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ABSTRACT: Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) is promising to be the next-generation transparent
electrode of optoelectronic devices. This paper reports the differences
between two commercially available grades of PEDOT:PSS: Clevios P and
Clevios PH1000. The as-prepared PEDOT:PSS films from Clevios P and
Clevios PH1000 solutions have close conductivities of 0.2—0.35 S cm™.
Their conductivities can be enhanced to 171 and 1164 S cm ™},
respectively, through a treatment with hydrofluoroacetone trihydrate
(HFA). The differences between Clevios P and Clevios PH1000 were
studied by various characterizations on PEDOT:PSS aqueous solutions
and PEDOT:PSS films. The gel particles are larger in Clevios PH1000

HF A-treated PH1000 [

6=1164 S cm™

solution than in Clevios P solution as revealed by dynamic light scattering and fluorescence spectroscopy of pyrene in these
solutions. These results suggest that PEDOT of Clevios PH1000 has a higher average molecular weight than that of Clevios P.
The difference in the molecular weight of PEDOT for the two grades of PEDOT:PSS is confirmed by the characterizations on
their polymer films, including atomic force microscopy and temperature dependences of the resistances of as-prepared and HFA-
treated PEDOT:PSS films. The different molecular weights of PEDOT also gives rise to significant differences in the
electrochemical behaviors of the two grades of PEDOT:PSS, as revealed by the cyclic voltammetry, in situ UV—vis—NIR
absorption spectroscopy and potentiostatic transient measurements.
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B INTRODUCTION

The demand for optoelectronic devices, such as liquid crystal
displays (LCDs), light-emitting diodes (LEDs), solar cells,
touch panel displays, lasers, and detectors, has been rapidly
increasing, because they are indispensible units in many
technologies. An optoelectronic device requires at least one
transparent electrode so that light can pass through. Indium tin
oxide (ITO) is the conventional material as the transparent
electrode of optoelectronic devices. But it has problems of
scarce indium on earth which leads to the skyrocketing of the
indium price and high mechanical brittleness. These problems
bring a concern of the long-term availability of ITO and cause
ITO unsuitable for flexible electronic devices that are regarded
as the next-generation electronic devices."”? Hence, it is an
imminent task to find new transparent conductive materials. A
couple of materials have been proposed to substitute ITO as

the transparent electrode, including conducting polymers,®~'®
22-25

1,2

carbon nanotubes,”™>° graphenes,2 % and metal wires.
Among them, poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS, chemical structure shown in
Scheme 1) is highly promising as the next-generation
transparent electrode material, because PEDOT:PSS as a

synthetic polymer can be available at low cost and PEDOT:PSS
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Scheme 1. Chemical Structures of PEDOT:PSS and HFA

PSS
W T ~(JT PEDOT
AN AN S
(o]

