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Confinement highlights the different electrical transport mechanisms prevailing
in conducting polymers
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We study the differences in electrical charge transport dynamics of the conductivity enhancement of
poly(3,4-ethylenedioxythiophene) (PEDOT) derivatives under geometrical confinement. The results of polymer
blend poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) and a polymer-monomer blend, poly(3,4-
ethylenedioxythiophene):tosylate, highlight the role of dopants and processing conditions of these systems
under confinement. The prevailing transport length scales in confined geometry of characteristic dimensions
originate from varying disorder in these polymer systems. These observable differences in two different PEDOTs
introduced by molecular level reorganization can be utilized to tune conducting polymer systems for efficient
electrical and thermoelectric properties. The electrical conductivity σ of the polymer system, which is a function
of the electronic structure at molecular level and a connectivity parameter, has been probed in cylindrical-alumina
nanoscaffolds of various channel diameters, at different frequencies ω and temperatures T . The observations also
emphasize the role of disorder in these conducting polymer systems.
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I. INTRODUCTION

Tuning of the structural organization at different length
scales in conducting polymer (CP) blends has helped achieve
significant milestones in electrical transport properties. The
charge carriers in these CPs traverse different electrical trans-
port regimes ranging from molecular scales to microscopic
and mesoscopic length scales. Structural tuning of the appro-
priate length scale is a key material design tool. Since CPs
are inherently disordered and consist of polymer chains with
different characteristic lengths and defect distribution, mi-
crostructural modifications can alter the transport mechanism
significantly [1–6].

With numerous conformational degrees of freedom, the
charge transport dynamics varies in different regimes of π -
stacked molecular planes. Localization of charges occurs
due to the absence of polymer chain ordering over long
distances and crystal symmetry. This restricts diffusion of
charges and limits the charge transport mechanism to hopping
between localized sites, in the framework of the Anderson
model [7]. Differences in electronic delocalization length
scale within molecular stacks contribute to structural disor-
der in conjugated polymers. The coexistence of delocalized
and localized states in high molecular weight polymers can
be interpreted in terms of transport routes and characteristic
barriers which act as rate-limiting processes [8]. The transport
effectively occurs via intermediate order-disorder pathways of
the semicrystalline-amorphous microstructural domains [9].
The properties in the ordered domains set the upper limit for
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the charge transport in such heterogeneous microstructures
[10]. However, the enhanced σ has also been observed to
originate from effective π -π stacking at molecular levels as
opposed to contributions solely from improved crystallinity
[11]. The rate-limiting factor for charge transport dynamics
described by the structure property relation of CPs is thus
system specific.

Among the CPs, poly(3,4-ethylenedioxythiophene) (PE-
DOT) emerges as a versatile candidate with significantly
high electrical conductance, thermal and air stability, simple
synthesis process, energy storage capacity, optical trans-
parency, and biocompatibility [12–19]. Poly(3,4-ethylenedi-
oxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is an
archetypical CP blend where extensive studies have been car-
ried out. The importance of secondary doping processes has
been demonstrated for improving σ including solvent-additive
introduction, ionic liquids, surfactant treatment, and acid
treatment, to name a few [12]. Enhanced σ in PEDOT:PSS has
been explained widely in terms of polymer chain alignment
emphasizing conformational change from wormlike chains to
linear structures [20,21]; electronic and ionic phase separation
of PEDOT and PSS, respectively [22]; PEDOT-PSS complex
grain size [23]; removal of PSS from PEDOT:PSS grains [24];
and ordering of PEDOT nanocrystals [9,25]. From only a few
S/cm to ∼6000 S/cm, with PEDOT single nanocrystals reach-
ing up to 8797 S/cm [26], the electrical σ of PEDOT is close
to that of conventional metals. The other derivative of PEDOT
where significant electrical and thermoelectric properties have
been observed is poly(3,4-ethylenedioxythiophene):tosylate
(PEDOT:Tos), in which a controlled oxidation level during the
process of EDOT polymerization in the presence of iron(III)-
tosylate has significantly increased the σ [5,27,28]. With the
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presence of small nonhindering tosylate counterions and the
absence of the long insulating polymer PSS, PEDOT:Tos
is more ordered and exhibits metallic transport signatures
[16,29]. The wide range of electronic properties prevailing
in systems with a common PEDOT backbone is interesting
and poses fundamental questions about factors controlling the
properties. Specifically, we probe these two contrasting PE-
DOT systems: PEDOT:Tos and PEDOT:PSS, respectively,
in which the in situ polymerization in confinement leads
to characteristic chain organization, and compare them to
the microstructure which is developed upon insertion of an-
other all-polymer blend in the nanocavities. PEDOT chains
within such narrow cylindrical cavities offer a test-bed for
understanding the structural disorder and its role in electrical
transport.

