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       Nanoelectromechanical (NEMS) switches are promising devices 
used for mechanical computing, data storage, and RF com-
munication, [  1–7  ]  due to their attractive attributes such as micro-
wave operating frequencies, low power consumption, high on/
off ratio, radiation hardness, and device density comparable to 
semiconductor integrated circuits. [  8–14  ]  Graphene, an atomic 
sheet of graphite, is the thinnest and strongest material in the 
world. [  15,16  ]  Its high Young’s modulus (1 TPa), extremely low 
mass (only 1 layer of atoms), and low resistivity (1  μ  Ω -cm), 
makes it an ideal material for a NEMS switch. [  11,14,17–22  ]  Previ-
ously reported graphene based NEMS switches are primarily 
2-terminal, one-off laboratory scale demonstrations. [  11,14,21,23  ]  
These switches operate by defl ecting a suspended graphene 
membrane with a source-drain voltage ( V sd  ) and measuring the 
current once contact is made. A 3-terminal NEMS switch, on the 
other hand, using a third electrode to apply an actuation voltage 
( V g  ) independent of the  V sd  , provides further advantages such 
as greater operational fl exibility, lower power consumption, and 
higher level of integration and system functionality compared to 
2-terminal devices. [  24–26  ]  The graphene contact switches reported 
to date are primarily doubly clamped beams that suffer reli-
ability problems due to tears on open edges and/or irreversible 
stiction of graphene. [  11,14  ]  Here, we fabricate and characterize 
a large array of circularly clamped graphene NEMS switches, 

which can work with either 2-terminal or 3-terminal electrome-
chanical switching. The devices show low actuation voltage and 
improved mechanical integrity with a novel design, which also 
reduces the contact area thereby reducing stiction problems. 

 The graphene NEMS switch array is made by a bottom-up 
fabrication process. [  3  ]  We start with a substrate (typically 2 cm 
× 1 cm) which includes prefabricated gold electrodes defi ning 
source and drain electrodes, a doped silicon layer which acts 
as a gate electrode, and predefi ned wells over which suspended 
graphene is transferred ( Figure   1 a) (see Supporting Informa-
tion). Each chip which will contain  ∼ 1000 devices is separated 
into individual units ( ∼ 700  μ m × 700  μ m) by trenches etched 
through the device silicon layer on which source electrodes are 
deposited, and each unit is prepared with four drain electrodes 
that correspond to a single source electrode. Finally, monolayer 
graphene fi lms are grown by chemical vapor deposition (CVD) 
on copper, patterned into rectangular strips, and then trans-
ferred to the prefabricated substrates using a dry transfer tech-
nique. [  27,28  ]  Figure  1 c is an optical image of a completed device. 
Atomic force microscope (AFM) images of suspended gra-
phene membranes were taken for more than 100 devices with 
a Veeco Dimension 3100 in non-contact mode (tip:  μ masch, 
mode NSC15, 325 kHz, 46 N m −1 ), and the majority of initial 
defl ections before electrical measurements at room tempera-
ture and atmosphere are between 50–100 nm downward. (see 
statistical distribution of the initial defl ections in Supporting 
Information). This initial defl ection was found to increase after 
electrical measurements were performed suggesting that fur-
ther slack is introduced in the graphene, presumably through 
sliding of the graphene. Figure  1 d is an example of the AFM 
image of the switch showing graphene suspended over the 
etched well and electrically contacting the drain electrode. 
A side view schematic of the completed device is shown in 
Figure  1 b. A monolayer graphene fi lm is electrically contacted 
to a drain electrode and suspended over a gate and source elec-
trode (all of which are electrically isolated from each other.)  

