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ABSTRACT: For a poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) film employed in a device stack, charge
must pass through both the bulk of the film and interfaces between
adjacent layers. Thus, charge transport is governed by both bulk and
contact resistances. However, for ultrathin films (e.g., flexible devices,
thin-film transistors, printed electronics, solar cells), interfacial
properties can dominate over the bulk properties, making contact
resistance a significant determinant of device performance. For most
device applications, the bulk conductivity of PEDOT:PSS is typically
improved by blending additives into the solid film. Doping
PEDOT:PSS with secondary dopants (e.g., polar small molecules),
in particular, increases the bulk conductivity by inducing a more
favorable solid morphology. However, the effects of these
morphological changes on the contact resistance (which play a bigger role at smaller length scales) are relatively unstudied. In
this work, we use transfer length method (TLM) measurements to decouple the bulk resistance from the contact resistance of
PEDOT:PSS films incorporating several common additives. These additives include secondary dopants, a silane crosslinker
(typically used to stabilize the PEDOT:PSS film), and multi-walled carbon nanotubes (conductive fillers). Using conductive atomic
force microscopy, Kelvin probe force microscopy, Raman spectroscopy, and photoelectron spectroscopy, we connect changes in the
contact resistance to changes in the surface morphology and energetics as governed by the blended additives. We find that the
contact resistance at the PEDOT:PSS/silver interface can be reduced by (1) increasing the ratio of PEDOT to PSS chains, (2)
decreasing the work function, (3) decreasing the benzoid-to-quinoid ratio at the surface of the solid film, (4) increasing the film
uniformity and contact area, and (5) increasing the phase-segregated morphology of the solid film.
KEYWORDS: semiconducting polymers, PEDOT:PSS, contact resistance, surface characterization, energetics, transfer length method,
thin-film morphology, additives

■ INTRODUCTION
The conductive polyelectrolyte complex PEDOT:PSS is used
ubiquitously in organic optoelectronic and bioelectronic
devices. In these applications, charge transfer from electronic
materials, skin, and internal organs is mediated by the surface
of the electrode, active layer, or sensing layer. Despite extensive
investigation into the bulk electronic properties1−7 of solid
PEDOT:PSS films, comparatively few studies have investigated
the electronic properties of the surface, and in particular, the
ways in which they affect the contact resistance. At an interface
between materials, the composition and morphology deter-
mine the ease at which charge can travel from one surface to
another.8,9 Thus, decreasing the contact resistance of an
interface offers a way to increase the overall current that can
travel through a device stack, particularly for applications
employing ultrathin films (e.g., organic field effect transis-
tors10,11 or solar cells).

The contact resistance between two surfaces is dependent
on several factors. First, on physical contact (i.e., contact area12

and contact mechanics), as dependent on, e.g., topography and
roughness.13 Second, the contact resistance is dependent on
the Schottky barrier between the two materials, which is
governed by their energetics (e.g., alignment of the metal work
function with the valence and conduction bands of the
semiconductor) and the existence of a trapped density of states
at the interface.10 Third, transport across two surfaces in
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contact can be hindered by charge trapping mechanisms14,15 at
the interface. Trapped charges can arise due to morphol-
ogy,16,17 molecular composition, or the formation of a new
(usually unintended) interfacial layer, e.g., from the presence of
oxides, water, or volatile organic compounds.13

Thus, the contact resistance of PEDOT:PSS should be
dependent on the surface morphology of the solid film, which
can be manipulated by changing the composition in solution
and the process of solidification. Several investigations suggest
that the inclusion of secondary dopants can result in the
removal of nonconductive PSS chains at the surface of the film.
For example, work by Jönsson et al. has shown that blending
sorbitol and N-methylpyrrolidone into PEDOT:PSS results in
a solid film with a decreased ratio of PSS to PEDOT at the
surface, as measured using X-ray photoelectron spectroscopy
(XPS).2 Crispin et al. observed a similar effect, in which the
addition of ethylene glycol (EG) reduced the thickness of
insulating PSS layers surrounding conductive PEDOT
domains.18 Additionally, post-deposition treatments, such as
dipping a PEDOT:PSS film in an aqueous solution of dimethyl
sulfoxide (DMSO)19 or gentle application of EG or DMSO to
the film surface,12 have been shown to achieve similar
morphological changes that are likely to result in differences
in contact resistance.
In contrast, strategies for increasing the bulk conductivity of

PEDOT:PSS films have been well explored. The most
common is the incorporation (e.g., blending) of polar small
molecules as secondary dopants (e.g., EG, DMSO) in
solution.2−5,20 For example, the addition of DMSO in
PEDOT:PSS (Clevios PH1000) has been used to achieve
conductivities greater than 600 S cm−1.3,21−23 When coupled
with post-deposition treatments (e.g., an H2SO4 treatment),
such PEDOT:PSS films have achieved conductivities of >4000
S cm−1.24 A number of reviews1−6,25 and research
papers20,26−36 discuss in detail the mechanisms by which the
increase of the electrical (and ionic) conductivity of
PEDOT:PSS is achieved. In general, enhancements in
conductivity are attributed to changes in the morphology of
the solid film, which consists typically of bundled grains
composed of a PEDOT-rich core and surrounded by PSS.28

