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Origin of nonlinear transport phenomena in conducting polymers has long been a topic of intense
controversies. Most previous knowledge has attributed the macroscopic nonlinear /-V characteristics to
individual behaviors of elementary resistors in the network. In this Letter, we show via a systematic
dimensionality-dependent transport investigation, that understanding the nonlinear transport in conducting
polymers must include the collective transport effect in a percolation network. The possible mediation of
percolation threshold p. by controlling the samples’ dimensionality unveiled the collective effect in growth
of percolation paths driven by electric field, enabling us to draw a smooth connection between two typically
observed nonlinear phenomena, dissipative tunnelinglike and threshold-limited transport, which have been
controversial for years. The possible microscopic origins of the collective transport are discussed within the

Coulomb blockade theory.
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Charge transport in conducting polymers has been inten-
sively investigated over the past years since these polymers
not only demonstrate great application potential in future
electronics but also represent a prototype of electronic
disordered systems with a strong localization effect [1-3].
The macroscopic conduction of such systems has always
been simplified as elementary hopping depicted with stat-
istical parameters such as the average hopping distance or
effective energetic disorder [3—5], and such homogeneous
treatment has demonstrated success in modeling most of
the electrical behaviors in disordered polymeric systems.
Typically, in the longstanding controversial topic of the
origin of nonlinear transport behaviors in conducting poly-
mers [6—13], the non-Ohmic current-voltage (/-V) character-
istics have been widely simplified into the tunnelings at
elementary resistors in the network [6,8—11]. In detail, the
universal scaling behaviors have been reified into the
individual nonlinear excitations in Luttinger liquids [6],
nuclear tunneling [8], or other hopping junctions described
by the dissipative tunneling (DT) formula [14,15].

While there have also been studies claiming a threshold-
limited (TL) nonlinear /-V phenomenon, especially in
mesoscopic devices based on polymers [7,13], the totally
insulating behavior below a critical voltage threshold
suggests the possible existence of collective transport in
conducting polymers and thus reveals the deficiencies of
homogeneous approaches.

Interestingly, in this Letter, we realize simultaneous
observations of both typically reported nonlinear phenomena
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(DT-like and TL-like) by simply varying the polymer films’
thickness from 2D single molecular layer to 3D multilayer.
We propose that a framework emphasizing the collective
transport in inhomogeneous media could naturally unify the
phenomena, based on the possible mediation effects from the
dimensionality on percolation threshold p,.. That the sequen-
tial growth of percolation paths in collective transport greatly
contributes to macroscopic nonlinear transport behavior in
conducting polymers is central.

We investigated the doped polymeric material poly[2,5-
bis(3-dodecylthiophen-2-yl)thieno[3,2-b]thiophene] (C14-
PBTTT), which exhibits an ideal layer-by-layer stacking
character, and two other materials, poly(3-hexylthiophene-
2,5-diyl) (P3HT) and poly(4,4”-didodecyl[2,2:5,2:5,2-
quaterthiophene]-5,5-diyl) (C12-PQT). The polymers with
the “edge-on” molecular stacking character show a layer-
by-layer growth mode at the molecular scale, and the
second molecular layer begins to form at the completion of
the first layer. This property enables us to realize control of
the film thickness at the molecular level. By controlling the
solution casting conditions, including the polymer solution
concentration [16], we precisely layered polymer films with
thicknesses from the 2D subsingle molecular layer to the
bilayer and more than tens of nanometers, denoted as 3D
samples. Atomic force microscopy (AFM) was used to
characterize the 2D quasi-single molecular layer and 3D
thick film containing multiple monolayers of PBTTT, as
shown in Fig. 1(a). The thickness-controllable growth of
P3HT and PQT was characterized by AFM, as shown in the
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FIG. 1. (a) AFM images of precisely layered polymer films

(PBTTT-C14) of 2D (single or subsingle molecular layer)
and multilayer (approximately 50 nm thick) denoted as 3D.
(b) Schematic of the device structure. (c) Dimensionality or film
thickness-dependent nonlinear /-V curves at T =6 K for
PBTTT-C14-based devices, in logarithmic coordinates. (d) Scaled
I-V curves for the 3D sample at temperatures ranging from 6 to
50 K, universally depicted via the DT model by plotting 1/T%
versus eV /kpT; for the 2D samples, blocked behavior led to
failure in scaling with the DT model.

