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1. Introduction

The mechanism and magnitude of the in-plane conductivity of poly(3,4-ethy-
lenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) thin films is deter-
mined using temperature dependent conductivity measurements for various
PEDOT:PSS weight ratios with and without a high boiling solvent (HBS).
Without the HBS the in-plane conductivity of PEDOT:PSS is lower and for all
studied weight ratios well described by the relation o = opexp[— (%)o's] with
Ty a characteristic temperature. The exponent 0.5 indicates quasi-one dimen-
sional (quasi-1D) variable range hopping (VRH). The conductivity prefactor o,
varies over three orders of magnitudes and follows a power law 6y<c**pepor

Practical interest in poly(3,4-ethylened-
ioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS), shown in Figure 1, is mainly
driven by its widespread application as solu-
tion processable electrode layer in organic
light emitting diodes and in organic and
hybrid photovoltaic cells. In particular,
these applications require a transparent
conducting electrode which is generally
provided by a layer of tin-doped indium

with cpepor the weight fraction of PEDOT in PEDOT:PSS. The field dependent
conductivity is consistent with quasi-1D VRH. Combined, these observations
suggest that conductance takes place via a percolating network of quasi-1D
filaments. Using transmission electron microscopy (TEM) filamentary structures
are observed in vitrified dispersions and dried films. For PEDOT:PSS films with
HBS, the conductivity also exhibits quasi-1D VRH behavior when the tempera-
ture is less than 200 K. The low characteristic temperature T indicates that HBS-
treated films are close to the critical regime between a metal and an insulator.

In this case, the conductivity prefactor scales linearly with cpepor, indicating the
conduction is no longer limited by a percolation of filaments. The lack of observ-

oxide (ITO). Significant recent progress
with respect to the combination of con-
ductivity and transparency of PEDOT:PSS
strongly indicates that it may be possible to
replace the expensive and brittle ITO layer
with a PEDOT:PSS layer.l'2!

Additionally, PEDOT:PSS and other
PEDOT-based systems exhibit several
technologically relevant characteristics,
such as charge transport properties in the
critical regime close to the metal-insulator

transition,>”] order of magnitude in-/
out-of-plane anisotropy in the electrical
conductivity,#1% power law behavior for
the out-of-plane conductivity,'*'? high
thermoelectric figure of merit,!3] revers-
ible volume changes,'] and the existence
of polarons or bipolarons depending on
interchain interaction.>1

To obtain PEDOT:PSS, the conductive element, PEDOT,
which is undoped and insoluble in its pristine state is synthe-
sized from 3,4-ethylenedioxythiophene (EDOT) in an aqueous
solution containing the polyelectrolyte PSS. The PEDOT oli-
gomers are attached to PSS chains by ionic interactions, which
stabilize the doping of the PEDOT and solubilize the otherwise
insoluble PEDOT in water, probably via the formation of core—
shell micelles with a PEDOT-rich core and a PSS-rich shell.l!617]
Atomic force microscopy (AFM), scanning tunneling micros-
copy (STM), and transmission electron microscopy (TEM)
studies indicate that these micelles are present in spin coated
layers.[#181% The morphology of the resulting layers is further
complicated by the presence of composition gradients?” or the
presence of a lamellar structure.[®2!l Post-processing treatments
of PEDOT:PSS thin films, aimed at improving the electro-
optical properties of the film, are often thought to affect this
morphology.215:1922-26]

able changes in TEM upon processing with the HBS suggests that the changes
in conductivity are due to a smaller spread in the conductivities of individual fila-
ments, or a higher probability for neighboring filaments to be connected rather
than being caused by major morphological modification of the material.
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Figure 1. a) PEDOT (below) and PSS (top) are bound via the Coulomb
attraction between charged monomers of both molecules, indicated by
the dotted lines. b) Schematic representation of PEDOT:PSS.

Charge transport measurements are an important tool for
gaining insight into the complex properties of PEDOT:PSS.
Typically the temperature dependence of the conductivity is
large and interpreted in the context of variable range hopping
(VRH).7-91519.25.27] For the temperature dependent conductivity,
o(T) at low bias, i.e., the Ohmic conductivity, VRH predicts that

)

where o, is the conductivity prefactor, T, the characteristic
temperature, and o a characteristic exponent related to the
dimensionality of the system, d, by = (1 + d)'. VRH behavior
has been measured in PEDOT:PSS with o = 1/2 in spin-
cast!>1>192259] and drop-cast®?©28 films and in nanowires,*?]
with & = 1/3 in drop-cast films! and with o = 1/4 in spin-cast
films.®°] With few exceptions(*?¥l it was concluded that VRH
correctly describes the mechanism of conduction. There is a
remarkable high number of observations of quasi-one dimen-
sional (quasi-1D) VRH in PEDOT:PSS. In some cases this could
be directly related to morphology.l'>?”] Other articles®®1>2% cite
the explanation of Epstein,?’! which describes a VRH system

o (T) = opexp (1)
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where states are weakly localized along the polymer backbone
and strongly localized perpendicular to the backbone. Although
such mechanism was shown to take place in cross-linked poly-
aniline,?’ it seems at odds with the granular morphology that is
often observed in PEDOT:PSS films. Moreover, the prediction?’]
that the electric field dependence of the conductivity relative to
the Ohmic conductivity should not depend on temperature is
inconsistent with the model suggested by Nardes et al.l!¥!