Evidence suggests that the addition of secondary dopants
results in the formation of larger PEDOT domains coupled
with greater phase segregation, resulting in reduced insulation
between PEDOT-rich domains,4 stronger π−π coupling for
charge transport and an improved crystalline morphology,32 as

well as a more favorable three-dimensional conduction
pathway.20,28 A second strategy has been to incorporate
conductive materials, such as carbon nanotubes, as an
electronic filler. While carbon nanotubes are highly conductive,
only low loadings are typically able to be dispersed in a
PEDOT:PSS solution without affecting the quality of the film.
For example, Hegde et al. reported that PEDOT:PSS films
dispersed with 0.1 wt % of multi-walled carbon nanotubes
(MWCNT) achieved conductivities of 0.14 S cm−1.37

Additional studies suggest that the electrical conductivity of
PEDOT:PSS/CNT films correlates directly with an increase in
CNT loading.38−40 Some studies41,42 have simultaneously
employed both additive strategies by incorporating both
secondary dopants and CNT in PEDOT:PSS films, reaching
a maximum conductivity of >2600 S cm−1.41 Finally, other
studies have described how synthetic modifications can be
performed on PEDOT:PSS in order to increase their stability,
mechanical conformability, and reliability for potential device
applications.26,27 For example, the PEDOT:PSS film can be
crosslinked43,44 to increase the mechanical stability of
PEDOT:PSS (particularly for applications with biological
interfaces,45,46 e.g., organic electrochemical transistors47−49).
However, crosslinking PEDOT:PSS (e.g., with (3-
glycidyloxypropyl)trimethoxysilane, GOPS) decreases the
bulk conductivity of the solid film.43 Thus, ensuring favorable
electronic properties of a crosslinked PEDOT:PSS film also
requires inclusion of a secondary dopant.
Studies that report contact resistivity and/or contact

resistance generally use the transfer length method (TLM), a
modified version of the transmission line measurement.8,50 For
example, Pretl et al. reported contact resistances of dip-coated
PEDOT:PSS films with gold electrodes to be dependent on
the ratio of PEDOT to PSS.51 Additionally, for a common
commercial formulation of PEDOT:PSS (Clevios PH1000),
Hoppe et al. found the contact resistivity of films with
aluminum contacts to be 0.2 Ω cm2.52 When blended with 5
vol % DMSO and 0.1 vol % Capstone FS-31, Mahato et al.
measured the contact resistivity with silver contacts to be 0.8 Ω
cm2.53 In comparison, Kirihara et al. measured the contact
resistivity between PEDOT:PSS and a silver−copper compo-
site to be 1.1 Ω cm2.12 Additionally, these authors showed that
drop-cast films of PEDOT:PSS, when blended with ethylene
glycol (EG), dimethyl sulfoxide (DMSO), or poly(ethylene
glycol) (PEG), achieved contact resistivities between 0.022
and 0.028 Ω cm2 with contacts deposited using silver paste (a

Figure 1. (a) Schematic of evaporated transfer length method (TLM) contacts (silver, 1.6 mm × 25 mm) on a PEDOT:PSS film. Eleven contacts
were evaporated to measure 10 different spacings (0.1−1 mm, in increments of 0.1 mm). (b) Current−voltage (I−V) measurements were
conducted at each of the 10 different spacings. (c) Resistance was calculated from Ohm’s law and plotted relative to spacing. The data was fit using
a linear regression, from which the sheet resistance (RS), contact resistance (RC), and transfer length (LT) could be extracted. Using the geometry
of the metal contacts and film thickness, the bulk resistivity (ρ) and contact resistivity (ρC) were calculated.
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silver−copper composite).12 To further decrease (i.e.,
improve) the contact resistivity to 0.011−0.022 Ω cm2, a
post-deposition surface treatment (using DMSO or EG) was
used to create a wavy surface topography, hence increasing the
contact area at the PEDOT:PSS/silver−copper interface.
However, connecting changes in film morphology induced
by secondary doping effects to changes in the contact
properties has remained unexplored.
In this work, we use the TLM method to investigate how the

incorporation of secondary dopants, GOPS, and MWCNT
affect the contact resistivity of PEDOT:PSS (Clevios PH1000)
(Figure 1), as explained by changes in the surface morphology
of the solid film. We connect these measurements to the
characterization of these PEDOT:PSS films using conductive
atomic force microscopy (c-AFM), Kelvin probe force
microscopy (KPFM), Raman spectroscopy, X-ray photo-
electron spectroscopy (XPS), and ultraviolet photoelectron
spectroscopy (UPS).

