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Abstract

®

CrossMark

We present an investigation of contact properties of a germanium (Ge) nanowire based

nanoelectromechanical (NEM) switch in its ON state. The contact stiffness in the ON state was
evaluated by detecting the nanowire’s resonance frequency. It was found that the resonance
frequency increases when electric current flows through the nanowire/counter electrode contact
area. The reason for modification in the contact area is referred to as electric-current-induced
processes in the native oxide layer covering the nanowires. The presented resonance shift
method is a simple way to indicate strengthening of the nanowire/counter electrode contact area

without disassembling the contact.
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1. Introduction

Nanoelectromechanical systems (NEMS) are devices that
combine mechanical and electrical functionality at the
nanoscale level. These systems are the next step in the min-
iaturization of microelectromechanical systems (MEMS) [1].
The expected benefits of NEMS that could significantly
impact wide areas of science and technology are increased
efficiency, reduced size, and decreased power consump-
tion [2].

Current examples of NEMS include nanoresonators [3—
7] and a range of nanorelays and switches (ON-OFF devices)
[8-21], in which carbon nanotubes [9-12, 16, 18, 20],
semiconductor [13, 14, 21], metal [15, 19] and organic
nanowires [17] have often been used as active components.
Ge nanowires are excellent candidates to be used as active
elements in NEM switches due to high Young’s modulus,
ability to withstand high strains, single crystalline nature, and
good compositional reproducibility [22, 23]. In ambient
conditions, Ge nanowires are covered with a nonconductive
native oxide layer. In terms of NEM switch operation, a
native oxide layer allows reduction of the ‘jump-to-contact’

0957-4484/15/195503+07$33.00

electric current, preventing burnout failure. In addition, the
switch can be operated at higher voltages, as reported pre-
viously by our group [13, 21].

Active research is being conducted to replace conven-
tional complementary metal-oxide semiconductor (CMOS)
devices for specific applications, as well as to improve
functioning of CMOS devices by producing hybrid systems
[24]. Although both CMOS and NEM technologies are suited
for similar applications, such as memory, logic, and transis-
tors [25-27], they differ greatly in operating conditions,
working principles, properties, and fabrication. Compared
with CMOS switches, the advantages of NEM switches,
together with those already listed, also include a near-zero
leakage current and potentially higher speed of operation. In
addition, NEM switches exhibit stable performance with
respect to external conditions such as high temperature [28]
and external fields [29].

Although most of electrically controlled NEM switches
are configured to use three electrodes [8—10, 19, 20], namely
source, drain, and gate, the ON-OFF switching of NEMS can
also be achieved in a gateless two-terminal configuration. The
advantage of the two-terminal configuration is in its

© 2015 I0OP Publishing Ltd  Printed in the UK


mailto:Raimonds.Meija@lu.lv
http://dx.doi.org/10.1088/0957-4484/26/19/195503
http://crossmark.crossref.org/dialog/?doi=10.1088/0957-4484/26/19/195503&domain=pdf&date_stamp=2015-04-23
http://crossmark.crossref.org/dialog/?doi=10.1088/0957-4484/26/19/195503&domain=pdf&date_stamp=2015-04-23

Nanotechnology 26 (2015) 195503

R Meija et al

Figure 1. (a) Overview of experimental setup in situ SEM; (b) close up of NEM switch (inset—platinum strip for nanowire clamping); (c) Ge
nanowire in resonance state; (d) schematics of system; (e) schematics of ‘fixed-pinned’ boundary conditions; (f) schematics of ‘fixed-fixed’

boundary conditions.

simplicity, where only two electrodes are used. The active
element (nanowire) and the counter electrode of an electro-
statically actuated two-terminal switch are initially physically
separated (OFF state). The operation of an electrostatically
actuated NEM switch is performed by balancing electrostatic,
adhesion, and elastic forces. Applying voltage between the
electrodes of a NEM switch leads to mechanical deformation of
the active element and its consequent jump-to-contact with the
counter electrode (ON state). Adhesive plus electrostatic forces
keep the switch in ON state, while an elastic restoring force
brings it to the initial OFF state when the voltage is turned off.