 The completed device can work either as a two-terminal or 
three-terminal NEMS switch. All the electrical measurements 
are performed at 78 K and a pressure of  ∼ 10 −6  Torr unless oth-
erwise indicated to eliminate the infl uence of capillary forces 
due to adsorbed water on device operation. The low tempera-
ture electrical measurements in vacuum are measured in a 
Desert cryogenic probe station cooled by liquid nitrogen. In 
2-terminal operation, a voltage between the source and drain 
electrodes,  V sd  , is used to electrostatically defl ect the graphene 
membrane. When the graphene membrane gets suffi ciently 
close to the source electrode it forms a conducting pathway   DOI:  10.1002/adma.201304949  
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      Figure 2.  Electrical characterization of graphene NEMS switches a) Current,  I sd  , vs source-drain voltage,  V sd  , for a graphene NEMS switch under 
two-terminal switching with the gate voltage  V g   = 0. A trace and retrace is shown. b) Current,  I sd  , vs source-drain voltage,  V sd  , for the same graphene 
NEMS switch in (a) under multiple two-terminal switching with the gate voltage  V g   = 0. A trace and retrace is shown for each cycle. c) Current,  I sd  , vs 
gate voltage,  V g  , for a graphene NEMS switch operated as a 3-terminal switch where  V sd   = 4 V. A trace and retrace is shown. d) Resistance,  R sd  , vs  V g   
for the same trace shown in (c). 

      Figure 1.  Device design and fabrication a) Optical image of a four unit array of graphene NEMS switches. b) Three dimensional schematic of a 3-ter-
minal graphene NEMS switch. c) Zoomed in optical image of a single graphene NEMS switch located in the black rectangle in (a). d) Atomic force 
microscope image of a graphene NEMS switch. 
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a doubly clamped beam or cantilever makes large area surface 
contact with an electrode. [  2,6,7,11,14,23,24,29  ]  Our device switches 
with a “line” contact similar to a recently reported “pipe clip” 
geometry. [  13  ]  A distinct advantage of this geometry is that tear is 
eliminated and stiction is limited, which addresses two major 
challenges facing implementation of a reliable graphene NEMS 
switch. Furthermore, in the design, the graphene membrane 
with its edge completely clamped provides higher restoring 
force compared with a doubly clamped beam or cantilever struc-
ture of the same dimensions. [  11,14  ]  From more than one hun-
dred devices scanned with non-contact mode AFM before and 
after switching, no tears in the graphene membrane have been 
observed. In addition, this design with the graphene membrane 
making a “line” contact also decreases the contact area, which 
provides a platform to reduce stiction problems. [  11,13,30,31  ]  

 We measured the threshold  V sd   in 51 2-terminal devices 
with the same geometry and dimensions (radius of cavities  a  = 
2.5  μ m, radius of source electrodes  b  = 1  μ m) but varied the sep-
aration between graphene and source electrodes,  d 1   ( Figure   3 a 
and  3 b). The average threshold voltage  V sd   and standard devia-
tion are 5.45 ± 0.85 V for devices with  d 1   = 120 nm (Figure  3 a), 
and 6.23 ± 0.89 V for  d 1   = 160 nm (Figure  3 b), respectively. 
This decrease in the average threshold  V sd   is consistent with 
the simple electrostatic model where decreasing  d 1   leads to a 
decreasing threshold  V sd  . The measured threshold  V sd   is as low 
as 3.5 V, and all of them are less than 10 V. These low voltages 
are much smaller than typical MEMS switches (30 – 50 V) and 
comparable to CMOS logic and conventional dynamic random 
access memory (RAM) technology. [  8,29  ]  We also measured 9 
3-terminal graphene switches, and the threshold  V g   ranges 
from 20 V to 45 V, while  V sd   is set as 3 V (Figure  3 c).  

between the source and drain electrode which results in a 
current,  I sd   ( Figure   2 a). In 2-terminal operation the gate voltage 
is kept at  V g   = 0. At a critical voltage of  V sd    ∼  3.5 V, the cur-
rent between the source and drain electrodes increases abruptly 
and the device switches “on”; when  V sd   is swept back to 0V the 
current abruptly decreases which leads to the “off” position. 
The typical number of switching cycles measured is  ∼  10–30. 
Figure  2 b shows the same device switching up to 30 times. 
There is some small scatter in the switching voltage but most of 
the switching takes place between  V sd    ∼  3.0 V– 3.5 V.  

