
NIROUI ET AL . VOL. 9 ’ NO. 8 ’ 7886–7894 ’ 2015

www.acsnano.org

7886

August 05, 2015

C 2015 American Chemical Society

Tunneling Nanoelectromechanical
Switches Based on Compressible
Molecular Thin Films
Farnaz Niroui,† Annie I. Wang,† Ellen M. Sletten,‡ Yi Song,† Jing Kong,† Eli Yablonovitch,§

Timothy M. Swager,‡ Jeffrey H. Lang,† and Vladimir Bulovi�c*,†

†Department of Electrical Engineering and Computer Science and ‡Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts
02139, United States and §Department of Electrical Engineering and Computer Science, University of California, Berkeley, California 94720, United States

N
anoelectromechanical (NEM) switches
have attracted increasing attention
for ultralow power electronics appli-

cations, as they offer abrupt switching behav-
ior with larger on�off ratios and near-zero
off-state leakage currents compared to solid-
state silicon complementary metal-oxide-
semiconductor (CMOS) technologies.1�8

Unfortunately, most NEM switches require
relatively high actuation voltages (>1 V) and
commonly suffer from device failure due
to irreversible contact adhesion, defined
as stiction.1,9�12 In a typical NEM switch, a
movable electrode is electrostatically at-
tracted toward an opposing stationary elec-
trode until direct contact is established,
thereby turning on the switch. When the
applied electrostatic force is released, the
elastic restoring force provided by the de-
flected active electrode should break the
contact, turning off the switch. However, if

the adhesion force of the contacting elec-
trodes exceeds the spring restoring force,
the two electrodes will remain in contact
resulting in permanent stiction and device
failure (Figure 1a). Miniaturization of the gap
between the electrodes often increases ad-
hesion problems, but such gap reduction is
necessary to reduce the NEM operating
voltage in order to compete with the lower
switching energies of state-of-the-art CMOS
technologies. Previous studies have reported
the use of self-assembled monolayers (SAMs)
of low surface energymaterials as antistiction
coatings in electromechanical devices, low-
ering the surface adhesion forces upon
contact and thus the possibility of stiction
(Figure 1b).13 In this paper, we propose a
new approach to utilizingmolecular layers in
NEM switches based on metal�molecule�
metal (MMM) switching gaps with a po-
tential to minimize stiction (Figure 1c),
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ABSTRACT Abrupt switching behavior and near-zero leakage

current of nanoelectromechanical (NEM) switches are advantageous

properties through which NEMs can outperform conventional

semiconductor electrical switches. To date, however, typical NEMs

structures require high actuation voltages and can prematurely fail

through permanent adhesion (defined as stiction) of device compo-

nents. To overcome these challenges, in the present work we propose a NEM switch, termed a “squitch,”which is designed to electromechanically modulate

the tunneling current through a nanometer-scale gap defined by an organic molecular film sandwiched between two electrodes. When voltage is applied

across the electrodes, the generated electrostatic force compresses the sandwiched molecular layer, thereby reducing the tunneling gap and causing an

exponential increase in the current through the device. The presence of the molecular layer avoids direct contact of the electrodes during the switching

process. Furthermore, as the layer is compressed, the increasing surface adhesion forces are balanced by the elastic restoring force of the deformed

molecules which can promote zero net stiction and recoverable switching. Through numerical analysis, we demonstrate the potential of optimizing squitch

design to enable large on�off ratios beyond 6 orders of magnitude with operation in the sub-1 V regime and with nanoseconds switching times. Our

preliminary experimental results based on metal�molecule�graphene devices suggest the feasibility of the proposed tunneling switching mechanism.

With optimization of device design and material engineering, squitches can give rise to a broad range of low-power electronic applications.

