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ABSTRACT: In the present report, we focused on the study of
the out-of-plane electrical transport of multiwalled carbon
nanotube (MWCNT)-doped poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) composites
(PEDOT:PSS-MWCNTs) as electrodes for solar cell applica-
tions. The out-of-plane direct current and alternating current PEDOT:PSS-MWCNTs(X)
electrical transport, rarely studied but not less relevant, was
additionally supported with in-plane and out-of-plane confocal ITO
Raman microscopy and grazing incidence small-angle X-ray GLASS
scattering characterizations. The main relevance of our study is
the monitoring of the polymer structure all across the polymeric
film by using confocal Raman spectroscopy and its correlation
with electrical transport. Modifications in the PEDOT
benzenoid and quinoid conformations were observed in the
vicinities of MWCNTs, and the enrichment of PSS at the indium tin oxide electrode interface was also evidenced. In
consequence, the low MWCNT loadings into PEDOT:PSS lead to an increase of the out-of-plane conductivity, but the heavier
MWCNT loadings lead to a drastic decrease. The tuning of the doping level of these polymer composites and the understanding
of the interface structure are crucial to fabricate electrodes with higher out-of-plane conductivities for organic solar cell
applications.
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1. INTRODUCTION films using scanning electron microscopy, atomic force
microscopy (AFM), and scanning tunneling microscopy
techniques have already revealed that the segregation of PSS
could lead to drastic consequences on the electrical trans-

Conductive polymeric nanocomposites have attracted recent
interest in the scientific community due to their outstanding
properties for energy storage1 and conversion” applications. In

the particular case of hybrid solar cells, conductive polymer port. "~ In addition, there have been recent reports showing
nanocomposites are being studied as either promising active efforts to enhance the PEDOT:PSS conductivity by the
layers™ or electrode countermaterials.”® The conductive addition of small amounts of carbon nanographite’ and
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PE- nanotubes”' ~** as secondary dopants, leading to an increase in
DOT:PSS)-doped polymer is one of the most used as the in-plane conductivity of about three times. However, there
transparent electrodes in organic and hybrid solar cells.”™® are no studies focusing on the effect of multiwalled carbon
The deposition of PEDOT:PSS over an indium tin oxide nanotubes (MWCNTs), which are metallic in nature, on the
(ITO) layer has shown an improvement in the stabilizatiog_(l)(f structural characteristics, especially at the interface with the

its work function, in the overall planarization of the films, ITO layer, and their consequences on the out-of-plane

. . . 11
and in the smoothing of t'he.electrode interface contacts.” In conductivity of MWCNT-doped PEDOT:PSS films. In this
the last few years, the majority of the PEDOT:PSS electrode . oo
. . . report, besides a complete characterization of the film
studies have been focused on in-plane electrical transport . . .
structures, we aim to show, for the first time, in-plane and

characterization showing electrical conductivities up to ~10° S .
-1 . . out-of-plane profile confocal Raman microscopy character-
cm™ . However, the use of PEDOT:PSS and its composites as s ) e )
izations of these electrodes. Our main contribution is the

electrodes for solar cells and other devices requires a better
understanding of the out-of-plane electrical transport, which is
still rarely reported."'™'® The out-of-plane conductivity of
PEDOT:PSS has shown a large anisotropy showing a decrease

monitoring of different polymer conformations across the films
by using confocal Raman microscopy and its correlations with

of several orders of magnitude (107°~107* S cm™) with Received: January 10, 2018
respect to the in-plane conductivity, depending on the Revised:  February 8, 2018
formulations.'' ™' Previous structural insights for PEDOT:PSS Published: February 21, 2018
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the out-of-plane conductivity by means of direct current (DC)
and alternating current (AC) electrical transport properties.

2. MATERIALS AND METHODS

2.1. Preparation of PEDOT:PSS-MWCNT Nanocompo-
sites. A poly(3,4-ethylenedioxythiophene):poly(styrene sulfo-
nate) (PEDOT:PSS) 1.3% w/w water solution was purchased
from Sigma-Aldrich and multiwalled carbon nanotubes
(MWCNTs) were purchased from Cheap Tubes (length:
10—30 pm and outer diameter: <8 nm). The corresponding
amounts of MWCNTs (0, 0.1, 1, and 10%) were added into the
PEDOT:PSS 1.3% w/w water solution and kept stirred. Then,
the mixed suspension was exposed to ultrasonic treatment
working with 30 W for 30 min. The resulting solution was spin-
coated onto an ITO/glass substrate at 1000 rpm for 30 s and
2000 rpm for another 30 s. In this work, the studied MWCNTs
fractions were 0, 0.1, 1, and 10%, named as PP-X with X = 0,
0.1, 1, and 10%, respectively.