Due to surface forces that are dominating at the nanos-
cale, NEM switches may suffer from high adhesion in the ON
state. One way to overcome the adhesion is to increase the
distance between the electrodes to generate larger elastic pull-
off force to reverse the state of the switch. With increased
electrode separation, higher operational (jump-in) voltages
must be used to establish the contact. Switch operation at
these voltages may lead to mechanical breakdown [25],
melting, and burnout of the active element [13, 15, 30].
Semiconductor [31] and metallic [32] nanowire welding in
nanosized contacts has been reported. To ensure stable
operation of the switch, it is essential to know how the
electrical and mechanical properties of contact change with
respect to applied voltage and electric current flow through
the contact.

This research is focused on investigation of the contact-
strengthening phenomenon that takes place during the nano-
wire operation in the ON state. We evaluate modification of
the nanowire/counter electrode contact area induced by
electric current flow through the contact. The method implies
in situ detection of shift of the resonance frequency of Ge-
nanowire-based NEM switch in the ON position. It allows
choosing the proper device architecture and voltage values for
stable NEM switch operation.

2. Methods

Ge nanowires used in the NEM switches as active elements
were grown using the supercritical fluid method [33]. The
structure of nanowires was determined by FEI TECNAI
TEM. For obtaining cantilevered active elements, the nano-
wires were suspended on a TEM grid pre-coated with 5 nm
chrome and a 20nm gold layer (Gatan 682 PECS) and
clamped with platinum strips (figures 1(a)-(b)) using e-beam
deposition technique (SEM-FIB TECNAI LYRA). The
widths of the platinum strips were at least five times larger
than the nanowire diameters (figure 1(b) inset) in order to
obtain a ‘fixed’ end of the cantilevered nanowire (the width of
the strip must be at least the size of the diameter of the
nanowire) [34]. Argon etching (Gatan 682 PECS) was
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performed for partial removal of native Ge oxide outer shell,
formed under ambient conditions.

The measurements were carried out in sifu using a
SmarAct 13D nanomanipulation system staged inside a field
emission scanning electron microscope Hitachi S-4800.
Electrochemically etched gold tips were used as electrodes.
Nanowire oscillations were excited electrostatically by
applying ac voltage between electrode 1 and grounded elec-
trodes 2 and 3 (figures 1(a)—(d)). The behavior of the nano-
wire during the ac signal sweep was visualized in real-time
SEM TV regime. Nanowire resonance was detected as a sharp
increase of oscillation amplitude (figure 1(c)).

For the oscillation excitation in the nanowires, signal
generator Agilent N9310A was used. Source-meter Keithley
6430 was used for voltage application and electric current
measurements.

3. Results and discussion

From a mechanical standpoint, we can model the NEM switch
in the ON state as a double-clamped beam resonator
(figures 1(b), (c), (e) (f)). Assuming the nanowire in an NEM
switch ON state can be described using the Euler-Bernoulli
theory for an elastic beam, and solving the general Euler—

Lagrange equation gz(El;%) + ﬂ% = 0 [35], where E is

the Young’s modulus, I is the moment of inertia, and y is the
linear density of beam, an expression for the resonance fre-

g [Er
2\ 7 [35], where S

is a cross sectional area of a nanowire (circle), p is density of
the nanowire, and f is an eigenvalue parameter that depends
on the boundary conditions and on the oscillation mode of the
nanowire. In our experiment, the clamped end of the nanowire
(figures 1(e), (f) electrode 3) can be described by the ‘fixed’

dy (x) _
& lico =0 [35],

where y is the displacement of the nanowire and x is the
coordinate along the axis of the nanowire starting from the
fixed end of the nanowire.

Initially, the nanowire was brought in contact with the
switch electrode without any voltage applied between the
electrodes. This state could approximately be described by the
d?y (x) -0

dx x=L
[35], where L is the length of the nanowire. It was expected
that the switch contact (figure 1(b)) could strengthen after the
voltage was applied between the NEM electrodes, thus
shifting the boundary condition describing the switch contact

quency is obtained from equation: f =

boundary

condition:y (x) |,_o = 0,

‘pinned’ boundary condition y(x) |,_; =0,

from ‘pinned’ toward “fixed,’ ie.
_ dy () _
Y@ |y =0, 22| =0 351

Eigenvalues fyed-fixea =4.730 04 for a ‘fixed-fixed” beam
and Pixed-pinned = 3.9266 [35] for a ‘fixed-pinned’ beam of the
first oscillation mode were obtained from boundary condi-
tions described previously. The eigenvalue for a single-
clamped nanowire is 1.875 [35]. The frequency ratio of
‘fixed-fixed’ and ‘fixed-pinned’ resonances

(ﬂﬁzxe d—fixe d/ﬂﬁzXe d—pinne d) is 1.45. This means that, if the con-

tact strengthening happened, the resonance frequency of the
nanowire could increase for not more than 45% from its initial
value. It should be noted that for the actual experimental
switch, contact strengthening may not reach the ‘fixed’ state
as well as the initial state could not be ‘pinned.” In both
circumstances, the actual frequency change would not
exceed 45%.