Here we explore the transport properties of PEDOT:PSS by
characterizing the dependence of the conductivity on the com-
position (PEDOT to PSS ratio) and the temperature. The phys-
ical picture obtained from combining the two is more complex
than expected. We find that the transport properties are best
explained by VRH conduction through a percolating network of
1D filaments that is close to the percolation threshold. The com-
bination of the two mechanisms offers a consistent explanation
for the quasi-1D VRH behavior observed in many PEDOT:PSS
systems. This mechanism is also consistent with the morpho-
logical features observed by TEM at cryogenic temperatures:
we find that elongated filaments are already present in the dis-
persion, and maintain their presence in the dried layer, while
their diameter shrinks. We extend our investigation to the more
practically relevant PEDOT:PSS processed with a high boiling
solvent (HBS) additive, which exhibits orders of magnitude
higher conductivity. The linear relation between conductivity
and PEDOT:PSS ratio indicates a network with higher connec-
tivity far away from the percolation threshold.

2. Results and Discussion

In-plane conductivities were measured on thin spin cast films
on glass substrates under high vacuum conditions. Figure 2
shows the measured conductivity as a function of tempera-
ture and bias for native processed, i.e., processed without addi-
tives, PEDOT:PSS in the weight ratios of 1:2.5, 1:6, 1:12, and
1:20. Notice that for lower PEDOT:PSS ratios the range in
conductivity shifts down and extends. This way, two features
are clearly observed. First, the room temperature conductivity
decreases significantly as the weight fraction of PSS increases
while the temperature dependence of the Ohmic conductivity
(at F =0, i.e., zero electric field) increases. In particular, while
a two orders of magnitude increase in the
in-plane conductivity is observed for samples

comprising 1:2.5 PEDOT to PSS (Figure 2a)
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when the temperature is raised from 10 to
275 K, a four order of magnitude increase in
the conductivity is observed for the 1:20 sam-
ples (Figure 2d). Second, as the electric field
is increased, especially the low temperature
conductivity becomes higher and the tempera-
ture dependence of the in-plane conductivity
becomes less.
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Figure 2. Solid lines are measurements of the in-plane conductivity vs. electric field at the
indicated temperature for native PEDOT:PSS in the ratios: a) 1:2.5, b) 1:6, ¢) 1:12, and d) 1:20.
The thin black lines indicate fits to the measurement points highlighted by the circular markers.

Intermediate temperatures are not shown for clarity.
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i 2 For all samples, finite electric fields have
a similar effect as increased temperatures;
hence the temperature dependence at large
electric fields becomes reduced. This behavior
is typical for doped disordered semiconduc-
tors such as PEDOT:PSS. In these materials,
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Figure 3. Measured a) Ohmic in-plane conductivities vs. temperature
in a semi-logarithmic plot and the b) reduced activation energy W vs.
temperature for native processed PEDOT:PSS in the ratio 1:6 in a double-
logarithmic plot. The red, green and blue lines indicate slopes of 1/2, 1/3
and 1/4, resp. The black lines are double lines since the conductivity was
measured while cooling down and while heating up.

charge carriers move between localized states, or sites, by a ther-
mally activated tunneling (i.e., hopping) process. As both thermal
energy (kzT) and an electric field in the hopping direction may
provide the required energy for overcoming the energy difference
between sites, a higher conductivity is reached when increasing
the electric field or raising the temperature.

2.1. Composition Dependence of the Ohmic Conductivity
in PEDOT:PSS

Figure 3 shows the Ohmic conductivity (i.e., at F = 0) and the
reduced activation energy W = d (logo)/d(logT) for the (1:6)
PEDOT:PSS (Figure 2). Graphs for the other ratios are shown
in the Supporting Information, Figure S1. Fits to Mott's VRH
theory (Equation (1)) are shown for ov=1/2 (1D), 1/3 (2D), and
1/4 (3D) in red, green, and blue respectively. All PEDOT:PSS
samples are best described by the characteristic exponent o =
1/2, indicating that the in-plane transport in our samples is
quasi-1D. The fitted parameters corresponding to o = 1/2 are
shown in Table 1. A truly one dimensional system of disor-
dered wires of infinite length cannot conduct current because
it will always contain a blocking site.’% However, a large set of

Table 1. Quasi-1D VRH fitting parameters for the different samples
produced from the various PEDOT:PSS formulations, among which the
samples discussed in Figures 3 and 8.

