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ABSTRACT

A two-terminal bistable device, having both ON and OFF regimes, has been demonstrated with Ge nanowires using an in situ TEM—STM technique.
The function of the device is based on delicately balancing electrostatic, elastic, and adhesion forces between the nanowires and the contacts, which
can be controlled by the applied voltage. The operation and failure conditions of the bistable device were investigated, i.e. the influence of nanowire
diameter, the surface oxide layer on the nanowires and the current density. During ON/OFF cycles the Ge nanowires were observed to be more
stable than carbon nanotubes, working at similar conditions, due to the higher mechanical stability of the nanowires. The higher resistivity of Ge
nanowires, compared to carbon nanotubes, provides potential application of these 1D nanostructures in high-voltage devices.

Nanoelectromechanical systems (NEMS) have recently at-
tracted much attention due to their unique properties and
possible applications, that differ greatly from those of existing
microelectromechanical systems (MEMS).! Typical examples
of NEMS are ultrahigh-frequency resonators,'~® nanotwee-
zers,”'9 nanorelays and switches,'' ™" memory and logic
elements,'>'%? and sensors for dispalacement, force, mass,
and charge detection.>?'~232% In NEMS the critical dimen-
sions of the moving elements is on the nanometer scale, and
therefore the displacement of these elements is extremely
small. As a result the internal operating frequencies of NEMS
may achieve giga- and terahertz frequencies.*?* Significantly,
the power consumption and heat capacity of a NEM device
can be extremely low. Moreover, in NEMS the device density
can reach much higher levels compared to that in MEM
devices, e.g. densities of 10'"' cm™2 have been shown for
crossed nanowire resonators.*

The basic operating principle underlying ON/OFF NEMS
(switches, nanorelays, nanotweezers) is the strong electro-
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mechanical coupling between the nanobeam and the elec-
trodes, whereas the electrostatic and elastic forces associated
with device operation are comparable with the adhesive
forces that hold these devices together.’' During the past few
years, carbon nanotubes have emerged as promising com-
ponents in NEM devices.!>971213182031 However, other
materials such as metals,®’ silicon nitride,>*! TiN,'” semi-
conductor nanowire,>'33> and DNA molecules'* have also
been integrated as active elements in NEMS. Single crystal-
line nanowires are excellent candidates for NEM devices due
to their uniform chemical and physical structure, low mass,
and good structural and compositional reproducibility. Ad-
ditionally, nanowires can be fabricated as ordered arrays®*
with densities of up to 2 x 10'? cm™2

While most ON/OFF NEMS operate as three-terminal
devices, M121317.19 two_terminal ON/OFF NEM devices have
been investigated both theoretically’*** and experimen-
tally,!0:13:15:17719.3236 BExperimentally, the operation of two-
terminal ON/OFF devices has been demonstrated using
carbon nanotubes!%!%!836 and lithographically fabricated TiN
cantilevers'’ as active elements. The operation of Si and Ge
nanowires in two-terminal NEMS has also been demon-
strated;'>*? however, the operation of Ge nanowires was
demonstrated only in an ON regime.'* A systematic inves-
tigation of the operation of two-terminal NEMS having



Figure 1. HRTEM images of two different Ge nanowires both grown along the [110] direction with similar diameters but having a different
surface oxide thickness: (A) a Ge nanowire viewed along the [111] zone axis with a 6.4 nm oxide layer on the {211} set of planes terminating
at the nanowire surface and (B) a Ge nanowire viewed along the [211] zone axis with a 2.5 nm oxide layer on the {111} set of planes

terminating at the nanowire surface.

semiconductor nanowires as basic functioning units has not
yet been demonstrated.

In this paper we present an in situ investigation of the
operational conditions of a mechanically stable two-terminal
ON/OFF NEM device based on Ge nanowires. The advan-
tage of using in sifu techniques is that the switching process
can be visualized during the experiments. Additionally, the
position of the contacts and the length of the nanobeam, from
the clamping point to the contact with the opposite electrode,
can be adjusted within the system without the need to prepare
new specimens. This level of flexibility cannot be achieved
when NEM devices are prepared by electron beam lithog-
raphy and other techniques.

