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Abstract— A comprehensive study is conducted on the electron
transport in conductive polymer matrix composites (CPMCs),
employing the nonequilibrium Green’s function formalism. This
paper provides a microscopic insight into the electron tunneling
through the potential barriers existing between conducting sites.
It is shown that Wentzel-Kramers—Brillouin approximation as
well as other models with simple barrier shapes, which are
widely used in literature, can lead to inaccurate results in
comparison with the quantum mechanical approach using a
hyperbolic barrier. In this paper, unlike most previous ones,
percolation-related effects are disregarded for further focus on
electron transport through the polymer potential barriers. It is
assumed that a tunneling-conductive channel exists between the
electrodes. This can be created either by applying electric field
alignment or using a filler volume fraction higher than the
percolation threshold. A two electrode resistive device is studied
and the results indicate that a conductor-insulator transition
occurs at a barrier thickness of ~1.7 nm and the barrier
thickness should be larger than several angstroms. Next, a novel
tunneling field-effect structure based on CPMCs is introduced
and its characteristics are comprehensively investigated. This
device features a remarkably simple structure, an extremely high
channel to gate coupling, a large transconductance, and a high
current level. Besides, it has the advantage of being based on
polymers. This ensures favorable physical properties, ease of
fabrication, and low-cost processing techniques.

Index Terms— Conductive polymer matrix composite (CPMC),
FET, quantum transport, the nonequilibrium Green’s
function (NEGF), tunneling.

I. INTRODUCTION

INCE their advent, conductive polymer matrix
Scomposites (CPMCs) have proved to be functional
materials for electronic applications owing to some favorable
properties [1]. These materials are prepared by dispersing
conducting particles in an inherently insulating polymer
and are widely used in embedded capacitors [2], memory
devices [3], pressure sensors [4], temperature sensors [5],
current limiting devices [6], electromagnetic interference
shielding and microwave absorption layers [7], and humidity
and chemical sensors [8]. CPMC-based devices offer several
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advantages in comparison with their inorganic rivals, including
easy and low-temperature processing, printability over large
areas, simple device structures, optical transparency, and
lightweight and mechanical flexibility [3], [9].

In order to analyze and optimize the operation of
CPMC devices, a profound knowledge of electronic conduc-
tion mechanism in CPMCs is required. To date, a great deal
of experimental [10], [11] and theoretical [12], [13] work
has been performed in order to study the overall system
conductivity. The theoretical studies are primarily based on a
percolation-tunneling model [13], [14], where the conducting
particles are randomly dispersed in the polymer matrix, and
they focus on the formation of continuous conducting paths
linking the electrodes [14]. These studies have successfully
explained the sudden rise in the conductivity and insulator—
conductor transition when the filler volume fraction exceeds a
definite value called percolation threshold [12]-[14].

Studies revealed that conductivity is of a tunnel nature
and current is carried by the electrons tunneling from one
conducting island to the other. In other words, the conducting
particles are not in direct contact with each other and a
potential barrier is developed by the polymer film that is
sandwiched between them. An experimental proof to this
was provided in [15], where it was shown that the highest
conductivity of polymer composites is only on the order of 1%
of that of the pure bulk conductive materials. Even alignment
of the composites using an electric field, which vigorously
pushes the particles toward each other, cannot entirely
eliminate this polymer gap [16]. Concerning the tunneling
phenomenon, in most theoretical studies, semiclassical
relations, such as the ones derived in [17] and [18], using
the Wentzel-Kramers—Brillouin (WKB) approximation, are
employed [12], [19] and others make use of a simple
exponential relation [13], [14].

So far, few studies have been carried out on the potential
barriers developed by polymer layers between the particles and
the electron transport through them. In this paper, we address
these issues by employing a rigorous quantum mechani-
cal approach. Nonequilibrium Green’s function (NEGF) for-
malism is used for this purpose. NEGF method is widely
employed to model novel FETs, such as graphene [20]-[22],
carbon nanotube [23], [24], and silicon nanowire [25], [26]
FETs.

We study the barrier shapes broadly used in literature
and the WKB approximation for a wide range of barrier
thicknesses, barrier heights, and applied voltages. The results
are benchmarked with the quantum mechanical results together
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Fig. 1. (a) Device with randomly dispersed particles. (b) Gate-less resistive
device. The same device as (a) with an aligned channel formed through electric
field alignment before the polymer curing. (c) Gated field-effect device.

with hyperbolic barriers. In addition, there exists little
information on the barrier thickness in the literature.
Comparing the existing experimental findings [15], [16], [27]
with those obtained in this paper, one can draw notable
conclusions on the barrier thickness between the conducting
islands and conductor—insulator transition. The proposed
approach toward the transport phenomena in CPMCs enables
us to introduce and investigate the characteristics of a
new FET. To the best of our knowledge, such a transistor based
on CPMCs has not been introduced before. It is shown that a
voltage applied to a third electrode drastically influences the
current flowing through the device. In addition to promising
electrical characteristics, the proposed device has the
advantage of being based on polymers. This ensures favorable
physical properties and low-cost fabrication techniques.