Samples To [ o (300 K)
[K] [Sm7] [Sm7]
PEDOT:PSS, ratio 1:2.5 1.0x 103 1.8x10° 2.9%10?
PEDOT:PSS, ratio 1:6 7.0 x 102 78 17
PEDOT:PSS, ratio 1:12 9.3x 102 16 2.7
PEDOT:PSS, ratio 1:20 1.1x103 2.7 0.39
PEDOT:PSS, ratio 1:2.5 w/HBS 39 6.3 %10 4.4x10*
PEDOT:PSS, ratio 1:6 w/HBS 41 3.1 %10 2.2x10*
PEDOT:PSS, ratio 1:12 w/HBS 57 1.5x10* 9.4x103
PEDOT:PSS, ratio 1:20 w/HBS 66 8.7%10° 5.5%103

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) Characteristic temperatures and b) conductivity prefactors
obtained from fits to the measured Ohmic conductivity vs. temperature
for five spin coated samples of each of the four PEDOT:PSS ratios, pre-
pared from two batches of newly prepared dispersions. Simultaneously
measured data are connected by thin lines. Both panels are double-loga-
rithmic plots with the x-axis scaled as the PEDOT concentration. The thick
black lines indicate a slope of a) —0.35 and b) 3.5.

parallel one-dimensional conduction paths, or ‘filaments’ was
shown to give rise to = 1/2.51733 For a particular PEDOT:PSS
system processed with a high-boiling solvent morphological
evidence was previously found to support such an interpreta-
tion."”! A requirement®" for the application of VRH theory
is that (Ty/T) >>1. For the native processed PEDOT:PSS and
temperature range studied in this paper (T;/T) = 4-16, which
is in agreement with observations of other quasi-1D VRH
systems.[*?735-37] A more detailed investigation of « yields that
the data is best described by o = 0.45 £ 0.05, where o decreases
slightly with temperature.

Alternative models found in literature which yield Equa-
tion (1) with o = 1/2 can be excluded for the measurements
discussed here. These are (') Efros-Shlovskii VRH, Which yields
Zuppiroli et al.,?840] Wthh contrary to quasi-1D VRH do not
make testable predictions for low-field non-Ohmic behavior
and which require the PEDOT:PSS ratio to be highly constant
on a local scale, which is unlikely.

Figure 4 shows the characteristic temperatures T, and con-
ductivity prefactors o, obtained for five spin coated samples
of each of the four PEDOT:PSS ratios, taken from two batches
of newly prepared dispersions. To study the trend in o, and
T, with PEDOT concentration, connections between meas-
urements points have been added to both Figure 4a,b. These
connections indicate measurements that have been performed
simultaneously. The data clearly show a decreasing character-
istic temperature with increasing PEDOT concentration, which
can be described using the empirical relation Ty o< ¢035pp07
indicated by the black line, where cpgpor is the weight fraction
of PEDOT in PEDOT:PSS.

The values of the conductivity prefactor presented in
Figure 4b show that reducing the concentration of the conduc-
tive polymer PEDOT by adding additional PSS strongly reduces
the conductivity. The relation between conductivity and PEDOT
concentration can be described by a power law: 6o ¢**pppor
indicated by the black line in Figure 4b. A similar power law
dependence has been obtained when high aspect ratio con-
ductive filaments were added to an insulating matrix.*!l This

Adv. Funct. Mater. 2013, 23, 5778-5786
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behavior can be explained on basis of percolation theory: as
conductive elements (PEDOT) are added to the insulating filler
(PSS), conduction can occur when a path is formed by connected
conductive elements, running from one electrode to the other.
The lowest concentration at which this occurs is defined as the
percolation threshold. Above this concentration the number of
conduction paths strongly increases with increasing concentra-
tion of conductive material, typically causing the conduction to
increase as a power law.!l No threshold can be distinguished
in Figure 4b. The conductive elements might at most contain
PEDOT:PSS in a 1:2.5 ratio, otherwise the power law behavior
would not persist up to 1:2.5. Assuming, as an upper limit, that
the percolating filaments consist of PEDOT:PSS in a ratio 1:2.5
the volume fraction of percolating elements in the 1:20 mate-
rial becomes (1:20):(1:2.5) = 12.5 vol%. Hence, the percolation
threshold is much lower than 12.5 vol%, otherwise PEDOT:PSS
in the ratio 1:20 would not show any conduction. The percola-
tion threshold is known to depend on the dimensionality of the
system and the geometry of the conducting objects. For a 3D
system of spheres it is 29 vol%,* for disks,*}l and filaments*4l
with a high aspect ratio (height to radius) it is much lower.
Therefore, the percolation threshold being significantly below
12.5 vol% is consistent with a non-spherical shape of the con-
ductive elements in PEDOT:PSS mixtures.

