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We have investigated the effects of temperature variation on colloidal solutions of the elec-
trode polymer poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS)
and its consequences for photovoltaic devices using conjugated polymer blends as the pho-
toactive material. By variation of the PEDOT:PSS solution temperature between 20 and
90 �C we observed reversible temperature-dependent change in size of the PEDOT:PSS par-
ticles. This process is associated with temperature and concentration dependent phase
transitions of the PSS electrolyte chains. We found optimum device performance, in partic-
ular high quantum efficiency and power conversion efficiency for solar cells, with PED-
OT:PSS layers produced from 70 �C solutions. After consideration of film morphology,
particle size, conductivity and work function, we conclude that improved device perfor-
mance originates from enhanced conductivity in films deposited from heated solutions.
While film conductivity increases mo\notonically with solution temperature, devices pro-
duced using solution temperatures greater than 70 �C suffer from the increased work func-
tion of the PEDOT:PSS layer.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Solar cells based on conjugated polymers have shown a
considerable increase in device efficiency over the last dec-
ade [1–3]. For achieving high efficiencies, a thin layer of the
conductive polymer mixture PEDOT:PSS (poly(3,4-ethyl-
enedioxythiophene):poly(styrenesulfonic acid)) (Fig. 1) at
the hole-collecting electrode is typically used [4]. PED-
OT:PSS is thought to be beneficial for device performance
in a number of ways. It not only decreases the surface
roughness of indium-tin oxide (ITO) transparent electrodes,
reducing the number of shorts in the device, but also im-
proves the selectivity of the anode due to the higher work
. All rights reserved.
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function relative to ITO, enhancing electron blocking and
therefore maintaining higher open-circuit voltage [5].
Changing the properties of PEDOT:PSS, for example via
addition of surfactants and organic solvents [6] or thermal
annealing [7–9] has been extensively examined. Studies
focusing on the interplay between PEDOT:PSS treatment
and device performance of polymer solar cells [10,11] show
that both thickness and annealing temperature of the PED-
OT:PSS layer influence the device performance signifi-
cantly. However, understanding the relationship between
morphological and chemical changes on one side and
photovoltaic properties on the other side is desirable for
more efficient solar cells. The commonly used PEDOT:PSS
solution is a complex materials system. In order to circum-
vent the poor solubility and infusibility of pure PEDOT, it is
polymerized in the presence of water-soluble polyelectro-
lyte PSS that acts as a dopant and counterion, and facilitates
the formation of a stable aqueous colloidal solution [12].
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Fig. 1. Chemical structures of polymers used.
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Generally these colloidal particles are described as
entanglements of PSS chains with PEDOT oligomer units
adsorbed to them. When in aqueous solution, the hydro-
phobicity of the adsorbed PEDOT causes preferential orien-
tation of the hydrophilic sulfate groups to the outside and
the PEDOT-rich parts of the chain to the inside of the entan-
gled polymer chain, causing a micelle-like formation. From
the macroscopic point of view this results in a particle with
a PEDOT-rich conductive core and an insulating PSS-rich
shell, which has been verified in numerous investigations
on dried films, e.g. via XPS [5,13,14]. While the particles
are in a swollen state when in aqueous solution, they shrink
drastically during drying (water content up to �95%) [12].
The PSS content in these solutions may be altered to tune
the electric properties of PEDOT:PSS films. Up to a certain
concentration, the PSS dopant enhances PEDOT:PSS film
conductivity (up to�10 S/cm). It decreases again for higher
PSS content, due to the formation of PSS insulating cover
layers or lamellae [15,16].

In this work we study the influence of thermal
treatment on the PEDOT:PSS solution and resulting effects
on the device performance of solar cells made from P3
HT (poly(3-hexylthiophene)) and F8TBT (poly((9,9-dioctyl-
fluorene)-2,7-diyl-alt-[4,7-bis(3-hexylthiophen-5-yl)2,1,3-
benzothiadiazole]-20,200-diyl)) (Fig. 1) [17]. Besides
electrical characterization of photovoltaic cells we employ
photoelectron spectroscopy (both X-ray photoelectron
spectroscopy (XPS) and ultraviolet photoelectron yield
spectroscopy (PEYS)), atomic force microscopy (AFM) and
electrical conductivity measurements to characterize solid
PEDOT:PSS thin films, and ion activity measurement (pH)
and photon correlation spectroscopy (Dynamic Light Scat-
tering (DLS)) on solutions to reveal the interplay between
thermal treatment of PEDOT:PSS, resulting thin film proper-
ties and photovoltaic performance.
2. Experimental details