Supplemental Material [16]. The films were doped
with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(F,TCNQ) via a solid-state diffusion approach [17], and
the doping level was approximately 15%, corresponding to
a hole concentration of approximately 1 x 10%° cm™3.
Transport properties (/-V curves) were measured with
the two-terminal devices with channel length L = 20 pm
schematically shown in Fig. 1(b). Graphene was patterned
as the bottom electrode, and the selection of graphene as the
contact was due to the ultrathin nature, which could
maintain the continuity and morphology of the monolayer
polymer. The influence of the contact resistance was
negligible, as analyzed by 4 probe devices [16].

The dimensionality-dependent nonlinear transport at low
temperature was characterized with the device structure
displayed in Fig. 1(b). Interestingly, as shown in Fig. 1(c),
the nonlinear /-V curves (data from PBTTT-based devices)
displayed in logarithmic coordinates exhibit distinct behav-
iors for the two extreme cases of two and three dimensions.
The curves for the 3D multilayer samples feature Ohmic
behavior (I ~ V) at lower fields (eV <« kzT) and power-
law-type nonlinear behavior (I ~V”) at higher fields
(eV > kpT). More remarkably, the /-V curves in a specific
temperature range could be universally scaled down onto a

single curve, as depicted by DT theory, shown in Fig. 1(d).
These coincide with the widely reported universal phenom-
ena [6,8,11], in which the nonlinear /-V curves were
generally attributed to the nonlinearity at elementary
junctions of Luttinger liquids, nuclear tunneling, or others.
However, such behavior did not hold when the polymer
films were thinned to the 2D limit, as shown in Fig. 1(c).
More specifically, none of the I-V curves for 2D films
feature an Ohmic character at lower fields (eV < kzT);
instead, they exhibit threshold-limited behaviors with
unidentified currents and directly enter the nonlinear region
with the onset of conduction at a higher bias [16]. The
behavior is well described by the relation

1=1y(V — V), (1)

derived for depicting the collective charge transport in gold
dot arrays [18-20], with the current intensity being propor-
tional to the quantity of percolation paths. [, is the
prefactor, and V is defined as the threshold voltage related
to the minimal value for biasing the sample so that it is
conductive. Similar behaviors attributed to Coulomb block-
ade have also been frequently reported in polymer- and
other material-based mesoscopic devices [7,13,20].

While the dimensionality effect enables a possible
correlation between the two typically observed types of
nonlinear transport (DT-like and TL-like), we show that
such a unified connection can be naturally realized by
including the collective transport in inhomogeneous media.
In the low-temperature case, as in our experiments, transport
in disordered materials should be dominated by field-driven
tunneling between ground states, as shown in Fig. 2(a).
With the suppression of the phonon activation strength,
tunneling occurs only when the voltage drop across the
junction equals the barrier potential height eV, = E,,. The
tunneling process can be quantitatively described via
deduction of Fermi’s golden rule,

Al— Eh — eV,
= expl(Ey — eV,)/AsT]
Eb + eV,
+ )
1 —exp[(E; +eV,)/kpT]

k:

(2)

where k is the tunneling rate and A is a prefactor related to
the carrier delocalization degree and tunneling distance.
Curves of the k-V,. relation with different tunneling barriers
at T =6 K are displayed in Fig. 2(b), exhibiting clear
threshold-limited behavior. When kzT overcomes the
barrier, the tunneling shows an Ohmic /-V relation, while
when E, far exceeds the strength of k3T, conduction only
occurs in the regime eV, > E,,.