2.2. TEM Investigation

The microscopic morphology of PEDOT:PSS blends in dis-
persions and thin films has been investigated. TEM images
of vitrified dispersions (cryo-TEM) and dried layers (HRTEM)
of PEDOT:PSS samples are dominated by the presence of
randomly oriented worm-like filaments, see Figure 5a,b. The
cryo-TEM images indicate that the filament-like structures are
already present in the dispersion and remain present in the
dried layer, at a much higher concentration and reduced dia-
meter. Similar images were obtained for PEDOT:PSS samples
comprising a 1:20 ratio, see Supporting Information. PEDOT-
rich grains with a PSS-rich shell were observed before in dried
layers,[89:17:19.204546] and via dynamic light scattering in disper-
sion.[**] We propose that the filaments observed in Figure 5a,b
are similar structures, i.e., the filaments consist of a PEDOT-
rich core and a PSS-rich shell. The filamentary structure of
the films and the high aspect ratio of the observed filaments is
fully consistent with the percolation behavior reflected in the

o)

Figure 5. a) Cryo TEM image of PEDOT:PSS dispersion in the ratio 1:2.5.
The darker areas are the TEM grid-lines. b) HRTEM image of dry specimen
prepared from the same sample. The typical diameter of the filaments is
4-5 nm and their length may reach tens to hundreds of nanometers.

Adv. Funct. Mater. 2013, 23, 5778-5786
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(b)

Figure 6. Schematic representation of filaments which determine the
charge conduction in a) native processed PEDOT:PSS and b) PEDOT:PSS
processed with HBS. The blue lines indicate the conducting filaments,
of which the thick green lines show the filaments participating in the
in-plane conduction. The yellow bars represent the electrodes. The red
square indicates a zoom-in showing possible sites for charge carrier hop-
ping along the chain. Compared to native processed PEDOT:PSS (a), the
crossing points between filaments in PEDOT:PSS processed with HBS (b)
have a much higher probability of being connected.

power law dependence of the in-plane conductivity prefactor on
PEDOT concentration (Figure 4b).

2.3. Consistent Description for the Composition Dependence
of the Conductivity in the Native Processed Material

Based on the results presented in Figures 2-4, we propose
the following hierarchical model for the in-plane conduction
behavior of the present PEDOT:PSS system. First, we suggest
that current in PEDOT:PSS is transported in quasi-1D PEDOT-
rich filaments which are embedded in a PSS-rich matrix, as
indicated by the thick green and thin blue lines in Figure 6a.
Along these filaments charges hop from site to site; such sites
are shown in the zoom-in accented by the red square. Although
PEDOT-rich grains are commonly observed in PEDOT:PSS,
investigations of our PEDOT:PSS layers using AFM and STM
could not reveal evidence for such grains.®819 Therefore we
do not claim that hopping takes place between grains; e.g., the
hopping sites might also be single or aggregated PEDOT oli-
gomers along an extended PSS chain. The sites among which
the hopping takes place are however restricted to filaments.
Second, filaments that participate in conduction need to be part
of a percolating network which connects to both electrodes. In
Figure 6a these filaments are drawn as thick green lines. We
suggest that the conductivity of this network is determined
by the conductivity of the filaments as opposed to the connec-
tions between the filaments. This way the temperature and field
dependence of the conductivity is that of the intra-filament con-
ductivity. The resulting network can be approximated as a large
set of parallel filaments. Such sets are known to show VRH-
type behavior with a characteristic exponent of o= 1/2.131:3%:33:47]
Reduction of the PEDOT:PSS ratio by addition of the insulating
PSS decreases the density of the PEDOT-rich filaments. This
way, the conducting network is diluted and consequentially the
probability for a filament to participate in the conducting net-
work decreases. According to percolation theory, this gives rise
to the observed power law dependence of the conductivity on
the concentration of conductive material, provided the network
is sufficiently close to the percolation threshold.*!

The dependence of T, on PEDOT concentration and the
observation that the measured values of o are somewhat below
o = 1/2, can be explained by the corrections for finite fila-
ment lengths by Raikh and Ruzin*’! to Mott's quasi-1D VRH.

wileyonlinelibrary.com
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Filaments with finite lengths can still be described by Equa-
tion (1) using a corrected characteristic temperature T(Lg,T)
which depends on temperature, causing o < 1/2. Additionally
since at higher PEDOT concentrations there are more connec-
tions between filaments, the length of the filaments between
connections becomes shorter, therefore the dependence of T
on filament length, Lg, causes the trend in T, with PEDOT
concentration.

