials

requirements include high mechanical stiffness (high Young’s

modulus), high hardness, low density, low adhesion, low me-

chanical dissipation, chemical inertness, good electrical and

thermal conductivity.

When choosing materials for NEM contact switch application,

one should take into account not only the expected operational

parameters of the projected NEM contact switch, but also its

fabrication approach. Despite the recent improvements in

nanofabrication, achieving a high manufacturing yield remains

a challenge especially for devices based on materials not suit-

able for top-down fabrication.

When fabricating the device, the environment in which the

device will operate must be taken into account, as the environ-

ment may have not only a negative, but also a positive effect on

the NEM switch operation. For example, the fabrication of a

NEM switch in an oxygen-rich environment may result in the

formation of either stable electrically conductive oxides

covering the nanostructures, or insulating oxides preventing

burn-off of the switching element.
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a b s t r a c t

We report a strong tangential component of the reaction force at electrode to nanowire adhesive contact
which was previously established using electrostatic attraction. The reaction force tangential component
absolute value was found to be comparable to or even bigger than the corresponding normal component.
This effect is important for understanding of the mechanics of nano-electromechanical devices. Both the
experiment and the corresponding theory are presented. Fitting of the obtained analytical solutions to
experimental data was used to measure the reaction force acting at the contact for several nanowire-
electrode configurations.

© 2017 Elsevier Masson SAS. All rights reserved.

1. Introduction

Nano-electromechanical systems (NEMS) utilize electrical and
mechanical properties of nanomaterials for nanoscale devices.
Their operation involves electromechanically driven motion of an
active element, such as a nanowire or a nanotube. Current exam-
ples of NEMS include a range of nanorelays and switches (ON-OFF
devices) (Loh and Espinosa, 2012; Hwang and Kang, 2005; Chen
et al., 2008; Ke and Espinosa, 2006; Andzane et al., 2009, 2010;
Ziegler et al., 2004; Lee et al., 2004; Viasnoff et al., 2006; Jang
et al., 2008a, 2008b, 2005). These devices are an alternative to
the complementary metal-oxide-semiconductor (CMOS) devices,
for example, for memory applications (Loh and Espinosa, 2012;
Jang et al., 2008a; Rueckes et al., 2000). Despite the benefits of
the NEMS technology, which include further miniaturisation, sig-
nificant reduction of power consumption and ability to operate in
harsh environmental conditions, their reliability is still a critical
issue (Loh and Espinosa, 2012). Failing due to adhesion, conduc-
tivity reduction due to surface wear and/or contamination,
switching element burn-out due to electrical discharge and Joule

heating are typical problems of NEMS. Solution of these problems
requires a better understanding of the mechanics of NEMS and in
particular of the conditions at the contacts.

Various systems, including carbon nanotubes, as well as metal
and semiconductor nanowires, have been used as active compo-
nents in NEM switches (Loh and Espinosa, 2012; Hwang and Kang,
2005; Chen et al., 2008; Ke and Espinosa, 2006; Andzane et al.,
2009; Ziegler et al., 2004; Rueckes et al., 2000; Kim and Lieber,
1999; Kinaret et al., 2003). In the majority of cases such active el-
ements can be considered as straight objects (thin rods), cylindrical
or rectangular in cross-section. In these cases, usual linear beam
bending theory can be used to describe their mechanical behaviour.
In many cases, however, mechanical behaviour of the active
element in a pre-bent configuration is the subject of interest.

A gateless two-source controlled nano-electromechanical
switch based on individual, single-clamped Ge nanowire
(Andzane et al., 2009, 2010, 2013) is an example of such a case.
Initially the nanowire and the electrode are physically separated,
representing an “off” state. Switching the device to an “on” state is
achieved by applying an electrostatic potential between the single
clamped active element (the source) and the electrode (the drain).
If the applied voltage achieves a certain value, the jump-to-contact
happens and after the voltage is switched off the device remains in
the “on” state due to adhesion forces.
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The scheme shown in Fig. 1 is equally applicable to nanorelays
and two input switches. However, the shape and placement of
electrodes may be different. In Fig. 1, the elastic beam, representing
a nanowire, is fixed at a macroscopic electrode on the left. The
beam is bent and kept in contact with another electrode on the
right (Electrode 1 on Fig. 1) by the adhesion force. In case of
nanorelays an additional electrode (Electrode 2 on Fig. 1) is needed
to detach the active element from the contact. The detachment is
achieved by applying an electric voltage pulse between the active
element and the additional electrode. The latter cannot be reached
by the nanowire. For the contrary, in case of nanoswitch the
nanowire is supposed to establish contact with each of the elec-
trodes in turn.

One of the reported difficulties (Andzane et al., 2013) in the
implementation of this scheme is the high voltage between the
Electrode 2 and the nanowire, required to pull the latter from the
contact. A novelty idea demonstrated in (Andzane et al., 2013) for
substantial reduction of the pull-off voltage without compromising
the quality of the contact is to make use of mechanical resonance.
Such a resonance can be generated by combination of DC/AC
electrical fields. The pull-off voltages reported in (Andzane et al.,
2013) are much lower compared to static-only NEMS switching
devices. Though this result can be considered as a success, it also
demonstrates that in other circumstances both unwanted me-
chanical and electrostatic interaction can compromise the stability
of the contact. No attempts were made in (Andzane et al., 2013) to
investigate the proposed mechanism theoretically. There were two
reasons for that. First, it is necessary to describe the oscillations of
the bent, while in contact, nanowire with full account of its cur-
vature. Second, the conditions at the contact should be specially
investigated because the magnitude and direction of the reaction
force acting on the nanowire are unknown.

The knowledge of the reaction force at the contact has much
more general applicability for NEMS development than the
example which has been just described. Any atomic scale consid-
eration of the processes at the contact requires a realistic macro-
scopic environment model to be imbedded in. The stress field
around the contact is an important characteristic of such
environment.

In this work, we first report an experiment. It shows that the
reaction force, which an active element experiences at the contact,
may contribute not only to its bending, but also to its axial tension.
Second, a nonlinear equation of motion for the active element of a
nanoswitch is derived. It takes full account of the curvature of the
element and is exact in this sense. It also incorporates the roles of
the pull-off force, of the reaction force and of the possible force

moment at the contact. Third, a static solution of the problem is
obtained and compared to the experimental shape of the nano
element. The result of such a comparison allows us to estimate both
normal and tangential components of the reaction force as well as
the bending moment acting on the nanowire at the contact. Forth,
small oscillations of the nanowire which is brought to contact with
the electrode are considered. This leads us to an analytical formula
for the nanowire resonant oscillation frequency as a function of
deflection, reaction force and the force moment acting at the
contact.

2. Methods

2.1. Experimental

Monocrystalline Ge nanowires were grown using the super-
critical fluid method (Holmes et al., 2003). The nanowires were
suspended on a TEM grid surface pre-coated with a 5/20 nm thick
Pt/Au layer (Gatan 682 PECS) and investigated in a scanning elec-
tron microscope (Hitachi S-4800 SEM) in order to select a suitable
nanowire. The end of the selected nanowire was clamped at the
edge of the grid with a platinum strip applying the focused e-beam
technique (SEM-FIB TECNAI LYRA). The width of the strip exceeded
the nanowire diameter which is sufficient to make the end of the
nanowire fixed (Qin et al., 2012; Meija et al., 2015).