The Ge nanowires were grown from gold nanoparticles
using a supercritical fluid method as described previously.*’
The nanowires were clamped to the gold tip with conductive
epoxy, providing a large contact area to the electrode in
comparison to the contact at the free end of the nanowire
which was established during a switching event. The Ge
nanowires synthesized were single crystalline in nature, with
varying diameters, ranging from 10—150 nm, and lengths
ranging from 1—25 um. Figure 1 shows HRTEM images of
the Ge nanowires synthesized, depicting their single crystal-
line nature and the existence of an amorphous GeOy layer
on their surface. Fast Fourier transforms (FFT) of the
HRTEM were used to determine their growth direction. For
example, the Ge nanowire shown in Figure 1A, has a
diameter of 73 nm, a mean oxide shell thickness of 6.4 nm
and a [110] growth direction. A Ge nanowire with a similar
diameter, grown along the same growth direction but with a
much thinner oxide layer, is shown in Figure 1B. Statistical
analysis of a large population of nanowires showed that the
primary growth direction of the nanowires was along the
[110] direction, with other possible growth directions being
[111], [211], and [311]. The thickness of the amorphous Ge
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oxide was found to vary, depending on the type of planes
terminating the nanowire surface and the time the nanowires
were exposed to ambient atmosphere (see examples in Figure
2). For nanowires kept at ambient conditions for 4 weeks,
the average oxide thickness was found to be around 4 nm,
with the highest and lowest thickness observed on {211}
and {110} surface planes, respectively.

The operation conditions of a NEM device using Ge
nanowires, but functioning only in the ON regime, has
already been reported.'? This Ge nanowire device operated
at voltages below 10 V and at a very small distance
between the nanowire tip and the opposite electrode. When
designing two-terminal ON/OFF devices, one should take
into consideration that the initial distance between the end
of the nanowire and the electrode should be large enough
to avoid spontaneous jump-to-contact movement caused
by van der Waals attractive forces. Performing ON/OFF
operations with the device is then possible by assuring
that the sum of the electrostatic and van der Waals forces
acting between the nanowire tip and the opposite electrode
is high enough to overcome the elastic force of the
nanowire (ON operation), and subsequently that the elastic
force exceeds the total attractive force (adhesion and
electrostatic) at the contact during an OFF operation. As
a consequence, the operation voltages for ON/OFF devices
must be higher than those operating only in an ON regime.
The effects caused by high current densities also have to
be taken into account. In spite of the high resistivity of
Ge (0.5 Q.m?®), for small contact areas around 100 nm?,
the operational current densities may be higher than 10
nA nm 2 which is the current density limit for nanometer-
sized metallic wires.* In order to decrease the current
through the contact in some NEM devices, the surface of
one of the electrodes can be coated with an insulating
layer!®!7-3 or a resistor can be added in series. '8
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Figure 2. (A) TEM—SPM experimental setup for the in situ
investigation of a nanowire-based NEM device and (B) TEM image
sequence and corresponding /—V curve showing the behavior of
the Ge nanowire during a voltage sweep: (a) the initial position of
the nanowire and the electrode, (b) after a voltage increase, (c) a
jump-to contact event over a distance of 250 nm at 19 V, (d) the
nanowire in contact with the counter electrode, (e) the nanowire
jumps-off-contact when the voltage is decreased to 6 V, (f) the
nanowire returns to the initial position when voltage decreases to
0. and (g) shows the I(V) profile.