In the case of electrical excitation, the force F acting on
the nanowire is in the form of F = B(Q, + aVjccos wt)?
=(BQg + 0.5a?B?Vic)+2aBQo Vacwt +0.5a’BV i cos 21,
where B is a proportional constant, Q is a charge that bal-
ances the potential difference caused by different surface
work functions of the Ge nanowire and the gold electrode, a
is a geometrical factor, V, is the amplitude of applied vol-
tage, w is the angular frequency of the electric field, and ¢ is
time [36, 37]. Thus, for the nanowire with natural frequency f,
the resonance will occur when the driving frequency is f and
2.

As the nanowire single-clamped resonance frequency
was easier to determine than the double-clamped resonance
frequency, before each experiment, both resonances for sin-
gle-clamped nanowire occurring at the ac driving frequencies
f and f/2 were determined. Typical true amplitude-driving
frequency characteristics have a symmetrical curve (figure 2),
where the maximum amplitude indicates the resonance
frequency.

When the single-clamped resonance frequency was
determined, the cantilevered nanowire was brought in contact
with the switch electrode (figures 1(a)—(d) electrode 2) to
form a switch contact in the ON state (figures 1(b), (d)).
Based on the determined single-clamped resonance frequency
and the boundary conditions discussed previously, the reso-
nance frequency was searched in expected frequency range
Jaoub1e€(4.39:6.36) fingle and measured accordingly. For con-
trol, for some nanowire resonance at excitation frequency f/2
was also determined.

To determine contact properties, the ac voltage amplitude
was set to OV and the dc voltage was swept between the
electrodes 2 and 3, from OV to the desired voltage U’ and
back to 0V (figures 1(b), (d)). After each dc voltage sweep,
the resonance frequency of the double-clamped nanowire f
was again measured. This cycle, consisting of a dc voltage
sweep and a resonance measurement, was repeated with
increasing voltage U’, until one of the safety limitations was
reached (i.e., a predefined electric current saturation of 10 nA
or I(V) cycling amplitude of 30 V), which were introduced to
avoid the potential damage of the nanowire, as reported in
previous research [13, 15, 30, 38].

Figure 3 shows the relative change of the resonance
frequency of a Ge nanowire covered with a native oxide layer
and current density in the contact area versus voltage applied
to the nanowire. The predetermined resonance of the canti-
levered single-clamped nanowire was 145 kHz. According to
the eigenvalue ratios, the resonance frequencies of ‘fixed-
pinned’ and ‘fixed-fixed” beam configurations should have
been 636 and 923 kHz, respectively. Initially measured
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Figure 2. True amplitude-driving frequency characteristics for a
single-clamped nanowire of length and radius of 18 ym and 80 nm
respectively, with Lorentzian fit (line).
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Figure 3. Relative change of the resonance frequency of the
nanowire and current density j in the contact area versus voltage U’
applied to the nanowire. Inset—the beginning of the graph.

resonance frequency f; of the double-clamped nanowire was
660 kHz, which means that the contact properties are close to
the ‘fixed-pinned’ conditions. It can be seen that when applied
U’ is below 9 V and the current density in the contact is small
(figure 3 inset), the resonance frequency of the nanowire
slightly changes. For the values of U’ between 9 and 15V,
which coincide with a noticeable increase of current density j
(the contact areas for current density calculations were
obtained using Carpick’s generalized equation
[13, 15, 23, 39, 40]), a rapid increase in the resonance fre-
quency was observed, indicating strengthening of the switch
contact. Although j increases further, the rapid change of the
resonance frequency (34% increase) was followed by its
stabilization (fi,.x =884 kHz) at voltages above 15V and
current densities above 16 pA nm™2, meaning that in accor-
dance with the mechanical model, the contact had become
more rigid.

The data relating to maximum frequency increase ratios
Jmax/fo, current densities jg, at the point when frequency sta-
bilizes, estimated Ge nanowire/Au electrode contact areas,
and maximal applied voltage U’ are summarized in table 1.
As it can be seen from the table 1, the current density values
Js¢ for all experiments except experiment Nr. 2 are fluctuating
within an order of magnitude, which can indicate similar
processes in all examined nanowires. The difference in jg
values can be attributed to error in contact area parameter
estimation from SEM micrographs.

