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Abstract  —  We present the integration and characterization 
of nanowire electromechanical switches consisting of chemical-
vapor-deposition grown silicon nanowires suspended over metal 
electrodes. The devices operate with the suspended part of the 
nanowire bent to touch metal electrode via electromechanical 
force by applying voltage. The reversible switching, high on/off 
current ratio, small subthreshold slope and low switching energy 
compared to current Si CMOS make the switches very attractive 
for logic device application. In addition, we have developed a 
physical model to simulate the switching characteristics and 
extract the material properties. 
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I.  INTRODUCTION  
During the past three decades of great success, silicon 

Complementary Metal-Oxide-Semiconductor field effect 
transistor (CMOS FET) has been aggressively scaled down to 
achieve better performance and lower power consumption.  
Beyond the CMOS scaling, which becomes more difficult in 
the future, next-generation logic device requires alternative 
strategies, such as resonant tunneling devices, single electron 
transistors, molecular and spin devices [1-5]. However, the 
operation of these devices still represents charge-based 
mechanism with the similar thermodynamic limit with CMOS. 
New technologies based on something different than 
electronic charge, such as Nano-Electromechanical System 
(NEMS) and optical computing, may extend the 
functionalities and open up exponential opportunity for future 
electronic circuitry [1].  We have previously reported the 
fabrication of a simple NEMS test structure consisting of a Si 
nanowire (SiNW) suspended over metal electrodes [6]. In this 
work, we demonstrated the integration and characterization of 
2-terminal (2-T) and 3-terminal (3-T) electromechanical 
switches (EMSs). These switches are turned on/off via the 
electromechanical force by applying a voltage between a 
SiNW suspended as a cantilever and bottom metal electrodes. 
The switching of the EMS, which can be operated as a field 
effect transistor, depends on the nanowire material’s 
mechanical properties and the device geometry. The reversible 
switching, small subthreshold slope, low switching energy and 
large on/off ratio indicated that the SiNW EMS is very 
attractive for logic application. In addition, we have developed 
a model to investigate the physics of the electromechanical 
switching and mechanical properties of nanowires. It should 
be noted that nanowire NEMS has been used to investigate the 
mechanical properties of nanowires and nanotubes [7, 8], and 

NEMS switch has been fabricated with carbon nanotubes by 
using E-Beam lithography [9].  A suspended SiNW switching 
system used in this study may provide an alternative and 
perhaps simpler strategy for achieving electromechanical 
switching and characterizing the material properties of 
chemically-grown nanowires. 

 

II. FABRICATION OF ELECTROMECHANICAL SWITCHES 
The SiNWs used in this study (Figure 1a) were prepared by 

using low-pressure chemical vapor deposition (LPCVD) under 
500 mTorr SiH4, at 450 oC, with thin Au films (~2 nm) as the 
catalyst via a vapor-liquid-solid mechanism [10, 11]. 
Nanowires of 20 nm to 300 nm in diameter and 2 �m to 150 
�m in length were obtained.  From transmission electron 
microscopy (TEM) characterization (data not shown), the 
SiNWs with a hexagonal cross-section grow along the 
expected ]111[  direction [12] with a spacing between the (111) 
planes, which are oriented perpendicular to the SiNW growth 
direction � 0.31 nm as determined from TEM images. 
 

 
 

Figure 1 (a) SEM image of SiNWs grown from patterned Au catalyst on SiO2.  
(b) SiNWs were removed into a suspension of DI water. (c) The SiNWs were 
placed on template substrate and dried, and then manipulated by SNMS. 

The nanowire cantilever switches were formed by 
manipulating SiNWs to align them onto a device substrate by 
using a single nanowire manipulation system (SNMS) [6] and 
compatible fabrication processes.  First, the SiNWs were 
removed into a suspension of DI water by sonication (1 min) 
(Fig. 1b). The SiNW solution was dispersed onto a template 
substrate and dried for 4 hours under vacuum at 100 mTorr 
(Fig. 1c).   

As shown in the schematic drawing (Fig. 2a and 2b), the 
SiNWs were then manipulated and placed in pre-defined 
locations on a device substrate by using a lab-made SNMS so 
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that one side of the SiNWs lie on a thicker oxide (~ 600 nm in 
thickness) and the other side is suspended over metal electrode  

 
 

Figure 2  (a) A SiNW was picked up and transferred to the pre-defined location 
of a device substrate by the single nanowire manipulation system probes. (b) 
The SiNW was patterned with metal contacts (e.g., 3-T EMS has source, drain 
and gate contacts.) by compatible photolithographic processes. 