 In 3-terminal operation, a constant  V sd   is applied and then 
the gate voltage is swept until switching commences. Data for 
a different graphene switch is shown in Figure  2 c. The device 
switches at  V g    ∼  30 V, with  V sd   = 4 V. Figure  2 d shows the corre-
sponding resistance,  R sd  , vs  V g   for the same device. Initially the 
“off state” has a high resistance  ∼ 10 G Ω . As the gate voltage is 
increased, there is an electrostatic force on the graphene mem-
brane that pulls the graphene closer to the drain electrode. This 
is supported by the resistance decreasing with  V g  , suggesting 
some tunnelling or leakage current between the graphene and 
drain electrode. At  V g    ∼ 30 V, the graphene is suffi ciently close 
to the drain electrode that more intimate contact is made and 
the  R  decreases by  ∼ 1 order of magnitude. Both the 2-terminal 
and 3-terminal switching  I - V  curves follow a similar behavior 
to other previously reported NEMS switches where the current 
increases gradually at fi rst following a smooth curve, and then 
increases abruptly. [  6,11,14,24  ]  For both the 2-terminal and 3-ter-
minal switches, we defi ne the voltage at the point when the 
current starts to jump as the “threshold voltage”. 

 The design of our graphene NEMS contact switch is different 
from that of most traditional MEMS/NEMS switches, in which 

      Figure 3.  Statistical distribution of threshold switching voltages a) A histogram showing the number of devices vs their respective switching voltage 
for 2-terminal graphene NEMS switches with  d 1   = 120 nm. The average and standard deviation threshold  V sd   = 5.45 ± 0.85 V. b) A histogram showing 
the number of devices vs their respective switching voltage for 2-terminal graphene NEMS switches with  d 1   = 160 nm. The average and standard 
deviation threshold  V sd   = 6.23 ± 0.89 V. c) A histogram showing the number of devices vs their respective switching voltage for 3-terminal graphene 
NEMS switches with  d 1   = 120 nm and  V sd   = 3 V. 
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Figure  4 b and Figure  4 c, respectively assuming the effective 
Young’s modulus of CVD graphene  E eff   = 0.4 TPa, which is 
about 40% of the Young’s modulus of exfoliated monolayer 
graphene but is reasonably close to a recently reported value 
for CVD graphene. [  36  ]  The geometrical dimensions are:  a  = 2.5 
 μ m,  b  = 1  μ m,  d 1   = 120 nm,  d 2   = 230 nm and  d 3   = 200 nm. 
In the fi nite element simulations of 2-terminal switching, 
 V sd   is varied continuously until the membrane is pulled-
in, [  37,38  ]  which is shown by an abrupt drop in the defl ection 
of graphene membrane above the edge of source electrode as 
defi ned in Figure  4 a. For the simulation of 3-terminal opera-
tion of devices with the same dimensions,  V sd   is fi xed at 3 V 
and  V g   is varied until the graphene membrane is pulled into 
contact with the source electrode. The threshold  V sd   and  V g   
obtained from the simulations are 5.3 V and 23.4 V, respec-
tively. Using the fi nite element simulations, we took  E eff   to be 
a fi tting parameter and derived a distribution of  E eff   from the 
data shown in Figure  3 . To fi t the data in Figure  3 a and  3 c, an 
average value of  E eff   = 0.4 TPa is required, while an average of 
 E eff   = 0.15 TPa for the data in Figure  3 b. We think the scatter 
and deviation in the data of threshold voltages are caused by 
wrinkles or slack, both initial slack in the transferred gra-
phene and slack introduced through sliding caused by the 
electrostatic actuation; furthermore, the range of  E eff   is in line 
with reported values from CVD graphene. [  36  ]  Further detailed 
studies of the deformation mechanisms would be needed to 

 To understand the mechanics of the switches, we numeri-
cally model our device using non-linear fi nite element 
simulations with the software package Abaqus (see Supporting 
Information). We use a decoupled electro-mechanical model 
that approximates the electrostatic force at a point ( x , y ) on the 
deformable electrode to be the same as that between two par-
allel plates and this approach gives a reasonable approximate 
solution ( Figure   4 a). [  32–34  ]  The electrostatic pressure from the 
gate electrode  P g   and source electrode  P sd   on the graphene 
membrane are defi ned as follows.