2.1. Materials

All substrates used (Spectrosil quartz glass, indium-tin
oxide (ITO) coated sodium silicate glass) were cleaned by
sonication in acetone and isopropanol (20 min. each), fol-
lowed by oxygen plasma etching (250 W, 10 min). The
aqueous colloidal PEDOT:PSS solution used has a PEDOT-
to-PSS ratio of 1:16 (Clevios P VP AI 4083, H.C. Starck
GmbH, subsequently enriched with PSS). Its nominal solid
content is 2.2% and the particle size in the swollen state (in
solution) is characterized by d50 of 80 nm and d90 of
100 nm (dn implies that n wt.% of the particles are below
the given size). The molecular weight of PSS in Clevios P
is MW = 313,000 and Mn = 134,000. The aqueous PSS solu-
tion (Scientific Polymer Products Inc.) has a solid content
of 20 wt.% and the PSS a molecular weight of
MW = 70,000. Powdered In2O3 (99.99 % Sigma–Aldrich)
was added to PEDOT:PSS solution for some pH measure-
ments at a concentration of 1.21 mg/mL.

For the solar cell active layers a binary all-polymer
blend was used, consisting of poly((9,9-dioctylfluorene)-
2,7-diyl-alt-[4,7-bis(3-hexylthien-5-yl)-2,1,3-benzothiadi-
azole]-20,200-diyl) (F8TBT) supplied by Cambridge Display
Technology Ltd. with a molecular weight (MW) of 55,000
and poly(3-hexylthiophene) (P3HT) supplied by Rieke
Metals Inc. with a molecular weight (MW) of 46,000 and
a regioregularity of 93% (electronic grade). The photoactive
polymers were used without further purification. The
P3HT:F8TBT system has been intensively studied previ-
ously in photodetector or photovoltaic applications
[18,19] and in solar cells gave external quantum efficien-
cies up to 26% and power conversion efficiencies of 1.8%
under solar simulator conditions [2].
2.2. Preparation

The PEDOT:PSS solutions were sonicated (10 min) be-
fore use. The solution heating was carried out in a metal
hot block to ensure homogeneous heat distribution and
the heated solutions were filtered with a preheated
0.25 lm filter (Whatman PP w/GMF polypropylene mem-
brane syringe filter with glass microfiber prefilter) before
film deposition or solution characterization. Sonicated
PEDOT:PSS solutions were modified by heating at temper-
atures between 20 �C and 90 �C for at least 10 min before
further processing. The warm solutions were filtered and
characterized either undiluted (pH value determination)
or diluted (to a ratio of 1:50 for PEDOT:PSS) with water
of the same temperature (dynamic light scattering). Undi-
luted, heated, filtered PEDOT:PSS solutions were deposited
as thin films for further characterization (photovoltaic
studies, conductivity, photoelectron spectroscopy, AFM,
profilometer). This was done via spin-coating in ambient
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air to yield a final thickness of about 70 nm. Note that the
spin-coating chuck and substrate were at room tempera-
ture, so that the polymer solution cooled during spin-coat-
ing. The spin-cast samples were annealed at 230 �C while
purged with dry N2 gas (<1 ppm H2O) for 30 min to remove
residual water. This temperature was found to be optimum
for device performance in our previous study [11]. Samples
were then cooled to room temperature in dry N2 atmo-
sphere and immediately sealed in separate small contain-
ers (additionally to glovebox storage) until further
processing or measurement to avoid water or oxygen up-
take. For conductivity determination gold channels with
80 lm channel width (sets of two parallel 3 mm-long gold
stripes with a spacing of 80 lm) were evaporated (thick-
ness: 50 nm) onto clean glass substrates, followed by
deposition of PEDOT:PSS on top. For photoelectron spec-
troscopy studies (PEYS and XPS), the heated PEDOT:PSS
solution was spun on fully covered ITO glass substrates.
Profilometer and AFM imaging samples were prepared on
Spectrosil quartz glass substrates. Photovoltaic devices
were fabricated spinning a continuous layer of PEDOT:PSS
on patterned ITO glass substrates. These were transferred
to a nitrogen-filled glovebox for subsequent device fabrica-
tion steps. Firstly, the photoactive polymer layer was
deposited on top by spin-coating from a 70 �C o-xylene
solution of a 1:1 blend of P3HT:F8TBT (20 mg/mL) to give
an active layer thickness of 70 nm. Then a 100 nm alumi-
num cathode was evaporated, followed by annealing of
the device at 140 �C for 10 min. Finally devices were
encapsulated with an epoxy-glass combination, prior to
any air exposure and testing. All devices had an active area
of 4.5 mm2.