FaC CFs

films with high uniformity in a large area can be readily
prepared by conventional solution processing techniques.
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PEDOT:PSS is the most successful conducting polymer in
terms of the practical application because of its advantages in
processability, mechanical, and optical properties. It can be
dispersed in water and some organic solvents, and high-quality
PEDOT:PSS films can be readily prepared on various
substrates by conventional solution processing techniques,
such as spin coating, spraying and printing.26_28 Moreover,
PEDOT:PSS films are highly transparent in visible range and
highly flexible and have excellent thermal stability. Never-
theless, PEDOT:PSS does suffer a problem of low conductivity.
As-prepared PEDOT:PSS films from PEDOT:PSS aqueous
solution usually have a conductivity of less than 1 S cm™,
which is saliently lower than that of ITO.””*’ Hence, it is
important to significantly enhance the conductivity of
PEDOT:PSS films for its application as the transparent
electrode of optoelectronic devices and other applications.
Since Kim et al. reported the conductivity enhancement of
Clevios P by about two orders in magnitude by adding
dimethyl sulfoxide (DMSO) or dimethylformamide (DMF)
into the Clevios™ P aqueous solution,® a couple of methods
have been discovered to significantly enhance the conductivity
of PEDOT:PSS.">*'7*° The conductivity of PEDOT:PSS can
also be significantly enhanced through a treatment of the
PEDOT:PSS films.”**™*® The conductivity enhancement
strongly depends on the grade of PEDOT:PSS. Several grades
of PEDOT:PSS were developed and marketed by H. C Starck,
which was taken over by Heraeus.*” Though as-prepared
PEDOT:PSS films from PEDOT:PSS aqueous solutions of
different grades have almost the same conductivity, typically in
the range of 0.1-1 S cm™’, the conductivity of PEDOT:PSS
films after a treatment is strongly dependent on the grades. For
example, the conductivity can be enhanced up to 200 S cm™
for Clevios P films, whereas it can be improved to 600—700 S
cm™! for Clevios PH1000 films after a treatment with DMSO
or ethylene glycol (EG).* Conductivities exceeding 1000 S
cm™" were reported for treated Clevios PH1000 films. Kim et
al. prepared PEDOT:PSS films from Clevios PH 1000 aqueous
solution added with EG and then treated them in EG bath.*’
After the double treatments with EG, the conductivity of the
PEDOT:PSS films were enhanced to 1418 S cm™". We recently
reported that a treatment of Clevios PHI1000 films with
hexafluoroacetone trihydrate (HFA, chemical structure shown
in Scheme 1) can enhance the conductivity to 1164 S cm™.%°
Moreover, the conductivity of Clevios PH1000 films can be
further improved to more than 3000 S cm™' through a
treatment with H,SO,.>" This conductivity is even higher than
ITO on plastic substrate and comparable to ITO on glass
substrate.

Treated PEDOT:PSS films with high conductivity have been
investigated as the transparent electrode of optoelectronic
devices. PEDOT:PSS films with different conductivities give
rise to different device performances. For example, polymer
solar cells with treated Clevios PH1000 films as the transparent
anode can exhibit a photovoltaic efficiency of >3.5%, which is
comparable to that of control devices with ITO.**' In
contrast, polymer solar cells with treated Clevios P films as the
transparent electrode have photovoltaic efficiencies below
39%.*>* Difference performances were also observed on organic
light-emitting diodes (OLEDs) with treated PEDOT:PSS films
of different conductivities. OLEDs with treated Clevios P films
as the transparent electrode show a maximum luminance of
1490 ¢d m™ and an external electroluminescence quantum
efficiency of 0.73% at 100 A m~2* whereas OLEDs with treated
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Clevios PH1000 films can have a luminance of 15 000 cd m™>
and an external electroluminescence quantum efficiency of
1.71% at 100 A m™>>

Though Clevios P and Clevios PH1000 can give rise to
significantly different conductivities after a treatment, it is not
well understood on the difference in the structure of the two
grades of PEDOT:PSS. In fact, both Clevios P and Clevios
PH1000 are prepared by polymerization of 3,4-ethylenediox-
ythiophene with persulfate and iron(III) in the presence of PSS
in water. Both Clevios P and Clevios PH1000 aqueous
solutions have the same concentration of 1.3 wt % PEDOT:PSS
and the same ratio of PEDOT to PSS (1:2.5 by weight). Good
understanding in the structure of these two grades of
PEDOT:PSS can provide important guidance for the develop-
ment of PEDOT:PSS with even higher conductivity and other
high-performance conducting polymers. In this paper, we
report our findings on the differences in the structure of Clevios
P and Clevios PH1000 through various characterizations on
both solutions and films. The experimental results indicate that
PEDOT of Clevios PH1000 has a higher average molecular
weight than that of Clevios P.

2. EXPERIMENTAL SECTION

2.1. Materials. PEDOT:PSS aqueous solutions (Clevios PH 1000
and Clevios P) were purchased from H. C. Starck that was taken over
by Heraeus. The concentration of PEDOT:PSS was 1.3% by weight,
and the weight ratio of PSS to PEDOT was 2.5 in both solutions. All
other chemicals were obtained from Sigma-Aldrich. All the materials
were used without further purification.

2.2. Treatment of PEDOT:PSS Films with HFA. PEDOT:PSS
films were prepared by spin coating the Clevios™ PH 1000 or Clevios
P aqueous solution on glass substrates of 1.3 X 1.3 cm? which were
precleaned sequentially with detergent, deionized (DI) water, acetone
and isopropyl alcohol. The PEDOT:PSS films were dried at 120 °C on
a hot plate for 15 min. The treatment with HFA was performed by
dropping 100 4L HFA on a PEDOT:PSS film on a hot plate at 140
°C. The PEDOT:PSS films dried after about 5 min. They were cooled
down to room temperature, and then were rinsed with deionized water
and dried at 140 °C again.