2.4. Characterization of the Field Dependence of the
Conductivity of Native Processed PEDOT:PSS Films
as a Function of the PEDOT to PSS Ratio

To obtain further information about the characteristics of the
conducting network, the field dependence in Figure 2 has been
analyzed. Pollak and Riess*® predict for non-Ohmic transport
in variable range hopping systems:

(2)

o (F, T) x exp (aeFL (T)>

kT

where F denotes the electric field, e the electron charge, L(T)
the effective length of a hop, a is a constant related to the angle
between the hopping direction and the field and ky denotes the
Boltzmann constant. For anisotropic systems, like PEDOT:PSS,
the value of a may differ slightly from the value a = 0.17 for an
isotropic system that was used here in order to limit the number
of free parameters. Expression (2) is valid in the intermediate
field range, i.e., where (To/T)*kgT > eFL(T) > kg T. Therefore fits
in Figure 2 are restricted to 1.3 < 6(F, T)/0oum(T) < 2, i.e., the
points indicated by the circular markers. The low temperature
non-Ohmic curves in Figure 2 show that the intermediate field
regime relates to a bending point in log o vs. F, so that even
though Equation (2) does not describe the whole curve, L(T)
is uniquely defined. Equation (2) has been derived for 2D and
3D variable range hopping and takes into account the effect of
a change in the percolating path due to the field. In the thin
films discussed in this study we expect the network of quasi-
1D filaments to extend in three dimensions, where the finite
thickness might affect the value of ¢ in Equation (2). Numerical
simulations of quasi-1D VRH systems support the use of Equa-
tion (2) for these systems.**]

The effective hopping lengths, derived from Equation (2),
determined for native processed PEDOT:PSS films in ratio
1:6 are shown in Figure 7. Similar graphs for other ratios are
shown in the Supporting Information (Figure S2). In Figure 7
the filled red symbols indicate results obtained using Equation
(2) directly to available data in the intermediate field regime.
Since at high temperatures experimental conditions did not
allow to reach these fields, an empirical extrapolation has been
used, as discussed in the Supporting Information. The open
blue symbols show the effective hopping lengths obtained by
this procedure.

The magnitude of the typical length-scale L is, for all temper-
atures, compatible with the length of the filamentary structures
observed in TEM and decreases with increasing temperature.
In variable range hopping this occurs because at lower temper-
atures the lower thermal energy restricts the hopping to sites

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Extracted effective hopping lengths from |-V measurements
on PEDOT:PSS films with ratio 1:6. The solid red symbols represent fits
of Equation (2) to data in the intermediate field range. The open blue
symbols represent extrapolated values based on the Ohmic and low
field ranges. To correct for temperature inaccuracies at low tempera-
tures the temperature was determined by the Ohmic conductivity using
Equation (1) and ov=1/2. The thick black line represents expected results
based on Equation (3) for a localization length &=10 nm in quasi-1D.

with energies closer to the Fermi level. This restriction forces
the charge carriers to make longer hops, as described by:**

L(T)=ci& (%) (3)

where ¢; is a constant depending on the dimensionality of
the system, for quasi-1DB3 ¢, = 2.6, and & is the localization
length. The hopping rate between two states decays exponen-
tially with the distance, with a decay length &/2. The black line
in Figure 7 shows that the predicted effective hopping lengths
are consistent with an effective localization length of £ =10 nm.
The same effective localization length gives a good description
for all PEDOT:PSS ratios, with the exception of PEDOT:PSS in
the ratio 1:2.5, which deviates slightly. This is most probably
caused by heating of the layer during high voltage pulses. A
quantitative analysis of such heating is presented in the Sup-
porting Information.

Three other studies were able to provide estimates for the
effective localization length in PEDOT: a similar layer approach
on a different layer yielded & = 8.2 nm,”! a study into the elec-
trical properties of single PEDOT:PSS nanowires found & =
0.07 nm,**] and measurements probing the magnetoresist-
ance of PEDOT:PSS thin films led to & = 10 nm.[?®) The effec-
tive localization length determined here is larger than the typ-
ical exponential wave-function decay of a molecular orbital.l*®!
This can be explained by a rescaling of the field due to metallic
regions,>3¥ the finite macroscopic length scale for percola-
tion,383% or the presence of a band close to the Fermi level.3®!
In either case, we conclude that the measured field dependent
in-plane conductivity is well described by a percolating network
of quasi-1D filaments, both qualitatively, i.e., the shapes of

Adv. Funct. Mater. 2013, 23, 5778-5786
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Figure 8. Measured a) Ohmic in-plane conductivity vs. temperature
and b) the reduced activation energy W vs. temperature for PEDOT:PSS
processed with HBS in the ratio 1:6. The red, green and blue lines indi-
cate slopes of 1/2, 1/3 and 1/4, respectively. The black lines are double
lines since the conductivity was measured while cooling down and while
heating up.

o(V,T) and L(T), and quantitatively, i.e., the determined locali-
zation length is in agreement with most published results.