2.3. Methods

Surface imaging was performed using atomic force
microscopy (Veeco Dimension 3100 AFM) operated in
tapping mode and with a probe tip of radius of curvature
RC < 10 nm. Film thickness was measured using a stylus
profilometer (Veeco Dektak 6 M). Monitoring of the pH
values in solution was performed using a Jenway 370 pH me-
ter, high-temperature-stable quartz-glass-bodied combina-
tion electrode and connected thermo element. The pH
measurement was performed with automatic temperature
compensation after two-point calibration. For device
characterization, external quantum efficiency (EQE) was
measured as a function of wavelength, using a monochro-
matic light source (250 W tungsten filament lamp, passed
through a monochromator), with a final spot size smaller
then the device active area. The short-circuit current was
recorded with a Keithley 2635 source measure unit (SMU).
Incident light intensity was continuously monitored during
measurement and calibrated by a Thorlabs SM5PD1A photo-
diode. Current–voltage characteristics were recorded in the
dark and under the same illumination as used for EQE mea-
surements using the Keithley 2635 SMU. Current–voltage
characteristics were also acquired under simulated solar
conditions (intensity equivalent to 100 mW/cm2, AM
1.5 G, after correction for spectral mismatch) using a solar
simulator light source (Oriel 81160-1000) calibrated to a sil-
icon reference cell. The hydrodynamic diameter of particles
was determined by dynamic light scattering measurements
using a Malvern Zetasizer. Measurements were performed
on aqueous PEDOT:PSS solutions in the diluted regime
(below overlap concentration). Two different concentra-
tions, namely of 50 or 100 lg/ml were used to ensure
independence of the data from solution concentration.
Three independently prepared solutions were measured
for each temperature with at least 20 runs each (number
of runs was setted by the Zetasizer software, dependent on
the signal quality). The statistical particle size distribution
for each measurement was calculated by the Malvern Zeta-
sizer software. The program also takes temperature depen-
dent parameters (e.g. solvent viscosity) into account.
Resistance of the PEDOT:PSS films was measured under a
N2 atmosphere, using a two-point-probe setup on a Karl Suss
probe station connected to an HP 4155B semiconductor
parameter analyzer. The measurement was performed in-
plane, across the PEDOT:PSS-covered evaporated 80 lm
gold channel, by penetrating the polymer to make contact
with the gold electrodes. XPS measurements were
performed in an ultra-high-vacuum system with a Kratos
Axis Ultra DLD XPS with a monochromated Al Ka X-ray
gun (hm = 1486.69 eV) and a delay line detector. XPS data
were analysed with CasaXPS (spectral data processing and
analysis software). The core-level spectra were fitted with
a combination of Gaussian and Lorentzian peaks after Shir-
ley-background subtraction. Work functions were deter-
mined with photoelectron yield spectroscopy (PEYS) in air
using a Riken-Keiki AC-2 surface analyzer (Riken Keiki Co.,
Ltd.). Full details of the AC-2 measurement can be found in
the literature [20]. Briefly, film work function is determined
by detecting the photoelectrons emitted from the film while
the energy of incident UV light from a deuterium lamp (here
operating at 250 nW) is varied between 4.5 and 6.2 eV with a
monochromator. The work function is equal to the onset of
photoelectron emission. For organic solids it is extracted
from the linear fit of Y1/3 on a plot of Y1/3 versus hm since
Y � (hm �Wf)

3, where Y is the photoelectron yield, hm the
incident photon energy and Wf the material work function
[21]. PEYS is advantageous compared to common UPS,
because no vacuum is required and no charging of the
sample occurs. Since also slower electrons are detected,
the probing depth is 20–30 nm, much larger than for UPS
(�10 nm), so surface effects have less impact on the mea-
surement. This latter feature is useful to draw conclusions
about the existence and thickness of thin dielectric surface
layers on top of the samples from analysis of the yield slope
[22]. If the photoelectron emission is retarded by such a
damping surface layer, the slope will be smaller.
3. Results

For the investigation of heating effects on PEDOT:PSS
solution and the consequences on solar cell performance
we follow two different approaches. On the one hand
physicochemical modifications occuring within the solu-
tion upon heating can be expected. On the other hand
solution characteristics will affect the morphology and
properties of solid thin films produced from such solutions
via spin-coating. By examining in-depth the temperature
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dependent properties of both solution and film, insight
into the impact on photovoltaic device performance may
be derived.