The switch elements were attached to positioners of a SmarAct
13D nanomanipulation system and staged inside the Hitachi S-
4800 SEM equipped with Fisher electrical connectors in thewalls of
the specimen chamber, to control the stage and apply the voltage.
Fine positioner's adjustment in range from several mm to a few nm
allowed us to configure the measurement setup in-situ (Andzane
et al., 2013; Meija et al., 2015, 2017; Kosmaca et al., 2017;
Jasulaneca et al., 2016). A Pt/Au coated silicon chip was used as a
plane counter electrode (Electrode 1 in Fig. 1). It was connected to
Keithley-6430 DC voltage source. An electrochemically etched Au
tip was grounded and used to ensure that the nanowire deflection
occurs in plane. Continuous visualisation and imaging in SEM was
used to control the setup configuration, determine nanowire size
and shape during the experimental session. In particular, the length
of the chosen nanowirewas estimated as l0¼138.7± 0.1 mm and the
radius as r ¼ 99 ± 2 nm. At the beginning of the experiment single
clamped nanowire's resonant frequency was obtained by exciting
the nanowire oscillations electrostatically. The nanowire's reso-
nance was detected as a sharp increase of the nanowire oscillation
amplitude at a certain AC frequency. This frequencywas found to be
equal to 7.31 ± 0.01 kHz. This would give the estimation of the
Young's modulus E ¼ 137 ± 7 GPa assuming that the nanowire's
mass density is equal to the bulk value of Ge r ¼ 5323 kg/m3and no
surface layer, with mechanical properties different from the bulk,
exists. In fact, some oxide layer was definitely present. All of the
preparations and measurements mentioned above have been done
for five similar nanowires. It has been found that for a single
clamped nanowire two slightly different (not more than by 10%)
resonant frequencies can be detected. They correspond to oscilla-
tions in perpendicular planes. This is a consequence of the imper-
fection of the nanowire's cylindrical symmetry. For the finally
chosen sample we were unable to detect any difference between
these frequencies.

Further measurements were performed in the following steps.
1) The plane electrode and the Au tip were moved towards the
nanowire. 2) A DC voltage sweep starting from 0 V with a step
width 0.1 V was applied between the plane electrode and the
nanowire until the nanowire right end jumped into contact with
the electrode surface. 3) The nanowire deflection was determined
by comparing the SEM images before and after establishing the

Fig. 1. Scheme of a gateless two input nanoswitch. l0 e nanowire length, h e

dimensionless vertical deflection, K e density of a distributed external force, usually of
electrostatic nature, fx and fy - components of the reaction force at the contact, M e

force moment at the contact.
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contact (Fig. 2). The deflection was measured in thirteen to fifteen
points evenly distributed along the whole nanowire length. On
Fig. 2, H represents the deflection at the point of the nanowire right
end. 5) The AC voltage of 2 V was applied between the Au tip and
the rest of the system and the resonance frequency of the nanowire
was determined. 6) The AC voltage of 1 V was applied between the
Au tip and the rest of the system and the resonance frequency of the
nanowire was determined once more. 7) The plane electrode was
moved away from the nanowire until detachment happened.

These steps were repeated for a set of right end dimensionless
deflection h (ratio of the deflection over the nanowire length l0)
absolute values increasing from 0.05 to 0.35. Then the procedure
was repeated for a set of decreasing absolute values of h chosen in
the same interval.

On Fig. 3 it is clearly seen that the measured resonance fre-
quencies of the Ge nanowire are higher than the frequency of the
“fixed-fixed” configuration and they are further growing with the
value of the deflection h. In (Meija et al., 2015) slightly different
experiment has been reported. A similar Ge nanowire was brought
to contact with a counter electrode purely mechanically. The
electrode was moved towards the nanowire until the contact has
been established by adhesion forces. The electrostatic attraction
was not employed in that experiment. The authors measured the
resonance frequency and then applied some electric voltage pulse,
which resulted in current flowing through the contact area. They
repeated these measurements several times with increasing volt-
ages applied. The main observation of that experiment was that the
resonant frequency of the nanowire was growing each time after
the voltage has been increased. The initial frequency was close to
that of a “fixed-supported” rod and it approached the “fixed-fixed”
value after several cycles. The conclusion of the authors was that
the strength of the adhesion was increased as a result of electric
current flow through the contact area.

In our experiment the nanowire has been brought to contact by
electrostatic forces. Though the voltage was switched off after each
jump-to-contact event, the electric current had enough time to
modify the contact properties and some adhesion strengthening
could be expected. It however cannot result in resonant frequencies
being higher than that of the “fixed-fixed” configuration, unless the
nanowire is experiencing an axial stretching or its linear density
and/or Young's modulus are not constant. This subject is further
discussed in our last section, after the corresponding theory is
presented.

2.2. Theoretical basis

2.2.1. The equation of motion
The subject of our attention is the shape of a nanowire, while the

latter is kept in contact with the electrode by adhesion forces. The
nanowire may have a surface layer (oxide shell) with mechanical
properties which differ from those of the core. This is why mass
density r in all of the expressions below must be interpreted as an
effective value. Flexural rigidity R for homogeneous rods is given by
formula (1a). For the case of circular cross-section wire with core-
shell model it is given by formula (1b) (Zhang et al., 2013). For
the limiting case of very thin shell, (1b) reduces to a simple
expression (1c) (Wang et al., 2013).

R ¼ EI; I ¼ pD4

64
(1a)

R ¼ 1
64

pEcD4 þ pEss
�
1
8
D3 þ 3

8
D2sþ 1

2
Ds2 þ 1

4
s3
�
; (1b)

R ¼ 1
64

pEcD4
�
1þ 8sEs

EcD

�
: (1c)

Ec; Es- stands for the Young's modulus of the core and shell corre-
spondingly, D - is the core diameter, s e is the shell thickness. It
must be said that the formula (1b) cannot be interpreted as (1a)
with some kind of effective Young's modulus. This is because the
effective value, which would be introduced this way, contradicts
with the Young's modulus definition. If used, it would result in a
wrong elongation of the rod under tension. To make our expres-
sions general the flexural rigidity R will be used everywhere.

Beam bending (Timoshenko, 1953) is described in the spirit of
the well-known Euler-Bernoulli theory, however, in its nonlinear
generalized form. A short derivation of the main equation is pre-
sented below. We start with the equilibrium equation for a cylin-
drical beam and the expression for the bending moment (Landau
and Livshitz, 2007):

R
�
dr
dl

� d3r

dl3

�
¼
�
~F � dr

dl

�

d~F
dl

¼ �~K

(2a)

Fig. 2. Schematic of the experimental setup with over layered SEM images. The
nanowire before (position 1) and after (position 2) establishing the contact with the
plane electrode. The left end of the nanowire is fixed, whilst the right end, when the
voltage is applied, consequently bends and jumps into contact with the plane elec-
trode. The inset shows the nanowire's right end in contact with the electrode. Com-
parison of the nanowire shape in positions 1 and 2 is used for determination of the
nanowire deflection along the whole nanowire length. l0h represents the deflection at
the point of the nanowire right end.

Fig. 3. Ratio of the resonant frequency e u to that of the single-clamped nanowire e

u0 as a function of deflection h. Black circles correspond to the “fixed-free”, “fixed-
supported” and “fixed-fixed” resonances of a straight thin rod without any axial stress.
The dashed line represents the best fit of a linear function to the experimental data.
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~M ¼ R
�
dr
dl

� d2r
dl2

�
(2b)

The vector r is representing the coordinates of a point on a beam
which is considered as a 1-D object, ~Ke is a linear density of the
external force ~F, le is a coordinate along the beam. We assume that
at the left end the beam is always parallel to x axis and that all of the
deformation takes place in xy plane, so that the r has no z
component.

Taking a derivative of the equation (2a), equation (3) can be
written. The X and Y are the corresponding components of r.
Starting from here all length related variables are expressed in units
of the nanowire length x ¼ l/l0

Xð1ÞYð4Þ � Xð4ÞYð1Þ þ Xð2ÞYð3Þ � Xð3ÞYð2Þ�
FxYð2Þ � FyXð2Þ þ KxYð1Þ � KyXð1Þ ¼ 0 
Fx

Fy

!
¼ l20

R

 
~Fx
~Fy

!
;

 
Kx

Ky

!
¼ l30

R

 
~Kx

~Ky

! (3)

All derivatives are presented as upper indices in brackets and
are taken with respect to the normalized coordinate x e along the
beam.

Using an evident equality (4) all the derivatives of X can be
expressed in terms of the derivatives of Y.

�
Xð1Þ

�2 þ �Yð1Þ
�2 ¼ 1 (4)

This leads to (5).

