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We theoretically investigate a novel and powerful double-pole nanoscale relay based on a carbon
nanotube, which is one of the nanoelectromechanical switches being able to work under the strong nuclear
radiation, and analyze the physical mechanism of the operating stages in the operation, including “pull in,”
“connection,” and “pull back,” as well as the key factors influencing the efficiency of the devices.
We explicitly provide the analytical expression of the two important operation voltages, Vi and
Voull back-> therefore clearly showing the dependence of the material properties and geometry of the
present devices by the analytical method from basic physics, avoiding complex numerical calculations.
Our method is easy to use in preparing the design guide for fabricating the present device and other

nanoelectromechanical devices.
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I. INTRODUCTION

With the exponential growth in the number of devices in
integrated circuits according to Moore’s law [1], the size of
semiconductor devices decreases and the power consump-
tion of traditional semiconductor devices, such as comple-
mentary metal-oxide semiconductors (CMOS), increases
correspondingly, and thus novel devices with low-power
consumption are in high demand [2,3]. A nanoelectrome-
chanical (NEM) switch is one of the promising candidates
beyond CMOS [2,4-8], which takes advantage of the
reduced leakage current, and therefore the reduced power
consumption and the higher on:off ratio [4]. Moreover,
nanoelectromechanical system (NEMS) switches have
broad potential applications in extreme environments, such
as in exploring aerospace and rescuing nuclear accidents,
due to their tolerance to radiation [2], temperature variations
[9], and external electric fields [10]. Recent studies dem-
onstrate that nanoscale relays based on a carbon nanotube
(CNT) have many potential applications, such as for logic
devices, memory elements, and /-V amplifiers [7,8,1 1-18].

In a typical NEMS switch, the flexural beam deflects
in response to an electrostatic force, and contact with the
opposing electrode [2]. It is suggested that CNTs can work
well as the flexural element in a NEMS switch, benefiting
from the CNTs’ unique elastic and electric properties
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[7,16]. In particular, a double-pole CNT nanoscale relay
has been designed by Milaninia et al., with a vertically
grown CNT serving as an active switching element in
response to an applied voltage so that its length is easy to
be controlled [19]. This function is, in principle, easy to
control in the fabrication process [11]. The operation of
this CN'T-based NEMS device is described as Fig. 1, and is
featured by its two closed switching states, which can be
switched to each other reversibly by an applied voltage.
This present nanoscale relay makes use of an electrostatic
interaction and of the elastic restoring force of the flexural
beam by a mechanical deflection. Physically, the electro-
static force originates from the capacitor system consisting
of the electrode and the active element.

The operation of the present nanoscale relay can be
divided into three steps: “pull in,” “connection,” and “pull
back,” as shown in Fig. 1. At the pull-in process, with the
increase of the voltage between the CNT and one electrode,
an attractive electrostatic force leads to the bending of the
CNT towards the electrode. At first, the deformed CNT
keeps its equilibrium configuration in the motion since the
electrostatic force and van der Waals (vdW) interaction can
be balanced by the elastic restoring force. However, if
V' > Vi in, the critical pull-in voltage, the balance breaks,
the CNT bends dramatically and hits the electrode, which is
a kind of electromechanical instability phenomenon [20-24].
At the connection stage, the curved CNT physically makes
tight contacts with the electrode due to the short-range
interatomic interaction between the carbon atoms in the CNT
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FIG. 1. Schematic sketch of a double-pole CNT nanoscale relay
with a CNT in the center, between two electrodes, labeled voltage
contacts. The CNT can switch to both electrodes in response to
the applied voltage, and keep the closed state with the applied
voltage withdrawn.

and the metal atoms in the electrode when the applied
voltage is being withdrawn, as shown in Fig. 2. During the
“pull-back” process, the voltage is applied across the CNT
and the other electrode. If the voltage satisfies V' >V packs
the critical voltage for pulling back, the flexural CNT
separates from the other electrode, and moves towards the
electrode and touches it, as shown in Fig. 2.