A schematic of our nanowire-based two-terminal NEM
device is shown in Figure 2(a). The forces acting between
the nanowire and the opposite electrode in a two-terminal
NEM device are shown as an inset in Figure 2. A scanning
tunneling microscope compatible with a transmission electron
microscope (TEM—STM)**#! was employed in our experi-
ments to characterize our device. Figure 2b shows a TEM
image sequence illustrating the behavior of a Ge nanowire,
with a length of 3 um and a radius of 30 nm, during a voltage
sweep between 0 and 23 V. The initial distance between the
end of the nanowire and the opposite electrode was ap-
proximately 500 nm. When a voltage between the electrodes
is applied, the nanowire deforms and moves toward the
opposite electrode (Figure 2b). At a voltage of 19 V the
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nanowire end was approximately 250 nm from the surface
of the opposite electrode. At this position, the gradient of
the attractive tip—sample force exceeds the spring constant
of the nanowire and jump-to-contact occurs (panels ¢ and d
of Figure 2). Simultaneously, on the /—V curve at 19 V a
sharp increase of the current, from a noise level of between
30 and 50 pA up to 0.8 nA, was observed (Figure 2g). The
nanowire stayed in contact with the counter electrode during
a further voltage increase up to 23 V and subsequent
backward decrease down to 6 V. At 6 V the attractive force
acting between the nanowire and the electrode was lower
than the elastic force of the bent nanowire and at that moment
a jump-off-contact was observed (Figure 2e). Subsequently
a fast current drop was detected in the I(V) characteristic
during this switching-off event. The I(V) curve exhibited a
hysteresis loop'>!® which was induced by the adhesion forces
in the contact.

In theory, the operation of the two-terminal ON/OFF NEM
device can be varied by changing (i) the elastic force of the
nanowire, e.g. by changing the diameter and the length of
the nanowire as well as the thickness of the surface oxide
layer, or (ii) the adhesion forces at the contact by using
different contact materials. Experimentally we find that the
initial operation distance between the electrode and the
nanowire has to be increased when the radii of the nanowires
is increased. Table 1 shows that the jump-off-contact distance
increases from 250 nm up to 5 and 10 gum when nanowires
with radii of 30, 75, and 150 nm, respectively, were used
(see Figures 2, 3 and Figure S1 in Supporting Information
for relevant TEM image sequences). We estimate that the
adhesion forces, (446 and 456 nN for nanowires with radii
of 75 and 150 nm, respectively) and elastic forces (450 and
475 nN for nanowires with radii of 75 and 150 nm,
respectively) are almost equal for both NEM devices (see
Table 1). On the contrary the calculated adhesion force for
a Ge nanowire with a radius of 30 nm was 167 nN, thus
being an order of magnitude higher than the elastic force of
the nanowire which was calculated to be 15 nN. We attribute
the difference between the adhesive and elastic forces for a
30 nm diameter nanowire due to the variation in the thickness
of the oxide layer on different facets of the nanowires (see,
for example, Figure 1), leading to an uneven contact and
hence a lower contact area than expected.

Additionally, the presence of a native oxide layer implies
some limitations on device operation at low voltages. I(V)
characteristic from a Ge nanowire device, Figure 3h, show
that a nonconductive gap is observed for nanowires coated
with a native oxide layer. For different wires the noncon-
ductive gap varied between 1 and 6 V. The resistivity of
these nanowires measured in a two-contact configuration
exceeded the resistivity of bulk Ge, from several times up
to 2 orders of magnitude. We attribute this range due to
variations in the thickness of the oxide layer on different
surface facets of the nanowires, as seen by transmission
electron microscopy (Figure 1). For NEMS operation below
2—4 V, the oxide layer needs to be removed from the
nanowire surface in order to obtain a functioning device.
The ON/OFF operation of such a NEM device, in which

Nano Lett.,, Vol. 9, No. 5, 2009



Table 1. Dimensions and Operating Conditions of Ge Nanowires in NEM Devices as Shown in the Corresponding