 
Yð2Þ

Xð1Þ

!ð2Þ
� Ftens

Xð1ÞY
ð2Þ þ KxYð1Þ � KyXð1Þ ¼ 0

Ftens ¼ FxXð1Þ þ FyYð1Þ; Xð1Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

�
Yð1Þ

�2r
; XðlÞ ¼

Z l
0

Xð1Þdx

(5)

Equation (5) in the case of small deflections can be written in a
well recognizable linear form of (6).

Yð4Þ � FxYð2Þ � Ky ¼ 0 (6)

Expressions for the transverse force are given in (7). The force
acting on the beam has both concentrated and distributed com-
ponents. The former is due to adhesion and short range repulsion.
This force acts at the contact point and may contribute both to
bending and axial tension. Two constants e (fx, fy) are used in (7)
and below to characterize this force.

The distributed force density K, if present, may have contribu-
tions of different nature. An externally applied force, usually of
electrostatic nature, is one of such contributions. It is strictly
perpendicular to the nanowire axis and directed towards the
Electrode 2. For a given shape of the beam this force density is
described by a scalar function gðx; tÞ. If the nanowire is in motion
the inertial and dissipative contributions to the force density
should also be taken into account. In (7) they are represented by the
corresponding time derivatives of the coordinates.

Fx ¼ fx þ
Z1
x

KxðuÞdu; Fy ¼ fy þ
Z1
x

KyðuÞdu

Kx ¼ �mYð1Þ � €X � 2l _X

Ky ¼ mXð1Þ � €Y � 2l _Y

_Xðx; tÞ ¼ �
Zx
0

Yð1Þ _Y
ð1Þ

Xð1Þ du

€Xðx; tÞ ¼ �
Zx
0

Yð1Þ€Y
ð1Þ

Xð1Þ þ
�
_Y
ð1Þ�2

�
Xð1Þ

�3 du

T ¼ l20

ffiffiffiffiffi
m
R

r
; m ¼ l30gðx; tÞ

R
; l ¼ l0c

2
ffiffiffiffiffiffiffi
Rm

p

(7)

In (7) the nanowire linear mass density - m ¼ pD2r=4, the
dissipative coefficient - c and the time unit e T have been intro-
duced. The time derivatives are represented as dots over the cor-
responding function. Substitution of the first two expressions of (7)
into the equilibrium equation (2a) leads to (8).

Xð1ÞYð3Þ � Yð1ÞXð3Þ ¼ fxYð1Þ � fyXð1Þ þ Yð1Þ
Z1
x

KxðuÞdu

� Xð1Þ
Z1
x

KyðuÞdu (8)

At x ¼ 1 the equation (8) can be reduced to (9).

fy ¼ �
 "

Yð3Þ

Xð1Þ2 þ
Yð1ÞYð2Þ2

Xð1Þ4

#
þ fx

Yð1Þ

Xð1Þ

!
x¼1

(9)

If the right end of the nanowire is free, the equation (9) reduces
to usual “free end” boundary conditions (10).

Yð2Þð1Þ ¼ Yð3Þð1Þ ¼ 0 (10)

If, however, it is in contact, the equation (9) allows us to elimi-
nate the unknown fy force component from the equation. Using (9)
and (7) the equation of motion can be finally written in terms of y-
displacement, its time and coordinate derivatives and integrals.

�
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Xð1Þ þYð1Þ
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Xð1Þ ¼m

Ftens¼Xð1Þ
Z1
x

KxduþYð1Þ
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x

Kyduþ
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Xð1Þð1ÞXð1Þ þYð1Þð1ÞYð1Þ

�
Xð1Þð1Þ

�

"
Yð3Þ

Xð1Þ2þ
Yð1ÞYð2Þ2

Xð1Þ4

#
x¼1

Yð1Þ

(11)

Unlike in the recent work (Wang andWang, 2015), the equation
(11) is exact with respect to curvature. It does not contain any
truncated expansions. This is achieved because of the use of the
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proper coordinate x¼ l=l0 instead of the Cartesian x. Equation (11)
does not describe the effect of axial elongation due to tension.
This usually negligible effect can be accounted for when the solu-
tion of the problem has been obtained. Similar to (5) and (6), for
small deflections equation (11) can be written in a well recogniz-
able linear form:

€Y þ 2l _Y þ Yð4Þ � fxYð2Þ ¼ m

2.2.2. Static solution
If the external field is constant in time and a static solution only

is to be found, the equation (11) reduces to (12)

 
Yð2Þ

Xð1Þ

!ð2Þ
�FtensY

ð2Þ

Xð1Þ¼mðxÞ

Ftens¼�Xð1Þ
Z1
x

mYð1ÞduþYð1Þ
Z1
x

mXð1Þdu�
"
Yð3Þ

Xð1Þ2þ
Yð1ÞYð2Þ2

Xð1Þ4

#
x¼1

Yð1Þþ

fx
�
Xð1Þð1ÞXð1ÞþYð1Þð1ÞYð1Þ

�
Xð1Þð1Þ

(12)

The distributed external force m is usually of electrostatic nature.
For a particular configuration, it should be obtained numerically as
a solution of the corresponding 3-D electrostatic problem. A simple
model of such a force is used in this work for general analysis. The
force density is represented as an intensity multiplier times some
normalized function. This function should be positive, have one
extremum and approach zero on both ends of the nanowire. This is
because the electrostatic force is directed normal to the surface and
this normal changes direction at both ends of the nanowire. To
make things simple this function is modelled by a polynomial
expression and by Dirac Delta function (13).

mnðxÞ ¼ m0
ðn!Þ2

ð2nþ 1Þ!ðxð1� xÞÞn; n ¼ 1; 2; :::

m∞ðxÞ ¼ m0d

�
x� 1 =2

� (13)

At the left end the boundary conditions are trivial.

Yð0Þ ¼ 0;
�
Yð1Þ

�
x¼0

¼ 0 (14)

The boundary conditions on the right end depend on the
physical model under consideration. In this work, it is assumed that
the y coordinate of the beam at contact is known.

If the switch contact takes place at the very end of the beam and
the length of the contact along the beam is short enough, then the
tangential vector of the beam does not need to be parallel to the
electrode surface and so, unlike in (14), the first derivative is un-
known. In this case the bending moment at contact point should be
used instead. Using expressions (2b) and (4) the boundary condi-
tions can be written as (15), where h is the distance (dimensionless
value) between the x axis and the surface of the electrode.

Yð1Þ ¼ h 
Yð2Þ

Xð1Þ

!
x¼1

¼ l0 ~Mz

R
¼ M

(15)

The second expression in (15) becomes linear only if the
bending moment is neglected. This however is usually not possible
for nano-electromechanical devices due to physical reasons. The
repulsive component of the reaction force, because of its short
range, can be treated as one applied at a well-defined position e at
the point of contact. The attractive component however has longer
range. Its “centre of mass” may be close to the point of contact, but
does not coincide with it. Thus, in general the pair of forces leads to
appearance of some bending moment.

Equation (12), together with the boundary conditions (14) and
(15), determine the shape of the bent nanowire brought to contact
with an electrode. This shape is dependent on four parameters: fxe
the tangential component of the reaction force at contact, M e the
bending moment, he the deflection and m0 e the intensity of the
external distributed force.

Solution of the problem can be obtained as an expansion (16).

YðxÞ ¼
Xi;j;k¼∞

i;j;k¼0; iþjþk>0

mi0h
jMkyijkðxÞ (16)

It appeared however that the complexity of the solution so
rapidly grows with indices that it becomes impossible to use more
than the three leading terms. Even these terms are complicated
enough to make direct calculations problematic due to numerical
loss of precision. At the same time, it is easy to show that in the case
of fx ¼ 0 the solution reduces to a set of polynomials.

Taking into account the fact that the tangential component of
the reaction force at contact is supposed to be small and in any case,
is limited by the static friction, it is also treated as an expansion
parameter. In this way, all of the solution components become
polynomials, which can be obtained with the help of any computer
algebra system.

YðxÞ ¼
Xi;j;k;l¼∞

i;j;k;l¼0; iþjþkþl>0

mi0h
jMkf lxyijklðxÞ (17)

Several analytically obtainedmembers of the expansion (17) can
be found in the Appendix.