KEYWORDS: nanoelectromechanical (NEM) switches . stiction . organic molecular thin film . self-assembled monolayer .
quantum tunneling . Simmons model . graphene
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while concurrently scaling down the switching gap
thickness to just a few nanometers to achieve sub-1 V
operating voltages.
The proposed and fabricated MMM structures re-

ported herein form tunneling NEM switches that oper-
ate by electrostatic compression of a molecular film
sandwiched between conductive contacts. In this
squeezable switch, or “squitch,” the use of a molecular
layer facilitates the formation of a few-nanometer-thick
gap between the source and drain electrodes, reducing
the mechanical actuation voltage to the sub-1 V regime.
The switching mechanism relies on electromechanical
modulation of themolecular gap between the electrodes,
which allows several orders of magnitude change in the
source-to-drain tunneling current. In this geometry, device
failure due to wear and adhesion of the electrodes is
avoided by eliminating direct contact between themetal-
lic electrodes, minimizing surface adhesion forces and
providing nanoscale force control through deformation
of the sandwichedmolecularfilm. As themolecular layer is
deformed, reducing the electrode�electrode tunneling
distance, the increasing surface adhesion force is balanced
by the increasing elastic restoring force of the compressed
molecules. This prevents the permanent adhesion of
electrodes and promotes device transition to the off-state
as the applied voltage is removed. To demonstrate the
feasibility of this approach for use in lowpower electronics,
we first numerically analyzed the performance of NEM
squitches in terms of actuation voltage, switching energy,
and switching speed. We then explored the feasibility of
the proposed tunneling switching mechanism through
preliminary experiments utilizing designs with metal�
molecule�graphene tunneling junctions.

DEVICE DESIGN

The main component of the squitch consists of a
compressible insulating molecular film sandwiched
between conductive contacts (source and drain) to

generate a MMM tunneling junction, as shown in
Figure 1c. While this schematic shows a vertically
actuated device, the same concept can be applied to
a laterally actuated squitch.14 The thickness of the
molecular layer defines the charge tunneling distance,
and switching is controlled by electromechanical
modulation of the tunneling current through the
nanometer-scale-thick organic film. As the molecular
layer is compressed, the decrease in the tunneling
distance is expected to result in an exponential in-
crease in the source-to-drain current,15 hence turning
on the switch. The extent of compression, and in turn
the electrical conduction through the thin film, can be
controlled by adjusting the applied voltage and is
dependent on the electrical andmechanical properties
of the molecular layer.
For the squitch system, the organic layer should be

an insulating compressible molecular layer whose
thickness can be reproducibly controlled at the nano-
scale. One promising approach to consistently achieve
nanoscale-thick molecular films is molecular self-
assembly. Through organic synthesis, these molecular
layers can be engineered to adhere to the desired
electrode surface and have customizable mechanical
properties. The thickness of the switching gap is con-
trolled by the size of the self-assembledmolecular film,
which can also be modulated through chemical syn-
thesis. The conduction mechanism through molecular
junctions has been previously studied by various
groups, particularly for SAMs of alkanethiols and
dithiols that form on gold (Au) surfaces. Devices
containing alkanedithiols, which have a large energy
gap of about 8�10 eV16�18 between the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), exhibit direct
tunneling.19�21 Although, as our analysis will show, the
mechanical properties of alkanedithiol SAMs are not, in
fact, suitable for low-voltage squitch operation, we

Figure 1. Schematic representation of strategies toward low-energy stiction-free NEM switches utilizing molecular layers.
(a) In a conventional contact-based NEM switch, the elastic restoring force should exceed the surface adhesion forces to
overcome the energy barrier (ΔE) to break the contact. (b) Low surface energy molecular layers reduce the surface adhesion
forces at contact, decreasing the potential for stiction. (c) Additional minimization of stiction can be achieved using a MMM
switching gap which further lowers the surface adhesion forces and allows nanoscale force control through compression of
the molecular layer, while enabling formation of a few nanometer-thick gap for sub-1 V operation.
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envision that their electronic properties resemble those
desirable for squitch application. Thus, for the following
analysis, the squitch molecular layer is assumed to have
electronic properties similar to those of the alkane-
dithiols in the resting state, while the mechanical prop-
erties required for the active layer are investigated. The
results of our computational analysis can then be used
as a guide toward synthesizing SAMswith the necessary
properties to achieve sub-1 V NEM switches.