(for 2-T EMS) or a thinner oxide (~ 200 nm in thickness) (for 
3-T EMS).  Two kinds of switches (2-T and 3-T switches) were 
prepared in this study by using slightly different processes. For 
the fabrication of 2-T EMSs, the suspended gap was obtained 
by dry-etching 400 nm of the 600-nm thermal SiO2 followed 
by Au/Al (10 nm / 10 nm) deposition and lift-off to form the 
bottom electrode of the switch.  After the alignment of a SiNW 
(110 nm in diameter) with SNMS, a second-level metal (20 nm 
/ 60 nm of Au/Al) was patterned on the part of the SiNW lying 
on the 600-nm oxide to clamp the nanowire in place and form 
the top electrode. For the fabrication of 3-T EMSs, the 
suspending gap was obtained by dry-etching 400 nm of the 
600-nm thermal SiO2. After the manipulation and alignment of 
SiNWs to the designed locations, the bottom electrodes (drain 
and gate) and top electrode (source) were formed in a single 
step (see Fig. 2b). All the metal patterns were obtained by 
using regular photolithographic and metal lift-off processes 
with an Au layer on the top of the Al layer. 

III. CHARACTERIZATION OF ELECTROMECHANICAL 
SWITCHES 

In this work, we have prepared 2-T and 3-T EMSs acting 
similarly as a current switch and transistor, respectively. A 
schematic drawing and SEM images of a 2-T switch are 
shown in Figure 3 (a) and (b), respectively. The bottom and 
top electrodes are assigned as the drain and source of the 2-T 
EMS as shown in the images. The typical switching current-
voltage characteristics of a 2-T EMS are shown in Figure 3 (c) 
with an inset schematically showing a switch On/Off diagram. 
The 2-T EMS stays off until the applied voltage between the 
source and drain electrodes is raised above the threshold 

voltage, Vt, (Vt = 3.8 V for the example shown in Figures 3 
(c)) and a significant increase in current is observed. During  

 

 
 
Figure 3  (a) Schematic of a 2-T EMS; (b) SEM image of a 2-T EMS; (c) the 
typical switching current-voltage characteristics of the 2-T EMS with an inset 
of switch On/Off diagram. 

 
the operation, the suspended part of SiNW was bent down to 
touch the bottom electrode by the electromechanical force as it 
reached a snap-down point at Vt.  The On/Off ratio of current 
measured at 9 V and 3.8 V is about 103. Such reversible 
current-voltage switching is observed at both negative and 
positive applied voltages. 

This 2-T EMS is a very simple structure and an efficient 
switch; however, it has two disadvantages which limit its 
applications. First, the on-state current is relatively low due to 
the high contact resistance between the intrinsically doped 
semiconducting SiNW and the bottom metal electrode. Second, 
it cannot be operated as a gate-controlled transistor with gain. 
To solve these problems, we have fabricated a 3-T EMS with 
self-aligned source, drain and gate electrodes. The schematic 
of a 3-T EMS is shown in Figure 4 (a). After the manipulation 
and alignment of SiNWs to the designed locations, the bottom 
electrodes (drain and gate) and top electrode (source) were 
formed in a single step. This differs from the fabrication of 2-
T EMSs which have the bottom electrode formed before the 
SiNW alignment. The same types of metals have been 
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deposited for both the 2-T EMSs and 3-T EMSs.  However, 
during the fabrication of the 3-T EMS electrodes, the metals  

 

 
 
Figure 4 (a) Schematic of a 3-T EMS; (b) SEM image of two 3-T EMSs; (c) 
the typical switching current-voltage characteristics of the 3-T EMS in the 
right side of the SEM image. The top inset shows the switch On/Off diagram 
and the bottom inset shows the hysteresis of IDS-VGS as the gate voltage is 
swept from VGS = 0 V to 9.0 V and then back to 0 V at VDS = 2.0 V. 

 
are also deposited on the suspended nanowires.  This metal 
directly deposited on the SiNW is expected to lower (i.e., 
improve) the contact resistance between the SiNW and the 
bottom drain electrode when the switch is closed. The two 
bottom electrodes and the top electrode were assigned as the 
drain, gate and source of the switch as shown in Figure 4 (a).  
During the operation of a 3-T EMS, the gate voltage is 
controlled independently of the drain voltage, which is similar 
to a conventional MOSFET.  