Table 1. Experimental data about maximum frequency increase

Jmax/fo, estimated Ge nanowire/gold electrode contact area A,

stabilization current density ji, and maximum voltage U’.

2

exp Nr  wire Nr  fi./fo A-10%, nm? Jst PAnm™ U,V
1 1 1.35 2.8 11 30
2 2 1.09 27 0.24 29
3 2 1.04 19 1.0 38
4 3 1.22 1.0 11 25
5 4* 1.34 2.0 16 24
6 4* 1.30 5.1 14 18
7 4* 1.23 0.4 3.6 17
8 4* 1.15 2.0 12 16
9 4* 1.15 1.7 18 25
10 4% 1.13 4.7 7.5 17
11 4% 1.15 6.3 16 14

a
Experiments carried out after Ar ion treatment to achieve different oxide
thicknesses.

To analyze electric-current-induced modifications in the
contacts, I(V) characteristics were studied (figure 4(a)). From
figure 4(a), it can be seen that I(V) characteristics have a
‘nonconductive’ voltage gap that changes during I(V) cycling.
For analysis of the ‘nonconductive’ gap, associated with the
presence of an oxide layer on the surface of the nanowire
[13], the value of characteristic voltage U, was defined as a
minimal voltage for which the electric current was not a linear
function of voltage anymore (started to increase rapidly). Uy
was determined by linear approximation of the I(V) curve
(figure 3(a) inset). When the R? (coefficient of determination)
of the trendline started to drop by more than 1% when the
next data point was included, the end of the nonconductive
region was reached and U, was obtained.

It was observed that the value of U, decreases with the
increase of the voltage U’ applied to the nanowire during the
experiment (figures 4(a) and (b)). As it is seen from
figure 4(b), the beginning of the U, decrease coincides with
the beginning of rapid frequency increase. When the Uy
decrease stops, the frequency increase stops as well.

This observation, as well as the fact that for all experi-
ments (table 1) the frequency increase was strictly within
45%, lets us presume that all modification took place in
contact as the increase of frequency represents increase of
adhesion forces in contact. The change of Uy may be asso-
ciated with reduction of effective oxide layer thickness and/or
changes in native oxide layer conductive properties. As the
current densities associated with welding of material and
change in its structure in nanocontacts [31, 32] are two orders
of magnitude higher than the saturation current density jg in
our experiments, we can consider that conductive properties
of native oxide layer do not change and therefore changes in
Uy can be associated with decrease of distance between
electrodes and increase of effective contact area. Increase of
effective contact area may be the main reason for increase of
adhesion force in a nanocontact.

In our configuration, electric contact consisted of Ge/
native oxide/gold junction. The native oxide thickness was
within range from 1nm up to 3 nm (figure 5). We propose
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Figure 4. (a) Selected (V) curves, inset—the beginning of an /(V) curve with linear approximation line for determination of Uy; (b) relative
change of the resonance frequency of the nanowire and characteristic voltage U, versus maximum cycling voltage U’.

Figure 5. TEM micrograph of crystalline Ge nanowire with
amorphous native oxide layer.

that for voltages used in our experiment the dominant
mechanism of conductance is the Fowler—Nordheim (FN)
tunneling, as reported for Ge-GeO,-Al and Si-SiO,/Au thin
films of similar oxide thicknesses [41, 42]. Because of the
nonlinearity of I(V) characteristics and presence of a ‘non-
conductive gap’, in this evaluation we do not take into
account quantum mechanical direct tunneling (QMDT), as its
contribution to total current flow is negligible.

For evaluation of change of oxide layer thickness d
during the experiment, the FN tunneling equation [41-43]

. _ _h
was used: jpy = CFNEOZXe Eox, JEN = CFNEOZXE Ex, Where

Cex = @ mo/8hmoxy, B =87 (2mey )’ ¢3/3gh, q is an
electron charge, mo and m, are the electron mass in free
space and in the oxide respectively, & is Planck’s constant, ¢,
is barrier height between native oxide, and Ge, E = U/eox d
is electric field, e, is dielectric permittivity of the oxide, and
d is oxide layer thickness [41-43]. For calculations
do=1.4¢eV, e,,=2.72, my,, =0.42 mg were used [41]. Results
show that a small change in oxide layer thickness d induces a
large change in U,. For example, the change in U, from 7 to
3V is achieved by decrease of an oxide layer thickness of
approximately 0.1 nm assuming that the contact area is not
changing. If d is kept at constant value, the same change in Uy,
may be achieved by triplication of effective contact area.
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Figure 6. Maximum frequency increase ratio and maximum change
of Uy (AUp) versus initial ‘nonconductive gap’ Uppax-