RESULTS AND DISCUSSION

Electrical conduction through a molecular layer
between two metallic plates in the direct tunneling
regime (V <Φ/q) can be described using the Simmons
model (eq 1):18,20�23

I ¼ qA

4π2pG2

� �
Φ� qV

2

� �
exp � 2(2m)1=2

p
R Φ� qV

2

� �1=2

G

" #(

� Φ þ qV

2

� �
exp � 2(2m)1=2

p
R Φþ qV

2

� �1=2

G

" #�
(1)

where A is the area of the metallic contact, m and q

are the electron mass and charge respectively, p is the
Planck constant divided by 2π, G is the distance
between the two electrodes determining the tunnel-
ing distance, V is the applied voltage,Φ is the energy-
barrier height encountered by an electron tunneling
through the molecular layer, and R is an adjustable
parameter that accounts for the effects of barrier shape
and electron effective mass.
Different values of Φ and R have been reported for

self-assembled molecular layers depending on the
specifics of the molecular junction defined by the type
of the molecules, the conductive contacts, and the
fabrication method utilized.18,20,21 Based on measure-
ments of nanotransfer-printed MMM junctions which
resemble the vertical structure depicted in Figure 1c,
Niskala et al.21 reported values of Φ ∼ 3.5 eV and
R ∼ 0.57 for thiolated alkane molecules. Using these

values for Φ and R, the expected terminal current�
voltage characteristics as a function of tunneling dis-
tance (G) are plotted in Figure 2a. Figure 2b highlights
the exponential dependence of the tunneling current
on G, for a given V and different values of Φ. This
exponential dependence is key to achieving the large
on�off current ratio needed for an effective switch.
The larger values of Φ lead to a steeper change of
tunneling current as a function ofG, corresponding to a
larger on�off current ratio within a smaller range of
molecular compression. Thus, a larger Φ achieved
through engineering of the molecular layer and the
tunneling junction energy level alignment can facil-
itate fabrication of a squitch with a steep current-
switching behavior (Figure 2b).
The tunneling distance in the initial and compressed

states determines the current on�off ratio. To ensure a
near-zero off-state current, the initial thickness of the
molecular layer must be large enough to eliminate any
significant tunneling at the desired operating voltage.
However, as the material is compressed, the on-state
should allow a significant current flow. Based on
Figure 2, a 50% compression of the material with
Φ= 3.5 eV fromG= 3 to 1.5 nm results in approximately
7 orders of magnitude change in conduction. The
large on�off ratio, due to just 1.5 nm compression, is
comparable in performance to high-quality electronic
switches. Therefore, in the following analysis, we will
assume an archetypical squitch with Φ = 3.5 eV and
electrode distance changing from G = 3 nm in the
off-state to G = 1.5 nm in the on-state (Figure 1c). The
squitch is also assumed to have lateral dimensions
of 100 � 100 nm with 50 nm-thick gold electrodes,
feature sizes that can be fabricated using currently
available technologies.
In the proposed squitch, the compressive force is

provided by an applied electric field between the
opposing electrodes sandwiching the molecular layer.

Figure 2. Tunneling current�voltage characteristics of a two-terminal MMM squitch based on the Simmons model. (a) The
tunneling current through amolecular film between two Au electrodes as a function of applied voltage at different tunneling
widths, G, and with R = 0.57 and Φ = 3.5 eV. (b) The exponential dependence of tunneling current on tunneling width at
Vapplied = 0.5 V, R = 0.57, and Φ ranging from 1.0 to 4.0 eV.
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In a vertically actuated structure, the force of gravity
due to the mass of the top electrode (∼10 fg) will
negligibly contribute to the compression of the thin
film; for a laterally actuated structure it is not relevant.
Considering the nanometer-scale dimension of the
tunneling gap, the presence of Casimir and van der
Waals forces between the electrodes must also be
considered. Casimir force is quantum mechanical in
nature and due to the fluctuations of the electromag-
netic field confined in the cavity formed between the
metallic plates,24 while the short-range van der Waals
force arises due to fluctuations of the dipole moments
in the material.25,26 Previously, theoretical and experi-
mental investigations have analytically modeled
the dependence of these forces on the electrode�
electrode gap distance.27�30 For larger gaps, typically
beyond approximately 10% of the metallic plate plas-
ma wavelength (λp),