To optimize the design and the implementation of
the present device described in this manuscript, we will
accomplish this task by providing an analytical expression
for the characteristic operation voltages of the present
double-pole CNT nanoscale relay. We also investigate
whether or not this double-pole CNT nanoscale relay

FIG. 2. Schematic sketch of the present double-pole CNT
nanoscale relay designed by Milaninia [19] at the connection
stage without an applied voltage. The CNT keeps touching the
electrode by the adhesion force F,4, which is assumed to be a
perpendicular force. The contact point of the CNT and the
electrode is assumed to be near the end of the CNT. The CNT
is modeled as a bending hollow elastic rod with the § measuring
the bending of the centerline of the rod.

can function as a sub-one-volt device, and we discuss
the relevant working parameters.

II. MODELING

A. Pull-in voltage of the double-pole
CNT nanoscale relay

The pull-in response of the active element in the nano-
scale relay is an instability phenomenon from the point of
view of classical mechanical theory. It is, however, not the
key point of our present work to make a highly detailed
description of the instability phenomenon; rather, we aim to
describe the pull-in voltage based on the simplest model
with a minimal set of parameters. The model can correctly
grasp the physical meaning of the pull-in operation of
the present double-pole nanoscale relay, and provide the
required pull-in voltage. In previous theoretical studies,
most of the investigated nanoscale relays are one-point
devices with only the pull-in voltage being the main
characteristic of the devices [7,20-26]. Among these works
on the experimental efforts of quantifying the pull-in
behavior and modeling the dynamic pull-in instability, a
typical theoretical work [25] studies the pull-in voltage of
the CNT nanoscale relay using the lumped model and
including a description of the competition between the
electrostatic interaction (capacitive force of the active
element-electrode system), the elastic energy of the con-
tinuum cantilever beam, as well as the van der Waals (vdW)
interaction [25]. The theory is verified by molecular-
dynamics (MD) simulations [25]. The model is further
developed by extending of the model containing additional
effects, such as the Casimir forces [27], nonlocal elastic
theory characterized by a complex stress-strain relation
[28], and by including the effect of the concentration of
electric charge at the end of the nanocantilever [29].

Here, we provide an analytical expression for the pull-in
voltage of the present double-pole devices [19]. It is well
known that the total vdW forces can be neglected, by
comparing them with the elastic restoring force and the
electrostatic force at x ~ §/3, the universal critical defor-
mation of a cantilever for pull-in instability [25], leads only
the lumped electrostatic force and an elastic restoring force
on the CNT are important at the critical point of the pull-in
instability. We suggest the simple expression of the pull-in
operation voltage as the result of the competition between
the restoring elastic force and the electrostatic attractive
force [30],

26
Vpull in — gﬁ V C/”l Vv YI/]T€0€, In (45/3R0ut)' (1)

Here, { and # are dimensionless quantities related to the
geometry of the CNT, which is usually presented in the
lumped component model of the electromechanical
responses [7,25,26,31], describing the correction of the
analytical expression due to the deflection of the central
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active element; for example, { is 1-4 [7,25,26]. The Y and /
in Eq. (1) are the Young’s modulus and the second moment
of area of the CNT, respectively. €, is the permittivity of
vacuum, and the ¢, is the relative permittivity of the
medium in the gap between the two electrodes and the
possibility of an air gap is also considered in our calcu-
lations. Obviously, all the present results can be easily
extended to the non-air-gap case with a relative permittivity.
The ¢ in Eq. (1) represents the distance of the gap shown in
Fig. 2, and R, is the radius of the CNT, which is the radius
of the outer layer of the CNT with concentric cylindrical
structure, as shown in Fig. 3.

Using a typical set of parameters, Y = 1TPa,
din (ou) = 2-8(3.5) nm, €, = 1, and 6 = 10 nm, we obtain
the relationship between Vi, and the length L of the
CNT, as shown in Fig. 4. To verify the expression of pull-in
voltage in Eq. (1), we compare our result with the result in
Ref. [20], since the result of pull-in voltage in Ref. [20] has
been verified by the experiments, and is comparable with
the results by previous MD simulations [25]. The numerical
results suggest our work is in good agreement with those in
Ref. [20], which justifies the reasonability of our present
result on pull-in voltage.