2.2. Characterization of PEDOT:PSS Films. The dynamic light
scattering (DLS) measurements of PEDOT:PSS solutions were carried
out with a Zetasizer Nano ZS by Malvern with a HeNe laser (633 nm)
as the light source. The fluorescent spectra were acquired using a
Shimadzu RF-5301 Spectrofluorophotometer. The conductivities of
dried PEDOT:PSS films were measured by the van der Pauw four-
point probe technique with a Keithley 2400 source/meter. The
electrical contacts were made by pressing indium on the four corners
of each PEDOT:PSS film on glass substrate. The temperature
dependences of the resistivities of as-prepared and HFA-treated
PEDOT:PSS films were tested using a Janis Research VPF-475 dewar
with liquid nitrogen as coolant and a Conductus LTC-11 temperature
controller. The UV—vis—NIR absorption spectra of the polymer films
were taken with a Varian Cary 5000 UV—vis—NIR spectrometer, and
the AFM images were obtained using a Veeco NanoScope IV Multi-
Mode AFM with the tapping mode. The X-ray photoelectron
spectroscopy (XPS) spectra were collected with an Axis Ultra DLD
X-ray photoelectron spectrometer equipped with an Al K, X-ray
source (1486.6 eV). The thicknesses of the polymer films were
determined with an Alpha 500 step profiler. Cyclic voltammograms
(CV) and potentostatic transient currents were measured in 0.1 M
NaCl solution with a ECO CHEMIE AUTOLAB PGSTAT 302N +
FRA2 system. The working electrodes were prepared by dropping
PEDOT:PSS aqueous solutions on Au discs with a diameter of 2 mm
and subsequently drying at 120 °C. A Pt wire and Ag/AgCl (3 M
NaCl) were used as the counter and reference electrodes, respectively.
The scan rate was 50 mV s~'. A potential of —0.6 V vs Ag/AgCl was
applied on the working electrode for the potentiostatic transient study.
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The in situ electrochemical UV—vis—NIR absorption spectra were
taken with a Varian Cary 5000 UV—vis—NIR spectrometer, and the
potentials were applied on the working electrode by a Ivium-n-stat
Voltammetric Analyzer.

3. RESULTS AND DISCUSSION

3.1. Particle sizes of PEDOT:PSS in Clevios PH1000
and Clevios P Solutions. Clevios™ PH1000 and Clevios™
P are two grades of PEDOT:PSS aqueous solutions. Their
concentrations are 1.3 wt % in solutions. It has been reported
that PEDOT and PSS form globular gel particles in water.>>>*
The particle sizes in PEDOT:PSS aqueous solution can be
investigated by DLS.>*~%” Both Clevios PH1000 and Clevios™
P aqueous solutions were diluted to 0.013 wt % for the DLS
study. Figure 1 presents the particle sizes of Clevios PH1000
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Figure 1. Gel particle size distributions of 0.013 wt % Clevios P and
0.013 wt % Clevios PH1000 solutions by DLS.

and Clevios P. The Clevios P solution has a size distribution
from 170 to 520 nm with the maximum at 289 nm, and the
average size is 285 nm. The sizes are consistent with those
reported in literauture.”>™>” In contrast, there are two size
distribtion peaks for the Clevios PH1000 solution. The
majority (90%) has a size distribution of 160—940 nm with
the maximum at 463 nm, and the average size is 486 nm. The
minority (10%) has a size distribution of 16—51 nm, and the
average size is 30 nm.