30 it is expected that the Casimir
force (with a G�4 dependence) will be the dominant
attractive force between the plates, while at gaps
smaller than this threshold the van der Waals force
(with a G�3 dependence)31 will dominate. This sug-
gests that in the MMM squitch that we are modeling
with Au electrodes and gaps smaller than 3 nm, con-
sidering λp ∼ 136 nm30,32 for an ideal Au film, only van
der Waals forces need to be considered as the domi-
nant attractive surface forces.
To compress the molecular film, the electrostatic

force due to the applied voltage, Felectrostatic, and the
van der Waals force, FvdW, must overcome the elastic
restoring force, Felastic, characteristic of the material.
Figure 3 shows the simplified lumpedmodel employed
to analyze switching speed and energy performance
for the two-terminal squitch. In this model, the dy-
namic equation of motion for the two-terminal device
balances electrostatic, elastic, and van der Waals forces
(F(z) = md2z/dt2 = Felectrostatic þ FvdW � Felastic) which
can be expressed as eq 2:

m
d2z

dt2
¼ εrε0AV2

2(Go� z)2
þ AHA

6π(Go� z)3
� k(L� Go þ z)

(2)

where L is the thickness of the uncompressed molec-
ular film, Go is the distance between the electrodes
when the device is off, which is less than L, since FvdW
betweenmetal electrodes results in some compression
of the molecular layer, z is the reduction in the tunnel-
ing distance (Go) due to the compression of the
molecular layer induced by an applied voltage, A is
the device area, ε0 is the permittivity of free space, εr is
the dielectric constant of the insulating molecular
layer, k is the spring constant that is dependent on
thematerial's Young'smodulus, Y, by k= YA/L, andAH is
the Hamaker constant. The relative permittivity of the
organic material in the squitch is assumed to be 2.1,
within the rangeof values reported for alkanedithiols.18,33

The Hamaker constant is taken to be 3 � 10�19 J, the
approximate value reported in literature.30 For the
following analysis, the molecular layer is modeled
as a linear spring with a spring constant independent
of the compression while assuming abrupt stiffening
upon 1.5 nm displacement, such that compression
beyond this point is not allowed. In an actual fabricated
system, it ismore likely that gradualmaterial hardening
is observedduring compressionwith dynamics specific
to the material type. Engineering of the properties
of the molecular film allows controlled modulation of
the tunneling gap to achieve the desired switching
characteristics.
An important challenge in the field of electrome-

chanical switches is to minimize their actuation volt-
ages to a range comparable to the current CMOS
technologies. To maintain stability during squitch op-
eration, the elastic restoring force provided by the
compressed molecular layer should exceed the van
der Waals force while being less than the combined
van der Waals and applied electrostatic forces to
enable device actuation (FvdW < Felastic < [FvdW þ
Felectrostatic]). The assumed values of AH and Y set the
magnitude of FvdW and Felastic, respectively. The mini-
mum voltage required to actuate a MMM squitch is
considered to be the pull-in voltage; at this voltage, the
top electrode is displaced to a gap beyond which the
combined electrostatic and van der Waals forces over-
whelm the elastic force (Felastic e [FvdW þ Felectrostatic])
and the top electrode readily accelerates toward the
bottom. The pull-in process further contributes to
achieving the abrupt switching behavior characteristic
of electromechanical systems. Figure 4 shows that the
minimum actuation voltage of a MMM squitch can be
decreased by using compressiblemolecular layerswith
lower Young's moduli. However, theminimum value of
the Young's modulus is set by ensuring that upon
removal of the applied voltage, the spring force of
the compressedmolecular layer can overcome the van
der Waals force in order to recover the tunneling
junction back to its original thickness and turn off the
switch. Setting FvdW e Felastic at G = 1.5 nm suggests
that the molecular layer used in the device should