The process of switch contact strengthening can be
divided in three stages. In the first stage, the electric current
does not flow through the switch contact and the changes in it
are negligible (figure 4(b) area 1). In the second stage
(figure 4(b) area 2), the FN tunneling causes the current flow
as well as Joule heating in the switch contact. We assume that
at this stage Joule heating in the switch contact [37] causes
modification of the Ge-native oxide—Au interface, which
results in contact strengthening. During the modification, it
can be presumed that the contacting surfaces of the nanowire
and the switch electrode become flatter, i.e., smoothening out
the contact roughness and increasing the effective Ge—native
oxide—Au contact area as well as decreasing the distance
between Ge core and gold electrode. At the stabilization point
(figure 4(b) area 3), the effective contact area increases to a
value at which the temperature in the contact area caused by
the Joule heating is not high enough to continue the mod-
ification of the switch contact interfaces. According to the
mechanical model, the switch contact is close to the ‘fixed’
state case (figure 4(b) area 3). Most probably, such mod-
ification is possible because at larger distances from Ge core
surface, the native oxide is less dense than in inner layers
(figure 5).

To determine how the changes of the contact’s
mechanical and electrical properties are influenced by the
thickness of an oxide layer, measurements were carried out in
different places on as grown and gradually etched Ge nano-
wire. Initial ‘nonconductive’ gap Upnyax for this nanowire
varied from 8 to 3V (figure 6). For nanocontacts exhibiting
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Figure 7. (a) Relative change of the resonance frequency of the nanowire versus maximum applied voltage U’ for consequent voltage cycles
without disengaging the contact; (b) current density in the contact versus maximum applied voltage U’ for consequent voltage cycles without

disengaging the contact.

larger Upnax larger maximum frequency increase ratios fi.«/fo
and AUy (AUy= Upmax-Uomin» Where Upmin—characteristic
voltage after frequency stabilization) were observed
(figure 6). It can be explained that for larger Uy« the outer
and less dense oxide layer is thicker and can be modified
more effectively. Accordingly, for smaller values of Upypax,
the oxide layer is thinner and more dense; therefore, mod-
ification of the surface is less pronounced and thus changes in
‘nonconductive gap’ AU, and adhesion force are smaller.

To determine the stability of contact modifications, three
consequent measurement cycles without disengaging the
switch contact for the nanowire in its ON state were per-
formed (figure 7(a)). It can be seen that once the rapid
increase of the resonance frequency had occurred (figure 7(a)
cycle 1), repeated voltage application (figure 7(a) cycles 2, 3)
did not result in additional increase of resonance frequency.
This also indicates no further changes in mechanical proper-
ties of the contact. The graph of current density versus applied
voltage (figure 7(b)) shows that conductivity of the contact
increases slightly during cycle 1 and remains stable during
cycles 2 and 3. This suggests that, for a fixed voltage range,
the electrical properties of the contact do not change with
further cycling.

4. Conclusions

In this work, we have presented an application of resonance
frequency measurements for characterization of the NEM
switch contact modification during its operation in the ON
state. This novel method allows an indirect evaluation of
adhesion forces in contact without detachment of the nano-
wire. The main problem for adhesion force measurements
using nanowire detachment from the surface is the parasitic
shear forces that lower the effective pull-out force, thus
inducing error in measurements. The knowledge about the
change in contact parameters during operation of the NEM
switch is of great importance to evaluate the stability of NEM
switch operation.

We found that the switch contact strengthening begins
simultaneously with the start of electric current flow through

it and stops at current densities of 107> — 10" nA nm ™. The
magnitude of change of the resonance frequency has strong
positive dependence on the initial characteristic voltage
(‘nonconductive gap’) U, of the nanowire as it represents the
initial oxide thickness (amount of the material in the contact)
and its structure. For thick oxide layers, the outer shells are
less dense than the inner layers, thus less resistant to current
induced deformation, which in comparison to thinner oxides
leads to bigger voltage/current-induced changes of its thick-
ness. We also demonstrated that strengthening of the switch
contact is permanent for given voltage/current density ranges.