3.1. Effects on solution

One observation from PEDOT:PSS solution heating is the
considerable change of particle size in solution, as deter-
mined by dynamic light scattering (DLS). Fig. 2a shows the
distributions of hydrodynamic diameters in colloidal
PEDOT:PSS solutions at various solution temperatures. We
note that repeated measurements (as described in Section
2) yielded very similar distributions. It can be seen that
the average particle size (Fig. 2b) remains stable at values
of about 230 nm up to a solution temperature of 50 �C. With
further heating from 60 �C up to 90 �C the particle size de-
creases rapidly to a new lower plateau at around �40 nm,
representing a size reduction of 83%. In thickness measure-
ments on spun films for different solution temperatures we
achieved similar values for all films of 71 ± 4 nm, confirming
the absence of significant alterations of the solid content of
the filtered solutions [23,24]. We further found that the size
alterations are reversible, with larger particles reforming in
solution upon cooling. Associated effects occurring under
spin-coating conditions will be discussed later.
Fig. 2. Size distribution (a) and average particle diameters (b) in colloidal
PEDOT:PSS solutions as a function of solution temperature as determined
via dynamic light scattering.
Physicochemical processes in solution, especially in the
presence of electrolytes like PSS, can be accompanied by
changes in pH, since the concentration of hydrogen ions
is affected. We found, however, no change in solution pH
with heating, with a value of 1.23 ± 0.05 measured inde-
pendent of solution temperature (between 20 �C and
90 �C) and in agreement with specifications provided by
the supplier of 1.2–1.8. Thus we can discount any temper-
ature-induced ion exchanges involving hydrogen. We note
that since solution deposition involves contact with the
ITO electrode, there may be a corrosive interaction during
the brief spin-coating period before the film dries. To ex-
clude any ITO-induced change in pH we have also mea-
sured the pH of PEDOT:PSS solutions with In2O3 powder
added. A concentration of 1.21 mg/mL was used to simu-
late the maximum likely concentration of dissolved In2O3

in a 60 ll solution that is dispensed onto an ITO electrode
(dimensions of ITO stripe: 12 mm � 7 mm � 120 nm) dur-
ing spin-coating. However, we saw no change in pH with
In2O3 added, remaining at pH 1.23 ± 0.05 independent of
temperature. We note that this is contrast to the results
of Chang and Chen [25], who observed an increase in pH
value by adding In2O3 to PEDOT:PSS solution at room tem-
perature, however the reaction was observed to take sev-
eral hours, much longer than the time window of a few
minutes used here to mimic spin-coating conditions. These
observations show that whatever reactions may take place
between PEDOT:PSS and ITO (such as the release of indium
into the PEDOT:PSS solution), they do not significantly af-
fect the concentration of the hydrogen ions.

3.2. Effects on films

We firstly look for possible chemical modifications of
films spin-coated at different solution temperatures with
X-ray photoelectron spectroscopy. Having a probing depth
of less than 10 nm, XPS is used to quantify the elemental
surface composition and provides information about the
chemical environment. Survey scans covering binding
energies of 0–1400 eV were first performed to identify ele-
ments in the film, with significant amounts of sodium
(1070 eV), oxygen (532 eV), indium (446 eV), carbon
(284 eV) and sulfur (170 eV) found. As discussed above,
the presence of indium is most likely caused by diffusion
of indium ions induced by the high acidity of the
PEDOT:PSS solution [26]. Sodium is a trace component in
PEDOT:PSS solutions (here less than 400 ppm after ion-ex-
change purification, as stated by the supplier), caused by
the preparation process, involving Na+PSS�. The nominal
concentrations of the elements detected near the surface
of a standard room temperature spun PEDOT:PSS film
were: 1.1% sodium (Na 1s), 19.3% oxygen (O 1s), 1.8% in-
dium (In 3d), 70.6% carbon (C 1s) and 7.2% sulfur (S 2p).
A comparison between sample films spun from differently
heated solutions showed slightly varying compositions
(changes <2%), but no obvious trends. High-resolution
scans of oxygen (O 1s) and sulfur (S 2p) peaks were re-
corded to check for any changes in chemical environment
of these two elements, which are of specific interest for
PEDOT:PSS, such as changes in chemical bonds [8,27].
According to the work of Greczynski et al. [5] the sulfur



1740 B. Friedel et al. / Organic Electronics 12 (2011) 1736–1745
and oxygen peaks of PEDOT:PSS may have multiple com-
ponents originating from PEDOT, PSSH and PSS�Na+ spe-
cies that all have slightly shifted characteristic energies.
The sulfur and oxygen core-level spectra for our PED-
OT:PSS films spun from solutions heated between 20 �C
and 90 �C are shown in Fig. 3.