II. APPROACH

It is assumed that electric field alignment [16], [28] is
performed during the fabrication of the devices prior to the
polymer curing, which results in regular alignment of particles.
As a consequence, there exists a continuous path of particles
connecting the electrodes, which serves as the channel of
the device [Fig. 1(a) and (b)] and percolation effects can be
neglected. Alternatively, one can use a filler content higher
than the percolation threshold [10], [11], [13], [14], in order
to create the tunneling channel needed here; yet, this approach
can degrade the physical properties of the material due to the
high loading of particles [16]. In this paper, we focus on one
aligned channel; however, it can be easily extended to the case
with multiple parallel channels.

The electrostatic potential can be obtained by numerically
solving Poisson’s equation. However, as the charge concentra-
tion in the polymer can be safely neglected, an alternative and
more computationally efficient approach is taken in this paper.
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In the case of gate-less resistive devices, shown in Fig. 1(b),
the electrostatic potential of the ith conducting island (V;) is
given by

Vi = a; Vps (1)

where Vps is the electric potential applied to the drain
electrode and the coefficients o; are determined by solving
Poisson’s equation for merely one value of Vpg. It should
also be noted that the source electrode is grounded in all the
simulations. Subsequently, having the potential of conducting
islands, the potential distribution between the particles can be
evaluated by a linear relation again due to absence of electric
charge in the medium.

By adding a third electrode, a novel FET can be obtained.
For instance, this can be implemented using a bottom gate
structure, as shown in Fig. 1(c). Similar to the previous
case and taking advantage of the superposition principle, the
electric potential distribution in such devices is calculated.
Here, the electric potential of conducting islands are calculated
using the relation

Vi = a;Vgs + Bi Vps 2)

where a; and f; merely depend on the device geometrical
parameters and represent the coupling between ith island and
the gate and drain electrodes, respectively. These are evaluated
by solving Poisson’s equation for two values of Vgs and Vpg.
After calculating the potential distribution along the device,
the current is evaluated using the Landauer formula
2e
==
h
where f is the Fermi function, & is Plank’s constant,
S and D denote the source and drain contacts, and 7 is the
transmission probability through the device. In a device with
multiple cascaded barriers, T is expressed as [29, p. 64]

T(E)fs(E) — fp(E)dE 3)

N

1-T(E) - 1—-Ti(E)
T(E) =2 T,(E) '

“)

Here, T; is the transmission probability through the ith barrier
(polymer layer between the ith and (i 4+ 1)th conducting
island) and N is the number of barriers. In fact, the quantity
(1 — T;)/T; is the resistance attributed to the ith barrier.
Scattering rate in metals is rather large, especially scattering
caused by electron—electron interaction due to high carrier
concentration. Various scattering mechanisms, including
electron—electron interaction, can destroy the coherence of
electrons [30]. Therefore, coherence between scatterers can
be safely neglected here. A similar approach has been applied
to model the electron transport through a filamentary-type
structure in [31]. T;(E) for an individual barrier is calculated
making use of the NEGF approach [32]

TI(E) = Trace[l“,- Gl‘ri+1G3‘] (5)

where G; is the Green’s function of the ith scatterer, and
I and Ty are the broadenings attributed to the two
conducting islands encapsulating the ith polymer barrier.
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Fig. 2. (a) Rectangular, (b) hyperbolic, and (c) parabolic potential barriers for
unbiased, small bias voltage, and high bias voltage conditions, respectively.

An alternative method that is widely used in the literature is
the WKB approximation [12], [17]-[19], [33], [34]

T/(E) ~ exp (—%’Wzm(@v = E)). ©)

Here, ¢,y is the mean barrier height and ¢ is the barrier
thickness.

In general, transport equations should be solved in
three-dimension; however, it is computationally expensive
and the results will strongly depend on the exact geometry
of conducting particles. In this paper, T; is calculated for
a 1-D structure and it is assumed that electrons move on
a single line connecting the centers of the particles. From
another point of view, the 3-D structure can be considered as
numerous 1-D structures. As a result, this model can be easily
extended to realistic devices without loosing the generality of
the results and discussions.

IIT1. POTENTIAL BARRIER PROFILES

Various barrier shapes, such as rectangular [17], [18],
parabolic [31], [35], and hyperbolic [17], [33], have been used
in the study of tunneling. Fig. 2 shows these barriers for
unbiased, low-voltage, and high-voltage conditions. The
mentioned potential profiles are given by the following
relations.