Pg =
g0V 2

g

2 d1 + d2 + d3/k − w(x, y)
)2

  

(1)

      

Psd =
g0V 2

sd

2 d1 − w(x, y)
)2

  
(2)

    

  where,  d 2  ,  d 3   are the initial separations between source and 
box oxide layer, and the thickness of the box oxide layer,   ε  0   
is the dielectric permittivity of vacuum space,   κ   (=  3.9 ) is 
dielectric constant of silicon dioxide, [  35  ]  while  w(x,y)  gives 
the defl ection of the graphene membrane as function of the 
 x  and  y  coordinates. The electrostatic pressure  P g   and  P sd   act 
on regions of the graphene directly above the gate and drain 
electrodes respectively. An example of the simulation results 
for 2-terminal and 3-terminal confi gurations are shown in 

      Figure 4.  Theoretical modeling of switching a) Simulation of the graphene NEMS switch. b) Simulation results showing the edge defl ection vs  V sd   of 
graphene switches ( a  = 2.5  μ m,  b  = 1  μ m,  d 1  =  120 nm,  d 2   = 230 nm,  d 3   = 200 nm), assuming effective Young’s modulus  E eff   = 0.4 TPa, Poisson’s ratio 
 ν  = 0.16 and thickness  t  = 0.34 nm. c) Simulation results showing the pull-in of three terminal graphene switches with the same geometry dimension 
as (b) assuming effective Young’s modulus  E eff   = 0.4 TPa, Poisson’s ratio  ν  = 0.16 and thickness  t  = 0.34 nm.  V sd   = 3 V. d) Simulation results showing 
plot of edge defl ection vs  V g   with scaling factor = 1–10. Inset is the plot of threshold  V sd   vs scaling factor,  sf.  
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conclusively resolve these uncertainties, but the overall behav-
iour appears to be adequately described by the model with the 
modulus adjusted to account for various potential softening 
mechanisms. [  36  ]   

 The threshold voltages for our 3-terminal switches range 
from 20 V to 45 V. However, we fi nd that the value decreases 
by further scaling down the dimension of the devices in a study 
of scaling effects with fi nite element simulations similar to pre-
vious ones. We scaled down all the dimensions (initial dimen-
sions:  a  = 2.5  μ m,  b  = 1  μ m,  d 1   = 120 nm,  d 2   = 230 nm,  d 3   = 
200 nm) by the same scaling factor ( sf ) and did the simulations 
in the 3-terminal confi guration. The results of these simula-
tions, where the deformations scaled exactly with the inverse 
of the scaling factor, are shown through gate voltage ( V g  ) versus 
edge defl ection plots in Figure  4 d. The simulated threshold  V g   
decreased with  sf  increasing from 1 to 10. When the device is 
scaled down by 10 times (fi nal dimensions with  sf  = 10:  a  = 
250 nm,  b  = 100 nm,  d 1   = 12 nm,  d 2   = 23 nm,  d 3   = 20 nm), the 
threshold  V g   is found to be decreased to 7.4 V from 23.5 V with 
 V sd   = 3 V, shown in the inset of Figure  4 d. This indicates that 
we can potentially have larger device densities with lower actua-
tion voltages and improved effi ciencies just by scaling down the 
devices. 

 In conclusion, we fabricated and characterized a large array 
of graphene NEMS switches with a unique design, sub –5 V 
actuation, and an improved mechanical integrity of the gra-
phene membranes. This design, with the graphene membrane 
having a “line” contact during switching, holds the promise to 
address the adhesion challenges in graphene nanomechanical 
switches. We also study the effect of scaling to the decrease 
of actuation voltage with simulation, thereby providing an 
instructive guide for further scaling of graphene NEMS 
switches.  

  Experimental Section 
 See detailed description of experimental materials and methods in the 
Supporting Information.  
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