■ EXPERIMENTAL DESIGN
Selection of Materials. A commercially available formulation of

PEDOT:PSS (Clevios PH1000, Heraeus), as well as four different
dopants (ethylene glycol, poly(ethylene glycol), dimethyl sulfoxide,
and glycerol) were chosen for this study because they are widely
studied in the literature and easily accessible from commercial
vendors. We chose to study blended films (as opposed to films also
exposed to post-deposition treatments) because doped PEDOT:PSS
films are commonly used for device applications. We also included
multi-walled carbon nanotubes (MWCNTs) as an additive because
they are commonly used as a conductive filler. The average outer
diameter of all MWCNTs used was 8 nm unless otherwise stated. We
chose to study how crosslinking the PEDOT:PSS film with GOPS
affects contact resistance because GOPS is commonly used to stabilize
PEDOT:PSS for implantable bioelectronics.47,54 We selected silver for
the metal contacts because many optoelectronic applications (e.g.,
solar cells) use silver electrodes, although most bioelectronic
applications use gold or platinum.

Measurement of Electronic Properties. To measure the bulk
and contact resistance of PEDOT:PSS thin films (which we convert
using the geometry of the sample to bulk and contact resistivity), we
used the transfer length method (TLM), a modified form of the
transmission line measurement.8,50 Here, the transfer length
represents the characteristic decay in charge transfer at the
semiconductor/metal interface, which drops off exponentially from
the leading edge of the metal pad. A custom evaporation shadow mask
was designed to have 11 contacts (thus 10 measurements per sample).
We repeated these measurements for at least three samples per
condition to calculate the standard deviation. In some cases, TLM
measurements resulted in clear outliers within a film (i.e., relative to
the linear regression from the rest of the data). These outliers typically
occurred at the 0.1 or 1 mm measurements due to nonuniform
regions of the film at the edges of the substrates. These data points
were removed during data processing, but all linear regressions used
to calculate the sheet resistance (the slope of the linear regression)
and the contact resistance (the y-intercept) had at least 7 data points
(i.e., measurements at different spacings) with a coefficient of
determination (R2) greater than 0.9.

Characterization of Surface Morphology, Composition, and
Energetics. Conductive AFM (c-AFM) was performed to character-
ize the surface conductance of representative PEDOT:PSS films. The
bias, scan rate, pre-gain correction, and post-gain correction used were
constant for all samples to prevent any parameter-dependent
differences in the AFM scans. We collect the height and current
plots concurrently. Because the contact resistance is also dependent
on the work functions of the two materials in contact, we elect to
perform Kelvin probe force microscopy (KPFM) measurements to
characterize the work function of the PEDOT:PSS film. We compare
these work function measurements to those collected by ultraviolet
photoelectron spectroscopy (UPS). To qualitatively compare the ratio
of quinoid to benzoid species, we use Raman spectroscopy. To
elucidate the proportion of PEDOT to PSS at the surface of the film,
we use X-ray photoelectron spectroscopy (XPS). Detailed method-
ologies are included in the Supporting Information.55,56

Figure 2. Contact and bulk electronic properties of PEDOT:PSS. (a) Chemical structures of dopants (dimethyl sulfoxide (DMSO), glycerol,
ethylene glycol (EG), and poly(ethylene glycol) (PEG)) and of the crosslinker (3-glycidyloxypropyl)trimethoxysilane (GOPS). (b) Contact
resistivity and (c) bulk resistivity relative to additive loading determined from TLM. The effect of crosslinker loading, as well as crosslinker
incorporated with EG, DMSO, and glycerol as secondary dopants, on the (d) contact resistivity and (e) bulk resistivity of PEDOT:PSS determined
using TLM.
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■ RESULTS AND DISCUSSION
We compare the bulk and contact resistivity, as measured by
TLM, for PEDOT:PSS films blended with each additive
(Figure 2a), as shown in Figure 2b−e.
Previous reports suggest that the contact resistivity for

different compositions of PEDOT:PSS (and often to different
metal contacts) varies between 0.2 and 1.1 Ω cm2,12,52,53 a
relatively wide distribution. Here, we measured the contact
resistivity of pristine PEDOT:PSS to silver contacts to be 0.24
± 0.11 Ω cm2 (Figure 2b).
Consistent with other reports investigating the bulk

conductivity of PEDOT:PSS, the addition of DMSO, EG,
PEG, and glycerol all resulted in a decrease in bulk resistivity
(i.e., an increase in conductivity) (Figure 2c). Notably, the
bulk resistivity tended to steadily decrease relative to the
additive loading, up until enough was added to saturate the
secondary dopant effect throughout the bulk of the film. As
such, 3 vol % glycerol, 3 vol % EG, and 5 vol % DMSO all
result in very similar bulk resistivities (∼10−3 Ω cm, or