The sizes are related to the globular gel particle structure
formed by PEDOT and PSS in water. PEDOT:PSS is a
polyelectrolyte with the positively charged conjugated PEDOT
and negatively charged nonconjugated PSS™. They are binded
together due to the strong Coulombic attrations. The weight
ratio of PSS to PEDOT is 2.5 in both Clevios PH1000 and
Clevios P solutions, which corresponds to the molar ratio of 1.8
for their repeating units. Excess PSS is used to stabilize PEDOT
in water. The averange molecular weight of PSS is about 400
000 g mol ™", while the molecular weight of PEDOT is probably
just about thousands g mol™".>* The PEDOT chains are much
shorted than the PSS chains. The PSS segments or chains form
globular particles to accormodate the rigid PEDOT chains.
Thus, longer PEDOT chains will give rise to larger globular
particles in water. The DLS results suggest that the particles are
larger in Clevios PH1000 solution than in Clevios™ P solution.
Hence, we can infer that the PEDOT chains in Clevios PH1000
have an higher average molecular weight than in Clevios P.
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This conclusion is confirmed by the fluorescent spectroscopy
of pyrene in dilute Clevios PH1000 and Clevios P solutions.
Pyrene has strong fluorescence, and its fluorescence has been
extensively used to study the micelle structure of surfac-
tants.*®>® PSS serve as a surfactant in PEDOT:PSS aqueous
solution. Figure 2 presents the fluorescence spectra of 5 X 107
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Figure 2. (a) Fluorescence spectra and (b) normalized fluorescence
spectra of 5 X 107¢ M pyrene in 0.013 wt % Clevios PH1000, 0.013 wt
% Clevios P, and 0.009 wt % PSSH solutions.

M pyrene in 0.013 wt % Clevios PH1000, 0.013 wt % Clevios P
and 0.009 wt % poly(styrenesulfonate acid) (PSSH). The
control experiments with 0.009 wt % PSSH solution were
carried out to understand the fluorescence of pyrene in the two
PEDOT:PSS aqueous solutions. The PSSH concentration is
the same as that of PSS in the two PEDOT:PSS aqueous
solutions. The sharp fluorescent bands at the low wavelength
range are the fluorescence arising from pyrene monomer, while
the featureless broad band in the long wavelength regime is the
fluorescence from pyrene excimer due to the aggregation of the
pyrene molecules.”®>® Both the monomer and excimer
fluorescences can be observed for pyrene in the PSSH solution,
but only the monomer fluorescence appears for the
PEDOT:PSS solutions. Moreover, the monomer fluorescence
of pyrene in the PSSH solution is much stronger than in the
two PEDOT:PSS solutions. The decrease in the fluorescene
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and disappearance of the excimer band in the two PEDOT:PSS
solutions indicate that PEDOT can quench the fluorescenc of
pyrene. In fact, conducting polymers can almost completely
quench the fluorescence because conducting polymers are
metallic in nature.”” The fluorescent spectra of pyrene in the
two PEDOT:PSS solutions are almost identical. The pyrene
molecules can be dispersed in the globular particles formed by
PEDOT and PSS and the exceess PSS segments without
PEDOT adherent. The excess PSS chains may not participlate
in the globular particles, in stead they form a worm-like
structure in water due to the Coulombic repulsion.’’ The
fluorescence of the former is quenched by PEDOT, so that only
the latter can be collected. Because the globular particles with
conjugated PEDOT inside have a large size and PEDOT can
have strong m—n interaction with the conjugated pyrene
molecules, these particles can accommodate more pyrene
molecules than the excess PSS segments. Thus, most of pyrene
fluorescence is quenched, and the fluorescence of pyrene in the
PEDOT:PSS solutions is much weaker than in the PSSH
solution. In addition, the absence of excimer fluorescence
suggest that pyrene dispersed in the excess PSS segments has
quite low concentration.

The excimer fluorescence of pyrene was observed in the
PEDOT:PSS solutions when the pyrene concentration was
increased to 2 X 107 M (Figure 3). The monomer
fluorescence is almost the same for the two solutions, while
the excimer fluorescence is stronger for the dilute Clevios P
solution than the dilute Clevios PH 1000 solution. These
results indicate that more pyrene molecules are dispersed in the
excess PSS segments in the dilute Clevios P solution than in the
dilute Clevios PH1000 solution. In other word, more pyrene is
dispersed in the globular particles formed with PEDOT and
PSS in the Clevios PH1000 solution than in the Clevios P
solution. This also suggests that the globular particles in the
Clevios PH1000 solution are larger than in the Clevios P
solution. Thus, the fluorescence spectra are are consistent with
the DLS observations.