B. Mechanical balance of the CNT in the
closed switch: Connection stage

After the pull-in operation, typically, the flexural element
holds the contact of the CNT with the electrode by an
adhesive force and keeps the circuit closed, even when the
voltage is being withdrawn. To complete the following
operation of pulling the CNT back to the other electrode
(pull back), the adhesion at the interface of the electrode
and the CNT is the key factor, which is, therefore, the
important topic of the present study. The adhesive force F 4
results from the interatomic interaction between the CNT
and the electrodes (see Fig. 2), which is usually studied by
the MD method. However, the MD numerical computation
for the interfacial interaction between a metal and carbon
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FIG. 3. Schematic drawing of calculation of capacitive force
between the CNT and the conductive electrode by the electro-
static image method.

materials is usually highly time consuming and high in
cost. In addition, using MD simulations, only systems with
few atoms can be studied in an acceptable time under the
present software and hardware conditions. The computa-
tion may possibly also encounter a finite size effect, leading
to theoretical results that are not compatible with the
operational behaviors of real devices. Moreover, the results
of the MD simulation usually cannot be used conveniently
for directing the fabrication of relevant devices. However,
such calculations are useful to show the tendency of
how the critical voltage changes in response to varying
the pertinent parameters. In this manuscript, we study the
working mechanism of the operations of the present
double-pole device, and we provide analytical results,
suggesting the dependence of main controlling parameters
to the operational voltages, such as the material properties
and aspect ratio of the devices. The results at present have
the following simple forms, and can be easily used in
finding the guiding rules for the manufacture of the present
double-pole nanoscale relay device.

To maintain the contact, the relationship between the
length of the rod L and the perpendicular adhesive force
F$% necessary to maintain the balance of the torque, can be
obtained by classical continuum elastic theory [30,32],

Yl 0 1
L= / ’ do, (2)
2F8 Jo  \/cos@ —cos b,

which implies that

Fi§® = YI/L?f1(0y). (3)

4r air gap
gap filled with PMMA

‘/pull in (V)

0 0.1 0.2 0.3 0.4
L (pm)

FIG. 4. The “pull-in” voltage for the present double-pole CNT
nanoscale relay [19], with the DWCNT’s diameters diy (ou) =
2.8(3.5) nm, and the CNT length L. The DWCNT’s Young’s
modulus is ¥ = 1.0 TPa, with dimensionless parameters { = 4,
and # =1 [25], 6 = 10 nm is the gap distance. Red line, the
air-gap case; blue line, the gap filled with a polymer PMMA
with e, = 6.
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Here, 6(1) is the angle between the tangent direction of the
centerline of the rod and the vertical direction, as shown
in Fig. 2, and 6(!) is introduced to describe the bending of
the rod. The arc parameter of the curved CNT tube axis
is /€ (0,L). At the two ends of the rod, 8(0) = 0, while
O(L) =6, is to be determined self-consistently from
Eq. (3). Here, f,(6,) is a dimensionless factor to describe
the 6, dependence of F,3* on the CNT, which can be
expressed by the incomplete elliptic integral of the first
kind, F(k,1) [33], as [30]

oo (®)rfue(®)5. @

Here, “csc” denotes cosecant function. For simplicity,
the adhesive force is assumed to be a perpendicular force
exerted on the elastic rod, at the contact point, approx-
imately at the end of the CNT, as shown in Fig. 2.

The elastic restoring force or torque depends on the
deflection of the CNT, and the parametric expression of
the center line of the rod, {x(@),y(0)}, 6 € (0,8,), can be
derived straightforwardly by [30]

113

sin@'d¢/

0 YI
x(0) = , 5
©) A \/ 2F 4 +/cos @ — cos ©)

and

0 [ YI cos 0'd0
0) = \/ , 6
y(0) A 2F 4 \/cos @ — cos 6, (6)

which describes the bending of the CNT. The geometry of
the device provides two constraint conditions: one is for J,
the width of the air gap, and the other is for 4, the height
of electrodes, as x(6)) = &, and y(6y) = h, assuming the
contact point is closed to the end of the CNT. The contact
angle 0, and the necessary adhesive force F5*® on the
CNT can be determined self-consistently from Eq. (3) and
the constraint conditions for x(6,) and y(6,). Typically,
the contact angle is small since §/h << 1 of the present
double-pole device shown in Fig. 2, and f(6y) ~ 2 in the
small contact angle case, calculated from Eq. (4), thus
Fress ~2Y1/L? [30].