A SEM image of a 3-T EMS is shown in Figure 4 (b) with 
the assigned electrodes. Figure 4 (c) shows typical switching 
current-voltage characteristics of a 3-T EMS with the top inset 
schematically illustrating the On/Off configurations. As the 
gate to source voltage (VGS) increases with a constant drain to 
source voltage (VDS), the electrostatic force applied to the 
SiNW increases and bends the wire down to the bottom 
electrodes. As the suspended end of the SiNW touches the 
drain electrode at a threshold voltage (e.g., Vt = 7.9 V at VDS 
= 1.0 V for the device shown in Figure 4 (c)), the drain-source 
current (IDS) is turned on. Since the gate electrode is closer 
than the drain electrode to the source electrode in the set-up, 
the SiNW bends over the gate electrode with it initially 
touching the drain to close the switch.  As shown in the 
bottom inset of Figure 4 (c), an IDS-VDS hysteresis is observed 
when the gate voltage is scanned from VGS=0 V to 9.0 V 
(which above Vt) then back to 0 V. This hysteresis arises from 
the surface electrostatic force between the SiNW and the drain 
electrode surface. In the 3-T configuration, Vt is determined 
by the electrostatics between the nanowire and both the gate 
and drain electrodes. A higher VDS leads to a smaller Vt due to 
the larger total attractive force associated with the drain 
electrode in combination with the gate electrode. Compared to 
the Vt of a 2-T EMS, a much higher VGS is needed in order to 
pull the SiNW down in contact with the gate electrode in a 3-T 
EMS due to the much smaller gate electrode area.  The 3-T 
EMS has an On/Off current gain of ~ 104 and a subthreshold 
slope of ~ 75 mV/dec at a VDS = 1.0 V if it is considered as a 
conventional field effect transistor. The improved lower 
contact resistance between the metal-coated SiNW and drain 
of the 3-T EMS leads to a higher on-current and the larger 
observed On/Off ratio when compared with 2-T EMSs. The 
subthreshold slope and current On/Off gain can be further 
improved by replacing the SiNWs with more conductive 
nanowires.  

 
 

Figure 5 Schematic of a suspending SiNW over metal electrode with the 
suspended height h, length L, radius of bending curvature �, and the charge of 
unit area at (x, 0, z) on the bottom electrode applying a force on the SiNW at (0, 
h, l). Bottom right corner shows the diagram of a hexagonal cross-section. 
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IV. PHYSICAL MODEL OF ELECTROMECHANICAL SWITCHES 
The threshold voltage for these EMS to “close” the switch 

and turn on the current is determined by the exact geometry of 
the SiNW and its mechanical properties (e.g., Young’s 
modulus: E). When the maximum moment due to electrostatic 
force (Me) is greater than the bending moment (Mm) of the 
SiNW, the SiNW will be bent down and in contact with the 
bottom electrode: the EMS will be closed.  A simple estimate 
of Vt can be made by assuming the initial “snap-down” of the 
SiNW occurs when Me = Mm.  We illustrate this estimation 
here for the example of a SiNW with a cylindrical geometry 
with diameter (R), suspending length (L), and suspending 
height (h).  These parameters are shown in the schematic 
diagram of a suspending SiNW over metal electrode (Fig. 5).     
The potential of the system is [13] 
� � � � � �� �2222

0 ln4/, hyxhyxyx ����	
 ���  (1), 
where � is the charge density per unit length of the suspended 
SiNW, �0 is the permittivity of vacuum, x, y and z are the 
coordinates shown in Figure 5. 

The surface charge density �(x) of bottom electrode is 
therefore: 
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The electrostatic force between l� of the Si nanowire and 

zx �	� of the bottom electrode can be expressed as:  
2

021 4 rQQF ��	
�  , 
where Q1 and Q2 are the charges in the differential bottom 

electrode surface zx �	� and the charges in l� of the Si 
nanowire at (0, h, l); and r is the distance from the bottom 
surface point (x, 0, z) to the Si nanowire at point (0, h, l) is: 

2222 )( lzhxr ���
 .  The direction of F� is at 
the r direction. We have 

� � zxxQ �	�	
�1  

LlVCQ t �		
2  
The electrostatic force applied on the Si nanowire at (0, h, l) 

by the charges in the bottom electrode surface zx �	�  at 
the perpendicular direction ( ��F ) is therefore: 