2.2. Characterization. X-ray reflectometry (XRR) and
grazing incidence small-angle X-ray scattering (GI-SAXS) were
performed using Rigaku Ultima IV diffractometer with Cu Ka
radiation working in parallel beam configuration. XRR patterns
were used to estimate the critical angles, and GI-SAXS out-of-
plane patterns were collected in the g, = 0.01—0.1 A™' range at
a fixed incident angle of 0.2° with respect to the critical angle.
Optical transmittance measurements were performed using a
Thorlabs CCS200 wide-range spectrometer (200—1000 nm).
In-plane and out-of-plane confocal Raman spectroscopy and
atomic force microscopy (AFM) in the AC mode were
performed using WITec alpha300-RA equipment. Raman
spectra for all samples were collected using an excitation laser
wavelength of 532 nm and the laser power was adjusted at ~5
mW to avoid PEDOT:PSS decomposition. In-plane confocal
Raman images were obtained for a 20 X 20 um? total area
utilizing a grid of 75 X 75 points. Out-of-plane confocal Raman
microscopy images were performed for a 5 X S um? total area.
Out-of-plane DC conductivity versus temperature measure-
ments were obtained with a Keithley 2400 sourcemeter using a
two-probe configuration and a Janis CCS-150 cryogenic system
in the temperature range 250—296 K. AC impedance
spectroscopy analysis was performed using a Gamry Reference
3000 impedance analyzer at T = 296 K. The applied AC voltage
amplitude was 10 mV in the 0.1 Hz to 1 MHz frequency regime
with applied Vpc = 0—2 V DC voltages.

3. RESULTS AND DISCUSSION

3.1. X-ray Reflectometry. X-ray reflectometry (XRR)
curves for PP-X with X = 0, 0.1, 1, and 10% are shown in Figure
la. XRR data were fitted using a simple model based in a
PEDOT:PSS-MWCNTs layer followed by an ITO layer, both
on top of a glass substrate, as implemented in GlobalFit
software.”® The XRR data fittings showed a similar behavior for
all MWCNT loadings denoted by a drastic lowering of the
reflected intensity in relation to the presence of two layers: one
ascribed to a lower-density PEDOT:PSS-MWCNT and the
other to a higher-density ITO layer. The most relevant
parameters of XRR data fittings are shown in Table 1. In all
cases, the ITO layer showed no drastic variations from p ~ 5 g
cm™ densities, R ~ 4—6 nm root mean square (rms)
roughness, and d ~ 120—140 nm thickness. On the contrary,
the PEDOT:PSS-MWCNTs layer showed no deviations from p
~ 12—1.8 g cm™* densities, R ~ 2.7—2.9 nm rms roughness,
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Figure 1. (a) X-ray reflectometry (XRR) and (b) grazing incidence
small-angle X-ray scattering (GI-SAXS) for PP-X with X = 0, 0.1, 1,
and 10%. Inset in (a) shows atomic force microscopy (AFM)
topography for PP-10% as an example and inset in (b) shows the high-
q region and power law fittings.

and d ~ 180—200 nm thickness. However, it is important to
remark that a d ~ 200 nm thickness is near the resolution limit
(d ~ 1/A0) of our XRR data, suggesting that these values could
be underestimated. On the contrary, there is a slight but clear
trend from p ~ 1.8 to 1.2 g cm™>, with increasing amounts of
MWCNT loadings. This is suggesting that the lower density of
the resulting PEDOT:PSS-MWCNT films could be possibly
due to the increasing concentration of “empty spaces”
associated with the addition of MWCNTSs. To have a local
approach to the polymeric film surface, an atomic force
microscopy (AFM) topography image is also displayed for PP-
X with X = 10% as an example in Figure Ia, inset.

3.2. Grazing Incidence Small-Angle X-ray Scattering.
Grazing incidence small-angle X-ray scattering (GI-SAXS)
curves for PP-X with X = 0, 0.1, 1, and 10% are shown in Figure
1b. In all cases, the GI-SAXS curves showed a well-
distinguished relative maximum at the mid-q region, which
could be roughly related with mean correlation distances (d.)
using the equation d, ~ 27/q.,. A slight increase in the
position of the maximum was observed from g,,,, ~ 0.028 to
0.036 A7, in relation to a decrease from d, ~ 23 + 3 to 18 + 3
nm with increasing MWCNT loadings. These mean correlation
distances could be attributed to a certain degree of self-
organization among the chain fibers, leading to the formation of
“empty spaces” between polymer fibers, as already ob-
served.”’ ™ The slight decrease in d. could be related to the
approximation of the polymer fibers promoted by the
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Table 1. X-ray Reflectometry (XRR) and Grazing Incidence Small-Angle X-ray Scattering (GI-SAXS) Analysis for PP-X Films

with X = 0, 0.1, 1, and 10%"

p (g em™) R (nm) d (nm) d. (nm) P

X=0 PP-X 1.82 (4) 2.74 (10) 187.4 (8) 23 (3) 12 (2)
ITO 5.58 (10) 5.0 (2) 138.6 (11)