conductivities of ∼1000 S cm−1). However, further increasing
the additive loading only marginally resulted in a continued
decrease in bulk resistivity for DMSO (with the best bulk
conductivity at 8 vol %). For these small polar molecules, the
decrease in resistivity can mainly be attributed to changes in
the film morphology (as previously discussed).4,20,28,32,57 In
contrast, blending with MWCNT (which increases conductiv-
ity as a conductive filler) resulted in a comparatively higher
bulk resistivity of ∼9 × 10−3 Ω cm at 1.5 wt %.
While polar small molecules outperformed MWCNT for

bulk properties, PEDOT:PSS blended with 0.5 wt % MWCNT
by far had the lowest contact resistivity (4.8 × 10−3 Ω cm2)
(Figure 2b). However, the contact resistivity increased while
the bulk resistivity decreased as the loading of MWCNT
increased (Figure S1), suggesting a tradeoff between the bulk
and surface behaviors. The contact resistivity appeared to be
relatively invariant on the MWCT diameter, as little change
was observed when the MWCNT diameter was increased at a
constant loading (Figure S2).

Figure 3. Conductive AFM measurements of PEDOT:PSS films. (a) Current plots for pristine PEDOT:PSS and PEDOT:PSS blended with
DMSO, EG, glycerol, and MWCNT. (b) Histograms comparing the distribution of measured currents over the measured 5 μm × 5 μm surface of
each film. (c) Current plots of PEDOT:PSS films crosslinked with GOPS (1%) and blended with different secondary dopants (DMSO, EG,
glycerol). (d) Histograms for the crosslinked films (1% GOPS) blended with secondary dopants.
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Despite similarities in bulk properties between the polar
small molecules, there were clear differences between the
contact behaviors. Increasing the loading of EG steadily
decreased the contact resistivity to ∼10−1 Ω cm2 at 8 vol %.
Increasing the loading of DMSO resulted in similar contact
resistivities from 1 to 8 vol %, with a further decrease to ∼4 ×
10−2 Ω cm2 at 10 vol %. Interestingly, the lowest contact
resistivity for DMSO films (10 vol %) did not occur at the
same loading as the lowest bulk resistivity (8 vol %). In
contrast to DMSO and EG, lower loadings of glycerol seemed
to result in better contact resistivities, with ∼3 × 10−2 Ω cm2 at
1 vol % and ∼5 × 10−2 Ω cm2 at 3−5 vol %. However, 1 vol %
glycerol was insufficient to completely dope the bulk of the
PEDOT:PSS film, resulting in a bulk resistivity of ∼5 × 10−2 Ω
cm (compared to ∼3 × 10−3 Ω cm at 3 vol %). In contrast
with the other additives, the incorporation of PEG resulted in
an increase in contact resistivity (ca. 1−3 Ω cm2), even though
the bulk resistivity was decreased with respect to pristine
PEDOT:PSS. We observed significant phase segregation in
films of PEDOT:PSS/PEG, both from optical microscopy and
from AFM height and phase plots, indicating large insulating
domains of PEG at the surface of the film (Figures S3−S5,
Table S2). Thus, we attribute the poor surface conductance of
PEDOT:PSS/PEG films to an increase in insulating material
(as PEG itself is electrically insulating) and large domains of
insulating PEG at the PEDOT:PSS/silver interface.
Crosslinking the PEDOT:PSS film by increasing the loading

of GOPS corresponded to an increase in both bulk resistivity
(in agreement with previous studies43,49) and contact
resistivity, which could be mostly recovered by the addition
of secondary dopants (Figure 2d,e). While all three blends
incorporating both GOPS and secondary dopants had similar
bulk conductivities to films without crosslinker (∼10−3 Ω cm),
the contact resistivities were slightly increased (∼7 × 10−2 Ω
cm2). Interestingly, glycerol and EG seemed to outperform
DMSO in restoring the contact conductance, despite the bulk
conductivities being similar and the opposite being true (i.e.,
DMSO and glycerol outperform EG) when the PEDOT:PSS
film was not crosslinked.
Most striking from these findings were (1) the low contact

resistivity of PEDOT:PSS/MWCNT despite its high bulk
resistance and (2) the differences in contact resistivities for the
polar small molecule dopants despite their similarities in bulk
resistivity. We use conductive AFM (c-AFM) to connect these
measured decreases in the contact resistivity to changes to the
surface morphology of PEDOT:PSS (Figure 3).
Conductive AFM measurements suggest significant differ-

ences in surface conductivity between pristine PEDOT:PSS
films and PEDOT:PSS blended with additives (Figure 3a,
Table S3, Figures S6−S10). Current plots in Figure 3a,c are
visualized with the same scale bars in order to allow for simple
comparison between samples but are shown with individual
scale bars in Figures S6 and S7. Specifically, the average
measured current for pristine PEDOT:PSS was <1 μA (Figure
3b); the addition of 10% DMSO, 5% glycerol, and 5% EG
resulted in an average current of 6.5, 4.9, and 4.5 μA,
respectively (Table S3). In general, these measurements
correlated well to the measured contact resistivities of the
films, where the DMSO film has the greatest conductance (∼4
× 10−2 Ω cm2), followed by glycerol (∼5 × 10−2 Ω cm2), and
then by EG (∼10−1 Ω cm2) (Figure 2b). However, although 1
vol % glycerol resulted in the lowest contact resistivity of the
doped PEDOT:PSS films, the measured current was relatively