C. Adhesive force

As one of the passive forces, the adhesive force holding
the CNT to the electrode is not a constant force. This
adhesive force can vary from the zero-voltage value to the
maximum value Fi* at the connection stage, in response
to an increase of the force pulling the CNT back due to
the elastic restoring force and electrostatic force. A simple
expression with an analytical form of the adhesive force
per unit area at he CNT/metal interface, derived from
the Lennard-Jones potential, is enough for describing the

short-range interaction, in order to demonstrate the mecha-
nism of operations of the present double-pole devices [34],

-l @@} o

where d is the distance between the surfaces of the CNT’s
outer carbon layer and the metal electrode, which is on
the order of magnitude of an angstrom. The surface of
the CNT and the metal electrode at the contact area is
modeled as an effective planar surface. Here, the Hamaker
constant A = 47%ep,p,0° depends on the properties of the
materials on both sides of the interface. In the Hamaker
constant, € and o are the pair of parameters appearing in the
Lennard-Jones potential shown in Eq. (7), which is the
empirical potential widely used to describe the interaction
between carbon atoms (in the CNT) and metal atoms (in
the electrodes). The value of dy, = (2/15)"/%6 ~ 0.75 is the
equilibrium distance between the two surfaces correspond-
ing to the minimum of the Lennard-Jones potential, and
at this length scale, the CNT/electrode interface can be
considered as a plane.

Since the adhesive force (per unit area) reaches its
maximum at the distance d; = 3'/%d,, the maximal adhe-
sive force is

F]e;:iax = pmaxSO and Pmax = 3_5/2A/ﬂd8' (8)

The connection state without voltage is maintained, if the
maximal adhesive force on the CNT, Fli™* = py.So < F5%.
Here, S,, the contact area between the CNT and the
electrode, can be adjusted by modifying the outer layer of
the CNT, for example, by adding a patch of carbon material
on the CNT [35].

To provide the pull-back voltage for the present double-
pole nanoscale relay, we quantitatively study the adhesion
effect between the electrode and the CNT. As an example,
we consider the gold electrodes, and in this case, the
Hamaker constant A becomes

A= 4ﬂ2€C-Au/)AupC6(6}Au ~ 0.14 CV, (9)

with p the number density of the material in units of nm™",
and pp, =620 nm™3, pec = 1.1 x10° nm™3, ecp, =
2.2 meV, oc.a, = 0.27 nm [36]. The value of d, becomes
dy = (2/15)"/%6 ~ 0.2 nm. The p(d) for a gold electrode
reaches its maximum at d; = (3'/¢)d, = 0.24 nm, p,.x =

p(d)) =372A/nd3 = 7.3 eV/nm® = 1.2 nNnm™2.

D. Mechanism of the pull-back operation

In the pull-back operation, the active element is switched
towards the other electrode by applying a voltage between
the curved CNT and the far-end electrode. To balance
the varying torque generated by the electrostatic force, the
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Pull-back voltage V,jj pack for the present double-pole CNT nanoscale relay of CNT length L with a series of contact areas.

The CNT serves as the active element of the nanoscale relay, which is modeled as a hollow rod of the circular cross section, with the
inner (outer) diameter dj, (ou) = 2.8 (3.5) nm, to be in accordance with that in the CNT, the distance between the two adjacent carbon
layers is 0.35 nm. As an estimation, the DWCNT’s Young’s modulus is approximately Y ~ 1.0 TPa, and the gap is § = 10 nm. The red
lines denote the pull-back voltage for the CNT with a (effective) contact area S, = 0.5 nm?, green lines denote the CNT relay with
Sy = 1.0 nm?, and blue lines denote the system with S, = 1.5 nm?, showing the importance of the contact area S, parameter. The upper
group of red-green-blue curves are for the air-gap case, whereas the lower group are for the case of the gap filled with flexible polymer
PMMA, manifesting the effect of the filling of the dielectric medium on the pull-back voltage.

interfacial adhesive force increases in response to the
increasing voltage, until it reaches its extreme value
F{*. The torque balance at this critical state determines
the pull-back voltage, and above the critical voltage
V> Vil backs the CNT is suddenly separated from the
contacting electrode, and the device is then disconnected
from the circuit. This process provides an on-off function to
the circuit.