As it can be seen in Fig. 4, the expansion in h up to the order of
five has been practically converged even for the unrealistically big
deflection of h ¼ 0.65. The graphs which are shown in Fig. 4
correspond to the situation when neither forces parallel to the
electrode surface nor distributed electrostatic force are applied.
Fig. 5 demonstrates the effect of a force parallel to the electrode
surface. The same deflection value of h ¼ 0.65 have been chosen.
The solutions shown are of the fifth order in deflection and they
correspond to three values of the force fx ¼ [3, 0, �3].

In Fig. 6 the effect of the bending moment M and the tangential
force are shown. It is important that when the bending moment is

Fig. 4. Static deflection solutions up to the first e“O(h2)”, third e“O(h4)”and fifth
e“O(h6)” order in deflection h. h ¼ 0.65, fx ¼ 0.
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applied, the contact point on the electrode changes position. To
keep in our simulations, the contact position the same it is neces-
sary to use some tangential reaction force as well.

Substitution of solution into the expressions (12) results in
tension force formula. The result is rather lengthy and is not pre-
sented here but can be easily reproduced. An important conse-
quence of it is that unlike in the case of a musical instrument string,
the tension is not constant along the nanowire length. The averaged
along the whole length tension force is given by expressions (18)
where only linear and quadratic terms are shown for several
model external distributed force functions.

hFtensi ¼ fx þ 3 h2 � 3
2
hM

þ

8>>>>>>><
>>>>>>>:

�3
5
hm0 �M

m0
40

þ 2
315

m20 n ¼ 1

�33
56

hm0 �M
m0
56

þ 1795
288288

m20 if n ¼ 2

�51
88

hm0 �M
m0
88

þ 26621
4434144

m20 n ¼ 4

(18)

The formulas (18) demonstrate that the resonance frequency of
a nanowire oscillations, while in contact, must depend on the
deflection h, the bending momentM, the external force intensity m0
and the tangential reaction fx.

2.2.3. Small oscillations
In this section the equilibrium static solution S is supposed to be

known. The aim now is to obtain small oscillations around it
induced by a harmonic in time external distributed force.

mðx; tÞ ¼ mstaticðxÞ þ mdynamicðxÞexpð�iutÞ

¼ ðm0 þ n0 expð�iutÞÞ mðxÞ
〈mðxÞ〉 (19)

The consequence of the electrostatic nature of the force is that
the spatial distribution of the dynamic force is proportional to that
of the static part. The intensity factors however must be taken as
independent parameters because they depend on the choice of the
AC and DC voltages applied.

The first dynamic correction to the static solution has been
obtained in a form of truncated expansion in orders of amplitude of
the time dependent part of the force.

Yðx; tÞ ¼ SðxÞ þ n0Dðx; tÞ (20)

Dðx; tÞ ¼ jðxÞcosðutÞ
jðxÞ ¼ NðsinðcxÞ � sinhðcxÞÞ � cosðcxÞ þ coshðcxÞ

N ¼ cosðcÞ � coshðcÞ
sinðcÞ � sinhðcÞ

(21)

The result of the transformations mentioned above has a
familiar general form of (22). It determines the value of the reso-
nant frequency as a function of all of the parameters. Because the
static solution is represented as a power expansion in its parame-
ters, all of the coefficients in (22), for a given value of c, have this
structure.

Aðm0; h;M; fx;cÞ þ iBðm0; h;M; fx;cÞluþ Cðm0; h;M; fx;cÞu2 ¼ 0
(22)

It must be said that in present work the dissipative coefficient l
is supposed to be negligible. That is because our estimation of the
quality factor of our resonator is equal to at least several hundreds.
So, the corresponding term in (22) is ignored.

The boundary conditions for the dynamic correction at x ¼ 0 are
trivial.

Dð0; tÞ ¼ Dð1Þðx; tÞ
			
x¼0

¼ 0 (23)

At x ¼ 1 however, two limiting cases are considered in this work.
First, the conditions (24) will be considered. These conditions mean
that both the bending moment and the deflection in this point are
static. This case is denoted below as Case-1.

Dð1; tÞ ¼ Dð2Þðx; tÞ
			
x¼1

¼ 0 (24)

For this case the parameter c is the smallest positive solution of
the equation (25).

cosðcÞsinhðcÞ � sinðcÞcoshðcÞ ¼ 0
cz3:926602312047918778

(25)

Another right end boundary condition, considered here, means
that the tangential direction of the nanowire is fixed at the static

Fig. 5. The influence of the static friction force on the nanowire shape. The example
solutions are of the fifth order of both deflection and force. Deflection h ¼ 0.65.

Fig. 6. The influence of bending moment and of tangential reaction force on the
nanowire shape. Example solutions of the third order of deflection are shown.
Deflection h ¼ -0.5. Solid line: M ¼ 0, fx ¼ 0. Dashed line: M ¼ 2, fx ¼ 0. Dotted line:
M ¼ 2, fx ¼ -5. Inset e contact point vicinity.
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solution. The assumption behind this is that the nanowire is
strongly bound to the electrode at the contact. This case is denoted
below as Case-2.

Dð1; tÞ ¼ Dð1Þðx; tÞ
			
x¼1

¼ 0 (26)

For this case c must satisfy (27).

cosðcÞcoshðcÞ ¼ 1
cz4:730040744862704026 (27)

In both cases the resonant frequency squared is obtained as a
ratio of polynomials.

u2 ¼
P

i;j;k;lai;j;k;lm
i
0h

jMkf lxP
i;j;k;lbi;j;k;lm

i
0h

jMkf lx
(28)

The most important terms of both the numerator and the de-
nominator expansions for the resonant frequency square are given
in the following tables. Universal coefficientse the ones that do not
depend on the choice of the mðxÞ function, are collected in Table 1.
The coefficients which are mðxÞ- dependent are presented for two
limiting cases. For the cases of constant force density and concen-
trated force applied at a half-length they are given in Table 2 and
Table 3 correspondingly.

3. Results

The interpretation of the collected experimental data for the
static nanowire shapes required two stages. Because all of the so-
lutions obtained represent the nanowire shape in parametric form,
the parameter values (the length along the nanowire from its left
end to the data point) for all data points must be obtained first of
all. For this to be done the experimental nanowire shape was

approximated by a polynomial of the seventh order P(x). According
to boundary conditions (14) such a polynomial's youngest member
is quadratic. The remaining six coefficients were routinely found
using Mathematica (Wolfram Research I, 2015) built in fitting pro-
cedure. Then, for each data point “i” the corresponding arc lengths
has been obtained by integration.

xi ¼
Zxi
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

�
dPðxÞ
dx

�2
s

dx (29)

The solutions in the form of expansion (17) (first three members
e of the first, third and fifth power in hand M and up to the fifths
power in fx) were used to approximate the obtained data sets (xi, Xi,
Yi) with fx and M as fitting parameters.