The distribution of the elementary barrier height E,
along possible paths of the network is assumed to represent
the energetic inhomogeneity of the media, as shown in
Fig. 2(c). In the zero-bias limit, the finite thermal strength
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(a) Schematic of the tunneling process between ground states. (b) /-V curves of the tunneling process at resistors of different

barrier heights at 7 = 6 K. (c) Distribution of elementary barrier heights £}, composed of a conducting (kzT > E,) portion (red) and an
insulating or blocked portion (kgT < E},); the inset shows the /,-V, curve of individual resistors in the conducting (left) and insulating
(right) portions of the network. (d) Simulated nonlinear transport behavior from 2D to 3D inhomogeneous networks. (e) Percolation

paths’ growth driven by electric bias.

(kpT) makes a portion (p) of resistors with smaller barriers
(Ep < kgT, red region) conduct, while the other portion
(1-p) (E, > kgT) of resistors behave in an insulating
manner. For macroscopic conduction of the whole network,
the relative location of p,. in the distribution is the key point.
Under the premise of the distinct /-V curves in the 2D and
3D cases and considering the dependence of p. on the
dimensionality [21,22], we anticipate that generally, the
portion p is higher than the 3D threshold p ;4 but lower than
Pea- Consequently, we divided the I-V curves for cases
from 2D to 3D into three regimes: (i) the Ohmic regime in
3D samples, where percolation paths form with Ohmic
conduction due to p > pq; (ii) the blocked regime in 2D
samples, where no conducting path exists due to p < p.yq;
and (iii) the nonlinear regime in both samples, where
electric bias V-induced breakthrough of the insulating
portion in the network leads to collective transport based
on the growth of new percolation paths n ~ (V — V)’.
Remarkably, we reconstructed experimental dimension-
ality-dependent nonlinear transport by simulating the layer
thickness-mediated collective percolation in inhomo-
geneous resistor networks. We employed 10 * m * 10 net-
works for simulating both the 2D and 3D cases (m < 1 for
the 2D case). The inhomogeneity was introduced with

random fluctuations of the barrier height depicted by a
lognormal function [16], in addition to randomly located
vacancies in the networks. The tunneling rate obtained by
Eq. (2) was employed to depict the barrier-limited charge
transfer between ground states at each resistor. The simu-
lated network /-V curves are displayed in Fig. 2(d). The 2D
cases exhibit larger blocked regions (could also be quanti-
fied with V;) and exponents f; with thickening of the films
to 3D cases, the blocked region shrinks and finally
disappears with the onset of the Ohmic region, and the
exponent f# decreases. All these results ideally mimic the
experimentally obtained nonlinear curves and their dimen-
sionality dependence. The simulated percolation paths in
the resistor network at various biases are displayed in
Fig. 2(e) and the Supplemental Material [16], the quantity
of onset paths is well plotted in a power-law relation with
the bias n~ (V — V)7 [18,20], indicating the collective
transport nature.

For deeper insights into the origin of the collective
transport, the structural information of polymer films
(PBTTT, 8 nm thick film) was investigated by dark
field-transmission electron microscopy (DF-TEM). As
shown in Fig. 3(a), by locking only a specific part of
the (010) ring in the selected area electron diffraction
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FIG. 3. (a) DF-TEM images of a traditional semicrystalline
conjugated polymer (PBTTT-C14) film, by locking specifically
oriented (010) rings in SAED in the middle inset. The scale bar is
200 nm for DF-TEM and 2 nm~' for SAED. (b) Relation
between V; and Lg' in different polymeric samples; red and
gray lines are the parabolic and linear fittings, respectively.