Straight-through hollow alumina nanopores provide rigid,
inert, geometrically ordered confinement for these systems.
Confined CPs have been previously shown to undergo the
general feature of chain alignment accompanied by an en-
hancement in the conductance. In our previous work [30]
we showed that the transverse (nanopore axial) conductivity
σtransverse of PEDOT:PSS increases as geometrical confine-
ment increases to 20 nm. In this report, we implement these
studies for the in situ grown PEDOT:Tos that provides an
entirely distinct dopant environment, and highlight the con-
trasting transport mechanisms upon comparison with that
of PEDOT:PSS. The results can be inferred in terms of
correlating the polymer chain alignment and role of macro-
molecular organizational processes for σ to the structural
disorder in these low-dimensional templates. These repre-
sentatives of PEDOT highlight the variation introduced by
different dopants on the disorder affecting the extent of de-
localization. Previous studies of PEDOT:PSS have shown that
the fraction of polarons and bipolarons formed depends on
the dopant concentration while in the case of PEDOT:Tos
it is predominantly bipolaronic in character [16]. We focus
on the domain of chain alignment that maps to the order-
disorder boundaries of the polymer blend in the constrained
space. It is expected that the molecular rearrangement within
nanochannels will result in different ordered phases and extent
of their interconnects in the disordered matrix. We investigate
the changes in heterogeneous media under confinement and
study the response due to small signal electrical perturbation
over a wide frequency spectrum and temperature range. The
insight gained by confining these systems highlights the order-
disorder boundaries and charge dynamics of CPs.

The confinement effect studies are implemented using alu-
mina templates in a film form adhered to a conducting (ITO)
substrate. The parallel array of cylindrical pores chosen for
the studies are of diameter 20, 50, 80, and 100 nm in the
alumina matrix (200 nm thick). The deposition of PEDOT:Tos
in the nanochannels involved in situ polymerization of the
monomer within the alumina scaffold (details in Sec. 1 of the
Supplemental Material [31]; also see [32–34]) .

Structural studies using x-ray scattering of solution cast
polymerized PEDOT:Tos films have indicated a paracrys-
talline state with sizable anisotropy, where the dopant anions
form distinct planes that alternate with stacks of the polymer
chains [29]. These films exhibit σ with a metallic behavior in
plane and a dielectric behavior out of plane of the films. In the

context of PEDOT:Tos grown in confined anodized aluminum
oxide (AAO) nanopores, it is expected that crystallization
leads to a preferential orientation. This effect is characteristic
of anisotropic crystals, an orientation with the fast-growing
crystallographic direction preferring to be along the long
axis of the nanopore. An unimpeded growth parallel to the
pore axis, especially below a characteristic radial-confinement
length scale can be expected. These factors then enable en-
hancement in transverse conductance of the polymer systems.

II. RESULTS AND DISCUSSIONS

A. Dc transport σ(T )

Four-probe measurements are carried out to obtain the dc
lateral conductivity σlateral of PEDOT:Tos films of different
thicknesses on a variety of substrates. σlateral [Fig. 1(a)] is
obtained to be in the range ∼500 (±100) S/cm. These val-
ues and σlateral (T ) are similar to the reported semimetallic
trend of PEDOT:Tos [16]. The σtransverse measured between
the bottom ITO electrode and the top Au electrode of the
films are observed to be lower than σlateral by nearly four
orders of magnitude, ∼ 10–2 S/cm. It should be pointed out
that σtransverse inhomogeneity has been observed in the case
of vapor phase polymerized films [35]. The characteristic
of σtransverse < σlateral can be attributed to the anisotropy of
the crystalline segment and the favored interconnected links
between the growing crystallites lateral to the amorphous film
surface. This scenario is interestingly altered for the nanopore-
confined CPs.