low due to the incomplete doping of the bulk film (as it is
influenced by the through-film nature of the c-AFM measure-
ment) (Figure S8). In contrast, the PEDOT:PSS/MWCNT
film had the widest distribution of measured currents, with an
average of 4.5 μA (Table S3). Large bright spots on the c-AFM
image suggest the formation of large domains of MWCNT at
the surface, while the rest of the film strongly resembles that of
pristine PEDOT:PSS (Figure S6). The strong bi-modality of
the PEDOT:PSS/MWCNT current histogram agrees with this
observation, indicating domains of distinct phases of
PEDOT:PSS and of MWCNTs. These MWCNT domains
are highly conductive, resulting in the greatest fraction of pixels
with a maximum measured current of 10 μA or greater (as
limited by the resolution of the measurement). As such, these
observations suggest that the low contact resistivity is due to
favorable surface conductance through these MWCNT
domains. Here, the MWCNT acts as a conductive filler rather
than a secondary dopant (for which polar species are
required). Phase segregation results in large domains of
MWCNT within the film that promote charge transport, as
the PEDOT:PSS domains are comparatively more insulting
(due to no secondary doping effects resulting in a more
favorable conduction pathway). The low loading of MWCNT
within the film is unable to form highly percolated conduction
pathways through the bulk, but the aggregated MWCNT at the
surface facilitates surface conductance (Figure S10). As such,
the contact resistivity of the 0.5 wt % MWCNT film is low
while the bulk resistivity is high. It should be noted that no
current plot is shown for PEDOT:PSS/PEG due to the largely
insulating surface morphology resulting in poor measurements
(e.g., due to charging leaving artifacts on the measured current
plot). However, this observation was still in agreement with the
contact resistivity measurements, as PEDOT:PSS/PEG was
found to have a greater contact resistivity than pristine
PEDOT:PSS by approximately a factor of 10. The incorpo-
ration of PEG was also found to significantly soften the film,
resulting in the cantilever probe often scratching through to
the silicon substrate and short-circuiting the measurement
(Figure S6).
Crosslinking the PEDOT:PSS film with GOPS significantly

increased the amount of insulating material in the solid film,
and thus greatly decreased the measured current. Chains of
PSS become covalently bound to the silane crosslinker,
resulting in different morphological changes induced by the
incorporation of a secondary dopant. The surface resulting
from crosslinking PEDOT:PSS with 1 vol % GOPS was highly
insulating, and thus did not yield measurements with
measurable currents (i.e., resembling that of PEDOT:PSS/
PEG) (Figure 3c,d). However, as suggested by TLM
measurements, adding secondary dopants can partially recover
its conductivity. Specifically, the addition of DMSO to the
crosslinked PEDOT:PSS film results in small specks of bright
regions in the current plot, although the majority of the film is
still highly insulating (Figure S7). In contrast, the addition of
EG shows a highly speckled current plot, likely suggesting
highly conductive pathways dispersed throughout the
morphology of the crosslinked film. Finally, the addition of
glycerol results in significant phase separation, with large
domains of dark and bright regions. As such, the average
measured current of the glycerol blended films is the greatest
(Table S3, Figure S7). These findings correspond well to the
TLM measurements, which showed that the addition of
glycerol and EG resulted in lower contact resistivities than that
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of DMSO for crosslinked films (Figure 2d). However, the
measured current for all crosslinked films was significantly
lower than that of their non-crosslinked counterparts, which
explains why the non-crosslinked films had lower contact
resistivities.
As charge transfer across an interface is dependent on the

alignment/mismatch of the energetics of the two materials, the
work function of each PEDOT:PSS film was then measured
using KPFM (Figure 4, Table 1, Figure S11) and UPS (as

extracted from the secondary electron cut-off (SECO)) (Table
1, Figure S12). In addition to these measurements, we used
XPS to compare the ratio of PSS to PEDOT of each
representative film to estimate the ratio of conductive species
at the surface (Table 1, Figure S13).
KPFM measurements largely agreed with previous studies

on the energetics of PEDOT:PSS, which have observed that
the addition of DMSO58 or EG59 into the solid film can result
in a decrease in the work function (with glycerol having
conflicting reports60,61). Here, both doped films measured an

average work function of 4.7 eV, compared to the work
function of pristine PEDOT:PSS at 5.1 eV and PEDOT:PSS/
glycerol at 5.4 eV. Likewise, KPFM of the PEDOT:PSS/
MWCNT film measured a work function of ∼4.6 eV, which is
in agreement with previous reports determining the work
function of carbon nanotubes to range between 4.5 and 5
eV.62,63 The work function of silver is typically measured to be
4.26 eV (we measure the work function by KPFM to be ∼4.37
eV, Figure S11), and thus a decrease in work function reduces
the mismatch at the PEDOT:PSS/silver interface. Likewise,
KPFM measurements suggest that the addition of GOPS tends
to lower the work function of the PEDOT:PSS film, as the
crosslinked PEDOT:PSS/EG and PEDOT:PSS/glycerol films
both had lower work functions than their non-crosslinked
counterparts.
Trends in UPS measurements were consistent with those in