The sulfur spectra obtained (Fig. 3a) are all consistent
with one chemical species, namely the PSSH doublet
located at 169.9 eV (S 2p1/2) and 168.7 eV (S 2p3/2). No
indications of PSS�Na+ or PEDOT were found. We note that
the effective energy values slightly differ from those
reported in literature [5], which may result from the
calibration of the spectrometer. We did not observe any
change in the sulfur core-level spectra with heating of
the PEDOT:PSS solutions. Analysis of the oxygen core-level
spectra (Fig. 3b) showed only two contributions; one is
attributed to oxygenAsulfur double bonds (O@S) in the
sulfonate group in PSSH at 532.2 eV and the other to hy-
droxyl groups (OAH) at 533.4 eV from PSSH and residual
water [5]. The hydroxyl peak appears to be rather broad,
possibly caused by hydroxyl groups participating in hydro-
gen bonds [5]. A peak intensity ratio between OAH bonds
and O@S bonds of 1:9 was observed (measured composi-
tion 10.5% OAH and 89.5% O@S). We suggest that the com-
paratively low amount of OAH bonds is mainly caused by
our post-deposition film annealing at 230 �C, which firstly
might have removed most inter- and intra-particle water
and additionally condensated (dehydrolysed) a large quan-
tity of the existing hydroxyl groups in the solid film. No
further contributions of either PSS�Na+ or PEDOT were
found. Just as for the sulfur, no significant changes be-
tween the films spun from solution at different tempera-
tures were observed in the oxygen core-level spectra. It
should be mentioned that our 230 �C film annealing step
is below the temperature at which the rupture of the sul-
fonate group from PSS takes place [5,11]. This has been
supported by further XPS studies which we have per-
formed on PEDOT:PSS films annealed at temperatures be-
tween 140 �C and 300 �C in N2 (graphs not shown). Only
for films annealed above 260 �C we could observe addi-
tional contributions due to the presence of PEDOT at the
surface (at 165.4 eV (S 2p1/2), 164.2 eV (S 2p3/2) and
533.6 eV (O 1s)) and an energy-shift in the PSS sulfur
doublet, indicating the predominance of PSS�Na+ due to
PSSH degradation. Both effects were already reported in
the literature [5].
Fig. 3. (a) Sulfur (S 2p) and (b) oxygen (O 1s) XPS core-level spectr
For most optoelectronic applications, as in organic pho-
tovoltaic devices, the work function of the electrode is cru-
cial and can be one of the factors limiting performance. We
have therefore determined the work function changes of
films spun from PEDOT:PSS solutions heated at different
temperatures via (ultraviolet) photoelectron yield spec-
troscopy (PEYS). Additionally the yield slopes have been
analyzed which can indicate an increase or decrease in
the thickness of dielectric surface layers such as excess
PSS. Fig. 4a shows the baseline-corrected plots of the pho-
toelectron yield Y1/3 plotted against photon energy for dif-
ferent solution temperatures.

At first sight the absence of obvious onset shifts or
changes of slope implies that there are only subtle
differences upon variation of solution temperature. The
work function values and slopes, obtained from linear fits
to Y1/3, are displayed in Fig. 4b. Despite the comparatively
high experimental uncertainty of the measurement
(DWf = ±0.05 eV), there appears to be a trend in the work
function development with solution temperature. Up to
70 �C the work function Wf remains at a stable value of
around 5.38 eV; with higher solution temperatures it
increases up to 5.50 eV for the 90 �C sample. The slopes of
the photoemission yield curves, which represent a measure
of the photoelectron emission rates, do not follow the same
trend. The highest emission rate within the studied temper-
ature range was found for films spun from room-tempera-
ture solution. With increasing solution temperature the
emission rate drops, with a minimum for the 70 �C sample.
Temperatures above 70 �C cause rising emission rates (high-
er slopes) from the films. This could be an indication for a
variation in thickness of the excess PSS surface layer with
solution temperature or changing film density. It should be
noted that the short exposure to air during the measurement
might have slightly influenced the data due to the strongly
hygroscopic nature of PSS. However, apart from a control
sample that had been exposed to air for several hours, none
of the films shows signs of strong water uptake, which is typ-
ically reflected by a strongly lowered work function of
around 5.05 eV [6,7,28].