Figure 3. Force balance for a two-terminal squitch: In the
off-state the molecular layer elastic force Felastic balances
the force of gravity due to the mass of the top electrode
(Fgravity) and the van der Waals force (FvdW) between the
electrodes. The electrostatic force, Felectrostatic, imposed by
an applied voltage contributes to FvdW to overcome Felastic
to switch on the device.
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have Yg 8.9 MPa for the switch to operate reversibly.
Assuming amolecular layer with Y = 8.9 MPa, the two-
terminal device considered here will actuate at a
voltage of 0.83 V, allowing modulation of the tunnel-
ing gap from 3 to 1.5 nm to achieve an on�off ratio of
107 with an on-state resistance of ∼58 MΩ for the
0.01 μm2 device contact area. The on-state resistance
of the device can be lowered by adjusting the device
area, the tunneling barrier of the MMM structure, or
the width of the on- and off-state gaps, however, the
trade-off between these parameters, the on�off ratio,
and the actuation voltage must be simultaneously
optimized to achieve the desired performance. To
operate in the sub 1-V regime, as shown in Figure 4b,
an organic layer with Y < 11MPa is necessary, setting a
narrow range of 8.9 < Y < 11 MPa for the molecular
film. By engineering the Hamaker constant to lower
values, FvdW would be reduced, which would conse-
quently lower the minimum value of Y and further
reduce the minimum actuation voltage. For example,
a 10-fold reduction in AH would lead to a 3-fold
decrease in the actuation voltage, yielding a 0.26 V
squitch.
The switching energy of a squitch is estimated as the

total energy associated with charging and discharging
of the capacitor formed by the metal electrodes
(E = CV2) and compression and relaxation of themolec-
ular spring (E = kz2) in each switching cycle, where C is
the capacitance of the tunneling junction in the on-
state, V is the actuation voltage, k is the spring con-
stant, and z is the full extent of the molecular layer's
compression. In this analysis, it is assumed that the
expended energy in one switching cycle is not har-
nessed toward useful work to promote further switch-
ing operations. As shown in Table 1, a squitch based on
Y = 8.9 MPa molecular film requires 0.15 fJ switching
energy.
The squitch switching time is defined to be the time

needed for the molecular layer to compress from 3 to

1.5 nm (turning on the switch) in response to the
applied voltage, plus the time needed for thematerial
to restore back to its original relaxed state (to turn
off the switch) after the applied voltage is removed.
To determine the compression time, the nonlinear
dynamic equation of motion (eq 2) is solved for a
given Y and the corresponding actuation voltage.
After the applied voltage is removed, the compressed
molecular layer relaxes to turn off the device, mod-
eled as the oscillatory damping of a mass-spring
oscillator system toward the off-state position. The
relaxation to the off-state is dependent on the proper-
ties of the molecular layer utilized. Here, the switch
opening time is determined as 1/4 the oscillation
period, giving an estimate of the fastest switching time
possible in the absence of any external mechanisms to
assist the relaxation process. Taking into accountmateri-
al relaxation, the switching time is expected to be
marginally slower and material dependent. We antici-
pate limitations in relaxation time can be overcome by
using alternative devicedesigns suchas utilizing an extra
electrode to assist recovery of the material to the off-
state. For the simulated Y = 8.9 MPa squitch, the
estimated switching time of 6.2 ns at a 0.83 V actuation
voltage is among the fastest reported to date for
NEM switch technologies.1�3 Note that the switching
speed could also be improved by replacing the Au top
electrode with a lighter conductor, such as a graphene
membrane, hence reducing the electrode mass. For
example, a 16-fold reduction in the top electrode's
mass would result in a 4-fold reduction in the switching
time.
The actuation voltages, switching times, and switch-

ing energies for the simulated two-terminal MMM
squitch are tabulated as a function of Young's modulus
in Table 1. These data show a clear trade-off between
lower operating voltage and switching speed that
must be optimized for the desired application. With
Y∼ few MPa, even in the simplest two-terminal device
design, sub-1 V and ns-scale operation is possible. In
another operation regime, sub-ns actuation is possible
when a stiffer molecular film and thus a higher actua-
tion voltage is employed.
Given the MPa Young's moduli constraints for opti-

mal sub-1 V squitch performance, traditional alka-
nethiol SAMs are not a suitable organic material
as the well-packed films exhibit Young's moduli in