The electrostatic torque exerted on the whole CNT in
the pull-back operation is calculated in a piecewise way,
dM jec = dF e (y)y, with the electrostatic force acting on
the straight vertical piece of the CNT, and dF..(y) =~

megV2dy/[6 + x(y)] In?{2[6 + x(¥)]/Rou}. The  total
electrostatic torque M. is, therefore,
M / h mege, V2y J
= y
“ Jo [+ xO0)I{208 + x(1)]/ Rout
/ -Rous neye, V? (h) 2
~ 5 — | xdx
o (x+O)In*2(x +6)/Rou] \&
/’12
= Clgﬂ'é‘oé'rvz, (10)

where  C; = Roy[li(48/Roy) — 1i(26/Rou)]/(28) - 1/
In (46/Ryy), and li(z) is a logarithmic integral function
[33,37].

In the present example, typical parameters for the air gap
are 6 = 10 nm and ¢, = 1. For simplification, a double-
walled carbon nanotube with inner (outer) diameters 2.8
(3.5) nm is considered, with a typical Young’s modulus
Y ~ 1 TPa. With the present set of parameters, the constant

C, =~ 0.03 [30]. The corresponding torque of the electro-
static interaction is Mo & C;(h*/8)meye,V? o« V2, which
depends on the aspect ratio y = h?/§ of the device.

The torque of the interfacial force iS Miywerfacial &
(PmaxSo — Fag)L. At the critical state, the condition of
the balance of the torques implies M, erfacial = Metec +
M qw & M., since the van der Waals force is much
smaller than the electrostatic force; therefore, we obtain

PmaxSo — 2Y1/L*\/LS
Vpull back ~

Cmege, h

and pmaxSO > Fad’
(11)

in which C, = /6/(zeye,.C, ). Here, we have used the fact
that 6 < h =~ L to simplify the writing of our result. The
theoretical results of Eq. (11) are shown in Fig. 5, in the plot
of Vi vack V8 L, the length of the CNT. These calculated
results imply that the CNT nanoscale relay shown in Fig. 2
should be carefully designed to make sure that the device
is working within the small voltage region. Typically, the
pull-in voltage can be less than 1V for the present two-pole
CNT nanoscale relay to be able to be switched back and
forth, if the pull-back voltage is larger than the pull-in
voltage. For a rough estimation of the present nanoscale
relay based on a CNT, a double-walled carbon nanotube
(DWCNT) is modeled as a hollow elastic rod of circular
cross section, with the thickness of the rod’s wall being

e \/pmaxso —2v1/12
~ =2 L >
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0.35 nm, which is in accordance with the distance between
the two adjacent carbon layers in a DWCNT. To simplify,
we use an inner (outer) diameter di, (o) = 2.8 (3.5) nm.
The air gap is set to be 6 = 10 nm. This result implies
that the pull-back voltage depends on the length of the
CNT, the contact area between the CNT and the electrode,
the material properties of the CNT and the electrodes, as
well as the device’s aspect ratio y = h/5. Here, as an
example, we consider a gold electrode. To make the real
device operate, the outer carbon layer of the contact area of
the CNT can be modified to adjust the adhesive force. The
elastic properties of the CNT are characterized by the
product of the Young’s modulus Y and [ the second
moment of area, Y/. The working voltage of the CNT
nanoscale relay can be designed by carefully tuning
the related parameters to obtain the voltage Vi pack bY
the nanotube length L, as shown in Fig. 5. To make the
double-pole nanoscale relay work, p.So > 2Y1/L?
implies that there is an upper bound for the ratio R,,/L,
since that S o Ry, and I « R>,, with the assumption that
the thickness of CNT is much less than the diameter of the
outer wall of CNT. This provides a restriction on the
geometrical parameters of the present double-pole CNT
nanoscale relay.