3.2. Morphology and Electrical and Optical Properties
of As-Prepared and HFA-Treated Clevios P and Clevios
PH1000 Films. As discussed above, PEDOT has different
molecular weights, which give rise to different gel particles sizes
in Clevios PH1000 and Clevios P aqueous solutions. The core/
shell structure of PEDOT/PSS is reserved in as-prepared
PEDOT:PSS films. The different PEDOT molecular weights
can lead to different morphologies for the as-prepared
PEDOT:PSS films. As shown in Figures 4(a) and 4(b), the
surface morphologies of as-prepared PEDOT:PSS films are
different. The Clevios P film is very smooth while grains can be
observed for the Clevios PH1000 film. Because of the grains,
the rms roughness of the Clevios PH1000 film is 1.20 nm,
greater than that (1.06 nm) of the Clevios P film.

The morphologies of the as-prepared PEDOT:PSS films are
strongly affected by the presence of excess PSS chains.”” They
make the PEDOT:PSS films smooth. The excess PSS chains
can be reduced throu§h a treatment with various compounds as
reported in literature,'*™'®3*7#3031 1y this research work, PSS
was reduced by treating the Clevios PH1000 and Clevios P
films with HFA. As we reported before, the HFA treatment can
remarkably lower the PSS amount and s’(gniﬁcantly enhance the
conductivity of the PEDOT:PSS films.** The morphologies of
the Clevios PH1000 and Clevios P films become more different
after they are treated with HFA as shown in images ¢ and d in
Figure 4. Grains with an elliptical shape can be observed for the
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Figure 3. (a) Fluorescence spectra and (b) normalized fluorescence
spectra of 2 X 107> M pyrene in 0.013 wt % Clevios PH1000, 0.013 wt
% Clevios P, and 0.009 wt % PSSH solutions.

HFA-treated Clevios P film, while fibrous structures appear for
the HFA-treated Clevios PH1000 film. The different grain
shapes can be attributed to the different lengths of the rigid
PEDOT chains. Long rigid polymer chains favor the formation
of the fibrous structure.

The as-prepared Clevios P and Clevios PH1000 films have
close conductivities. The conductivity is 0.25—0.30 S cm™" for
as-prepared Clevios P films, and it is 0.30—0.35 S cm ™" for as-
prepared Clevios PH1000 films. The resistances of Clevios
PH1000 and Clevios P films were studied from room
temperature down to 110 K. Figure Sa shows the temperature
dependences of the normalized resistances of the two
PEDOT:PSS films. Both resistances increase as the temperature
is cooled down. As shown in Figure Sb, the temperature
dependences of both resistances can be fitted well bzr the one-
dimensional variable range hopping (VRH) model,’

R(T) = Roexpl(%)l/z]

where Ty = 16/ksN(Eg)L,/L,* is the energy barrier between
localized states and is a measurement of the degree of disorder
in disordered regions, N(Eg) is the density of the states at the
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Figure 4. AFM images of polymer films. (a) As-prepared Clevios P, (b) as-prepared Clevios PH1000, (c) HFA-treated Clevios P, and (d) HFA-

treated Clevios PH1000.

Fermi level, and L,/(L, ) is the localization length in the parallel
(perpendicular) direction. The best fittings of the R—T"/* data
indicate that the T, values are 2660 and 1901 K for the Clevios
P and Clevios PH1000 film, respectively. The T value of the
Clevios™ PH1000 film is slight lower than that of the Clevios
P film. It is consistent with the conductivities of the two
PEDOT:PSS films at room temperature.

The conductivities of Clevios P and Clevios PH1000 films
increase to 171 and 1164 S cm™, respectively, after a treatment
with HFA. The resistances of a HFA-treated Clevios PH1000
film and a HFA-treated Clevios™ P film were studied from
room temperature down to 110 K (Figure 6). The resistance of
the latter monotonically increases with the elevating temper-
ature which is similar to the temperaure dependence of as-
prepared PEDOT:PSS films, while the resistance of the former
has only a weak dependence on the temperature. The resistance
of the HFA-treated Clevios PH1000 film increases with the
decrease in the temperature at T < 220 K, it then becomes
almost insensitive to the temperature as T > 220 K. The
resistance of the Clevios™ P film can be fitted well with the
one-dimensional VRH model except the slight deviation at
temperature higher than 250 K. The best fitting indicates a T
value of 199 K. In contrast, the R—T relationship of the Clevios
PH1000 film can be analyzed by the one-dimensional VRH
model only at T < 220 K. The T, value is 99 K for this
temperature range. The difference in the T, values of the HFA-
treated Clevios PH1000 and Clevios P films is more remarkable
than that of the as-prepared PEDOT:PSS films.