2.5. Composition Dependence of the Conductivity of
PEDOT:PSS Films Processed with High-Boiling Solvent

The in-plane conductivity of PEDOT:PSS films when processed
with a high-boiling solvent (HBS) added to the PEDOT:PSS
dispersion in water is much higher and has a much weaker
temperature dependence than its native counterpart processed
without HBS.[67:15:19.22.24.26] Figyre 8a shows the conductivity as
a function temperature for PEDOT:PSS processed with HBS
with PEDOT:PSS ratio 1:6. To study the behavior of the Ohmic
conductivity as a function of temperature we calculated the
reduced activation energy W for this measurement, as is shown
in Figure 8b. Similar graphs for the other ratios are shown in
the Supporting Information as Figure S3. For each curve, fits to
Equation (1) are added for values of a=1/2, 1/3, and 1/4 which
are, successively, the red, green, and blue curves. The fit param-
eters for the fits for a = 1/2 are shown in Table 1 as these give
the best representation of the data below =200 K suggesting
quasi-1D VRH behavior as was found for the PEDOT:PSS films
processed without HBS.[15192226] Deviations from VRH-type
conductivity above =200 K are discussed below.

Figure 9a shows the T values obtained for the fits with o =
1/2 for several measurements of two sets of spin coated sam-
ples. Extracted values of T, range from 30 to 100 K, which is
lower than the lowest Ty = 275 K found for PEDOT:PSS pro-
cessed with a HBS in literature.l?®! Other references!">%?? show
Ty, > =1000 K. These differences likely relate to the different
PEDOT:PSS materials used. As in the PEDOT:PSS processed
without HBS, a trend of decreasing T, with increasing cpgpor
can be observed, which can be described as Tj o ¢ **pppor
as indicated by the black line. Again, connections are shown
between data points which have been obtained in simulta-
neous measurements, confirming this trend. Figure 9b shows
the conductivity prefactor for the same samples. The conduc-
tivity prefactor shows an increasing trend with c¢pppor which
can be described as 6y e c'pppor, as indicated by the black
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Figure 9. a) Characteristic temperatures and b) conductivity prefactors
obtained from fits to the measured Ohmic conductivity vs. temperature
for two spin coated samples for all four PEDOT:PSS ratios processed with
HBS. Simultaneously measured data are connected by thin lines. Both
panels are double-logarithmic plots with the x-axis scaled as the PEDOT
concentration. The thick black line indicates a slope of a) —0.35 and b) 1.

line. The weak dependence of the conductivity prefactor on
the PEDOT:PSS ratio suggests that the system is no longer
close to the percolation threshold where power law behavior is
observed; cf. Figure 4. Rather, the linear dependence on con-
centration suggests a well-connected system, far beyond the
percolation threshold. In this regime, the material conductivity
becomes linearly proportional to the fraction of conductive
material.

Conductivity enhancement in PEDOT:PSS due to processing
with HBS has been extensively studied, resulting in several
explanatory schemes. Many authors?2232>20 find evidence
that HBS induce a phase segregation between PEDOT:PSS
and PSSH, i.e., PSS which is not bound to PEDOT. This way,
PSS barriers in the PEDOT-rich phase are reduced. Other
schemes to explain the conductivity changes upon processing
with HBS, which are sometimes used in combination, include
conformational changes of PEDOT:PSS toward linear struc-
tures,[1>1922242] the influence of screening by the polar char-
acter of the HBS (6132224 3 change from polaron to bipolaron
conduction!’” and increased inter-chain coupling.”!

Interpretation of the conduction mechanism is difficult
because of the weak temperature dependence of the conduc-
tivity in Figure 8, reflected in the low values for Tj in Figure 9a.
Interpretation in terms of quasi-1D VRH behavior, as for the
formulations without HBS, is awkward since the observed
(To/TY*® = 0.4-1.2 is inconsistent with the requirement
(To/T)%> >>1. In studies of PEDOT:PSS processed with HBS
where the conductivity can no longer be correctly described
by quasi-1D VRH, the change in conduction behavior is often
described in the context of a metal-insulator transition.[®”2% In
this scenario the quantum mechanical overlap between sites
originally involved in Mott VRH increases beyond the point
where charges can be treated as being localized on a spe-
cific site. This causes a change in conduction behavior from
VRH to the critical regime where o(T) « T? with 8 = 0.3-1,551
for which the reduced activation energy is constant: W = .
Although Figure 8 does not show temperature independent
reduced activation energies, the extracted values do match the
expected values for 8 in the critical regime. We therefore tenta-
tively conclude that we are in the crossover between quasi-1D
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(a)

Figure 10. a) Cryo-TEM image of PEDOT:PSS dispersion with HBS in
the ratio 1:2.5. The darker area is the TEM grid. The typical diameter of
the filaments is 4-5 nm and their length may reach tens to hundreds of
nanometers. b) HRTEM image of a dry specimen prepared from the same
sample. The filaments look denser, and their diameter is smaller.