It was found that the experimental shape of the nanowire in
contact can be reproduced by our analytical formulas only if some
static friction force and some bending moment are applied at the
contact. A typical example of the nanowire shape for deflection

Table 1
Resonant frequency square expansion in h, M and fx.

ijkl Case-1, a Case-1, b Case-2, a Case-2, b

0000 237.7210675 1 500.5639017 1
0001 11.51253004 0 12.30261862 0
0002 0 0 0 0
0010 0 0 0 0
0011 0 0 0 0
0020 272.2614859 �0.7220805270 584.8793026 �0.6218821707
0021 15.63575828 0.00428699475 0.09829446954 �0.001699025252
0100 0 0 0 0
0101 0 0 0 0
0110 �23.35824244 0.01569550281 47.92548197 0.04296501810
0111 1.216236798 0.00058214088 �4.402219269 �0.00106893613
0200 �6.528136623 �0.00203628349 2.709083522 �0.00195673476
0201 0.1741478139 0.000211419635 �0.2551818022 0.000202381769

Table 2
Resonant frequency square expansion members that are pull-off force dependent. Constant force-density case.

ijkl Case-1, a Case-1, b Case-2, a Case-2, b

1000 0 0 0 0
1001 0 0 0 0
1002 0 0 0 0
1010 �0.04018499464 0.0005325893955 �0.6676393260 0.0005029334646
1011 0.00841821066 �0.0000593130197 0.0000557155536 �0.008418210660
1100 �10.46078518 0.002083298739 �15.83077561 �0.002519552147
1101 �0.00695807957 �0.0001763587784 0.6272096067 0.0000671334406
2000 0.05709435166 �0.000044226255 0.0484289140 �0.0000401832005
2001 �0.00374210558 4.484255673$10�6 �0.004934568696 4.123844225$10�6

Table 3
Resonant frequency square expansion members that are pull-off force dependent.
Concentrated force applied at the x ¼ 1 =2 point.

ijkl Case-1, a Case-1, b Case-2, a Case-2, b

1000 0 0 0 0
1001 0 0 0 0
1002 0 0 0 0
1010 0.19644 0.000894776 �1.05732 0.000869091
1011 0.00156322 �0.00010094 0.113737 �0.0000960341
1100 �15.4466 0.00508259 �23.2536 �0.00309118
1101 �0.0356086 �0.000338252 1.05603 0.0000720121
2000 0.0966375 �0.000143836 0.132992 �0.000135408
2001 �0.00760279 0.0000135444 �0.0134202 0.0000127182
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h ¼ 0.21 is shown in Fig. 7.
The reaction force components as functions of deflection h,

measured by curve fitting, are shown in Fig. 8 and Fig. 9.
The parallel to the electrode surface force component, i.e. static

friction (Fig. 8), seems to be random. The value of this component

may be positive or negative. It was a surprise for the authors to find
that the absolute value of this force may be comparable or even
bigger than that for the normal component. It is easy to see from
the expression (9), that the normal reaction component which is
required to keep the nanowire in contact with the electrode, is
linearly dependent on the static friction. The bigger (positive) the fx,
the bigger (negative) the required fy. On the other hand, because the
fx component may be negative, the corresponding fymay be close to
zero, or even positive. That means that in such a case the bent
nanowire experiences axial contraction and applies pressure to the
electrode.

The reaction force moment fitted values are shown in Fig. 10.
They are always positive. This is in agreement with the fact that the
attractive forces are of long range compared to the repulsive ones
and because of that their “centre of mass” is not at the very end of
the nanowire.

As it was mentioned in the experiment section above, the
nanowire deflection measurements were done by comparing the
corresponding overlaid images. The accuracy of such measurement
is limited. This can influence the accuracy of the optimal values of
the parameters fx and M obtained by fitting procedure. It is gener-
ally important to have an independent from the measurement
confirmation of the reliability of results. The values of the fitted
parameters, the expression (29) and the coefficients from Table 1
have been used to obtain the resonant frequencies of the nano-
wire for the whole set of deflections. The results are shown in

Fig. 7. Typical example of the nanowire shape while in contact. Circles - experimental
points, dashed line e solution for fx ¼ 0and M ¼ 0, solid line e fitted solution with the
optimal fx and M values for deflection h ¼ 0.21.

Fig. 8. Reaction force x component for a set of deflections (h).

Fig. 9. Reaction force y component for a set of deflections (h).

Fig. 10. Reaction moment at the contact.

Fig. 11. The resonant frequencies. Experimental e the upper group, predicted with
fixed-fixed boundary condition e the middle group, predicted with fixed-supported
boundary condition e the lower group. The solid line e prediction for fixed-fixed
boundary condition in while the dotted line e prediction for fixed-supported
boundary condition the case of fx ¼ M ¼ 0.
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Fig. 11.
The upper group of points in Fig. 11 represent our experimental

results. The middle group is our prediction for the case of fixed-
fixed boundary condition based on the obtained values of the re-
action force fx and moment M. Prediction for this boundary con-
dition with fx ¼ M ¼ 0 is shown as a solid line. The lower group of
points and a dotted line represent the case of fixed-supported
boundary condition. It is easy to see that our predicted values are
representing the general tendency of frequency growth with
deflection. The distribution of values due to variation of reaction
force is also reproduced well. It however still should be explained
why the experimental frequencies are about 15% higher than the
predicted ones.

4. Discussion

Better understanding of the mechanics and in particular contact
mechanics of nano-system elements is vitally important for the
NEMS development. Description of contact formation and termi-
nation is one of the challenging problems in this area. This problem
can be approached on different levels and scales. A macroscopic
approach of geometrically nonlinear beam bending theory has
been used in this work. This is justified for long (with length to
diameter ratio of more than a hundred) nanowires. One must be
careful however in choosing the right elastic parameters for the
material. This is because, at the nanoscale, surface effects become
important and the bulk values may be inaccurate (Chen et al.,
2006). Current formulation is expected to yield accurate results
for nanowires having diameters in range of tens nanometers, where
these effects have only minor impact on the material elastic
properties. For sizes below ten nanometers, the continuum
approach would be outperformed by atomistic simulations (Miller
and Shenoy, 2000; Villain et al., 2004).

5. Conclusions

Our main theoretical result is the equation (11). This equation
is exact in terms of big curvature. The equation contains a
parameter, the tangential to the electrode surface reaction force

component. Hence, fitting of the solutions to experimental data
can be used to measure the reaction force acting at the contact.
Our results demonstrate that the tangential force component can
be comparable or even bigger than the corresponding normal
component. This result is unexpected for the authors and may be
important for better understanding of the processes in nano-
contacts.

It is clearly beyond the scope of this paper to investigate the
origin of the discovered tangential forces. The hypothetical expla-
nation however can be proposed. We believe that when the
nanowire's free end hits the electrode surface (when jump to
contact takes place) the shape of the nanowire is influenced by the
electrostatic attraction forces as well as by the dynamics of the
jump. Later, when the electric contact is established and the voltage
is switched off, the force distribution along the nanowire changes.
The point of contact however in the case of strong adhesion is fixed.
As a result, the nanowire may be finally caught by adhesion forces
in a slightly stretched/compressed condition. This may change the
resonance frequency of the nanowire in contact and affect the
following process of the off switching.

Finally, it should be mentioned that wemade our best to choose
the best nanowire sample. We examined single-clamped nanowire
resonant frequencies for different oscillation directions. We
inspected our nanowire images to find any sign of variation of
diameter along the wire. Despite our efforts, the resonant fre-
quency of the nanowire in contact appeared to be too high relative
to its single-clamped frequency. We believe that this is an evidence
of non-constant mass and/or elastic property distribution along the
length of our sample.
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Appendix

Several nonzero members of the expansion (17).
Expansion members that do not depend on the force model.

Indices i,j,k,l yi;j;k;lðxÞ

0,0,1,0 1
4 ð�x2 þ x3Þ

0,0,1,1 1
240 ð3x2 � x3 � 5x4 þ 3x5Þ

0,0,1,2 1
100800 ð�66x2 þ 22x3 þ 105x4 � 21x5 � 70x6 þ 30x7Þ

0,0,1,3 1
100800 ð201x2 � 67x3 � 330x4 þ 66x5 þ 210x6 � 30x7 þ 75x8 þ 25x9Þ

0,0,3,0 1
13440 ð�9x2 þ 17x3 þ 70x4 � 294x5 þ 378x6 � 162x7Þ

0,0,3,1 1
1612800 ð111x

2 � 221x3 � 1350x4 þ 4218x5 � 700x6 � 9348x7 þ 10935x8 � 3645x9Þ
0,1,0,0 1

2 ð3x2 � x3Þ
0,1,0,1 1

40 ð4x2 � 8x3 þ 5x4 � x5Þ
0,1,0,2 1

8400 ð�24x2 þ 8x3 þ 70x4 � 84x5 þ 35x6 � 5x7Þ
0,1,0,3 1

3024000 ð384x2 � 128x3 � 720x4 þ 144x5 þ 840x6 � 720x7 þ 225x8 � 25x9Þ
0,1,2,0 1

1120 ð�13x2 þ 9x3 � 105x4 þ 343x5 � 315x6 þ 81x7Þ
0,1,2,1 1

268800 ð546x2 � 558x3 þ 580x4 þ 3636x5 þ 20832x6 þ 31208x7 � 18225x8 þ 3645x9Þ
0,2,1,0 1

1120 ð�51x2 þ 171x3 þ 630x4 � 1470x5 þ 882x6 � 162x7Þ
0,2,1,1 1

44800 ð515x2 � 513x3 þ 1930x4 � 13574x5 þ 26628x6 � 22276x7 þ 8505x8 � 1215x9Þ
0,3,0,0 1

280 ð180x2 � 144x3 � 315x4 þ 441x5 � 189x6 þ 27x7Þ
0,3,0,1 1

22400 ð1344x2 � 3072x3 � 3840x4 þ 18240x5 � 22344x6 þ 12912x7 � 3645x8 þ 405x9Þ
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Expansion members for the case of constant force density,
n ¼ 0.