The σ of a single PEDOT:Tos nanochannel in the AAO
template can be obtained from the σtransverse measurement
with knowledge of the pore density; this is possible since
PEDOT:Tos fills the alumina pores forming a uniform film.
A complete pore filling has been ensured by individually
conducting nanopores in conductive atomic force microscopy
(CAFM) studies; see the following section and extensive
methods mentioned in Sec. 2 of the Supplemental Material
[31]. In the present case of the polymer blend confined in
alumina nanochannels, σtransverse (≈ 24 ± 18 S/cm) increases
by nearly three orders of magnitude as compared to as-cast
bulk films (≈ 10−2 S/cm) [Fig. 1(b)]. It should be empha-
sized that the σdc is obtained after ascertaining the linear
I − V characteristics (0–0.8 V), and σtransverse represents σ of
a single nanochannel, obtained by normalizing the cumulative
response from 109 pores/cm2. The electrical response from a
templated film of ∼109 parallel, identical, and well-separated
polymer nanopillars can be taken to be an aggregate measure
of σ from each nanopore. The pore diameter dependence
indicates that σtransverse of the polymers in the nanopores is
not a simple scaled magnitude of the bulk σtransverse. The
pore-induced reconfiguration of the CP chains leads to a
significant enhancement of σ and this dramatic nonlinear
scaling becomes evident when the geometrical confine-
ment dimensions are comparable to charge transport length
scales.

The transport properties of these conducting polymer sys-
tems are generally characterized by their degree of disorder
which is ascertained from σdc(T ) and the resistivity ratio
ρr = ρ(0 K)

ρ(300 K) [17,36,37]. A higher value of ρr corresponds
to higher levels of disorder. The σdc(T ) of PEDOT:Tos and
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FIG. 1. Dc conduction of PEDOT:Tos: (a) Lateral dc conductivity, σlateral of PEDOT:Tos films (of thickness 200 nm) for three different
configurations of electrode contact on the film with four-probe method on a glass substrate with patterned ITO as bottom electrodes, thermally
evaporated bottom Au electrodes, and Au as top electrodes. (b) σtransverse of PEDOT:Tos nanochannels between bottom ITO and top Au
electrodes versus polymer filled alumina-nanochannel diameters. Temperature-dependent transverse dc conduction: (c) σ (T ) of PEDOT:Tos
and PEDOT:PSS nanochannels in the temperature range 10 K < T < 340 K for different channel dimensions and (d) σT /σ300 K(T ) (with y axis
in log scale) for all PEDOT:Tos and PEDOT:PSS channels; inset shows σT /σ300 K(T ) in linear y axis for PEDOT:Tos nanochannel diameters
with indication line of the transition temperature TM.

PEDOT:PSS are studied for different nanochannel dimensions
over a range of 10 K < T < 340 K (Fig. 1(c) and Sec. 5 of
the Supplemental Material [31]). The σdc values for all PE-
DOT:Tos samples can be extrapolated to a finite magnitude
as T approaches zero. The nonzero conductivity indicates the
presence of charges in the Fermi level and the possible con-
duction pathways without any thermal activation. σT/σ300 K

versus T is plotted for both PEDOT:Tos and PEDOT:PSS
films in Fig. 1(d). In comparison to the PEDOT:PSS samples
with a high degree of disorder (ρr ∼ 103), the PEDOT:Tos
films reveal ordered phases with ρr ∼ 1. The conductivity,
σdc(T ), of confined PEDOT:Tos within different channel di-
mensions shows a negative coefficient of temperature ( dσ

dT <

0) over a wide temperature range above a transition temper-
ature (T > TM). In the range T < TM, dσ

dT > 0 and σdc(T )
exhibits a weak temperature dependence with a negligible
decrease in the magnitude of σ as T is decreased to 10 K. TM,
indicated in the inset of Fig. 1(d), is observed to be a function
of the nanochannel diameters (Sec. 5 of the Supplemental
Material [31]). Additionally, the high-resolution transmission
electron microscopy (HRTEM) images of PEDOT:Tos films
show the presence of crystalline PEDOT domains surrounded
by amorphous regions (Sec. 6 of the Supplemental Material
[31]). These results, however, necessitate a detailed analysis
for the structural study of polymer chains in the confined
channels.