Figures
Figure 2 Figure S1 Figure 3 Figure S2 Figure 4 a—d Figure 4 e—g
radius, nm 30 150 75 50 60 80
175¢
length, u 3 25 7 6.5 4.5 17
electrode radius, nm 100 115 420 1300 600 2100
jump-to-contact distance, nm 250 10 000 5000 500 1000 600
jump-to-contact voltage, V 19 28 35 13.5 31 37
jump-off-contact voltage, V 6 1.2 0 0 16 -
contact area, nm? 78 331 321 259 218 418
1030
adhesion force, nN 165 456 446 383 339 538
1030
elastic force, nN 14.5 475 450 177 140 10
max current, nA 0.6 50 10 1050 140 1.5¢
current density’ in nanowire, 0.21 0.71 0.57 134 12.4 0.075"
A/m? x 1078
current density” in contact, 6.3 125 22 10 000 424 6.7°
A/m? x 1078

@ After ball formation/after melting. ® Real current was not measured.

the oxide layer was removed by ion etching just before
measurement, is shown in panels a—g of Figure 3. Indeed,
the I(V) characteristics of this device showed linear ohmic
behavior after oxide removal (Figure 3h). The nanowire, with
a radius of 75 nm and length of 7 um, jumped into contact
with the electrode surface from a distance of 5 um at a
voltage of 35 V and jumped off contact at a voltage of 0 V
(Figure 3a—f). The current could be easily measured down
to 0 V (Figure 3g) even when an additional resistance of
100 M2 was used in series for controlling the current. The
resistivity of the nanowire with the removed oxide layer
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Figure 3. TEM images of the Ar-ion-treated Ge nanowire: (a) the
initial position of the nanowire and electrodes, (b) and (c) the
nanowire’s motion toward the counter electrode during a voltage
sweep between the electrodes, (d) the nanowire is in contact with
the counter electrode (jump-to-contact occurred at 35 V), (e) and
(f) the nanowire jumps-off-contact when the voltage reduces to 1.5
V and returns to the initial position, (g) corresponding (V)
characteristics and (h) /(V) characteristics of oxide-coated nanowires
without and with Ar-ions treatment. I(V) characteristics were
measured in contact.
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measured in two-contact configuration was 0.5 € m and
corresponds to the resistivity of bulk Ge.

The ON/OFF NEM devices that we investigated showed
remarkable durability. Neither melting nor damage of the
nanowires was observed after tens of repeated measurements.
For comparison, bistable devices based on carbon nanotubes
having similar dimensions, e.g. carbon nanotube lengths of
1—20 um and diameters of 10—130 nm, with a distance
between the nanotube end and the counter electrode of
0.5—2.0 um, at a jump-to-contact voltage of 28 V and a 0.98
GQ additional resistor in the circuit, shortened whenever
jumping into contact with the electrode occurred.'® A possible
reason for the high durability of the nanowires is the defect-
free, single crystalline nature of the Ge nanowire, resulting
in their strength being close to the theoretical limit of 15
GPa,* which is an order of magnitude higher than that for
carbon nanotubes.