VRH and the critical regime, where characteristics of VRH are
still dominant. As VRH is a low temperature phenomenon
the deviations from VRH behavior are expected to predomi-
nantly arise at higher temperatures, in agreement with our
observations.

Figure 10a,b shows TEM images of vitrified dispersions
(cryo-TEM) and dried layers (HRTEM) of PEDOT:PSS samples
processed with HBS. In surprising similarity to native pro-
cessed PEDOT:PSS, these are dominated by the presence of
randomly oriented worm-like filaments. This similarity in mor-
phology implies that processing with HBS changes the resulting
PEDOT:PSS in a subtle way that cannot be resolved by TEM.

Recently, Yeo et al. showed that the suggested phase segrega-
tion between PEDOT-rich and PSSH-rich regions occurs in the
vertical direction with the PSSH on top.['% Such a vertical phase
segregation would both cause an increase in conductivity and
be difficult to observe in TEM. However, simply extrapolating
the results for native processed PEDOT:PSS according to the
increased PEDOT:PSS ratio in the PEDOT-rich regions cannot
explain the orders of magnitude increase in conductivity upon
processing with HBS.P? Instead, it is likely that processing
with HBS causes a larger part of the filaments to contribute to
the conduction. This will shift the network away from the per-
colation threshold, rationalizing the fact that the conductivity
becomes linearly proportional to the PEDOT concentration. A
schematic representation of this is given in Figure 6. This expla-
nation requires that in the native processed PEDOT:PSS only a
small fraction of the filaments takes part in conduction. This, in
turn, resolves the seeming contradiction between the observa-
tion by TEM of a very dense filamentary network in dried layers
of native processed PEDOT:PSS, and the dilute network with a
typical length scale of ~100 nm evoked in the discussion of the
conductivity: if all of the filaments observed in HRTEM would
take part in conduction, the argument for the observed percola-
tion behavior for native processed PEDOT:PSS would fail.

It is difficult to deduct from the data presented here the
mechanism by which processing with HBS causes a larger part
of the filaments to take part in conduction. Generally spoken
this could be due to improved intra- and/or inter-filament trans-
port. The former would imply that the HBS causes a strong
reduction in the fraction of low-conductivity filaments, i.e.,
most filaments have become highly conductive and contribute
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to the conducting network. Alternatively, improved inter-
filament transport would imply that the connectedness of the
filaments is increased by the processing with HBS, as sug-
gested in ref. [7]. Given the steep distance dependence of the
tunneling rate between neighboring sites, small changes in the
inter-filament distance could cause a much larger part of the
filaments to participate in conductivity. Likewise, small changes
in the intra-filament packing could dramatically improve
intra-filament transport. Both mechanisms cannot be distin-
guished on basis of the present data and can be induced during
annealing by the presence of HBS which favorably interacts
with PEDOT. Importantly, both improved intra- and inter-
filament transport will change the parameters o, and T,. For
the enhanced intra-filament transport this is evident as ¢, and
T, both depend on the characteristic, most difficult hop in the
network. However, this hop will also change when the den-
sity of connected filaments increases and their mean length
decreases due to an enhanced filament connectivity.

3. Conclusions

The in-plane conductivity of PEDOT:PSS as a function of tem-
perature, electric field, and PSS:PEDOT ratio has been system-
atically characterized for films that were processed with and
without high boiling solvent (HBS).

The temperature dependence of the Ohmic conductivity for
the PEDOT:PSS films processed without HBS is consistent with
variable range hopping. By changing the PEDOT:PSS ratio we
were able to show that the charge transport is governed by per-
colation. The critical concentration at which percolation sets in
is low, suggesting that the percolating elements are strongly
elongated. TEM images of both the dispersion and dried layers
of PEDOT:PSS confirm the presence of filaments, which we
propose to consist of a PEDOT-rich core with a PSS-rich shell.
The percolating filament network can be regarded as a system of
many quasi-1D wires in parallel, where the transport within the
wires takes place by hopping, leading to quasi-1D VRH behavior.

Processing PEDOT:PSS with HBS does not cause significant
changes in the morphology of the dried layers as evidenced by
TEM, but the films exhibit a much higher in-plane conductivity.
For temperatures below 200 K, the HBS-processed PDEOT:PSS
films also show quasi-1D VRH behavior. However, the low
characteristic temperature does not fully allow interpretation in
terms of a VRH system and we propose that PEDOT:PSS pro-
cessed with HBS is close to the critical regime between a metal
and an insulator also because the conductivity prefactor shows a
much weaker, linear dependence on the PEDOT concentration.
This can be explained by a larger number of filaments partici-
pating in conduction after HBS treatment, either because of a
smaller spread in (enhanced) filament conductivity or because
of a larger probability for neighboring filaments to be connected.