Conductivity is likely to be one of the most important
characteristics of an electrode material in a solar cell.
PEDOT:PSS films were spun from solutions at different tem-
peratures and subsequently annealed for conductivity mea-
surement. The corresponding development of in-plane
conductivity with solution temperature is shown in Fig. 5.
a of PEDOT:PSS films spun from differently heated solutions.



Fig. 4. (a) Cube root plot of the photoelectron yield from PEDOT:PSS films prepared from heated solution. (b) Slope extracted from linear fit to yield (top)
and measured work function (bottom) as a function of PEDOT:PSS solution temperature (the dashed lines are a guide to the eye).

Fig. 5. In-plane conductivity of equally annealed PEDOT:PSS films spun
from differently heated aqueous colloidal PEDOT:PSS solutions (the
dashed line is meant as guide to the eye).
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We found that the in-plane bulk conductivity is enhanced by
a factor of five with increasing solution temperature from
20 �C to 90 �C. This is in good agreement with results
reported by Tsai et al. [29], who found 2–3 times higher
conductivity in films spun from PEDOT:PSS solutions heated
from 20 to 160 �C.

The morphology of PEDOT:PSS solid films, spun from
solution at different temperatures has been investigated
with AFM. Fig. 6a shows the height images for PEDOT:PSS
films spun from heated solutions between 20 �C and 90 �C,
after subsequent annealing.

It is apparent that although the macroscopic roughness
of all films is very similar, there is a refinement in the micro-
scopic structure for films spun at 60 �C and higher. There are
obviously considerable changes in particle dimension
depending on the PEDOT:PSS solution temperature. The
average particle size (Fig. 6b), as acquired from statistical
feature size analysis of AFM cross-sectional line scans of
the different films, reveals a trend similar to that one seen
from DLS on PEDOT:PSS solutions (Fig. 2b). The feature size
remains stable at about 55 nm for films up to 50 �C solution
temperature and then drops quickly for higher tempera-
tures to a new plateau at around 20 nm. It should be men-
tioned that a further size decrease might not be detectable
as AFM resolution is limited by the tip size (RC < 10 nm).
3.3. Effects on solar cells

Finally the effect of PEDOT:PSS solution temperature on
the performance of P3HT:F8TBT solar cells has been studied.
Fig. 7 plots external quantum efficiency EQE (Fig. 7a),
current–voltage characteristics under solar simulator
conditions (AM1.5G) (Fig. 7b) and specific key solar cell
parameters (Fig. 7c) (namely short-circuit current density,
Jsc, open-circuit voltage, Voc, fill factor, FF, and power conver-
sion efficiency, g) as a function of PEDOT:PSS solution
temperature. As expected, the EQE curves (Fig. 7a) do not
show any significant spectral change since the active layer
is kept constant. However, there are variations in the magni-
tude of EQE with maximum EQE increasing with increasing
PEDOT:PSS solution temperature to a maximum at 70 �C,
then falling again as temperature is increased to 90 �C. A
similar trend is seen in the current–voltage characteristics.
Fig. 7c shows that all key parameters are optimized with a
solution temperature of 70 �C, which is most apparent for
Jsc and g, while Voc and FF only change slightly.
4. Discussion

Among the numerous publications addressing the
optimization of PEDOT:PSS films for use in organic



Fig. 6. (a) AFM height images (2 lm � 2 lm) of the surface morphology for PEDOT:PSS films spun from heated solutions. (b) Temperature dependent
development of average feature size in these films.
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optoelectronic devices, changes in particle/grain size by
addition of dopants or co-solvents, have occasionally been
addressed. Usually these have been attributed to
agglomerate formation [30–32], e.g. due to dominating
Van-der-Waals forces facilitated by partial removal of the
repulsive negatively charged surface PSS layer (e.g. by
solvent additives) [33]. We found in our experiments that
the size variations could be detected within a few minutes
in highly diluted solutions. This makes agglomeration as a
cause for a size increase unlikely, since the required
diffusion processes for interparticle contacts take place
on a much longer time scale (days or weeks). Furthermore
the particles could not be broken down by ultrasonication,
which also speaks against agglomeration effects. We
suggest that the observed solution-temperature-induced
size effects are rather associated with the phase behavior
of PEDOT:PSS, which has not been reported in this context
so far.