TABLE 1. Calculated Performance Parameters of a Two-

Terminal Squitch As a Function of Young’sModulus of the

Molecular Layer

Y (MPa) Vactuation (V) Eswitching (fJ) ton (ns) toff (ns) tswitching (ns)

8.9 0.83 0.15 2.7 3.5 6.2
10 0.92 0.18 2.4 1.7 4.1
100 3.7 2.4 0.59 0.28 0.87
1000 12 25 0.18 0.085 0.27

Figure 4. (a) Actuation voltage of the MMM squitch de-
scribed in the text as a function of Young's modulus of the
constituent compressiblemolecularfilm. (b) To achieve sub-
1 V actuation, a material with Young's modulus <11 MPa
is desired.
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the GPa range.34 Thus, sparsely packed SAMs with
significant void space must be investigated to allow
for sufficient compression of the material. We envision
low Young's moduli SAMs can be achieved through
multipodal molecules with “feet” functionalized to
adhere to the desired surface,35,36 molecules with
bulky ends to prevent close packing within a mono-
layer,37 a combination of long and short alkanes to
yield a densely packed base with a sparse top layer,38

or the use of an entangled polymer film.39 The require-
ment of a nanoscale-thick, loosely packed, molecular
layer in the squitch is not only a chemistry challenge but
also necessitates alternative fabrication techniques.
Conventional direct deposition of the electrodes will
lead to a low device yield as the void space within
the SAMwill result in electrical shorting. One approach is
to deposit the top electrode of a vertical structure by
nondamaging methods, such as nanotransfer-printing
of a metal electrode21 or transfer of an atomically
smooth graphene layer.40 Alternatively, laterally actu-
ated molecular tunneling junctions14,41 can be fabri-
cated in which the organic molecules are introduced
only after patterning of all the electrodes is completed.
To explore the feasibility of the proposed squitch

design and tunneling switching mechanism, we
fabricated a concept design of squitch based on
Au�molecule�graphene tunneling junctions as shown
in Figure 5a. The tunneling junction uses inter-
digitated Au bottom electrodes to form the source
and drain contacts. The molecular spacer comprises
poly(ethylene glycol)-dithiol (PEG-dithiol) self-assembled

onto the Au electrodes. The polymeric self-assembled
layer is selected to achieve a sparsely packed molecular
film with a lower effective Young's modulus to enable
electromechanical modulation of the gap. PEG-dithiol of
molecular weight 2000 g/mol is chosen to achieve the
desired initial switching gap thickness in the sub-5 nm
regime. The top electrode is a graphene sheet synthe-
sized through chemical vapor deposition (CVD) and
transferred onto the molecular film. We found that
graphene transferred onto the PEG-dithiol layer facili-
tates the formation of well-defined tunneling gaps with
minimal damage to the molecular film compared to the
direct deposition of a top metallic contact. Unlike direct
deposition which can cause metal penetration through
the porous nanometer-thin molecular film, the additive
process of transferring CVD graphene electrode with
relatively smooth topography results in higher device
yield. Hence, for an initial experimental demonstration of
the squitch concept, we utilized a graphene top elec-
trode. Figure S1 shows atomic force microscope images
of the transferred CVD graphene. It should be noted that
despite local smooth topography, the graphene exhibits
higher roughness over larger areas due to the roughness
of the copper foil used in the growth process and the
wrinkles produced through the transfer. This roughness
can influence the device reproducibility and stability and
can contribute to the variations in performance between
different devices. Thus, to realize the squitch's optimal
performance and enhance the fabrication yield, further
improvements in the graphene transfer process are
necessary.
The measured current�voltage characteristics of