(SAED, shown inset), as marked by the circles, crystalline
segments, including 2D flakelike grains and larger do-
mains of specific orientations, were evidently visualized as
brighter regions in the DF-TEM images. In the figures
related to crystallinity imaged under four different incidence
directions of the tilted electron beam, the micro-orientation
is totally random. The grain sizes inhomogeneously range
from 15 to more than 40 nm, and the most dominant grains
for pristine and annealed PBTTT films are L; = 25 and
20 nm, respectively, while for P3HT and PQT, the sizes are
approximately 15 and 10 nm, respectively, almost at the
resolution limit [16].

Assuming that tunneling occurs between ordered regions
such as the grains or domains, V7 should be related to the
numbers of barriers overcome, V ~ N ~ 1/L;. We exper-
imentally found that the V; values from 2D devices based
on the three materials are approximately in a parabolic
relation with the reciprocal of the grain size V; ~ (1/Lg)?,
as shown in Fig. 3(b), indicating that transport is not limited
only by the number of tunneling junctions. The underlying
relation suggests a possible compatibility with Coulomb
charging-related tunneling processes, in which the tunnel-
ing barrier is related to the charging energy and inversely
proportional to the island size, E. ~ e>/C ~ e? /L, finally
leading to V; ~ NE. ~ (1/Lg)>.

To be more quantitative in how the conducting (p) and
insulating (1-p) portions correlate with the samples’
dimensionality in an assumed Coulomb charging limited
transport network, the layer thickness-dependent V; values
were investigated by considering the underlying relation
between layer thickness Ly, and p.. As shown in Fig. 4(a),
we extracted the V; in samples of various Ly,s for PBTTT
samples [16]. At the crossover from 2D (Ly < 1 ML) to
thicker film cases, V; gradually decreases from above
10to O V.

As shown in Fig. 4(b), the values of p. at different
film thicknesses ranging from 2D to 3D were determined
by [22]
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FIG. 4. (a) Extracted threshold voltage V; in PBTTT-C14

samples and its dependence on the film thicknessor dimension-
ality. (b) Layer thickness dependence of percolation threshold p..,
with pop =0.71 and psp = 0.27, 0.15, and 0.1. (c) and
(d) Relations between Vi and p. for pristine PBTTT films
(c) at T = 6 K and for annealed PBTTT (d) at 7 = 6 and 14 K,
assuming p.,, = 0.27. The data were well fitted by V; = A
(p. — p)- (e) Dual lognormal distribution of the segment sizes
(Lg) in PBTTT polymer films, including the crystalline grain
(green dashed) and domain (blue dashed) sizes. The inset shows
the distribution of the reciprocal of Lg. (f) p—L*G_1 relation
corresponding to the p-T relation based on the function between
L¢ and T shown in the inset.

-1
pc(Llh) ~ Peo +a'Lth /D! (3)

where p.(Lg) is the thickness-dependent percolation
threshold, p.. is the percolation threshold as the layer
thickness approaches infinity, Ly, is in units of a single
molecular layer thickness (approximately 2 nm for
PBTTT), and v is the critical exponent (always, v = 0.8).
We set pop = 0.71, referring to the “site” percolation in
the 2D Voronoi network approximation, which has always
been employed to model semicrystalline systems [23,24],
and p.,, = 0.27, 0.15, and 0.10 are chosen for the other
boundary condition in Eq. (2) according to the results in 3D
packed binary grain systems [25,26].

The values of V;(Ly) were plotted as a function of
pe(Ly) by Eq. (3), as shown in Figs. 4(c) and 4(d).
Assuming that conducting portion p is simply influenced
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by temperature, the experimentally obtained V7 values well
scale with the difference between percolation threshold p..
and conducting portion p