The solubility of PEDOT:PSS in aqueous solution is
mainly determined by the presence of the charged sulfo-
nate groups on the polystyrene backbone, since PEDOT
and polystyrene are both hydrophobic on their own. Exper-
imental and theoretical approaches reported in literature
have shown that phase behavior of PSS crucially depends
on the degree of sulfonation, the distribution of the sulfo-
nate groups along the backbone, the presence and strength
of counter ions or the presence of salts in solution [34–37],
information which was not fully available, either for com-
mercial PSS solution or for the PSS used in PEDOT:PSS,
making it difficult to compare the two systems. Although
some values could have been determined experimentally,
that is beyond the scope of this publication.

The size dependence of NaPSS with temperature has
been the subject of only few earlier studies, finding an in-
crease of hydrodynamic size of the chains with increasing
solution temperature from 5 nm up to 18 nm and demixing
with an upper critical solution temperature (UCST) [38,34].
Fig. 2 shows an opposite trend, with a decrease in size of
PEDOT:PSS particles with increasing solution temperature.
This indicates phase separation of the polymer solution at
high solution temperatures. Microscopically this means
that the polymer chains are most extended at low temper-
atures and contract/collapse towards higher temperatures.
A phase behavior of this kind is typical for a lower critical



Fig. 7. Characteristics of solar cell devices with PEDOT:PSS films spun
from differently heated PEDOT:PSS solutions, (a) external quantum
efficiency, (b) photocurrent density (AM1.5G) and (c) key photovoltaic
parameters.
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solution temperature (LCST), similar to the phase behavior
of other polymer solutions [39a]. The variation of particle
size in the dry PEDOT:PSS films shows an very similar
behavior. Although this trend could also arise from the
change of other solution parameters during spin-coating,
the similarity of Figs. 2b and 6b suggests the dominance
of an LCST behavior of PEDOT:PSS on the particle size in
the film. Fig. 8 summarizes the two data sets and schemat-
ically indicates the trajectories in phase space of the two
experiments. Heating a solution at fixed concentration is
indicated by the red dashed (vertical) arrow. Phase separa-
tion occurs when the trajectory crosses the binodal line
(boundary between polymer–solvent miscibility and
immiscibility). In a dilute solution this is accompanied by
a step decrease in the hydrodynamic diameter, as observed
in the DLS experiments (Fig. 8, right), caused by a collapse
of the polymer chains. This process is fully reversible. Spin-
coating, on the other hand ideally occurs at constant tem-
perature. Solvent evaporation increases the solution con-
centration, indicated by the blue dashed (horizontal)
arrow in the phase diagram. Horizontally crossing the bin-
odal gives rise to a similar step in particle size, as observed
in the as-cast films (Fig. 8, left). In practice, the trajectory
for spin-coating from heated solutions is slightly more
complex. In addition to a rapid concentration change, the
temperature also changes, by casting the solution onto a
cold substrate and through evaporative cooling. While this
implies a diagonal trajectory in the phase diagram (indi-
cated by the purple (diagonal) arrows), the description
for the ideal spin-coating process remains qualitatively va-
lid. Both trends for the hydrodynamic and solid diameter
agree well with this scenario. Preheating the substrates,
while feasible, substantially changes the evaporation rate
of the solution, possibly causing additional changes in
the films. The very similar cross-over temperatures of the
two data sets in Fig. 8 suggest, however, that film forma-
tion occurs much more quickly than a change in particle
size. This is in agreement with recent results showing a
very slow change in the conformation of polymer brushes
upon crossing a LCST [39b].

A further interesting observation arises from the com-
parison of Figs. 2b and 6b. The particle diameter decreased
from 230 nm in solution to 55 nm in the film (i.e. by a
factor of 4) when the casting from a 20 �C solution, com-
pared to a size change from 40 nm to 20 nm (by a factor
of 2) when the spin coating was above 70 �C. This observa-
tion indicates that the coils were less swollen in solution at
the high temperatures compared to room temperature, in
good agreement with the LCST assumption mentioned
above. This result also matches well recent non-
equilibrium effects in spin-cast polystyrene films reported
by Thomas et al. [40], showing that that solution coil
conformations are substantially preserved in the film after
spin-coating [41].