three such squitches with Au�PEG�graphene de-
signs are shown in Figure 5b. Two operating regimes
are observed for these devices. An increase in applied
drain-source voltage (VDS) results in an initial expo-
nential increase in the drain current (ID) followed by
an abrupt jump. Region I corresponds to the operat-
ing regime prior to pull-in when current increases
exponentially as the tunneling gap is reduced by
electrostatically induced compression of the molecu-
lar layer. On reaching the pull-in distance where the
combined electrostatic and van der Waals forces
overwhelm the elastic restoring force of themolecular
layer, acceleration toward the bottom electrode leads
to an abrupt decrease in the tunneling gap and an
abrupt increase in current (Region II). The devices
presented here exhibit sub-2 V pull-in voltages. The
increase in current upon pull-in is limited either by
mechanical properties of the material due to stiffen-
ing or the measurement instrument compliance
(Region III). The differences in performance among
devicesmaybe attributed to variations inmolecular layer
thickness and packing density, roughness of the elec-
trode, which may result in variations in the effective
thickness of the switching gap, as well as the pro-
perties of the Au�molecule or graphene�molecule

Figure 5. (a) A two-terminal squitch architecture fabricated
with interdigitated Au bottom electrodes, self-assembled
PEG-dithiol molecular layer, and transferred CVD graphene
top electrode. A drain-source voltage (VDS) is applied to
decrease the molecular gap and modulate the tunneling
current (ID). (b) Current�voltage characteristics for three
example squitches of the design shown in (a) fitted to the
theoretically simulated behavior. The following tunneling
barrier height, tunneling barrier shape, initial thickness
of molecular layer, pull-in gap, dielectric constant, and
Young's modulus of molecular layer were used to achieve
the simulated best-fit curves: Device 1:Φ = 1.6 eV, R = 0.46,
L = 3.1 nm, Gpull‑in = 2.2 nm, εr = 2.2, Y = 11 MPa;
Device 2: Φ = 1.2 eV, R = 0.43, L = 2.2 nm, Gpull‑in =
1.6 nm, εr = 1.4, Y = 17 MPa; and Device 3: Φ = 4.4 eV, R =
0.41, L = 2.6 nm, Gpull‑in = 1.9 nm, εr = 2.9, Y = 16 MPa.
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junctions. Additional squitch I�V characteristics and
their analyses are included in Figure S2 of the Support-
ing Information.
To further investigate the current conduction me-

chanism observed, the experimental data are fitted
against the simulated performance. Taking the point
of sudden increase in ID as pull-in, the pull-in voltage
in each device is utilized to extract the expected
tunneling gap change with an applied VDS by solving
the equation of motion (eq 2). The evaluated tunnel-
ing gaps are then used with the Simmons tunneling
model (eq 1) to simulate the expected current mod-
ulation. In fitting the experimental data, aMonte Carlo
approach is used where the tunneling barrier height
(Φ), tunneling barrier shape (R), initial thickness of the
molecular film (L), and the point at which pull-in
occurs are the unknown parameters selected ran-
domly within a predefined range to simulate the
device performance and extract the expected dielec-
tric constant and Young's modulus of the molecular
thin film. In this analysis, the Hamaker constant is set
to be 3 � 10�19 J. A detailed overview of the simula-
tion technique and analysis is included in the Sup-
porting Information.
The best-fit curves simulated for each device along

with the corresponding parameters and extracted
material properties are shown in Figure 5b. The close
agreement between the simulated and experimental
results supports the proposed tunneling switching
mechanism of squitches. It should be noted however
that due to the large number of unknown parameters
present in the model, other combinations of values for
R, Φ and L can yield a close fit to the experiment.
Nevertheless, within the possible results, combinations
of unknown parameters exist that are within physically
reasonable bounds while strongly agreeing with
experimentally extracted values of εr and Y. WithR con-
strained to 0.7 ( 0.3,Φ = 3 ( 2 eV, and εr = 3 ( 2, the
Young's modulus extracted for a self-assembled layer
of PEG-dithiol (2000 g/mol) based on the three devices
is within the 5 to 40 MPa range (Figure S3). The pull-in
gap for these devices is determined to be in the range of
0.71L to 0.74L where L is the initial thickness of the PEG
self-assembled layer. A more precise determination of
the parameters requires further information regarding
the specifics of the tunneling junction, mechanical
properties of the molecular layer, and dynamics of
molecular layer electromechanical deformation which
necessitates further experimentation and development
of molecular level metrological tools.