Expansion members for the case of parabolic force density,
n ¼ 1.

Indices
i,j,k,l

yi;j;k;lðxÞ

1,0,0,0 1
48 ð3x2 � 5x3 þ 2x4Þ

1,0,0,1 1
2880 ð�6x2 þ 2x3 þ 15x4 � 15x5 þ 4x6Þ

1,0,0,2 1
403200 ð39x2 � 13x3 � 70x4 þ 14x5 þ 70x6 � 50x7 þ 10x8Þ

1,0,0,3 1
72576000 ð�342x2 þ 114x3 þ 585x4 � 117x5 � 420x6 þ 60x7 þ 225x8 � 125x9 þ 20x10Þ

1,0,2,0 1
322560 ð�159x2 þ 53x3 � 1260x4 þ 6468x5 � 11060x6 þ 8172x7 � 2214x8Þ

1,0,2,1 1
6451200 ð506x2 � 110x3 þ 3095x4 � 13275x5 þ 7336x6 þ 29536x7 � 53149x8 þ 33585x9 � 7524x10Þ

1,1,1,0 1
26880 ð�237x2 þ 107x3 þ 1820x4 � 5628x5 þ 7028x6 � 3828x7 þ 738x8Þ

1,1,1,1 1
1612800 ð1530x2 � 310x3 � 4125x4 � 14043x5 þ 8285x6 � 147012x7 þ 122529x8 � 48945x9 þ 7524x10Þ

1,2,0,0 1
8960 ð�683x2 þ 1329x3 � 2380x4 þ 4340x5 � 4004x6 þ 1644x7 � 246x8Þ

1,2,0,1 1
537600 ð1794x2 � 222x3 � 15455x4 þ 62283x5 � 123200x6 þ 129496x7 � 72623x8 þ 21435x9 � 2508x10Þ

2,0,1,0 1
967680 ð159x2 � 98x3 þ 945x4 � 5733x5 þ 1224x6 � 12699x7 þ 6483x8 � 1300x9Þ

2,0,1,1 1
2554675200 ð�63873x2 þ 30619x3 � 256080x4 þ 1325940x5 � 1130052x6 � 2998908x7 þ 7583103x8 � 7004965x9 þ 3022536x10 � 508320x11Þ

2,1,0,0 1
967680 ð1761x2 � 875x3 � 10710x4 þ 34146x5 � 52122x6 þ 41958x7 � 16785x8 þ 2600x9Þ

2,1,0,1 1
425779200 ð�79216x2 þ 30688x3 þ 138490x4 þ 664510x5 � 368670x6 þ 7376160x7 � 7747311x8 þ 4501255x9 � 1367256x10 þ 169440x11Þ

3,0,0,0 1
46448640 ð�603x2 þ 417x3 � 3780x4 þ 26460x5 � 67788x6 þ 90180x7 � 66726x8 þ 26000x9 � 4160x10Þ

3,0,0,1 1
30656102400 ð57498x2 � 31574x3 þ 216315x4 � 1266903x5 þ 1319472x6 þ 3262248x7 � 10434303x8 þ 12500675x9 � 7826148x10 þ 2541600x11 � 338880x12Þ

Indices i,j,k,l yi;j;k;lðxÞ

1,0,0,0 1
120 ð9x2 � 13x3 þ 6x5 � 2x6Þ

1,0,0,1 1
33600 ð�87x2 þ 29x3 þ 210x4 � 182x5 þ 40x7 � 10x8Þ

1,0,0,2 1
6048000

ð726x2 � 242x3 � 1305x4 þ 261x5 þ 1260x6 � 780x7þ

þ100x9 � 20x10Þ
1,0,0,3 1

13970880000
ð�81561x2 þ 27187x3 þ 139755x4 � 27951x5 � 100485x6þ

þ14355x7 þ 51975x8 � 25025x9 þ 2100x11 � 350x12Þ
1,0,2,0 1

268800
ð�81x2 þ 33x3 � 1400x4 þ 6160x5 � 8820x6 þ 2932x7 þ 3950x8�

�3620x9 þ 846x10Þ
1,0,2,1 1

3725568000
ð191133x2 � 28599x3 þ 2431275x4 � 8804565x5 þ 2377914x6þ

þ24052314x7 � 33322905x8 þ 7946015x9 þ 12560548x10 � 9269820x11 þ 1866690x12Þ
1,1,1,0 1

33600
ð�198x2 � 47x3 þ 2730x4 � 7812x5 þ 7686x6 � 186x7�

�4170x8 þ 2420x9 � 423x10Þ
1,1,1,1 1

310464000
ð196080x2 þ 43056x3 � 764610x4 � 3288516x5 þ 17660874x6�

�27078018x7 þ 12964875x8 þþ7246855x9 � 10735186x10 þ 4376820x11 � 622230x12Þ
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Abstract
An electrostatically induced resonance behaviour of individual topological insulator Bi2Se3
nanoribbons grown by a catalyst free vapour–solid synthesis was studied in situ by scanning
electron microscopy. It was demonstrated that the relation between the resonant frequencies of
vibrations in orthogonal planes can be applied to distinguish the nanoribbons with rectangular
cross-sections from the nanoribbons having step-like morphology (terraces). The average
Young’s modulus of the Bi2Se3 nanoribbons with rectangular cross-sections was found to be
44 ± 4 GPa.

Supplementary material for this article is available online

Keywords: bismuth selenide nanoribbon, resonance, in situ, terraces, Young’s modulus,
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1. Introduction

Bismuth selenide (Bi2Se3) is a narrow-gap semiconductor
commonly considered for applications as a thermoelectric
material [1–3]. More recently, Bi2Se3 has been recognized as
a 3D bulk topological insulator possessing protected con-
ducting states on the surface and insulating bulk states in the
interior [4, 5]. This behavior can be exploited in many fields,
for example, in spintronics [6] and magnetoelectric applica-
tions [7]. Significantly, the topological behaviour of Bi2Se3
can be tuned by a mechanical strain [8]. This has led to
investigation of the mechanical properties of the material,
both theoretically [9, 10] and experimentally for a bulk crystal
[11, 12] and nanostructured 2D nanosheets [13].

Bi2Se3 nanoribbons are 1D nanostructures attractive for
both increasing device thermoelectric efficiency and for
exploring topological characteristics [3–5], moreover, thanks
to their shape and elasticity, these nanoribbons are promising
for applications in nanoelectromechanical systems (NEMS)
and sensors as active elements [14]. For NEMS switches, high

mechanical stiffness yields a fast and robust switching
behaviour [15]. For Bi2Se3, previous reports have shown
differences in the Young’s modulus for 2D nanosheets and
the bulk material [13]. However, to the best of our knowledge
the mechanical properties of 1D Bi2Se3 nanoribbons have yet
to be studied.

Mechanical resonance measurements are an efficient
technique for characterization of the mechanical properties of
1D nanostructures, and have been previously applied for
nanotubes [16], nanowires [17, 18], and nanobelts [19]. In
this method, the relation between the resonant frequency and
the material properties, geometry and boundary conditions is
used to describe the vibrational behaviour and determine the
Young’s modulus of the nanostructures. Typically, the reso-
nance measurements are performed by in situ electron
microscopy [16, 17, 19], which enables size and shape
characterization along with the real-time mechanical response
observation of the nanostructure.