The similar conductivities and T values of the as-prepared
Clevios PH1000 and Clevios P films imply that the energy
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barriers for charge transport are similar for the two polymer
films. These results indicate that the insulator PSS shell is the
dominant factor for the energy barrier for the charge transport
through the as-prepared Clevios P and Clevios PH 1000 films.
But the energy barrier changes after the HFA treatment of the
PEDOT:PSS films. The HFA treatment can induce the phase
segregation between the hydrophobic PEDOT and hydrophilic
PSSH and lead to the wash-away of some PSSH chains from
the PEDOT:PSS films. The insulator PSSH shell is thus
significantly reduced. As a result, the PEDOT chains become
the dominant factor for the charge transport after the HFA
treatment. The lower T, value of the HFA-treated Clevios
PH1000 film than that of the HFA-treated Clevios P film
suggests that the charge hopping among the PEDOT chains is
easier for the HFA-treated Clevios PH1000 film than for the
HFA-treated Clevios P film. This implies that the localization
length(s) (L,; and/or L, ) for the HFA-treated Clevios PH1000
film is longer than that for the HFA-treated Clevios P film.
Hence, the PEDOT chains of Clevios PH1000 are longer than
those of Clevios P.

The effect of the PEDOT chain length on the conductivity
can be understood in terms of the model by Pike and Seager on
the conductivity of assemblies formed by conductive widthless
sticks.% Longer sticks can give rise to lower critical percolation
concentration for charge transport and higher conductivity. The
effectiveness of that model has been evidenced by the
conductivity of carbon nanotubes and metal nanowires.®*~%
A rigid PEDOT chain can be regarded as a conductive stick.
Longer PEDOT chains can render higher conductivity for the
PEDOT:PSS films.
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Figure S. (a) Temperature dependences of the resistances of as-
prepared Clevios P and Clevios PH1000 films. (b) Analyses with the
one-dimensional VRH model. The resistances are normalized to those
at 110 K.

These results suggest that PEDOT of Clevios PH1000 has
higher average molecular weight than that of Clevios P. The
rigid PEDOT chains of Clevios P are too short to form fiberous
structure. Though remarkable fiber structures were observed on
HFA-treated Clevios PH1000 films, no crystalline structure was
observed by XRD. We also studied the as-prepared Clevios P
and Clevios PH1000 films by XPS and UV-vis—NIR
absorption spectroscopy and did not observe any appreciable
difference between them.

3.3. Electrochemical Behaviors of Clevios P and
Clevios PH1000 Films and Polymer Solar Cells with
HFA-Treated Clevios P and Clevios PH1000 Films As the
Transparent Electrodes. As-prepared and HFA-treated
Clevios P and Clevios PH1000 films were investigated by
electrochemical characterizations. Figure 7 presents the CVs of
as-prepared Clevios PH1000 and Clevios P films in the
potential range from —0.8 to 0.8 V vs Ag/AgCl. Both films
exhibit similar electrochemical behavior. But the cathodic and
anodic peaks appear at lower potentials for the Clevios PH1000
film than the Clevios™ P film. They are 0.15 and 0.12 V vs Ag/
AgCl for Clevios PH1000, respectively, whereas they appear at
0.52 and 0.33 V vs Ag/AgCl for Clevios P, respectively.

The electronic structure of the Clevios PH1000 and Clevios
P films during the electrochemical reduction were studied by
the in situ UV—vis—NIR absorption spectroscopy (Figure 8).
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Figure 7. CVs of as-prepared Clevios P and Clevios PH 1000 films.