Acknowledgments

The study has been supported by the Latvian Council of
Science.

References

Kim P 1999 Nanotube nanotweezers Science 286 2148-50

Hughes J E Jr, Di Ventra M and Evoy S 2004 Introduction to
Nanoscale Science and Technology (Nanostructure Science
and Technology) (Berlin: Springer)

Kosmaca J, Andzane J, Prikulis J, Biswas S, Holmes J D and
Erts D 2014 Application of a nanoelectromechanical mass
sensor for the manipulation and characterisation of graphene
and graphite flakes Sci. Adv. Mat. 6 1-6

Ilic B, Yang Y and Craighead H G 2004 Virus detection using
nanoelectromechanical devices Appl. Phys. Lett. 85 2604

Feng X L, He R, Yang P and Roukes M L 2007 Very high
frequency silicon nanowire electromechanical resonators
Nano Lett. 7 1953-9

Chaste J, Eichler A, Moser J, Ceballos G, Rurali R and
Bachtold A 2012 A nanomechanical mass sensor with
yoctogram resolution Nat. Nanotechnology 7 301-4

Jensen K, Kim K and Zettl A 2008 An atomic-resolution
nanomechanical mass sensor Nat. Nanotechnology 3 533-7

Loh O Y and Espinosa H D 2012 Nanoelectromechanical
contact switches Nat. Nanotechnology 7 283-95

Hwang H J and Kang J W 2005 Carbon-nanotube-based
nanoelectromechanical switch Physica E 27 163-75

(1]
(2]

(3]

(4]

(5]

(6]

(7]
(8]
(9]


http://dx.doi.org/10.1126/science.286.5447.2148
http://dx.doi.org/10.1126/science.286.5447.2148
http://dx.doi.org/10.1126/science.286.5447.2148
http://dx.doi.org/10.1166/sam.2015.2139
http://dx.doi.org/10.1166/sam.2015.2139
http://dx.doi.org/10.1166/sam.2015.2139
http://dx.doi.org/10.1063/1.1794378
http://dx.doi.org/10.1021/nl0706695
http://dx.doi.org/10.1021/nl0706695
http://dx.doi.org/10.1021/nl0706695
http://dx.doi.org/10.1038/nnano.2012.42
http://dx.doi.org/10.1038/nnano.2012.42
http://dx.doi.org/10.1038/nnano.2012.42
http://dx.doi.org/10.1038/nnano.2008.200
http://dx.doi.org/10.1038/nnano.2008.200
http://dx.doi.org/10.1038/nnano.2008.200
http://dx.doi.org/10.1038/nnano.2012.40
http://dx.doi.org/10.1038/nnano.2012.40
http://dx.doi.org/10.1038/nnano.2012.40
http://dx.doi.org/10.1016/j.physe.2004.11.004
http://dx.doi.org/10.1016/j.physe.2004.11.004
http://dx.doi.org/10.1016/j.physe.2004.11.004

Nanotechnology 26 (2015) 195503

R Meija et al

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

(19]

[20]

(21]

[22]
(23]

[24]

(25]

[26]

(27]

Chen Z, Tong L, Wu Z and Liu Z 2008 Fabrication of
electromechanical switch using interconnected single-walled
carbon nanotubes Appl. Phys. Lett. 92 103116

Rueckes T 2000 Carbon nanotube-based nonvolatile random
access memory for molecular computing Science 289 94-7

Kinaret J M, Nord T and Viefers S 2003 A carbon-nanotube-
based nanorelay Appl. Phys. Lett. 82 1287

Andzane J, Petkov N, Livshits A I, Boland J J, Holmes J D and
Erts D 2009 Two-terminal nanoelectromechanical devices
based on germanium nanowires Nano Lett. 9 1824-9

Ziegler K J et al 2004 Bistable nanoelectromechanical devices
Appl. Phys. Lett. 84 4074

Andzane J, Prikulis J, Dvorsek D, Mihailovic D and Erts D
2010 Two-terminal nanoelectromechanical bistable switches
based on molybdenum-sulfur-iodine molecular wire bundles
Nanotechnology 21 125706

Lee S W et al 2004 A three-terminal carbon nanorelay Nano
Lett. 4 2027-30

Viasnoff V, Meller A and Isambert H 2006 DNA
nanomechanical switches under folding kinetics control
Nano Lett. 6 1014

Jang J E et al 2008 Nanoscale memory cell based on a
nanoelectromechanical switched capacitor Nat.
Nanotechnology 3 26-30