Recent reports have shown that Bi2Se3 nanoribbons in
some cases exhibit step-like morphology, i.e. terraces located

Nanotechnology

Nanotechnology 28 (2017) 325701 (6pp) https://doi.org/10.1088/1361-6528/aa79cd

0957-4484/17/325701+06$33.00 © 2017 IOP Publishing Ltd Printed in the UK1



near the edges of their facets [5, 20]. Direct resolution of these
terraces by scanning electron microscopy (SEM) is challen-
ging. Alternatively, the terraces can be measured by atomic
force microscopy (AFM), which requires nanoribbon transfer
to a flat surface and thus is inconvenient for characterization
of vertically aligned nanoribbons.

In this work, the influence of terraces on the resonance of
Bi2Se3 nanoribbons is explored. A novel method is proposed
for indirect cross-section profile characterization. It is based
on resonance measurements that can be performed by in situ
SEM. The experimental Young’s modulus of Bi2Se3 nanor-
ibbons is determined and compared to that of bulk crystal.

2. Methods

Bismuth selenide nanoribbons were synthesized on a glass
substrate with a two-stage catalyst free vapor-solid synthesis
technique reported previously by Andzane et al [5].

The size and shape of individual Bi2Se3 nanoribbons
were studied in situ by SEM (Hitachi S-4800 equipped with a
Smaract 13D nanomanipulation system) and AFM (Asylum
Research MFP-3D using Olympus AC160TS AFM tips, and
Bruker Dimension ICON SPM using NSG10 and NSC15
AFM tips).

For the characterization in situ by SEM, electro-
chemically etched gold tips were used to select and detach
individual nanoribbons from the glass substrate. Next, these
nanoribbons were clamped near the tip apexes with platinum
strips deposited by the e-beam deposition technique [21] in
SEM (Tescan Lyra). The clamp size exceeded the width of
the nanoribbon to ensure that the clamped end of the nanor-
ibbon was fixed [22]. To determine the dimensions of the
clamped nanoribbons, they were rotated in the SEM chamber
with a micromotor (Faulhaber ADM0620) and examined
from different viewing angles. The lengths of the clamped
nanoribbons were measured as the distances from the edge of
the clamping strip to the free end of the nanoribbon. Special
attention was paid to check uniformity of width and thickness
along the length of the nanoribbons in order to avoid cross-
section shape perturbations, that may affect nanostructure
resonant frequency [23, 24].

AFM measurements of the morphology were performed for
individual nanoribbons. The nanoribbons were mechanically

transferred to a flat Si/SiO2 substrate directly from the glass
substrate, as well as from the Au tips (figure 1(a)). The transfer
procedure for the clamped nanoribbons is practically challen-
ging, as the nanoribbon must be detached from the Au tip
without damaging its structure and placed flat on the substrate.

Vibrational analysis of individual free-standing Bi2Se3
nanoribbons clamped to Au tips was performed in situ inside
the SEM. To determine the resonant frequencies of the
nanoribbons, their mechanical vibrations were excited elec-
trostatically. The electrical AC signal was powered by an
Agilent N9310A RF Signal Generator and a Hung Chang
8205A Sweep Function Generator. The DC signal was
powered by Keithley 6430 and 6487 Voltage Sources. The
combined AC+DC signal was monitored with a Textronix
TDS-1012 oscilloscope. The resonant frequencies of the
nanoribbons were detected by observation of their vibrational
amplitude, direction and shape dependence on the excitation
signal [16, 17, 25].

3. Results and discussion

As-synthesized nanoribbons had single-crystalline structure
with growth in [110] direction resulting in their rectangular
cross-sections [5, 26]. From SEM measurements, these
nanoribbons were found to have lengths 5–50 μm, widths
70–500 nm and thicknesses 30–100 nm. Thickness profiles
obtained for 79 nanoribbons by AFM indicated that 57 have
smooth upper facets (figure 1(b)) and 22 of them have terrace-
like features (figures 1(c), (d)). Since the AFM analysis
explores only the upper of the two surfaces, we assume the
proportion of the terraced facets can be doubled, estimated as
56%. The widths of the terraces were in range of 30–200 nm
and thicknesses up to 34 nm.

The vibrational analysis performed in situ inside the
SEM for relatively long (8–32 μm), straight nanoribbons,
showed that their resonant vibrations occur in two orthogonal
planes (figures 2(a), (b)) at the different frequencies f1 and f2,
as expected for rectangular cross-section beams. A SEM
image of a typical nanoribbon clamped to Au tip and its
resonance in two directions is illustrated in figure 2(b). Its
resonant frequencies f1 = 53.3 kHz and f2 = 106 kHz, and the
quality factor Q ≈ 500 were determined from Lorentzian fits
of the vibration amplitude-frequency diagrams (figure 2(b)).

Figure 1. (a) Transfer of nanoribbon from Au tip to substrate: nanoribbon is lying on the substrate while still clamped to Au tip in the top
panel and fully detached from the tip in the bottom panel; AFM images and corresponding thickness profiles for a nanoribbon with a
rectangular cross-section (b) and nanoribbons with terraces (c), (d).
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The measured dimensions and the resonant frequencies
obtained in the resonance experiments for 27 nanoribbons are
summarized in table S1 available online at stacks.iop.org/
NANO/28/325701/mmedia in the supplementary.

The relation between the nanoribbon dimensions and its
resonant frequencies can be described by using the Euler–
Bernoulli analysis formulae [27]

= =b
p r

b
p r

( )f fand , 1
L

EI

A L

EI

A1 2 2 2

2

2
1

2

2
2

where E is the Young’s modulus, ρ is the mass density, L is
nanoribbon length, A is the cross-section area, I is the moment
of inertia of the area about the principal axis, and β = 1.875 is
the characteristic constant for the first fundamental mode of a
single-clamped beam [27]. For the nanoribbons of the mea-
sured dimensions, the nanoscale size and surface effects can
be assumed to have only a minor influence on their resonant
frequencies [28, 29].

The corresponding area moments of inertia I1 and I2 for a
rectangular cross-section with thickness T and width W are

= = ( )I Iand . 2T W TW
1 12 2 12

3 3

We assume that the Young’s modulus and the boundary
conditions remain the same for the vibrations in two planes,
which allows extracting direct correlation between the reso-
nant frequencies and the area moments of inertia. From (1)
and (2) follows, that the ratio of the resonant frequencies for
vibrations in orthogonal planes f1/f2 is proportional to the
ratio of thickness and width of a nanoribbon
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A large part of the nanoribbons characterized by in situ
SEM exhibit f1/f2 that match their T/W, aligning on a straight
line with a slope coefficient k = 1 (figure 2(c), black dashed
line), as expected for nanoribbons with rectangular cross-
section. At the same time, for a significant proportion of the
characterized nanoribbons, the frequency f1/f2 and thickness
to width ratios T/W are not equal (table S1 in the supple-
mentary). They are better characterized by k < 1, where

=
( )
( )

( )k
f f

T W
a, 31 2

and the difference from k = 1,Δk, for individual nanoribbons
can reach up to 21%. These differences may be related to the
presence of terraces for the corresponding nanoribbons which
thus would need their area moments of inertia to be expressed
other than (2), consequently their ratios of resonance fre-
quencies are expected to differ from T/W.