1) Rectangular barrier [Fig. 2(a)]

E(x)=¢ —eV(x). @)
2) Hyperbolic barrier [Fig. 2(b)] [17]
2
E() = ¢ — V() - 220 ®)
x(t —x)
_ e2In2 ©)
"~ 8rte’

3) Parabolic barrier [Fig. 2(c)]

E(x) = ;izqﬁ(tx —x%) —eV(x). (10)

Here, in the absence of external field, Ey is an electrode
Fermi level that is set to 5.49 eV (Fermi energy of silver
[36, p. 12-233]), h is the barrier height from the electrode
Fermi level, ¢ equals Ey + h, t is the barrier thickness,
and € is the permittivity of the barrier. In most simulations,
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Fig. 3. Current as a function of the barrier thickness for various barrier
shapes using the NEGF method and the WKB approximation for (a) thin
barriers (linear scale) and (b) thick barriers (logarithmic scale).
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Fig. 4. Potential profile and the spectrum of the transmission for single

barriers. The results for (a) thin barrier and (b) thick barrier.

the barrier height is approximated by the work function of the
conducting particles (4.6 eV for silver [36, p. 12-124]) as
used in [12], [19], and [34]. A hyperbolic barrier is the best
choice to model the physical effects at the conductor—insulator
interface since it includes image forces [17], [18], [33]. Yet in
some studies, rectangular and parabolic shapes are preferred
for obtaining simple analytical models [17], [18], [31], [35].

Fig. 3 shows the current as a function of the barrier
thickness for each of the barrier shapes employing the
NEGF method and the WKB approximation. For a better
comparison, Fig. 4 shows the transmission probability for
these potential profiles with a thin and also a thick barrier.
The results illustrate that the parabolic barrier overestimates
the current especially for thick barriers. The rectangular barrier
seems to be a more reasonable approximation to hyperbolic;
however, it underestimates the current because it neglects the
image forces, which effectively lowers the barrier height and
thickness. WKB approximation appears to deviate notably
from the results of the NEGF, at thick barriers when the
parabolic shape is used.

Fig. 5(a) and (b) compares the current as a function of
voltage for various potential shapes. For thin barriers, a nearly
linear relation between current and voltage is observed, while
for thicker barriers the relation deviates from a linear one.
In addition to the current overestimation by the parabolic
barrier, at higher voltages, the WKB significantly overesti-
mates the current. This behavior is due to the reduction of the
effective barrier height and thickness under large bias voltages.
In other words, by increasing the voltage, the current—voltage
characteristic obtained using the WKB approximation, rapidly
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Fig. 5. Current—voltage characteristics for (a) thin barrier, (b) thick barrier,
and (c) dependence of the current on the barrier height. All results are for
single barriers.

approaches that of the ballistic device (T (E) = 1). As shown
in Fig. 5(c), the WKB approximation also fails for small
barriers. The WKB current coincides with the ballistic current
as the barrier height is reduced. In the rest of this paper, the
NEGF method along a hyperbolic potential profile is used for
the analysis of CPMC devices.

IV. MATERIAL CHOICE

There are few limitations on the choice of conducting and
insulating materials in these devices; however, in order to
provide an experimentally traceable study, we assume silver
as the material for conductive particles and electrodes. The
particles are assumed to be ~50 nm in diameter because
smaller particles may suffer from single electron effects that
will cause different electrical characteristics due to charging
of conductive islands [37]. On the other hand, larger particles
result in larger devices and lower dielectric strength that limits
the maximum applied bias [38].

Polydimethylsiloxane (PDMS), a functional polymer
for electronic devices, is used as the insulating
polymer matrix. In a recent study, a breakdown
field of 0.635 V/nm has been reported for a 2-um
thick PDMS film [39]. However, thin dielectric layers
exhibit greater dielectric strength than thicker samples of the
same material. For instance, the dielectric strength of a 50-
A thick Al;O3 film is 1 V/nm; while a 12-A thick film exhibits
a dielectric strength as high as 6 V/nm [40]. Consequently,
a breakdown field of several volts per nanometer is expected
for PDMS ultrathin films that are sandwiched between the
conducting islands in CPMC-based devices. Yet, in the case
of gated devices, a practical approach for further eliminating
the electric breakdown probability is to localize the gate
electrode in the middle of the channel, because this causes a
smoother voltage gradient along the channel.