Jang W W et al 2008 Fabrication and characterization of a
nanoelectromechanical switch with 15 nm-thick suspension
air gap Appl. Phys. Lett. 92 103110

Jang J E et al 2005 Nanoelectromechanical switches with
vertically aligned carbon nanotubes Appl. Phys. Lett. 87 163114

Andzane J, Prikulis J, Meija R, Kosmaca J, Biswas S,
Holmes J D and Erts D 2013 Application of Ge nanowire for
two-input bistablenanoelectromechanical switch Mater. Sci.
Medziagotyra 19 254-7

Ngo L T et al 2006 Ultimate-strength germanium nanowires
Nano Lett. 6 2964-8

Li H and Sun F 2012 Nanowires-Recent Advances ed X Peng
(Rijeka: InTech) ch 16

Dadgour H F and Banerjee K 2009 Hybrid NEMS-CMOS
integrated circuits: a novel strategy for energy-efficient
designs IET Comput Digit Tec. 3 593

Ke C and Espinosa H D 2006 In situ electron microscopy
electromechanical characterization of a bistable NEMS
device Small 2 1484-9

Jang W W, Yoon J-B, Kim M-S, Lee J-M, Kim S-M,

Yoon E-J and Park D 2008 NEMS switch with 30 nm-thick
beam and 20 nm-thick air-gap for high density non-volatile
memory applications Solid State Electron 52 1578-83

Li Q, Koo S-M, Edelstein M D, Suehle J S and Richter C A
2007 Silicon nanowire electromechanical switches for logic
device application Nanotechnology 18 315202

(28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Lee S, Tang A, McVittie J P and Wong H S P 2013 NEM
relays using 2-dimensional nanomaterials for low energy
contacts 2013 3rd Berkeley Symp. on Energy Efficient
Electronic Systems (E3S) (IEEE) pp 1-2

Jonsson L M, Axelsson S, Nord T, Viefers S and Kinaret J] M
2004 High frequency properties of a CNT-based nanorelay
Nanotechnology 15 1497-502

Andzane J, Meija R, Livshits A I, Prikulis J, Biswas S,
Holmes J D and Erts D 2013 An ac-assisted single-nanowire
electromechanical switch J. Mater. Chem. C 1 7134

Tan Y and Wang Y-G 2013 Current density-sensitive welding
of a semiconductor nanowire to a metal electrode Chin.
Phys. Lett. 20 017901

Tohmyoh H and Fukui S 2009 Self-completed Joule heat
welding of ultrathin Pt wires Phys. Rev. B 80 155403

Holmes J D, Lyons D M and Ziegler K J 2003 Supercritical
fluid synthesis of metal and semiconductor nanomaterials
Chem. A Eur. J. 9 2145-51

Qin Q, Xu F, Cao Y, Ro P I and Zhu Y 2012 Measuring True
Young’s modulus of a cantilevered nanowire: effect of
clamping on resonance frequency Small 8 2571-6

Gere ] M and Timoshenko S P 1997 Mechanics of Materials
(Boston, MA: PWS Publishing)

Poncharal P, Wang Z L, Ugarte D and de Heer W A 1999
Electrostatic deflections and electromechanical resonances
of carbon nanotubes Science 283 1513-6

Ding W, Calabri L, Chen X, Kohlhaas K M and Ruoff R S
2006 Mechanics of crystalline boron nanowires Compos.
Sci. Technol. 66 1112-24

Hummelgard M, Zhang R, Carlberg T, Vengust D,
Dvorsek D, Mihailovic D and Olin H 2010 Nanowire
transformation and annealing by Joule heating
Nanotechnology 21 165704

Erts D, Lohmus A, Lohmus R, Olin H, Pokropivny A V,
Ryen L and Svensson K 2002 Force interactions and
adhesion of gold contacts using a combined atomic force
microscope and transmission electron microscope Appl.
Surf. Sci. 188 460-6

Carpick R W, Ogletree D F and Salmeron M 1999 A general
equation for fitting contact area and friction vs load
measurements J. Colloid Interface Sci. 211 395-400

Sasada T, Nakakita Y, Mitsuru T and Takagi S 2009 Surface
orientation dependence of interface properties of GeO,/Ge
metal-oxide semiconductor structures fabricated by thermal
oxidation J. Appl. Phys. 106 073716

Ravindra N M and Zhao J 1992 Fowler-nordheim tunneling in
thin SiO, films Smart Mater. Struct. 1 197-201