KPFM measurements, agreeing that the addition of GOPS
tends to lower the work function. As such, crosslinked
PEDOT:PSS films blended with DMSO (4.4 eV), EG (4.4
eV), and glycerol (4.3 eV) all had lower work functions than
their non-crosslinked counterparts. A decreased mismatch in
band alignment would explain the relatively recovered contact
resistivity for crosslinked films blended with secondary
dopants, despite c-AFM showing significantly decreased
surface conductance. In contrast, the addition of 10 vol %
PEG results in the highest measured work function (∼6 eV).
Thus, a significant increase in energetic mismatch likely
contributes to the high contact resistivity of PEDOT:PSS/PEG
films.
To better understand how the various additives affected the

surface composition of PEDOT:PSS, S 2p XPS scans were
used to extract the ratio of PSS to PEDOT within 8 nm of the
surface (Figure S13). We found that pristine PEDOT:PSS had
the greatest ratio of PSS to PEDOT (2.87:1), while the
addition of DMSO, EG, or glycerol resulted in a decreased
ratio of 2.58, 2.55, or 2.37, respectively. This finding is in
agreement with previous results from the literature2,64 and
explains the decrease in measured contact resistivity, as only
the PEDOT species are electrically conductive. Interestingly,
all crosslinked films showed a similar decrease in PSS to
PEDOT ratio, including PEDOT:PSS/GOPS/DMSO, which
had a ratio of 1.82 (suggesting a relatively high proportion of
PEDOT chains at the surface). However, the c-AFM
measurements showed very little through-film current in the
current plot, despite a relatively low bulk and contact resistivity
(at least, significantly lower than pristine PEDOT:PSS).
Finally, while qualitative trends remained consistent across

both UPS and KPFM methods, we aim to reconcile

Figure 4. Work function histograms of representative PEDOT:PSS films as measured by KPFM. PEDOT:PSS blended with (a) three secondary
dopants (DMSO, EG, glycerol) and one polymer dopant (PEG), (b) crosslinked with GOPS and blended with EG or glycerol, and (c) blended
with MWCNT. No measurements could be collected for PEDOT:PSS/GOPS/DMSO.

Table 1. Electronic Properties Associated with the Surface
Morphology of Representative PEDOT:PSS Films as
Extracted by KPFM (Work Function), UPS (Work
Function), and XPS (Ratio of PSS to PEDOT)

KPFM UPS XPS

material
work function

[eV]c

work
function
[eV] PSS:PEDOT ratio

PEDOT:PSS (Clevios
PH1000)

5.1 ± 0.41 4.72 2.87

+ 10 vol % DMSO 4.68 ± 0.33 4.78 2.58
+ 5 vol % EG 4.67 ± 0.46 4.96 2.55
+ 5 vol % glycerol 5.45 ± 0.45 4.79 2.37
+ 10 vol % PEG 5.94 ± 0.73 a a

+ 0.5 wt % MWCNT 4.59 ± 0.66 4.96 2.21
+ 1 vol % GOPS 5.24 ± 0.97 4.29 1.96
+ 1 vol % GOPS b 4.42 1.82
+ 10 vol % DMSO
+ 1 vol % GOPS 4.43 ± 0.53 4.42 2.47
+ 5 vol % EG
+ 1 vol % GOPS 4.98 ± 0.38 4.30 1.93
+ 5 vol % glycerol
aEnergetics unable to be accurately determined due to charging of the
sample during measurement during XPS/UPS. bWork function
unable to be accurately extracted from KPFM due to poor
measurement quality, likely due to charging at the insulating surface.
cError reported as standard deviation.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c08341
ACS Appl. Mater. Interfaces 2023, 15, 38143−38153