Vi(Ln) = A(pe(La) — p(T)). (4)

where A is a prefactor with units of voltage and y is a
dimensionless parameter that varies from approximately 0.8
to 1.3. We fixed y = 1 in different samples and at various
temperatures for universality. This result corresponds with
what has been predicted in the collective transport in
nanometer-gold arrays [20]. As shown in Fig. 4(c), in the
pristine PBTTT-based samples for p.., = 0.27, we obtained
conducting portion pigine = 0.295 at T = 6 K, while the
value increased to pauneaiea = 0.36 in the annealed samples
shown in Fig. 4(d). A higher temperature leads to activation
of a higher conducting portion and a lower Vr, and the
fitting gives the value p,pneaea = 0.61 when the temperature
is increased to 7 = 14 K. For the cases of P3HT and PQT
and the situations of p.,, = 0.15 and 0.10, the results are
displayed in the Supplemental Material [16].

The extracted p(T) could be well correlated to the
materials’ structural data. A dual-lognormal distribution
function D(L;) was employed to depict the size informa-
tion of both grains (green dashed) and domains (blue
dashed) in PBTTT, as shown in Fig. 4(e). Considering that
larger segments are more easily charged, integration of the
distribution function D(Lg') [inset of Fig. 4(e)] enables us
to obtain a p-L ! relation, as shown by the gray curve in
Fig. 4(f), where L(; is the island size whose charging energy
is just exactly overcome by the temperature, 2kpT ~
e?/(2C) =¢€*/(8¢e,eyL%) [7,16]. We plotted p-L5! together
with the p-T data (green symbols) obtained experimentally
based on the underlying relation between 7" and L through
the charging process shown in the inset of Fig. 4(f). We
found that when setting an appropriate distribution for the
domain sizes and using a relative dielectric constant e, = 40,
the p-L5 ' curve could well correspond with the p-T
relation in the PBTTT sample. The distribution of domain
sizes employed for fitting has an extreme value of approx-
imately L; = 70 — 80 nm [blue dashed line in Fig. 4(e)],
which is reasonable compared to the data from DF-TEM.
&,’s value is in a reasonable range (10-100) for conducting
polymers; actually, the value should be smaller when taking
into account the coupling among the Coulomb islands, but
such analysis could hardly be further quantitative due to the
complexity of the polymer structure.

The existence of Coulombic charging-limited transport
was further explored. Possible Coulomb oscillations were
observed in several sub-100 nm devices, the channels of
which contain only countable grains, whose charging
process could be manifested in the steplike conductance
of the I-V curves [16]. Additionally, the collective trans-
port at the onset of nonlinearity features much larger
conductivity fluctuations than that in the Ohmic region.

This phenomenon could be well explained by the CB
scenario [16].

However, CB is not a unique solution for the microscopic
origin of the collective nonlinear transport in conducting
polymers. On one hand, the quantitative analysis of the CB
percolative network includes approximations and assump-
tions. Determining the Ly-dependent p.. is actually difficult
due to the existence of the large degrees of anisotropy and
disorder in the system when treating the grains as 2D
metallic sheets; and p might vary with changing layer
thickness, there are reports about the crystallinity change at
increasing film thicknesses in organic semiconductors.
However, these factors do not qualitatively affect our
conclusions about the collective transport within the inho-
mogeneous network. On the other hand, due to the weak van
der Waals interactions in molecular solids, various charge
transfer mechanisms could coexist.

The dimensionality-related transport behavior enables us
to gain new insights into the controversial topic of the non-
linear character in the I-V curves of polymers. Through
modulation of the percolation threshold p,., we find that the
nonlinear transport cannot be simplified into the elementary
behavior of a tunneling junction or a hopping unit in the
network but arises from the collective behavior of charge
carriers percolating along various paths. The great inhomo-
geneity in the polymer microstructure leads to nonuniform
onset of conduction for different percolation paths.
Monte Carlo simulation could well reconstruct the dimen-
sionality dependent nonlinear transport with considering the
collective transport effect. The possible correlations between
CB effect and the insulating resistors in the network are
discussed, which shows that the CB effect is compatible with
both the electrical behavior and the structural inhomogeneity.
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