The absorption is strong in the infrared range and weak in the
visible range at 0.5 V vs Ag/AgCl, that is, PEDOT is in the
oxidized state. When the electrochemical potential is lowered
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Figure 8. In situ UV—vis—NIR absorption spectra of as-prepared (a)
Clevios P and (b) Clevios PH1000 films.

from 0.5 V down to —0.2 V vs Ag/AgCl, the absorption at the
wavelength range of longer than 1150 nm, which is related to
the bipolarons, decreases. In addition, two new bands, one
between 700 and 1150 nm and another between 400 and 800
nm, appear. The former band is due to the polarons, and the
latter band is the 7-to-7* transition of PEDOT.>* The polaron
band is the most remarkable one at —0.2 V vs Ag/AgCl. When
the potential is further lowered to —0.8 V, the z-to-z*
transition band becomes the strongest, while the bipolaron
absorption band disappears and the polaron absorption band
becomes weak. This indicates that the PEDOT:PSS films
cannot be completely reduced. This is because the PEDOT
chains are surrounded by a thick shell rich of PSS chains for
both grades of PEDOT:PSS. Both the as-prepared Clevios
PH1000 and Clevios P films exhibit similar change in the
absorption during the electrochemical reduction of PE-
DOT:PSS by scanning the electrochemical potential from 0.5
V down to —0.8 V vs Ag/AgCL

The difference in the CVs of the two PEDOT:PSS films
becomes more significant after the treatment with HFA. Both
CVs become quite broad after the HFA treatment (Figure 9).
The broadenings of the CVs can be attributed to the HFA-
induced phase segregation between PEDOT and PSS, which
facilitates the electron transport between the external circuit
and the PEDOT:PSS films. But the HFA-treated Clevios
PH1000 film has additional electrochemical activity in the low
potential range. A redox couple with cathodic and anodic peaks
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Figure 9. CVs of HFA-treated Clevios P and HFA-treated Clevios
PH1000 films.

at —0.64 and —0.70 V vs Ag/AgCl, respectively, appear for the
HFA-treated Clevios PH1000 film, whereas it is absent for the
HFA-treated Clevios P film. Presumably, the difference in the
CVs of the two HFA-treated PEDOT:PSS films is related to the
molecular weight of PEDOT and interactions among the
PEDOT chains. It was observed that high molecular weight and
high crystallinity of conducting polymers can lead to broad
electrochemical behavior.””*® For example, poly(3-hexythio-
phene) with higher molecular weight have broader electro-
chemical activity than that with lower molecular weight.
Regioregular poly(3-hexythiophene) has higher crystallinity
than random poly(3-hexythiophene), and correspondingly the
former has additional electrochemical behavior in comparison
with the latter. We studied the as-prepared and HFA-treated
Clevios PH1000 and Clevios P films with X-ray diffract and did
not observe any XRD pattern for them. But the crystallinity is
related to the interaction among the polymer chains. Higher
crystallinity corresponds to stronger interchain interactions.
The interactions among the PEDOT chains are much stronger
for the HFA-treated PEDOT:PSS films than the as-prepared
PEDOT:PSS films as a result of the HFA-induced phase
segregation between PEDOT and PSS. Longer rigid PEDOT
chains can give rise to stronger interchain interactions. Thus,
there is additional electrochemical behavior in the low potential
range for the HFA-treated Clevios PH1000 films.

The electronic structures of the HFA-treated Clevios
PH1000 and Clevios P films were investigated by UV—vis-
NIR absorption spectroscopy (Figure 10). The spectra are
different from that of the as-prepared PEDOT:PSS films,
particularly at —0.8 V vs Ag/AgCl. The polaron band disappear,
and the 7-to-7* transition band becomes stronger than that of
the as-prepared PEDOT:PSS films at —0.8 V vs Ag/AgCl. The
maximum absorptions are 0.34 and 0.48 for the HFA-treated
Clevios P and HFA-treated Clevios™ PH1000 films at —0.8 V
vs Ag/AgCl], saliently higher than those (0.26 and 0.24) of the
as-prepared PEDOT:PSS films. The stronger 7-to-7* transition
absorption for the HFA-treated Clevios PH1000 film than for
the HFA-treated Clevios P film can be attributed to the
stronger inter-PEDOT interactions. It has been observed that
higher crystallinity of conjugated polymer films can gives rise to
stronger absorption.””””"
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Figure 10. In situ UV—vis—NIR absorption spectra of (a) HFA-
treated Clevios P and (b) HFA-treated Clevios PH 1000 films.