X =01 PP-X 1.42 (6) 2.80 (15) 1939 (9) 22 (3) 2.5 (1)
ITO 5.05 (8) 440 (17) 135.6 (10)

X=1 PP-X 1.58 (7) 2.84 (17) 196.6 (12) 18 (3) 2.7 (1)
ITO 5.05 (9) 4.54 (19) 1209 (11)

X=10 PP-X 1.20 (3) 2.8 (2) 196.1 (5) 18 (3) 2.6 (1)
ITO 4.89 (8) 423 (14) 124.5 (8)

“Density (p), roughness (R), and thickness (d) fitted parameters were obtained from XRR data using GlobalFit software from Rigaku.** The
correlation distances (d.) were estimated using d. ~ 277/q,,,, and the Porod exponents (P) were obtained from the power law fitting at the high-q

region.

increasing interactions with the addition of MWCNTSs. The
high-q region of GI-SAXS data showed good fitting with a
typical ~q~" power law, as shown in Figure 1b, inset. The
power exponent (P) values at the high-q region (0.07 < g < 0.2
A™Y) were ~1.2, 2.5, 2.7, and 2.6 for X = 0, 0.1, 1, and 10%,
respectively, as already observed for PEDOT:PSS sam-
ples.”””*** The increase in the power exponent (P) with
MWCNT addition could be attributed to the formation of
more tightly compact structures, in analogy to those formed for
PEDOT:PSS in water solution.””** The increasing MWCNT
loadings could be promoting the interaction with PEDOT:PSS
fibers, probably via z—r interactions, thus leading to more
compact structures, also in agreement with the decrease of the
mean correlation length from 23 + 3 to 18 + 3 nm, as
discussed above.

3.3. Optical Transmittance Spectroscopy. Optical
transmittance spectra for PP-X films with X = 0, 0.1, 1, and
10% are shown in Figure 2. The transmittance measurements
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Figure 2. Optical transmittance spectra for PP-X films with X = 0, 0.1,
1, and 10%. The transmittance measurements were obtained by
subtracting the ITO/glass substrate references to evaluate only the
transmittance of PP-X films.

were obtained by subtracting the ITO/glass substrate
references to evaluate only the transmittance of PP-X films.
The optical transmittance of X = 0% is the highest; however,
the transmittance of MWCNT loaded films (X = 0.1, 1, and
10%) showed only a slight decrease in the overall trans-
mittance. The major absorption of the PEDOT:PSS layers is in
the 4 = 550—900 nm range, as already observed in previous
reports.'”*" The slight decrease in the transmittance due to
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MWCNT additions is of great relevance for the potential
application as electrode in solar cells.

3.4. In-Plane and Out-of-Plane Confocal Raman
Microscopies. In-plane confocal Raman spectra at selected
PEDOT:PSS-rich and MWCNTs-rich zones for PP-X with X =
0, 0.1, 1, and 10% are shown in Figure 3. The Raman spectra
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Figure 3. Raman spectra at selected areas of PEDOT:PSS-rich (red
lines) and MWCNT-rich (blue lines) zones for PP-X with X = 0, 0.1,
1, and 10% and MWCNT reference.

for the PEDOT:PSS-rich (red) and MWCNTs-rich (blue)
zones were defined by filtering the peak at ~1436 cm™
corresponding to C=C stretching mode of PEDOT:PSS and
the peak at ~1580 cm™' corresponding to the G band of
MWCNTSs, respectively. The Raman spectra shown in Figure 3
correspond to the in-plane confocal Raman images (Figure 4)
for PEDOT:PSS-rich (red) and MWCNTs-rich (blue) zones
for PP-X with X = 0, 0.1, 1, and 10%. An additional Raman
spectrum of the MWCNT reference is also shown in Figure 3.
PEDOT:PSS typical modes are situated at ~700, 990, 1100—
1135, 1258, 1366, and 1434—1444 cm™, ascribed to C—S—C
bending, C—C antisymmetrical stretching, C—O—C stretching,
C—C stretching, C—C inter-ring stretching, and C=C

DOI: 10.1021/acs.jpcb.8b00317
J. Phys. Chem. B 2018, 122, 2694—2701



The Journal of Physical Chemistry B

e ——
4000 nm

Figure 4. In-plane profile confocal Raman microscopy scan for PP-X
with X = 0, 0.1, 1, and 10%. The PEDOT:PSS-rich (red) and
MWCNT-rich (blue) zones correspond to the maximization of the
relative intensity of the 1436 cm™' peak and G-band vibrational modes,
respectively.