II1. DISCUSSION

In our theoretical modeling and calculation, the key point
is the study of the importance of the adhesive force between
the outer surface of the CNT and the metal electrode. We
consider the physical absorption effect, which is due to the
short-range interatomic interaction, without an electron
transfer across the interface. Based on this assumption,
we use the well-established adhesive force theory based on
the Hamaker constant [34]. Microscopically, the interaction
between the CNT and the electrode is the adhesion between
the two surfaces which are close to each other, and the
adhesive force per unit area is described by Eq. (7). For
very smooth surfaces, the chemisorption may become
important, and this force is related to the electron transfer
between the carbon atoms and the metal atoms in the
electrode [38]. In addition, the adhesion can be adjusted by
a chemical modification of the surfaces. This technique,
together with controlling the contact area, can effectively
adjust the pull-back voltage to make the device work under
various operating conditions to comply with the industrial
standards for electronic devices.

To lower the working voltage, we propose a gap filled
with the polymer with the higher dielectric permittivity in
the device, instead of the air gap. For simplification, we do
not consider the resistance to the active element during the
operations, caused by the polymer, due to our assumption
of the loose padding. This effect may provide a small
correction factor, and will be studied in the research to
follow. In the studies of the electromechanical response of

devices based on a CNT, the charge distribution in the CNT
under the electrostatic field is important; for example, the
phenomenon of the charge concentration at the free end
of the CNT discussed in Ref. [29] leads to an observable
effect. We will address this effect in the work to follow.

In summary, we establish a generic model for a type of
double-pole CNT nanoscale relay with high nuclear radi-
ation tolerance originally proposed by Milaninia et al. [19].
We quantitatively analyze the function and operation of
our version of the device concept. We theoretically obtain
the analytical expressions for the critical voltages for the
pull-in and pull-back operations, from the basic physics,
which strongly depend on the materials properties of
the CNT relay system. The numerical results obtained
here are in reasonable agreement with relevant experimen-
tal reports reviewed in the recent literature [2]. The model
can be used to predict phenomena in future experiments on
NEMS and to improve designs for the nanoscale relay
based on a CNT.
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APPENDIX: DETAILS OF OBTAINING
THE “PULL-IN” VOLTAGE

For simplicity, the double-wall CNT is used in the
present calculations, which is modeled as a circular
cross-sectional hollow rod. The elastic energy of a curved
CNT can be written as Ej,, ~ {(Y1/L*)x?, with x being the
horizontal displacement of the end of the curved CNT, Y =~
1 TPabeing the typical Young’s modulus of a CNT, and the
rod’s second moment of area given by I = xn(d3 — d})/64,
with an inner (outer) diameter of the double-wall nanotube
being d; 2y = 2Riy (our)> (Rin (our))» the radii of the carbon
layers in CNT, respectively. Here, the model-dependent
dimensionless parameter { is introduced into the elastic
energy of the CNT E,,,  x% For a cantilever-beam-like
active element, { =4 [25], {=3/2 [7], and {=1.6
[26] are different values calculated by different models
[7,25,26].

The electrostatic energy of the CNT nanoscale relay can
be obtained from a classical theory of the capacitive energy
of a CNT-electrode capacitor system. The capacitance per
unit length of the system is approximately [25]
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. 2ﬂ'€0
ln(\/ rz/Rgut_ 1 +r/Rout>7

which is derived from the electrostatic image method [39],
as shown in Fig. 3. Here, r is the distance between the axis
of the CNT and the planar surface of the electrode. The
electrostatic energy can be written as

c(r) (A1)

1
Eelec ~ 5’7‘/20(5 - x)
) TEYE,
In [\/(6 - x)z/R?)ut -1+ (5 - x)/Rout]

(A2)

Here, # is a dimensionless parameter denoting the correc-
tion due to the bending of the CNT, and the meaning of x is
the same as that in the elastic energy expression.

The competition between the capacitive force and the
elastic force determines the pull-in instability, which can be
obtained from the derivative of the corresponding energy
OE¢1ys (elec)/ O, for example, to obtain Fej,, = 2£(Y1/L%)x.
The balance of the elastic restoring force and the electro-
static force at the critical deflection x,. ~ /3 determines the
pull-in voltage.
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