In comparison, the PEDOT:PSS nanochannels [Fig. 1(c)]
show a positive coefficient of temperature throughout the
range 10 K < T < 340 K. PEDOT:PSS has been extensively
reported to exhibit variable range hopping (VRH) type trans-
port or the nearest neighbor hopping mechanism depending on
the film anisotropy [17,38]. The analysis in terms of reduced
activation energy is provided in Sec. 5.1 of the Supplemental
Material [31]. The decreasing trend of σdc(T ) for PEDOT:Tos
in the range 10 K < T < TM may suggest some of the residual
resistances that are typically observed in metallic samples.
The nonzero conductivity as T → 0, improved order pa-
rameter in the existing disordered matrix, and dσ

dT < 0 over
wide temperature range suggest a Sheng conduction where
fluctuation-induced tunneling [2,5,39] occurs between con-
ducting domains separated by thin insulating ones.

B. Single nanochannel transport

The partially filled PEDOT:Tos nanochannels are locally
probed using conductive atomic force microscopy by applying
a constant bias voltage between conducting cantilever tip and
ITO. It is possible to measure the current magnitude across
single channels using the Pt/Ir coated nanoconducting tip
which has radius of curvature less than the used pore diameter.
The single nanochannel measurements (Secs. 2 and 4 of the
Supplemental Material [31]) of PEDOT:Tos reveal a trend
similar to that obtained from macroscopic measurements.
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FIG. 2. Single nanochannel transport. (a) Surface morphology of PEDOT:Tos filled 50 nm AAO surface, a section of which is partially
removed as indicated by a dotted square region. The resultant cross-sectional image of the interface shows the exposed PEDOT nanopillars,
a few of which have color added as a guide. Partial removal of top PEDOT filled AAO surface shows evidence of PEDOT filling through
the length of the channels: (b), (d) represents topography and phase, respectively, of the dotted square region which comprises exposed bare
alumina and PEDOT filled nanochannels. The alternate bare AAO and PEDOT channels are also shown in the line scan of surface roughness
(f) marked in brown. Line scan of surface roughness (f) marked in orange shows a minimum (top concave meniscus of PEDOT adhering to
inner surface of nanocylinder formed on annealing) corresponding to each maximum of PEDOT (resultant convex meniscus of PEDOT formed
midway of a nanocylinder due to peeling of top PEDOT film) in other line scan marked in brown. (c), (e) are the respective topography and
phase images of the top surface of PEDOT filled 50 nm channels. Noncontact mode AFM imaging showing (g), (i) topography and (h), (j)
phase across a 20 nm PEDOT:Tos AAO/ITO interface over a scan area of 1.2 μm × 1.8 μm and on a PEDOT:Tos filled 20 nm AAO surface
over a scan area of 700 nm × 700 nm, respectively. Conductive AFM in contact mode showing (k) topography and (l) current profile of 80 nm
PEDOT:Tos nanochannels.

I20 nm > I50 nm > I100 nm > Ibulk for a constant voltage V has
been observed using the same CAFM tip which clearly con-
firms the nanoconfinement effect. σ20 nm is three orders of
magnitude higher than σbulk. The analysis process for arriving
at conductivity values is similar to our previous work [30] and
the relatively minor discrepancy in σ from the two methods
reveals the maximum uniformity of PEDOT:Tos across the
109 parallel-identical channels.

Figure 2(a) shows a surface image of a top section of 50 nm
PEDOT:Tos nanochannels, a portion of which is removed
manually by tape exfoliation (details mentioned in Sec. 2 of
the Supplemental Material [31]). The partial removal of the
top PEDOT layer exposes the polymer filled nanochannels
[marked with dotted line in Fig. 2(a)] whose corresponding
surface topography and phase images are shown in Figs. 2(b)
and 2(d), respectively. The nonexfoliated region has a sur-
face roughness and phase shown in Figs. 2(c) and 2(e).
The guide lines in Fig. 2(a) reveal the exposed cross sec-
tional surface scan of 50 nm nanochannels that provides
the evidence of the conformal polymer filling within the
nanochannels. The details of the complete exfoliation of the