symmetric stretching of the aromatic modes, respectively. Two
additional peaks at 1509 and 1567 cm ™" are attributed to C=C
asymmetrical stretching modes.’”*> On the contrary,
MWCNTS typical peaks at 1350 and 1580 cm™" are ascribed
to D and G bands, respectively.”* Raman spectra for X = 0.1%
showed similarities between PEDOT:PSS-rich and MWCNTs-
rich zones but for a low intensity shoulder at 1350 cm™
ascribed to the D mode of MWCNTs, in agreement with a
highly diluted system. However, the occurrence of both D and
G bands of MWCNTSs was more evident for X > 0.1% due to
the higher concentration. It is important to remark that there is
a clear contribution of both phases on each PEDOT:PSS or
MWCNT-rich zones, especially for X = 0.1 and 1%, suggesting
good homogeneity and high degree of mixing, even at the sub-
micrometer scale. In the case of X = 10%, the larger
concentration of MWCNTs leads to the appearance of blue
well-defined zones in Figure 4, in relation to the agglomeration
of MWCNTS, evidencing a declining in the homogeneity of PP-
X nanocomposites. At first sight, there are no drastic
modifications on the position of PEDOT:PSS vibrational
modes for none of the zones. However, an approach to the
Raman spectra for both PEDOT:PSS and MWCNT-rich zones
in the 1200—1600 cm ™" region is shown in Figure Sa to have a
better insight. The peak ascribed to the C=C stretching mode
of PEDOT:PSS showed different locations: at 1434 and 1444
cm™}, for the MWCNT-rich and the PEDOT:PSS-rich zones,
respectively, as shown in Figure Sa. The shift from ~1444 to
1434 cm™' could be in agreement with the transformation of
PEDOT from a benzoid to a quinoid structure,*>'® whose
structural models are shown in Figure Sc. Our results indicate
that there is an increase in the population of quinoid
conformation in the vicinities of MWCNTs, which could be
related to an enhancement in the conductivity.”” The same
trend was observed for X = 1% and could also be extrapolated
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Figure S. (a) In-plane confocal Raman microscopy spectra at selected
PEDOT:PSS-rich and MWCNTs-rich zones for PP-X with X = 10%.
The inset shows a zoom of the peak shift ascribed to benzoid-to-
quinoid transition. (b) Out-of-plane confocal Raman microscopy
spectra for PEDOT-rich (blue) and PSS-rich (yellow) zones for PP-X,
with X = 0.1%. The inset shows the structure of the PSS monomer. (c)
PEDOT benzoid and quinoid structural conformations.

to X = 0.1%, but in the latter, the low amounts of MWCNTs
hamper the observation of this Raman shift with clarity. It is
important to remark that X = 0% showed the position of the
C=C vibrational mode at ~1442 cm™}, suggesting that the
presence of MWCNTSs clearly leads to the increment of the
PEDOT quinoid conformation at expenses of the benzoid
configuration.

Out-of-plane profile confocal Raman microscopy images for
PP-X with X = 0, 0.1, 1, and 10% are shown in Figure 6. The
confocal Raman microscopy images are limited, in an ideal case,
to ~300 nm optical resolution, leading to an overestimation of
those dimensions below that dimension. In all cases, the
thickness estimation using XRR analysis showed a PP-X
thickness of about 190 nm, but, as stated above, the films
thickness will be detected above 300 nm in our confocal Raman

DOI: 10.1021/acs.jpcb.8b00317
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Figure 6. Out-of-plane confocal Raman microscopy scan for PP-X
with X = 0, 0.1, 1, and 10%. (a) PEDOT:PSS-rich (red) and
MWCNT-rich (blue) zones correspond to the maximization of the
relative intensity of the peaks at 1436 cm™' (C=C, PEDOT) and
1350 cm™ (D band, MWCNTs), respectively. (b) PEDOT-rich (blue)
and PSS-rich (yellow) zones correspond to the maximization of the
relative intensity of the peaks at 1436 cm™' (C=C, PEDOT) and
1090 cm™' (S=0, sulfonate group of PSS), respectively.