The concept squitches introduced here serve as
preliminary efforts toward the demonstration of tun-
neling current modulation as the main switching
mechanism in an electromechanical switch. Develop-
ment of an optimal squitch with sub-1 V actuation and
reliable switching performance requires engineering
of molecular layers with tailored mechanical properties,
characterization of molecular level electromechanical
dynamics, and practical integration of the molecular
layer into optimized device geometries. Furthermore,
extension of two-terminal squitches to more complex
multiterminal designs with gate-control is desired to
render them more practical for applications in inte-
grated systems.

CONCLUSIONS

In summary, we proposed, demonstrated, and nu-
merically simulated a NEM switch that operates by
electromechanical modulation of tunneling current
through a gap defined by a few nanometer-thick
organic molecular layer sandwiched between two
electrodes. Compression of the molecular layer by
an applied electrostatic force reduces the tunneling
gap leading to an exponential increase in the tunnel-
ing current. The molecular layer facilitates controlled
formation of nanoscale switching gaps, minimizing
the operating voltage to the sub-1 V regime, which is
not feasible in the current contact-based NEM
switches. The compressible molecular film also avoids
direct contact of the electrodes to minimize surface
adhesion forces and provides force control at the
nanoscale where the surface adhesion forces are
overcome by the elastic restoring force of the de-
formed molecules, preventing device failure due to
stiction. Theoretical analysis of squitches demon-
strates the possibility of achieving sub-1 V operation
with abrupt switching behavior and nanoseconds
switching time. Preliminary experimental results
based on Au�molecule�graphene tunneling junc-
tions suggest the feasibility of electromechanical
modulation of tunneling current as a potential switch-
ing mechanism in NEM switches. Through engineer-
ing of themolecular layer and the design of the device
structure, the switching characteristics can further
be optimized. The quantum tunneling switching
mechanism of these NEM devices identifies squitches
as a unique device platform that could overcome
limitations of current NEM switch technologies, giving
rise to multiple applications in the field of low-power
electronics.

METHODS
Device Fabrication. To fabricate the tunneling junction, poly-

(ethylene glycol)-dithiol (PEG-dithiol) with molecular weight of
2000g/mol is self-assembledonto interdigitatedCr/Auelectrodes

(20/50 nm film thickness, respectively) using thiol-chemistry. A
solution of 5 mM PEG-dithiol in ethanol was prepared inside
a N2-filled glovebox. The Au bottom electrodewas placed inside
this solution to form a self-assembled PEG-dithiol layer at room
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temperature. After 24 h, the substrates were removed from the
PEG-dithiol solution, thoroughly rinsed in ethanol, and dried
with a stream of N2. The graphene top electrode was then
transferred onto the molecular layer as discussed below. The
tunneling junctionwas then left insideadesiccator todry for∼2h.

Graphene Synthesis. The graphene was grown on a copper foil
using low-pressure CVD.42 First, the Cu foil was annealed at
1000 �C for 30 min in the presence of 10 sccm H2 flow inside a
quartz tube. Then, the graphene growth was initiated by
increasing H2 flow rate to 70 sccm and introducing 4 sccm of
CH4. The growth was allowed to complete for 30 min at a
chamber pressure of 1.90 Torr. Through this process, high-
quality graphene monolayers were achieved.

Graphene Transfer. To transfer the CVD grown graphene
monolayer from the Cu foil to the receiving substrate, first
poly(methyl-methacrylate) (PMMA) was spin-coated onto one
side of the Cu foil and baked at 80 �C for 10 min. The graphene
on the back-side of Cu foil was removedwith an O2 plasma etch.
The Cu/graphene/PMMA stack was then placed in FeCl3-based
copper etchant for 15 min, allowing the copper to dissolve.
The remaining graphene/PMMA film was rinsed in DI water,
removed from water using the receiving substrate, and dried
using a gentle stream of N2.
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