AAO-PEDOT template from the ITO surface is comprehen-
sively presented in Sec. 2 of the Supplemental Material [31].
These results indicate a complete filling of polymer along
the length axis of the nanochannels. Figures 2(g) and 2(i)
are the surface topography of the 20 nm PEDOT:Tos/ITO
interface and a high-resolution 700 nm × 700 nm scan on
an only 20 nm PEDOT:Tos region, while Figs. 2(h) and
2(j) are the corresponding phase images. Figures 2(k) and
2(l) are the topography and current images, respectively,
of 80 nm channels. The surface topography, phase, and
electric current profiles for the different nanochannel di-
mensions are shown in Secs. 3 and 4 of the Supplemental
Material [31].

C. Ac conduction

The σ (ω) behavior of the alumina-nanopore filled polymer
provides useful insight into the carrier dynamics of disordered
polymer systems. Changing the dopant environment around
the electronic backbone of PEDOT from a long-chain poly-
mer PSS to distribution of small tosylate monomers induces
a different length of delocalization of charge carriers and
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FIG. 3. Ac conduction in (a) 20 nm and (b) 100 nm PEDOT:Tos channels for temperature range 80 K < T < 340 K. (c) represents the
σ (ω,T ) behavior for two polymer blends in 20 nm channels: σPEDOT:PSS shows a wide dispersion over ω and T scales in comparison to
precisely unchanged σPEDOT:Tos. (d) Normalized ac conductivity, σnorm of two polymer blends, PEDOT:PSS (increasingly dark shades of
brown in accordance to increasing T scales), and PEDOT:Tos (marked in blue); inset shows the onset frequency ω0(T ) for PEDOT:PSS
and PEDOT:Tos in the range 80 K < T < 340 K.

hence the extent of disorder in two polymer blend systems.
The prominent highlights of these results [Figs. 3(a) and 3(b)]
are the following: (i) σ (ω) of PEDOT:Tos is independent of
ω in 10 kHz < ω < 1 MHz over 80 K < T < 340 K range;
(ii) in the high ω region, 1MHz < ω < 10 MHz, and the
80 K < T < 340 K regime, a weak ω dependence emerges
and is described by a power-law frequency dependence of
conductivity, σ ∼ ωs where 0 < s < 0.07(±0.035). The vari-
ation of exponent s remains nearly constant for all PEDOT:Tos
nanochannels (σ (ω,T ) of other AAO channels are shown
in Sec. 7 of the Supplemental Material [31]). On the other
hand, for PEDOT:PSS [Fig. 3(c)], the range of exponent is
0 < s < 0.89 (±0.38) and shows a wide dispersion of σ (ω)
over the T range. The results of σ (ω) for PEDOT:Tos high-
light the weak dependence of σ on ω and T as compared to
that of PEDOT:PSS. Normalized σ (ω) is plotted together in
Fig. 3(d) for 20 nm channels of PEDOT:Tos and PEDOT:PSS.
The temperature dependence of the onset frequency, ωo(T )
where σ (ωo) = 1.1σdc, is plotted in the inset of Fig. 3(d)
for two different PEDOT systems. The correlation length
scale, λ, where λ ∝ 1/ωo corresponds to the path lengths
along the conducting polymer network [40,41]. Observations
reveal a temperature-independent shorter λ associated with
PEDOT:Tos and a temperature-dependent, significantly larger
λ for PEDOT:PSS for a temperature variation over 80 K <

T < 340 K. The temperature-independent s and ωo (and λ)
trend of PEDOT:Tos emphasizes the negligible thermal disor-
der of PEDOT:Tos over PEDOT:PSS. These results strongly

relate to the metallicity and the improved order parameter in
the PEDOT:Tos system.