microscopy images. As a guide to the eye, we framed the PP-X
film zone by using two straight lines at the optical limit
resolution, that is, ~300 nm, as shown in Figure 6. We can also
distinguish two other zones associated with the interface with
air at the top and the interface with ITO at the bottom of the
marked frame. The out-of-plane confocal Raman microscopy
images displayed in Figure 6a were filtered to obtain
PEDOT:PSS-rich and MWCNTs-rich zones. The PE-
DOT:PSS-rich (red) and MWCNT-rich (blue) zones were
also obtained by filtering the C=C stretching mode of PEDOT
and the G band of MWCNTSs, respectively, as discussed above.
The low concentration of MWCNTs (X < 10%) showed
mostly PEDOT:PSS-rich zones, but the appearance of blue
spots in random locations suggests that the MWCNTSs are
more or less homogeneously distributed for PP-X films with X
< 10%. For the X = 10% composition, a segregated blue zone is
observed, probably due to the presence of agglomerated
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MWCNTS, as also evidenced by the in-plane confocal Raman
microscopy images. Out-of-plane confocal Raman microscopy
spectra for the selected PEDOT:PSS-rich zone at the PP-X film
zone and at the ITO interface for a selected composition (X =
0.1%) are shown in Figure Sb. We observe a splitting of the
C=C stretching mode ascribed to PEDOT originally at ~1440
cm™" toward 1440 and 1454 cm™ for the PP-X films at the ITO
interface zone. However, this Raman splitting is not precisely in
agreement with a benzoid-to-quinoid conformation transition.
Interestingly, we also observe at the ITO interface, an increase
in the relative intensity of the Raman peak at ~1090 cm™),
which is usually attributed to vibrational modes of PSS
sulfonate groups.”® This suggests that the PSS concentration
is relatively high at the ITO interface, probably due to its
charged nature, thus enhancing the interaction with the ITO
interface. The out-of-plane confocal Raman microscopy images
displayed in Figure 6b were filtered to obtain PEDOT-rich and
PSS-rich zones for our film specimens. The PEDOT-rich (blue)
and PSS-rich (yellow) zones were also obtained by filtering the
C=C stretching mode of PEDOT and the sulfonate stretching
mode of PSS, respectively. There is clear evidence that the
increasing amounts of MWCNTSs, especially for 10% loadings,
lead to an enrichment of PSS at the ITO interface. The
formation of PSS-rich zones close to the ITO interface could be
a strong influence to the decline of the charge carrier injection
from carbon nanotube-doped PEDOT:PSS into the ITO layer.
3.5. DC Electrical Transport. DC out-of-plane resistance
and the corresponding conductivities versus temperature for
PP-X, with X = 0, 0.1, 1, and 10% in the temperature range of
250—296 K, are shown in Figure 7. A quasi-temperature-
independent behavior for out-of-plane conductivity was
observed for all PP-X samples in the temperature regime
analyzed. Only a slight decrease in conductivity was observed
for X = 10%, in agreement with a small semiconducting
behavior. In all cases, a linear behavior was observed in the -V
curves obtained at room temperature in Figure 7a, inset,
suggesting no drastic deviations from an ohmic behavior. The
highest out-of-plane conductivities were observed for lower
amounts of MWCNT loadings, exhibiting the maximum
conductivity for the X = 0.1% composition. Our out-of-plane
conductivity values (~107° S cm™) are in the order of those
reported in bibliography.” Meanwhile, the X = 10%
composition showed a drastic decrease in the out-of-plane
conductivity, even below the conductivity observed for
unloaded (X = 0%) polymer films. The improvement of the
out-of-plane conductivity for the films with lower MWCNT
concentration could be in agreement with the optimization of
the interaction between PEDOT:PSS with MWCNTs. Our
confocal Raman microscopy analysis showed an increment in
the population of the PEDOT quinoid structure in the vicinities
of MWCNTs, suggesting that the enhancement on this
interaction could lead to an increase in the electrical
conductivity. The good dispersion of MWCNTs in the
polymeric matrix for X = 0.1 and 1% is probably responsible
for the improvement in the out-of-plane conductivity. The
drastic decrease in the conductivity for X = 10% could be due
to the MWCNT aggregation, which is in accordance with the
confocal Raman image in Figure 4. Nevertheless, our out-of-
plane confocal Raman microscopy analysis also showed the
presence of poor-conducting PSS at the ITO interface. This
could explain the high anisotropy observed for the out-of-plane
conductivities, with respect to the in-plane configuration.

DOI: 10.1021/acs.jpcb.8b00317
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Figure 7. (a) I-V curves obtained at room temperature, (b) DC
resistance (Rpc), and (c) DC out-of-plane conductivity (6, pc) vs
temperature for PP-X with X = 0, 0.1, 1, and 10%.

3.6. AC Electrical Transport. Impedance modulus depend-
ences with frequency plots at different applied DC voltages for
PP-X with X = 0, 0.1, 1, and 10% are shown in Figure 8. A
frequency-independent impedance behavior for PEDOT:PSS-
MWCNT films was observed for lower MWCNT loadings (X =
0—1%) in a wide frequency range from 10° to 107" Hz. In the
case X = 10%, a small capacitive behavior was observed, which
is evidenced by an increase in the impedance modulus at high
frequencies. A progressive decrease in the impedance modulus
was observed with increase in applied DC voltage for all
compositions. To obtain a more quantitative insight on the AC
electrical transport, impedance data was fitted using a circuit
model composed of the parallel combination of a resistor (R)
and a nonideal capacitor called constant phase element (CPE),
where impedance can be defined as
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Figure 8. Impedance modulus vs frequency at different applied DC
voltages (Vpc = 0—2 V) for PP-X, with X = 0, 0.1, 1, and 10%.
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The nonideal capacitive contribution to the electrical transport
was observed clearly only for X = 10%, being negligible for X =
0, 0.1, and 1%, in accordance with a near-ohmic behavior. The
frequency-independent impedance behavior could be a result of
the formation of a compact PEDOT:PSS-MWCNT layer on
top of the ITO electrode. This near-ohmic behavior is in
agreement with the DC analysis discussed in the previous
section, as also previously observed for other PEDOT:PSS
layers deposited on metal sustrates.””*® The fitted resistance
values and the corresponding AC out-of-plane conductivities
versus the applied DC voltage are shown in Figure 9a)b,
respectively. At zero bias, the AC out-of-plane conductivities
showed very similar results to those obtained using DC out-of-
plane conductivities. A linear increase in conductivity was
observed with increasing DC bias for X < 10%, showing a small
but positive slope. This is in agreement with a near-ohmic
behavior, as already discussed above. However, a nonlinear
increase in conductivity was observed with increasing DC bias
for X = 10% showing a threshold DC voltage at about V ~ 1-2
V, upon which an increase in conductivity was observed. The
high amounts of MWCNT loadings probably lead to a
deviation of an ohmic behavior, in agreement with the increase
in the capacitive behavior. The MWCNT aggregation and the
enrichment of poor-conducting PSS at the ITO interface,
especially observed for higher loadings (X = 10%), could be
responsible for both the decrease in the electrical out-of-plane
conductivity and the capacitive behavior.