To determine the operation limits of the Ge nanowire-
based NEM devices the behavior of nanowires at higher
current densities were investigated. Figure 4 shows the
stability of the oxide-coated and oxide-free nanowires when
current densities of 3—4 orders of magnitude higher than
those used in previous experiments were allowed to flow
through the devices (Table 1). Both modifications and
damage at the end of the nanowires, as well as along the
full length of the nanowire, were observed at high current
densities. For example, a and d of Figure 4 show shortening
of the nanowire followed by the formation of a ball, with
the radius larger than the radius of the nanowire (175 and
60 nm, respectively). For these devices the maximum
permitted current was set higher in comparison to that for
previous devices, at 1 yA. The ball was formed immediately
after jump-to-contact at 13.5 V, at a nanowire—electrode
separation of 500 nm. Surprisingly the current changes during
the increase and decrease of the voltage were monotonic
without abrupt alternations (normally sharp and abrupt
changes in the /(V) characteristics are observed after nano-
wire shortening, (Figure S2 in Supporting Information). We
believe that during the melting of the nanowire the electrical
properties of the contact are improved, and as a result the
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Figure 4. (a—d) Melting of the end of an Ar-ion-treated nanowire
due to the high current through the contact: (a) the initial position
and geometry of the nanowire, (b) jump-to-contact and immediate
melting of the end of the nanowire at 13.5 V, (c) jump-off-contact
with a few seconds delay after the voltage was switched off, (d)
the corresponding I(V) curve, (e) and (f) failure of the nanowire at
the moment when direct contact between the nanowire and the
electrode was achieved ((e) the nanowire in its initial position and
(f) a moment before/after contact with the counter electrode at a
voltage of 37 V), and (g) the core of the nanowire melts and divides
into separate drops inside the outer germanium oxide tube.
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nanowire exhibits a higher conductivity during the voltage
decrease as compared to the voltage increase. Nevertheless,
a detailed analysis of the microstructure of the nanowire-
contact area is required for a further understanding of this
process. When no current limitations were applied to some
devices, complete melting of the nanowires was observed
during the jump-to-contact event. Panels e and g of Figures
4 show melting of a nanowire when a jump-to-contact event
occurred at 37 V from a distance of 500 nm. The nanowire
(radius of 80 nm and length of 17 um) melted in a very
short time; hence, in one image (Figure 4f), the nanowire
was captured ‘in motion’ before the jump-to-contact event
and immediately after it. As observed, the core of the
nanowire melted and divided into separate segments inside
the outer germanium oxide shell, suggesting that the tem-
perature of the nanowire was higher than the melting point
of Ge (bulk is 938 °C) but did not exceed the melting
temperature of GeOy (1115 °C). We were unable to detect
the current through the nanowires because the current pulse
was shorter than the registration time of our system. The
detected current was only 1.5 nA. Simulations were per-
formed to understand why the Ge nanowires melted under
these conditions (see Supporting Information). When there
was good contact between the ‘free’ end of the nanowire
and the metal electrode, no significant temperature change
was observed. However, if the active contact area was
thermally isolated, e.g. possibly through a poor contact
between the nanowire and the electrode, the temperature rose
rapidly, reaching the melting point for bulk Ge in ap-
proximately 1077 s. This rapid increase in temperature due
to poor contact between the nanowire and the metal electrode
is a possible explanation as to why the nanowires melt.
However, further work is required to understand this melting
phenomenon in more detail.
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We did not observe a good match between the calculated
elastic forces of the nanowires and the adhesion forces in
contact for nanowires at high current densities (Table 1).
For nanowires with radii of 60 and 50 nm the values of the
calculated elastic forces, 140 and 177 nN, respectively, were
lower in comparison to the calculated adhesion forces, i.e.
383 and 339 nN, respectively, which contradicts the fact that
jump-off the contact was observed in the experiments. One
possibility is that the real contact is modified during the
melting process although this needs further investigation. In
conclusion, the data presented in this paper demonstrate the
potential of using Ge nanowires in mechanically stable two-
terminal ON/OFF NEM devices. We have also shown the
significant role that the native oxide plays in determining
the operation of Ge-based NEM devices and how the oxide
can be utilized as a coating to decrease the current density
in a device. Such an in-depth study of a two-terminal NEM
device based on semiconductor nanowires has not previously
been reported.

As has been shown previously,*** for nanocontacts the
adhesion forces and the contact area can be described using
Maugis theory.* Analytical formulas developed by Carpick
et al.*® were used for adhesion force calculations (detailed
force calculations can be found in ref 43). The elastic force
of a cylindrical nanowire (F) is proportional to the spring
constant (k) and the deflection of the nanowire end from the
equilibrium position x: F'= —kx. The spring constant of the
beam depends on the beam length L: k = 12 EI/L?, where E
is the Young’s modulus, [ is the cross sectional moment of
inertia.*’ The moment of inertia for a cylindrical nanowire
can be calculated as I = zr*/4, where r is the radius of the
nanowire (detailed forces calculations can also be found in
Supporting Information*~32),
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