D. Electrical noise analysis

Electrical noise characterization is studied to probe the
microscopic details of local current inhomogeneities over the
bulk resistances [42]. Noise analysis of electrical transport
can reveal the extent of disorder in the electronic states.
Time-dependent fluctuations in current (noise) provide insight
into the energetic landscape traversed by charge carriers [43]
and can be analyzed in the ω domain as power spectrum
density (PSD) response. Noise fluctuations inversely scale
with the conductance in the systems, with PEDOT:PSS ex-
hibiting higher noise amplitudes than PEDOT:Tos channels.
This result highlights the higher degree of disorder in PE-
DOT:PSS [44]. Both the systems exhibited the characteristic
1/ f γ behavior where Hooge’s exponent lies in 1.2 < γ < 2
for PEDOT:PSS and γ ≈ 2 for PEDT:Tos. However, the
noise characteristics showed the following traits: (i) The 1/ f γ

response from the normalized SI (ω)/I2 in the case of PE-
DOT:PSS depended on the dc-current magnitude (controlled
by bias) and indicates a dispersive electrical transport be-
havior [Fig. 4(a)]; (ii) SI (ω)/I2 in 153 K < T < 400 K range
for PEDOT:PSS shows a variation of three orders of mag-
nitude [Fig. 4(a) for 100 mV] as compared to a largely
bias-independent, T -independent SI (ω)/I2 noise response
from PEDOT:Tos nanochannels [Fig. 4(b)]; (iii) Sweeping
through different bias conditions of 100, 500, and 800 mV at
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FIG. 4. Noise studies, SI (ω)/I2 in (a) 20 nm PEDOT:PSS nanochannels, and (b) 20 nm PEDOT:Tos nanochannels over a temperature
range of 153 K < T < 340 K, respectively. Insets of (a), (b) show the respective normalized PSD with bias conditions. (c) Corner frequency fc

versus T for PEDOT:PSS and PEDOT:Tos channel dimensions. (d) Hooge’s exponent, γ with different bias conditions at max T ↑ = 340 K
(red) and min T ↓ = 153 K (blue) as parameters for 20, 50, and 100 nm PEDOT:PSS nanochannels, respectively.

different temperatures there is a decrease in slope |−dSI/dω|
with increasing bias [inset of Fig. 4(a) at T = 313 K], whereas
|−dSI/dω| is fairly constant for different bias-voltage con-
ditions in PEDOT:Tos [inset of Fig. 4(b) at T = 313 K];
(iv) Corner frequency fc variation with T for different dimen-
sions of PEDOT:PSS nanochannels with 20 nm at 100 mV
is most dispersive and PEDOT:Tos nanochannels has nearly
no T dependence [Fig. 4(c)]; (v) The range of γ for different
bias conditions and T range [Tmin = 153 K and Tmax = 340 K
in Fig. 4(d)] shows low value of γ ≈1.2 for 20 nm channels
at high bias V = 800 mV and low T . (Noise response from
other nanochannel dimensions as a function of Vext and T are
shown in Sec. 8 of the Supplemental Material [31].) Extent
of dispersion at high ω and low T can also be captured by
corner frequency fc, beyond which an apparent white-noise
feature emerges. fc increases linearly with T for PEDOT:PSS
nanochannels, 20 nm at 100 mV being most dispersive (Sec.
8 of the Supplemental Material [31]). The different factors
contributing to the measured noise in these systems are quite
difficult to resolve. However, a qualitative analogy can be
made with impedance studies. The temperature-dependent
dispersive behavior of SI (ω)/I2 at high ω in the case of PE-
DOT:PSS is indicative of a stronger temperature dependence
of σ as opposed to a weak σ (T ) behavior in PEDOT:Tos.
These characteristic fluctuations in PEDOT:PSS can be corre-
lated to the orientational processes accompanied by a thermal
disorder.

III. CONCLUSION

In conclusion, a comparative study of the two CPs,
PEDOT:PSS and PEDOT:Tos, confined within nanopores
reveals the importance of structural disorder and its role
in transport kinetics. The large increase of σ within the
nanopore scaffold provides a route to enhance the vertical
transport of PEDOT films. The increase in σ by several orders
of magnitude is observed to occur for systems where the
polymer emerges from in situ polymerization of the monomer
within the nanochannels as compared to polymers inserted
from a solution phase into the channels. The frequency
domain σ and time-domain noise studies provide further
insight with σ (ω) in disordered PEDOT:PSS exhibiting a
power-law behavior and wide dispersion both over ω and T , in
contrast to the negligibly varying σ (ω,T ) and comparatively
less disordered PEDOT:Tos. Based on these studies, the
confinement template offers some insight into the role of
different dopant environments around an electronic backbone.
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