Zepg =

4. CONCLUSIONS

In this report, we show the effect of MWCNT doping on the
structure and out-of-plane conductivity of PEDOT:PSS/ITO
electrodes for solar cell applications. For the first time, we
showed in-plane and out-of-plane profile confocal Raman
microscopy characterizations of these electrode materials. We
found interesting structural conformation modifications of
PEDOT at both the MWCNTSs and the ITO interface, in

DOI: 10.1021/acs.jpcb.8b00317
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Figure 9. (a) Fitted AC resistance (R,c) and (b) AC out-of-plane
conductivity (6, »c) vs applied DC voltage for PP-X with X =0, 0.1, 1,
and 10%.

correlation with the electrical transport properties. Modifica-
tions in the PEDOT benzenoid and quinoid conformations
were observed in the vicinities of the MWCNT interface and
enrichment of PSS concentration at the indium tin oxide (ITO)
electrode interface. A near-ohmic behavior was observed in all
cases, and an increase in the out-of-plane conductivity was
observed for low amounts (0.1%) of MWCNT doping, as
usually observed for the in-plane conductivity. However, for
higher amounts (10%) of MWCNT loadings, the enrichment
of the poor-conducting PSS at the interface with the ITO layer
could be responsible for the decrease in electrical transport.

B AUTHOR INFORMATION

Corresponding Authors

*E-mail: mromero@fq.edu.uy (M.R.).

*B-mail: rfaccio@fq.eduuy (R.F.).

*E-mail: amombru@fq.edu.uy. Tel: +598 2929 0648. Fax: +598
2924 1960 (A.W.M.).

ORCID

Mariano Romero: 0000-0002-3529-2598

Ricardo Faccio: 0000-0003-1650-7677

Notes

The authors declare no competing financial interest.

2700

B ACKNOWLEDGMENTS

The authors wish to thank the Uruguayan CSIC, ANII, and
PEDECIBA funding institutions. We would also like to thank
the financial support of EQC-X-2012-1-14 research project.

B REFERENCES

(1) Peng, C.; Zhang, S.; Jewell, D.; Chen, G. Z. Carbon nanotube and
conducting polymer composites for supercapacitors. Prog. Nat. Sci.
2008, 18, 777—788.

(2) Liang, Y,; Xu, Z.; Xia, ].; Tsai, S.-T.; Wu, Y,; Li, G,; Ray, C,; Yu, L.
For the Bright Future-Bulk Heterojunction Polymer Solar Cells with
Power Conversion Efficiency of 7.4%. Adv. Mater. 2010, 22, E135—
E138.

(3) He, Y; Li, Y. Fullerene Derivative Acceptors for High
Performance Polymer Solar Cells. Phys. Chem. Chem. Phys. 2011, 13,
1970—1983.

(4) Mombrt, D.; Romero, M.; Faccio, R.;; Mombrii, A. W. Raman
and Impedance Spectroscopy under Applied DC Bias Insights on the
Electrical Transport for Donor:Acceptor Nanocomposites Based on
Poly(vinyl carbazole) and TiO, Quantum Dots. J. Phys. Chem. C 2017,
121, 23383—23391.

(5) Chang, H,; Wang, G.; Yang, A.; Tao, X; Liu, X.; Shen, Y.; Zheng,
Z. A Transparent, Flexible, Low-Temperature, and Solution-Proces-
sible Graphene Composite Electrode. Adv. Funct. Mater. 2010, 20,
2893-2902.

(6) Ji, T; Tan, L,; Hu, X; Dai, Y,; Chen, Y. A comprehensive study
of sulfonated carbon materials as conductive composites for polymer
solar cells. Phys. Chem. Chem. Phys. 2015, 17, 4137—414S.

(7) Fan, X; Xu, B; Liu, S.; Cui, C; Wang, J; Yan, F. Transfer-
Printed PEDOT:PSS Electrodes Using Mild Acids for High
Conductivity and Improved Stability with Application to Flexible
Organic Solar Cells. ACS Appl. Mater. Interfaces 2016, 8, 14029—
14036.