38148

https://pubs.acs.org/doi/suppl/10.1021/acsami.3c08341/suppl_file/am3c08341_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c08341/suppl_file/am3c08341_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c08341/suppl_file/am3c08341_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c08341/suppl_file/am3c08341_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c08341/suppl_file/am3c08341_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c08341?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c08341?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c08341?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c08341?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c08341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


quantitative differences between measurements of work
function from samples of the same condition. Likewise, we
aim to elucidate the surface composition of the PEDOT:PSS
film. Here, an increase in work function generally suggests an
increased presence of PSS, and a decreased work function
suggests an increased presence of PEDOT.65 For example, the
pristine PEDOT:PSS film had a work function of 5.1 eV via
KPFM and a work function of 4.7 eV via UPS. Likewise, UPS
measured the work function of doped films to be similar to
pristine PEDOT:PSS and slightly increased for PEDOT:PSS/
EG, whereas KPFM measured PEDOT:PSS/EG and PE-
DOT:PSS/DMSO to have lower work functions compared to
pristine PEDOT:PSS. Additionally, there were significant
differences between the PEDOT:PSS/GOPS films, where
KPFM measured the mean work function to be 5.2 eV and
UPS to be 4.3 eV. Work by Lee and Chung has shown that
vapor treatment with DMSO can drive phase segregation of
PEDOT and PSS domains at the surface, resulting in a
concentration of PSS in the top several nanometers of the film
and thus increasing the work function as measured by UPS.65

Moreover, as previously discussed, other studies have shown
that blending with secondary dopants resulted in similar phase
segregation throughout the bulk of the film.4 Thus, these
discrepancies are consistent with the different depth
sensitivities of the measurements. Specifically, KPFM employs
a through-film measurement with depth resolution up to
several hundred nanometers and a decreasing spatial resolution
relative to an increase in depth,66 whereas UPS is highly
sensitive to the surface, with a depth resolution of 2−3 nm.
Thus, KPFM measurements are consistent with a decrease in
work function due to the phase-segregated morphology of the
bulk. In contrast, UPS measures an increase in work function,
likely from an increase in PSS at the surface of the film due to
phase segregation (particularly for doping with EG). However,
XPS, with a depth resolution of ∼8 nm, suggests that doping

PEDOT:PSS results in a decreased PSS to PEDOT ratio (i.e.,
an increase in the proportion of PEDOT) relative to the
pristine film. A plausible explanation (consistent with the
literature2,20,67,68) is that secondary doping effects result in a
thin and confined layer of PSS at the surface of the
PEDOT:PSS film (within 0−3 nm), and phase segregation
resulting in larger, PEDOT-rich domains below the confined
PSS layer (i.e., within 3−8 nm of the surface and throughout
the bulk). As a result, the signal from the top ∼3 nm (i.e.,
UPS) appears PSS-rich while the signals from the top ∼8 nm
and below (i.e., XPS and KPFM) appear PEDOT-rich.
Lastly, we compare the benzoid-to-quinoid ratios that

comprise the PEDOT:PSS at the surface of each film using
Raman spectroscopy (Figure 5).
In a solid film, PEDOT moieties that form the polymer

chain are understood to resonate between benzoid and quinoid
structures as a result of charge transfer along the backbone
(Figure 5a).5,69 The addition of polar dopants has been shown
to increase the proportion of quinoid species to benzoid
species, resulting in conformational changes to the PEDOT
backbone.70 In particular, the polymer chain uncoils due to the
change in chemical structure, resulting in a more linear
PEDOT backbone. As such, this increase in backbone planarity
allows for more efficient charge delocalization and likely
greater intermolecular interactions (e.g., π-stacking, chain
packing) within PEDOT-rich domains, thus resulting in
increased charge transport (i.e., conductivity).5,69 To charac-
terize the benzoid−quinoid conformations present, we
measured the Raman shift associated with the symmetric
Cα�Cβ stretching of the thiophene ring around 1450 cm−1 for
pristine PEDOT:PSS.69 Only PEDOT:PSS/PEG showed a
noticeable peak shift at 1410−1420 cm−1 (i.e., a lower-
frequency shift), as well as a broadening of the peak, suggesting
a greater proportion of quinoid structures compared to that of
pristine PEDOT:PSS (Figure 5b). In contrast, DMSO and EG

Figure 5. (a) Raman spectroscopy is used to qualitatively observe shifts associated with benzoid or quinoid structures. Spectra comparing the
Raman shift of (b) PEDOT:PSS films blended with dopants (DMSO, EG, PEG, glycerol) and (c) PEDOT:PSS films crosslinked with GOPS as
averaged from three measured spectra. Shown on the right of (b) and (c) are zoomed-in plots of spectra associated with the thiophene ring on
PEDOT:PSS.
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showed relatively similar spectra to pristine PEDOT:PSS,
albeit a modest shift to a higher frequency at 1440−1450 cm−1,
which likely indicates a greater proportion of benzoid
structures. Finally, glycerol showed a significant shift to a
higher frequency and thus likely the greatest proportion of
benzoid structures. Additionally, we find that crosslinking the
PEDOT:PSS film results in a slight shift to a higher frequency
in the Raman spectra, although the addition of DMSO, EG, or
glycerol all essentially restore the ratio of structural variants to
that of pristine PEDOT:PSS (Figure 5c). No qualitative
observations could be made for PEDOT:PSS/MWCNT films,
as the shift associated with the MWCNT overlap with that of
PEDOT:PSS (Figure S14).
Other studies reporting a significantly favorable shift in