The as-prepared Clevios PH1000 and Clevios P films were
investigated by the potentiostatic transient technique. A
potential of —0.6 V vs Ag/AgCl was applied to reduce the
PEDOT:PSS films, and the currents during the electrochemical
reduction were monitored. As shown in Figure 11, the current
decay is faster for the Clevios™ PH1000 film than the Clevios
P film. The current is the reduction of PEDOT,

PEDOT: PSS + e + Na* — PEDOT®: PSS Na™*

which is related to the electron transfer from the external circuit
to PEDOT and the cation diffusion from the electrolyte into
the polymer films. The current is predominantly affected by the
cation diffusion from the electrolyte into PEDOT:PSS. The ion
diffusion constants (D,) can be estimated by analyzing the
currents by the equation

FAD}Y'*C
NE

where F is the Faraday constant, A the area of the working
electrode, C the charge of an electron, and ¢t the time. The D,
values are 7.4 X 107'° cm?® s™! and 9.3 X 107" cm?® s™* for the
Clevios™ PH1000 and Clevios P films, respectively. These D,
values are reasonable for conducting polymers.”””> The ion
diffusion constant is greater for the Clevios PH1000 film than
the Clevios P film. It can be attributed to the different lengths
of the PEDOT chains in the two grades of PEDOT:PSS. The
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Figure 11. (a) Potentiostatic transient currents of as-prepared Clevios
P and Clevios PH1000 films in 0.1 M NaCl aqueous solution. A
potential of —0.6 V vs Ag/AgCl was applied on the PEDOT:PSS films.
(b) Estimation of the Na* diffusion constants for as-prepared Clevios
P and Clevios PH1000 films. The dots are the experimental data, and
the straight lines are the best fittings of the data.

longer rigid PEDOT chains can make the polymer film rougher
as observed by AFM, which facilitate the cation diffusion from
the electrolyte into PEDOT:PSS.

HFA-treated Clevios P and Clevios PH1000 films were used
as the transparent electrodes of polymer solar cells. The device
fabrication and characterization were followed our previous
k. #3443951 The active layer of the polymer solar cells were
prepared by spin coating a 1,2-dichlorobenzene solution of
poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C¢;-butyric
acid methyl ester (PCBM). The photovoltaic performance of
the polymer solar cells with HFA-treated Clevios P films as the
transparent electrode is similar to those with cosovlent-treated
Clevios P films.** The photovoltaic efficiency is around 2.8% at
AML.5G illumination (100 mA cm™2). The photovoltaic
efficiency increases to 3.57% for the polymer solar cells with
HFA-treated Clevios PH1000 films as the transparent
electrode.*

‘WOr
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B CONCLUSIONS

The differences between Clevios P and Clevios PH1000 were
studied by various characterizations on PEDOT:PSS aqueous
solutions and films. The DLS and fluorescence spectroscopy of
pyrene in these solutions indicate that the gel particles are
larger in Clevios PH1000 solution than in Clevios P solution.
These results suggest that PEDOT of Clevios™ PH1000 has
higher average molecular weight than that of Clevios™ P. The
different average molecular weights of PEDOT in the two
grades of PEDOT:PSS are confirmed by the atomic force
microscopy and temperature dependences of the resistances of
as-prepared and HFA-treated PEDOT:PSS films. The different
average molecular weights of PEDOT also gives rise to
significant difference in the electrochemical behavior of the two
grades of PEDOT:PSS. The HFA-treated Clevios™ PH1000
films have broader electrochemical activity than the HFA-trated
Clevios™ P film. The z-to-7* transition band of HFA-treated
Clevios™ PH1000 films are stronger than that of HFA-treated
Clevios™ P films when both films are electrochemically
reduced to neutral state. The cations diffuse faster for Clevios™
PH1000 films than for Clevios™ P films. This understanding
can provide guidance for the development of PEDOT:PSS
films with even higher conductivity and other high-performance
conducting polymers.
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