V. GATE-LESS RESISTIVE DEVICES

Fig. 6(a) compares the current—voltage characteristics of a
gate-less resistive device [Fig. 1(b)] and that of a ballistic
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Fig. 6.  Current—voltage characteristics of the gate-less resistive devices,
illustrating (a) conductor—insulator transition and the minimum barrier
thickness and (b) effect of other parameters on conductor—insulator transition.
N represents the barrier number (N — 1 is the number of conducting particles).

polymer medium

a conducting particle Lc

gate dielectric

Fig. 7. Sketch of a FET based on CPMCs. L stands for channel length
and Dgc is the gate to channel distance.

device (T(E) = 1). It is assumed that all particles are
separated with an equal distance. It is observed that for a
barrier thickness smaller than ~1.7 nm, the device shows
linear current—voltage curves, which is a characteristic of
conductive materials. However, the characteristics become
nonlinear for thicker barriers, which is a characteristic of
insulating materials. It is, therefore, reasonable to consider
t ~ 1.7 nm as the critical thickness where conductor—insulator
transition occurs in CPMCs. These values are in agreement
with the findings of [19] and [27]. As mentioned in Section I,
the largest experimentally reported conductivity of polymer
composites is nearly 1% of that of the pure bulk conductive
materials. Assuming that the pure bulk conductive material
is a ballistic conductor, 1% of the conductivity occurs at
t 0.5 nm for N =20 and h = 4.26 eV [Fig. 6(a)]. The size
of a polymer molecule is ~0.5 nm; therefore, regardless of
the alignment details, at least a few polymer molecules reside
between the conducting particles.

Considering Fig. 6(b), it is perceived that increasing the
number of particles slightly reduces the current level. However,
it does not influence the linearity of the curves. Besides,
as the barrier height reduces, the current level increases but
again it does not impact the linearity of the characteristics.
Consequently, one can draw the conclusion that the
characteristics linearity and conduction behavior of the
material solely depend on the barrier thickness.

VI. GATED DEVICES

Fig. 7 shows the sketch of the simulated device. Fig. 8
shows the output and transfer characteristics of a device with
perfectly aligned conducting particles that are 1 nm apart.
Fig. 8(a) shows that depending on the gate voltage, the current
can be higher or lower than the gate-less counterpart. The
well-known operating regions of a FET, triode, and saturation,
are observed as well.
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Fig. 10.  Transconductance as a function of the gate voltage for various
device geometries (t = 1 nm).

Fig. 9(a) shows the a; and f; factors in the same device.
Fig. 9(b) and (c) shows the channel to gate and drain coupling
factors as functions of gate-channel distance and channel
length, respectively. Here, iC is the island in the middle of
the channel, whose coupling factors provide a criterion for
determining the device field-effect efficiency. Fig. 9 shows
that gate-channel coupling degrades by an increase in the
gate-channel distance and a decrease in channel length. For
a well-designed device, a;c is much larger than pf;c that
suggests a high field-effect performance.

Fig. 10 demonstrates the transconductance
(gm = dIp/dVgs) of a gated device. As mentioned
in Section II, the results are only for a 1-D tunneling line and
taking a real 3-D structure into account, a high current level,
and consequently transconductance can be expected for this
device.

VII. ROLE OF DISORDER

In Section VI, the particles were assumed to be perfectly
aligned and uniformly separated by 1 nm. In a real device,
however, some misalignments despite a drastic electric field
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Fig. 11. (a) Output characteristics and (b) transfer characteristics of perfectly

and partially aligned devices (50 particles, Lc ~ 2.5 um and Dgc = 25 nm).

alignment can occur. In order to investigate the effects of such
misalignments, devices with partial alignment of particles are
studied in this section. The particles are dispersed randomly
using a Gaussian distribution function with maximum devia-
tions of 0.25, 0.5, and 1 nm relative to their initial locations.
Fig. 11 compares the output and transfer characteristics for
perfectly aligned devices with uniform barrier thicknesses
of 0.5, 1, and 1.5 nm and partially aligned devices. In the case
of partially aligned devices, numerous devices with random
particle locations are simulated for each deviation value and
the ensemble average characteristics are shown in the figures.
Misalignment causes a drop in the current level, yet it does not
disrupt the field-effect behavior of the device. The reduction in
current is due to the thicker barriers caused by misalignment
and is proportional to the misalignment extent.

VIII. CONCLUSION

This paper provides a comprehensive study of electron
transport in CPMCs from a rigorous quantum mechanical point
of view. A benchmarking is made between different barrier
shapes as well as the WKB approximation against the accurate
quantum mechanical approach in conjunction with a hyper-
bolic barrier. It is shown that these approximataions, which
are widely used in literature, fail for a wide range of barrier
parameters. With a detailed study of resistive devices, the
conductor—insulator transition and the minimum barrier thick-
ness existing between the conducting sites have been obtained.
A novel FET based on CPMCs is introduced and analyzed.
This device exhibits promising characteristics, including strong
channel-gate coupling, a large transconductance, ease of
fabrication, and favorable mechanical properties.
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