quinoid transformation typically incorporated a surface treat-
ment (e.g., dipping a doped film in EG69 or aqueous
DMSO19), which likely increases the polar interactions
necessary to promote the structural transformation at the
surface. Our findings suggest that blending PEDOT:PSS with a
dopant does not necessarily achieve the same increase in
quinoid moieties at the surface, but can easily be promoted by
post-treatment. As such, we likely expect a surface treatment to
further increase the surface conductivity of PEDOT:PSS films.
For example, Kirihara et al. reported that an additional EG
surface treatment decreased the contact resistivity of doped
PEDOT:PSS films from ∼2 × 10−2 Ω cm−2 to ∼1 × 10−2 Ω
cm−2.12 The authors hypothesized that this reduction was due
to an increase in contact area, as the surface treatment created
a wavy topography. However, together, our observations
suggest that an additional factor in this reported reduction in
contact resistivity was possibly due to an increase in quinoid
species as the surface. In contrast, in this work, changes to the
work function and surface composition were likely far greater
determinants for the contact properties.

■ CONCLUSIONS
The bulk conductivity of PEDOT:PSS is typically increased by
blending with secondary dopants or conductive filler. We show
that these additives also reduce the contact resistance by
modifying the surface morphology, composition, and ener-
getics of the solid film, and thus offer an avenue for tuning the
contact behavior. Blending with small amounts of MWCNT
resulted in highly conductive domains at the surface of the
PEDOT:PSS film and the lowest contact resistivity reported in
this study (4.8 × 10−3 Ω cm2), which appears to be the lowest
contact resistivity for PEDOT:PSS reported so far. However,
the bulk resistivities of MWCNT films were all higher than that
of doped films due to the lack of secondary dopant effects
benefiting the morphology of PEDOT:PSS domains. When
polar small molecule dopants were added, a reduction in
contact resistance is typically correlated with a decrease in PSS
to PEDOT ratio decreases, a decrease in work function (except
in the case of glycerol), and an increase in phase segregation
(as noted by other studies elucidating bulk morphology). Here,
1 vol % glycerol results in the lowest contact resistivity (∼3 ×
10−2 Ω cm2), but 10 vol % DMSO results in the best
combination of low contact resistivity (∼4 × 10−2 Ω cm2) as
well as low bulk resistivity (∼3 × 10−3 Ω cm2). Other studies
have shown that surface treatment of PEDOT:PSS films with
ethylene glycol or dimethyl sulfoxide can promote a favorable
transformation of benzoid-to-quinoid structures, which can
also promote a decrease in contact resistance. When the
PEDOT:PSS film is crosslinked with an insulating silane

crosslinker, the contact resistance dramatically increases due to
the increase in insulating material within the film. However, 5
vol % EG or glycerol can be incorporated to recover the
contact resistance, which again stems from a decrease in work
function, decrease in PSS to PEDOT ratio, and increase in
phase-segregated morphology that allows for the formation of
conductive pathways. We summarize the changes in surface
properties that reduce the contact resistance of PEDOT:PSS
films (Figure 6).

Reduction of the contact resistance between layers within a
device stack can improve the electronic function of several
applications employing semiconducting polymer films. As such,
contact resistance is a crucial consideration for device stacks
made of ultrathin films or where electronic properties are
dominated by charge injection rather than transfer through an
active layer. Two examples of such applications are organic
field effect transistors and charge injection layers in perovskite
or organic solar cells. However, the contact resistance is
governed by a conglomerate of physical phenomena occurring
at the interface of two materials in contact, ranging from the
chemical structures to how they are processed, which often
requires a detailed investigation of the film morphology,
composition, and energetics. Likewise, in this study, we often
observed tradeoffs between the bulk and contact properties of
PEDOT:PSS films, particularly those blended with MWCNT
or doped with secondary dopants. We expect further reduction
of the contact resistivity of PEDOT:PSS can be made possible
by combining different strategies mentioned in this work. For
example, replacing multi-walled carbon nanotubes with their
single-walled counterparts (which have far greater conductiv-
ity), blending both CNT and secondary dopants within the
film, or surface treatment of the PEDOT:PSS film (e.g., spray
coating with CNTs, EG, or DMSO). Thus, a detailed
understanding of structure−property and process−property
relationships, and how they affect the morphology of the
resulting film, offers an avenue for the rational design of
devices incorporating ultrathin PEDOT:PSS films.

Figure 6. Changes to the surface properties of PEDOT:PSS films
induced by incorporation of additives (DMSO, EG, PEG, glycerol,
MWCNT, GOPS) resulting in a reduction in contact resistance to
silver contacts. The contact resistivity is reduced by decreasing the
ratio of PSS to PEDOT at the surface, decreasing the work function
for more favorable band alignment with silver, decreasing the benzoid-
to-quinoid ratio by surface treatment, increasing the film uniformity
and contact area, and increasing the phase separation (induced by
blending in electronic filler or secondary dopant effects).
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