(8) Yu, Z; Xia, Y,; Du, D.; Ouyang, J. PEDOT:PSS Films with
Metallic Conductivity through a Treatment with Common Organic
Solutions of Organic Salts and Their Application as a Transparent
Electrode of Polymer Solar Cells. ACS Appl. Mater. Interfaces 2016, 8,
11629—11638.

(9) Mahato, S.; Gerling, L. G; Voz, C; Alcubilla, R.; Puigdollers, J.
High efficiency ITO-free hybrid solar cell using highly conductive
PEDOT:PSS with co-solvent and surfactant treatments. Mater. Lett.
2017, 186, 165—167.

(10) Na, S.-1; Wang, G.; Kim, S.-S.; Kim, T.-W.; Oh, S.-H.; Yu, B.-K;
Lee, T.; Kim, D.-Y. Evolution of nanomorphology and anisotropic
conductivity in solvent-modified PEDOT:PSS films for polymeric
anodes of polymer solar cells. J. Mater. Chem. 2009, 19, 9045—9053.

(11) van de Ruit, K.; Katsouras, I; Bollen, D.; van Mol, T.; Janssen,
R. A. J; de Leeuw, D.; Kemerink, M. The Curious Out-of-Plane
Conductivity of PEDOT:PSS. Adv. Funct. Mater. 2013, 23, 5787—
5793.

(12) Wei, Q; Mukaida, M,; Kirihara, K; Ishida, T. Experimental
Studies on the Anisotropic Thermoelectric Properties of Conducting
Polymer Films. ACS Macro Lett. 2014, 3, 948—952.

(13) Kim, Y.; Ballantyne, A. M.; Nelson, J.; Bradley, D. D. C. Effects
of thickness and thermal annealing of the PEDOT:PSS layer on the
performance of polymer solar cells. Org. Electron. 2009, 10, 205—209.

(14) Nardes, A. M,; Kemerink, M.; Janssen, R. A. J. Anisotropic
hopping conduction in spin-coated PEDOT:PSS thin films. Phys. Rev.
B 2007, 76, No. 085208.

(15) Van Hal, P. A,; Smits, E. C. P.; Geuns, T. C. T.; Akkerman, H.
B.; De Brito, B. C,; Perissinotto, S.; Lanzani, G.; Kronemeijer, A. J.;
Geskin, V.; Cornil, J; et al. Upscaling, integration and electrical
characterization of molecular junctions. Nat. Nanotechnol. 2008, 3,
749.

(16) Yeo, J.-S,; Yun, J.-M.; Kim, D.-Y.; Park, S.; Kim, S.-S.; Yoon, M.-
H,; Kim, T.-W,; Na, S.-I. Significant Vertical Phase Separation in
Solvent-Vapor-Annealed Poly(3,4-ethylenedioxythiophene):Poly-
(styrene sulfonate) Composite Films Leading to Better Conductivity

DOI: 10.1021/acs.jpcb.8b00317
J. Phys. Chem. B 2018, 122, 2694—2701



The Journal of Physical Chemistry B

and Work Function for High Performance Indium Tin Oxide-Free
Optoelectronics. ACS Appl. Mater. Interfaces 2012, 4, 2551.

(17) Kemerink, M.; Timpanaro, S.; de Kok, M. M.; Meulenkamp, E.
A.; Touwslager, F. ]J. Three-Dimensional Inhomogeneities in
PEDOT:PSS Films. J. Phys. Chem. B 2004, 108, 18820—18825.

(18) Nardes, A. M,; Janssen, R. A. J.; Kemerink, M. A Morphological
Model for the Solvent-Enhanced Conductivity of PEDOT:PSS Thin
Films. Adv. Funct. Mater. 2008, 18, 865—871.

(19) Lee, H. J; Lee, J.; Park, S.-M. Electrochemistry of Conductive
Polymers. 4S. Nanoscale Conductivity of PEDOT and PEDOT:PSS
Composite Films Studied by Current-Sensing AFM. . Phys. Chem. B
2010, 114, 2660—2666.

(20) Singhal, P.; Rattan, S. Swift Heavy Ion Irradiation as a Tool for
Homogeneous Dispersion of Nanographite Platelets within the
Polymer Matrices: Toward Tailoring the Properties of PEDOT:PSS/
Nanographite Nanocomposites. ]. Phys. Chem. B 2016, 120, 3403—
3413.

(21) Park, J; Lee, A; Yim, Y.; Han, E. Electrical and thermal
properties of PEDOT:PSS films doped with carbon nanotubes. Synth.
Met. 2011, 161, 523—527.

(22) Benchirouf, A.; Palaniyappan, S.; Ramalingame, R,;
Raghunandan, P.; Jagemann, T.; Miiller, C; Hietschold, M.;
Kanoun, O. Electrical Properties of Multi-Walled Carbon Nano-
tubes/PEDOT:PSS Nanocomposites Thin Films under Temperature
and Humidity Effects. Sens. Actuators, B 2016, 224, 344—350.