4. Experimental Section

Sample Preparation: PEDOT:PSS dispersions were obtained from
AGFA-Gevaert N.V. The dispersion used to prepare the samples is
PEDOT:PSS ratio 1:2.5, which is commercially available without HBS
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as Orgacon ICP-1050 and with HBS as Orgacon HIL-1005. PEDOT:PSS
ratios 1:2.5, 1:6, 1:12, 1:20, were prepared using the stock dispersion
of PEDOT:PSS in ratio 1:2.5 with and without HBS. The PEDOT:PSS
ratio was adapted using the PSS stock dispersion used during the
polymerization of the PEDOT. Where necessary, water was added
to obtain a PEDOT:PSS solid content of (0.90 £ 0.04) wt%. This was
followed by sonication to obtain homogeneous dispersions.

Samples for electrical measurements were prepared as follows, i.e.,
similar to ref. [9]: The substrates consisted of 3 cm x 3 cm bare sodalime
glass. They were first grooved into small pieces of 1 cm X 1 cm on the
back side with a diamond pen, then sonicated in a bath of acetone
for 10 min, cleaned with soap, rinsed with deionized water for 20 min
and sonicated in a bath of isopropanol for 10 min. Residual organic
contaminations were removed using a 30 min. UV-ozone treatment
(UV-Ozone Photoreactor, PR-100, Ultraviolet Products).

The PEDOT:PSS dispersions were filtered using a 0.5 um filter and
deposited in air by spin coating at 1000 RPM for 1 min, followed by
3000 RPM for 1 min to dry the layer. This typically resulted in layer
thicknesses of 60 nm, 45 nm, 40 nm and 30 nm for native (without HBS)
PEDOT:PSS in ratio of 1:2.5, 1:6, 1:12 and 1:20 respectively and in layer
thicknesses of 70 nm, 55 nm, 55 nm and 50 nm for PEDOT:PSS processed
with HBS in ratio of 1:2.5, 1:6, 1:12 and 1:20 respectively. After spin coating,
samples were transferred into a glove box (O, and H,O < 1 ppm) and
subsequently annealed on a hot plate at 200 °C for a few minutes to remove
residual water. Four electrodes (1 mm x 8 mm, 1 mm apart from each
other) of 100 nm of gold were evaporated on top of each 1 cm x 1 cm piece.

After breaking the desired sample from the substrate, it was placed
inside a cryostat (Oxford Instruments, modified for reaching low
pressures) and evacuated to pressures below 10 mbar. The samples
were exposed to air for a few minutes between the removal from the
glove box and insertion into the cryostat. It was found that the room
temperature conductivity only changes after exposure to air for a few
hours. Once placed, samples were degassed at 200 °C for a few hours
to reach low pressures. This annealing step in vacuum did not alter the
room temperature conductivity.

Electrical ~ Characterization: ~ Conductivity ~measurements  were
performed using a Keithley 2636a low current source-measure unit.
The Ohmic conductivity was sampled continuously at 200 mV while
the temperature was ramped at a rate of 1 K min~'. The temperature
ramping was interrupted for measurements of the non-Ohmic
conductivity, which were performed at constant temperature after
settling for 5 min. For samples with high conductivity and at high
voltages, pulsed measurements and modeling of the temperature
during the pulses were necessary to obtain reliable data as discussed in
the Supporting Information. Long continuous measurements of =24 h
were made possible using a LABVIEW control program. Temperature
control was provided by an Oxford ITC 601 temperature controller that
maintained temperature stability within +0.1 K. Measurements were
performed in the range 4-300 K, where the minimum temperature
was limited by the finite thermal contact with the cold finger and the
maximum temperature was chosen to prevent ionic currents which can
deteriorate the samples. The thermometer of the Oxford ITC 601 is used
for all measurements presented here. To estimate the uncertainty in the
obtained temperature measurements, calibration measurements using
an additional thermometer were performed. The additional thermometer
was located on the cold finger on which also the sample was mounted.
This measurement showed that the temperature difference between
the additional thermometer and the temperature determined using
the temperature controller was at most 2.5 K and occurred below 70 K.
Above 70 K the temperature difference was at most 1 K.

Transmission Electron Microscopy at Cryogenic Temperatures (Cryo-TEM)
and High Resolution TEM (HRTEM): Samples for cryo-TEM imaging were
prepared by depositing a droplet of typically 5 UL on perforated polymer
film supported on a 300 mesh carbon coated electron microscope grid
(copper, Ted Pella - lacey substrate). Ultra-thin films (10-250 nm) were
formed as most of the dispersion was removed by blotting. The process
was carried out in a controlled environment vitrification system where
the temperature and the relative humidity are controlled, using an
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automatic Plunger- Freezer system by Leica (EM GP). The samples were
examined at —178 °C using a FEI Tecnai 12 G2 TWIN TEM equipped with
a Gatan 626 cold stage. Samples for HRTEM imaging were prepared by
placing a droplet of the dispersion on a TEM grid (300 mesh Cu, Ted
Pella Ltd.) and allowing the solvent to evaporate.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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