LrlzxhVCxrhFF t 	�	�	�			
	�
� �
3

04)(/ ���  (3). 
So the electrostatic moment on the Si nanowire at point (0, h, l) 

due to ��F  is 
3

04)( rlzxlhVCxFlM te ��� �	�	�					
�	
� �  (4) 
The maximum moment due to electrostatic force (Me) is 
therefore: 

� � InLhVCM te 	� 2
0

222 4 ��   (5), 
where the unitless integration term In is  

� � � �� � 2/3222

0 0

22 lzhxhxlhlzxIn
b

a

L L
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 ���  (6). 

a and b are -10 μm and 15 μm, respectively, representing the 
distance from the SiNW to the left and right edges of the 
bottom electrodes as shown in Fig. 3b. In is numerically 
calculated as 467 for this specific geometry. In decreases 
dramatically as a and b increase to 1 μm.  For a SiNW with a 
cylindrical cross-section suspending over metal surface the 
capacitance, C, of the system is [13]: 

� �RhLC 2cosh2 1
0

�� ��   (7), 
which is a slight over-estimation for a SiNW over a semi-
finite or large finite metal surface. For the geometry here, C is 
calculated as  2.0×10-16 F. A more detailed theoretical study 
of C for a similar suspended nanowire system has been 
reported [14],  and more precise calculations of C based on 
special nanowire geometries [15] and the electric field effect 
[16] have been reported.  

With �IEM m 	
  [17], the Young’s modulus E, Vt and 
switching energy ( WS) are expressed as following: 

� � InILhVCE t 	� 2
0

222 4 ���   (8); 

��� hCInEILVt
22
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24 	�   (9); 
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  (10); 

where I is the moment of inertia of the SiNW, is the radius 
of curvature and EI is the flexural rigidity of the SiNW [17]. 

 can be expressed as � � hLh 222 �
� . Assuming the 
SiNW has a cylindrical cross-section, I can be calculated as: 

4

64
RI �


�
.  Thus, for the example shown in Figure 2, E 

of a cylindrical SiNW extracted by this method is � 118 G Pa, 
which is within the range of the reported values. [18] 

C, Vt, and switching energy strongly depend upon the 
details of the bottom electrode geometry.  It should be noted 
that the accuracy of the Young’s modulus extracted by this 
simple estimation also depends on how well the equations 
represent the specific geometry of the SiNWs and the electrode.  
For example, for a SiNW with a hexagonal cross section (see 
the inset of Fig. 5, which more closely represents the SiNWs 

grown in � �111  direction [15] than the cylindrical example) 

with a side length, Rw
2
1


 , the capacitance is calculated as � 

1.87×10-16 F by following the reported approach [15].  The 

moment of inertia is 
4

256
35 RI �
 .  For this example, of the 

SiNW with a hexagonal cross-section, the E (proportional to 
C2/I) is calculated as 150 G Pa.  Thus, the estimated Young’s 
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modulus is different by  24 % for these two different 
geometries.  In addition, the electric field will also affect the 
accuracy of the extracted Young’s modulus. [16] The 
switching energy of the 2-T EMS shown in Figure 2 is about 
2.0×10-14 J. Theoretically, with E = 107 G Pa (for the bulk Si), 
L = 1 μm, R = 10 nm and h = 10 nm, the switching energy is as 
low as 3.7×10-19 J. In addition, based on the developed model 
and equation (9), ideally the device operation is unaffected by 
the temperature and the subthreshold slope has no limit.  While 
there are many subtleties associated with using this technique 
to derive the accurate value of the Young’s modulus, it can be 
used to precisely compare relative changes in E for nanowires 
with different structural properties (such as a change in radius 
for nanowires of a known material or a comparison of 
nanowires with the same diameter formed from different 
materials). 

V. CONCLUSIONS 
In summary, we have fabricated 2-T and 3-T 

electromechanical switches consisting of suspended nanowires 
over metal electrodes. We have shown that the EMS devices 
are attractive for the following reasons. (1) The devices have 
no power consumption in the off-state and very small 
switching energy (~ 10-14 J). Virtually no current passes 
through the switch until the SiNW is mechanically “bent” and 
brought into contact with the bottom electrode and a large on-
current is observed. (2) The devices have small subthreshold 
slope (~ 75 mv/dec). Theoretically, the switch with more 
conductive nanowire (e.g., metal nanowires) will have much 
smaller subthreshold slope than that of CMOS FET (i.e. ~ 60 
mv/dec) [19]. (3) The switches are turned on/off reversibly 
with large On/Off current gain (~ 104). 
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