(23) Yoo, D.; Kim, J,; Lee, S. H,; Cho, W.; Choi, H. H.; Kim, F. S;
Kim, J. H. Effects of one- and two-dimensional carbon hybridization of
PEDOT:PSS on the power factor of polymer thermoelectric energy
conversion devices. J. Mater. Chem. A 2015, 3, 6526—6533.

(24) Cho, E.-C; Li, C.-P; Huang, J-H; Lee, K.-C,; Huang, J.-H.
Three-Dimensional Conductive Nanocomposites Based on Multi-
walled Carbon Nanotube Networks and PEDOT:PSS as a Flexible
Transparent Electrode for Optoelectronics. ACS Appl. Mater. Interfaces
2015, 7, 11668—11676.

(25) Dettlaff, A; Sawczak, M.; Klugmann-Radziemska, E.;
Czylkowski, D.; Miotk, R.; Wilamowska-Zawlocka, M. High-perform-
ance method of carbon nanotubes modification by microwave plasma
for thin composite films preparation. RSC Adv. 2017, 7, 31940—31949.

(26) GlobalFit; Rigaku Corporation: Tokyo, 2013.

(27) Choudhury, P. K; Bagchi, D,; Suchand, C. S. S.; Menon, R.
Modified conformation and physical properties in conducting
polymers due to varying conjugation and solvent interactions. J.
Mater. Chem. 2011, 21, 1607—1614.

(28) Wy, P.-T; Ren, G.; Kim, F. S,; Li, C.; Mezzenga, R.; Jenekhe, S.
A. Poly(3-hexylthiophene)-b-poly(3-cyclohexylthiophene): Synthesis,
Microphase Separation, Thin Film Transistors, and Photovoltaic
Applications. J. Polym. Sci,, Part A: Polym. Chem. 2010, 48, 614—626.

(29) Takano, T.; Masunaga, H.; Fujiwara, A.; Okuzaki, H.; Sasaki, T.
PEDOT Nanocrystal in Highly Conductive PEDOT:PSS Polymer
Films. Macromolecules 2012, 45, 3859—3865.

(30) Bagchi, D.; Menon, R. Conformational modification of
conducting polymer chains by solvents: Small-angle X-ray scattering
study. Chem. Phys. Lett. 2006, 425, 114—117.

(31) Worfolk, B. J.; Andrews, S. C.; Park, S.; Reinspach, J.; Liu, N.;
Toney, M. F.; Mannsfeld, S. C. B;; Bao, Z. Ultrahigh electrical
conductivity in solution-sheared polymeric transparent films. Proc.
Natl. Acad. Sci. US.A. 20185, 112, 14138.

(32) Sakmeche, N.; Aeiyach, S.; Aaron, J.-J.; Jouini, M.; Lacroix, J. C.;
Lacaze, P.-C Improvement of the Electrosynthesis and Physicochem-
ical Properties of Poly(3,4-ethylenedioxythiophene) Using a Sodium
Dodecyl Sulfate Micellar Aqueous Medium. Langmuir 1999, 1S,
2566—2574.

(33) Zhou, C,; Liu, Z; Du, X; Ringer, S. P. Electrodeposited
PEDOT films on ITO with a flower-like hierarchical structure. Synth.
Met. 2010, 160, 1636—1641.

(34) Soin, N,; Roy, S. S; Ray, S. C.; McLaughlin, J. A. Excitation
energy dependence of Raman bands in multiwalled carbon nanotubes.
J. Raman Spectrosc. 2010, 41, 1227—1233.

2701

(35) Zhou, J.; Lubineau, G. Improving Electrical Conductivity in
Polycarbonate Nanocomposites Using Highly Conductive PEDOT/
PSS Coated MWCNTSs. ACS Appl. Mater. Interfaces 2013, S, 6189—
6200.

(36) Edwards, H. G. M; Brown, D. R; Dale, J. A; Plant, S. Raman
spectroscopy of sulfonated polystyrene resins. Vib. Spectrosc. 2000, 24,
213-224.

(37) Kayinamura, Y. P.; Ovadia, M; Zavitz, D.; Rubinson, J. F.
Investigation of Near Ohmic Behavior for Poly(3,4-ethylenediox-
ythiophene): A Model Consistent with Systematic Variations in
Polymerization Conditions. ACS Appl. Mater. Interfaces 2010, 2,
2653—2662.

(38) Kayinamura, Y. P.; Roberts, J. H.; Rubinson, J. F. Near-Ohmic
Behavior for Conducting Polymers: Extension Beyond PEDOT on
Gold-Plated Platinum to Other Polymer-Counterion/Substrate
Combinations. ACS Appl. Mater. Interfaces 2012, 4, 1601—1607.

DOI: 10.1021/acs.jpcb.8b00317
J. Phys. Chem. B 2018, 122, 2694—2701