Ferry D K, Goodnick S M and Bird J 2009 Transport in
Nanostructures (Cambridge: Cambridge University Press)


http://dx.doi.org/10.1063/1.2884311
http://dx.doi.org/10.1126/science.289.5476.94
http://dx.doi.org/10.1126/science.289.5476.94
http://dx.doi.org/10.1126/science.289.5476.94
http://dx.doi.org/10.1063/1.1557324
http://dx.doi.org/10.1021/nl8037807
http://dx.doi.org/10.1021/nl8037807
http://dx.doi.org/10.1021/nl8037807
http://dx.doi.org/10.1063/1.1751622
http://dx.doi.org/10.1088/0957-4484/21/12/125706
http://dx.doi.org/10.1021/nl049053v
http://dx.doi.org/10.1021/nl049053v
http://dx.doi.org/10.1021/nl049053v
http://dx.doi.org/10.1021/nl052161c
http://dx.doi.org/10.1021/nl052161c
http://dx.doi.org/10.1021/nl052161c
http://dx.doi.org/10.1038/nnano.2007.417
http://dx.doi.org/10.1038/nnano.2007.417
http://dx.doi.org/10.1038/nnano.2007.417
http://dx.doi.org/10.1063/1.2892659
http://dx.doi.org/10.1063/1.2077858
http://dx.doi.org/10.5755/j01.ms.19.3.3086
http://dx.doi.org/10.5755/j01.ms.19.3.3086
http://dx.doi.org/10.5755/j01.ms.19.3.3086
http://dx.doi.org/10.1021/nl0619397
http://dx.doi.org/10.1021/nl0619397
http://dx.doi.org/10.1021/nl0619397
http://dx.doi.org/10.1049/iet-cdt.2008.0148
http://dx.doi.org/10.1002/smll.200600271
http://dx.doi.org/10.1002/smll.200600271
http://dx.doi.org/10.1002/smll.200600271
http://dx.doi.org/10.1016/j.sse.2008.06.026
http://dx.doi.org/10.1016/j.sse.2008.06.026
http://dx.doi.org/10.1016/j.sse.2008.06.026
http://dx.doi.org/10.1088/0957-4484/18/31/315202
http://dx.doi.org/10.1109/E3S.2013.6705883
http://dx.doi.org/10.1109/E3S.2013.6705883
http://dx.doi.org/10.1109/E3S.2013.6705883
http://dx.doi.org/10.1088/0957-4484/15/11/022
http://dx.doi.org/10.1088/0957-4484/15/11/022
http://dx.doi.org/10.1088/0957-4484/15/11/022
http://dx.doi.org/10.1039/c3tc31240b
http://dx.doi.org/10.1088/0256-307X/30/1/017901
http://dx.doi.org/10.1103/PhysRevB.80.155403
http://dx.doi.org/10.1002/chem.200204521
http://dx.doi.org/10.1002/chem.200204521
http://dx.doi.org/10.1002/chem.200204521
http://dx.doi.org/10.1002/smll.201200314
http://dx.doi.org/10.1002/smll.201200314
http://dx.doi.org/10.1002/smll.201200314
http://dx.doi.org/10.1126/science.283.5407.1513
http://dx.doi.org/10.1126/science.283.5407.1513
http://dx.doi.org/10.1126/science.283.5407.1513
http://dx.doi.org/10.1016/j.compscitech.2005.11.030
http://dx.doi.org/10.1016/j.compscitech.2005.11.030
http://dx.doi.org/10.1016/j.compscitech.2005.11.030
http://dx.doi.org/10.1088/0957-4484/21/16/165704
http://dx.doi.org/10.1016/S0169-4332(01)00933-3
http://dx.doi.org/10.1016/S0169-4332(01)00933-3
http://dx.doi.org/10.1016/S0169-4332(01)00933-3
http://dx.doi.org/10.1006/jcis.1998.6027
http://dx.doi.org/10.1006/jcis.1998.6027
http://dx.doi.org/10.1006/jcis.1998.6027
http://dx.doi.org/10.1063/1.3234395
http://dx.doi.org/10.1088/0964-1726/1/3/002
http://dx.doi.org/10.1088/0964-1726/1/3/002
http://dx.doi.org/10.1088/0964-1726/1/3/002

	1. Introduction
	2. Methods
	3. Results and discussion
	4. Conclusions
	Acknowledgments
	References