Calculation of the centroids and area moments of inertia
performed analytically [30] showed that the presence of a cut-
out (terrace) in the cross-section shifts the position of the
centroid C, which is center of mass for the area A, and
changes the directions of the principal axes (figure 3(a)). Area
moments of inertia I1 and I2, describing vibrational behaviour
of nanoribbons with terraces, are more complex compared to
those given by (2) for the beam with rectangular cross-
section, and can be expressed as follows:
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where ¢I1 and ¢I2 are the area moments of inertia and ¢I12 is the
product of inertia of the area about the centroid axis xcyc
(figure 3(a)). The full derivations for ¢I ,1 ¢I2 and ¢I12 can be
simplified, with the substitutions = ˆt T t and = ˆw W w,
denoting the relative thickness and relative width of a terrace,
and expressed as

Figure 2. (a) Setup for the excitation and observation of the mechanical vibrations of the nanoribbon. The indicative arrows distinguish
directions for the resonant vibrations of the nanoribbon in two orthogonal planes; (b) SEM image of Bi2Se3 nanoribbon with length
L = 28 μm, thickness T = 108 nm and width W = 188 nm (#19 in table S1 in the supplementary) clamped to an Au tip, its resonant
vibrations in two directions (indicative arrows are added for clarity) and corresponding vibration amplitude-frequency diagrams for the
resonance at f1 and f2; (c) ratio of the resonant frequencies versus ratio of thickness to width for the Bi2Se3 nanoribbons. The lines with the
slope coefficients k = 1 (dashed black line) and k = 0.8 (dotted red line) are added for clarity. The experimental data points are marked with
circles; crossed circles represent measurements with Δk > 5%. Experimental point for nanoribbon investigated by in situ SEM and following
AFM analysis is marked by an arrow.
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The ratio of the two resonant frequencies f1/f2 for a
nanoribbon with a terrace is equal to the ratio of the area
moments of inertia I I ,1 2 given by (4) and (5). Therefore,
the coefficient k from (3) can be expressed as

=
( )

( )k
I I

T W
b. 31 2

A plot in figure 3(b) illustrates how the value of the coeffi-
cient k given by (3b) changes with respect to the relative
terrace dimensions t̂ and ŵ. Black dots on the k plot represent
relative dimensions of terraces for typical nanoribbons,
measured by the AFM. In most of the cases these terraces
would result in k values smaller than one (figure 3(b)). This is
similar to in situ SEM data shown in figure 2(c), where
downshifted ratios of the resonant frequencies f1/f2 result in
values of k < 1.

Conformity of AFM data with the in situ SEM resonance
data was investigated for the example of a terraced nanoribbon,
that showed a uniform cross-section profile along the full length
(figures 1(a), (d)) with the dimensions T = 103 nm,
W = 290 nm, t = 30 nm, w = 200 nm (figure 1(d)) and the
resonant frequencies f1 = 267 kHz, f2 = 846 kHz (#17 in table
S1 in the supplementary). The coefficient k value for the
nanoribbon, calculated with (3a) from the resonant frequencies
(figure 2(c), arrowed circle) and also with (3b) from the thick-
ness profile (figure 3(b), arrowed dot), was convincingly smaller

than one. In the case that there are terraces on both the top and
the bottom facets of the nanoribbon, the coefficient k values are
calculated to remain smaller than one, not exceeding a variation
within ±15%, depending on the geometry of the second terrace.
The similar results obtained from SEM and AFM data suggest
that the terraced nanoribbons can be revealed from their ratio of
the resonant frequencies measured in situ SEM. Thereafter, the
measurement data in figure 2(c) indicate which of the in situ
characterized nanoribbons have terraces, and can be grouped for
more accurate determination of nanoribbons Young’s modulus
by the resonance method.

The Young’s modulus of nanoribbons E can be extracted
from the sound velocity in a material, given by rE in (1)
[18, 31]. Its average value can be determined graphically from
a slope of a linear fit for the resonant frequencies plotted
versus beam dimensions, which for the rectangular cross-
section nanoribbons are related as:

r r
= ⋅ = ⋅ ( )F T

E
F W

E
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Nanoribbons with Δk � 5% (figure 2(c), filled circles)
were selected for the determination of Young’s modulus as
suitable for the rectangular model, within the measurement
precision of the in situ experiments. From the graphical
representation of (6), where F1 and F2 are plotted versus
thickness T and width W, respectively, it can be seen that the
experimental data are well described by the linear fit y = gx
(figure 4), meaning the Young’s modulus of the nanoribbons
is not dependent on their cross-sectional dimensions. The
average Young’s modulus of 44 ± 4 GPa was extracted from
the slope coefficient g = (2.4 ± 0.1) × 103 of the fitted linear
function (figure 4, black dashed line), for a mass density of
7680 kg m−3 for bulk Bi2Se3 crystal [32, 33]. This obtained

Figure 3. (a) Beam cross-sections and directions of the resonant vibrations. The resonant vibrations at f1 and f2 occur in direction of the
principal axes xpyp, which begin at the centroid C. For a rectangular cross-section beam with width W, thickness T, and cross-sectional area
A = TW, the principal axes xpyp are aligned parallel to the reference axis xy. For terrace-affected beam with total cross-sectional area A = TW-
tw, where w and t denote the width and thickness of the terrace respectively, the centroid C is shifted, and the principal axes xpyp are rotated
about the reference axes xy; (b) dependence of coefficient k on relative terrace dimensions t̂ and ŵ. Isolines and colours correspond to
different k values from 0.7 to 1.3. The coordinates denoting t̂ and ŵ for the terraces measured with AFM are marked with black dots. The
nanoribbon cross-sections are represented schematically for the selected coordinates (square, triangle, circle). Experimental point for
nanoribbon investigated by in situ SEM and following AFM analysis is marked by an arrow.
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value for the Young’s modulus of Bi2Se3 nanoribbons is
significantly higher than the experimental values of
18–25 GPa for 2D nanosheets [13]. However, it is in close
agreement with the experimental value of 47 ± 9 GPa for the
Bi2Se3 bulk crystal [12], and with the values of 41–48 GPa
that can be calculated from the previously reported Bi2Se3
average sound velocity (2.3–2.5) × 103 m s−1 [10, 32]. For
nanoribbons of the measured dimensions, the agreement with
the bulk values is not surprising, and confirms that they are of
good quality, since previous studies indicated that for crys-
talline nanostructures pronounced scaling effects may be
expected below sizes of ∼30 nm [34, 35]. In general, the
resonance method can be considered valid when the nanor-
ibbons have uniform cross-sections and isotropic elasticity
with negligible size-dependence [36, 37].

The average Young’s modulus was estimated assuming
the rectangular model in the cases where precise cross-sectional
profile was not known for the nanoribbons with Δk > 5%. In
the graphical representation of the relation (6) for the nanor-
ibbons withΔk > 5% (figure 4, hollow markers), however, the
experimental points are more scattered than for the nanor-
ibbons withΔk� 5%, presumably due to their non-rectangular
morphology. An overlap with the data of the Δk � 5% can be
due to a lesser impact of terraces on F1(T) than on F2(W). The
Young’s modulus of these nanoribbons, calculated from the
extracted linear fit coefficient g = (2.8 ± 0.1) × 103 (figure 4,
grey dotted line) turned out to be higher than for the nanor-
ibbons with Δk � 5% by more than 30%. The increase of
experimentally determined Young’s modulus for nanoribbons
with terraces could be explained by the higher surface-to-
volume ratio [38].

4. Conclusions

The mechanical resonance behaviour of individual Bi2Se3
nanoribbons was studied by in situ SEM and interpreted using
an analytical model for vibrations of thin beams. The
experimentally determined Young’s modulus of 44 ± 4 GPa
for the rectangular cross-section nanoribbons was close to the
value previously reported for bulk crystal and did not exhibit
dependence on the cross-sectional dimensions. It was esti-
mated to be higher for the terraced nanoribbons, which may
indicate that the Young’s modulus of Bi2Se3 nanoribbons is
morphology-dependent. The relatively high Young’s modulus
makes Bi2Se3 nanoribbons suitable candidates for applica-
tions in NEMS.

It was demonstrated that shifts of the resonant fre-
quencies ratios can be used to distinguish the nanoribbons
with terraces from the nanoribbons with rectangular cross-
section during in situ SEM experiments, when direct deter-
mination of nanoribbons’ morphology is difficult due to the
limitations of the experimental setup. The proposed resonance
based method enables morphological characterization of free-
standing nanostructures. In contrast to traditional methods it
does not require their transfer to a substrate, which simplifies
the processing of nanostructure based devices. Such an
approach can be useful for quality control during precise
engineering of NEMS, for example, configuring resonance
controlled NEMS switches [15], as well as the investigation
of nanocontacts using resonance methods [21].
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