In the case of the PEDOT:PSS micellar solution, the sig-
nature of an LCST behavior is as follows: Because most PSS
chains are localized around PEDOT cores, the phase transi-
tion leads to a change in micellar size, which leads to the
observations in Fig. 8. Secondly macroscopic phase separa-
tion of the suspension into polymer-rich and polymer poor
phases should set in at high temperatures. This second pro-
cess, which is much slower (on the time scale of many
hours), was not investigated in detail.

LCST phase behavior of polymer solutions is less com-
mon than the UCST type, but often occurs for polymers that
can form hydrogen bonds with the solvent [42]. In the case
of PEDOT:PSS the presence of hydrogen bridges between
sulfonate groups has been reported [31], which could be
responsible for the observed LCST phase behavior. It is
worth mentioning that hydrated PSS-chains are to some
degree extended into the aqueous medium, while they
are fully collapsed in the dry film. Macroscopically this is
observed when swollen particles in solution shrink during
drying, leading to the reported dried PEDOT:PSS grains
with PEDOT-rich core, covered by a thin insulating PSS
layer [37,38].



Fig. 8. Schematic LCST-phase diagram illustrating trajectories of solution heating and spin-coating, associated with the obtained trends of average particle
diameters as determined from DLS from PEDOT:PSS colloidal solutions (right) and in solid films (left) as a function of solution temperature.
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We did not observe any variation in pH value of the
PEDOT:PSS solution during heating, neither in pure solu-
tion nor involving indium oxide. This is not indicative of
PEDOT:PSS-induced ITO corrosion during film formation,
which is suspected to cause damage of the organic active
layer by indium diffusion already during device
fabrication.

The temperature-induced shrinkage of the PEDOT:PSS
particles was accompanied by a considerable effect on
the film conductivity which was quadrupled by solution
heating. It has been reported that smaller PEDOT:PSS par-
ticles actually cause lower film conductivity [12], since
PEDOT:PSS conductivity is determined by the extension
of the conducting PEDOT-rich domains and the hopping
distance/frequency across the insulating PSS phases. We
found that the interface properties are characterized by
an increasingly refined structure and densification of the
PEDOT:PSS film, leading to shorter hopping distance be-
tween the conductive PEDOT-rich units, the consequence
of which is a lower bulk resistance and enhanced interlayer
contact.

However, the fact that even for small particles the PSS-
shell is at least 10 nm thick, explains why no PEDOT was
detected from the films via XPS within the nominal prob-
ing depth of 10 nm, independent of the solution tempera-
ture. Nor was any other evidence for chemical changes
found near the surface.

The observed increase in film work function for solu-
tions exceeding 70 �C is probably caused by the densifica-
tion of the film causing considerable changes in the
interface properties. Even more significant is the behavior
of the photoelectron emission rates, represented by the
yield slope. The rate starts at a high level, because for
low solution temperatures the films are porous and in spite
of the thicker damping PSS shell surrounding the particles,
more electrons can be detected. When the film density
grows towards 70 �C, the rates go down, due to increas-
ingly hindered signal from the depth of the film. Exceeding
70 �C, the emission rates raise again, because the dimen-
sions of the PSS shell of the particles are significantly
reduced.

When films from solution-heated PEDOT:PSS are incor-
porated into a P3HT:F8TBT solar cell, we find that actually
most of the key characteristics peak at a PEDOT:PSS solu-
tion temperature of 70 �C. It seems obvious that the largest
improvement is caused by the enhanced conductivity of
the PEDOT:PSS films. However, it is still questionable
why the PV performance does not improve beyond 70 �C
while the conductivity is still rising. Possible reasons in-
clude changes in work function or other interface proper-
ties, and changes in vertical charge transport (as opposed
to the lateral conductivity measured here). Although the
observed work function shift is not large (DWf = 0.1 eV),
it could be just sufficient to form a barrier for hole extrac-
tion from P3HT. Accordingly the performance would go
down for higher solution temperatures. It has been re-
ported earlier [43], that vertical charge transport in PED-
OT:PSS can be up to three orders of magnitude lower
than in-plane, due to layers of segregated excess PSS.
Though we cannot prove this by our spectroscopic or imag-
ing data, it is possible that the phase transitions seen in
PEDOT:PSS are accompanied by alterations of the amount
of electrostatically bound excess PSS. In that case the re-
lease or withdrawal of free PSS into/from solution could
certainly change the presence and extension of insulating
horizontal PSS interlayers in the resulting films.
5. Conclusions

In this work, the influence of heating on PEDOT:PSS col-
loidal solutions and its consequence on the performance of
polymer–polymer photovoltaic devices has been investi-
gated. We found reversible heat-induced reduction in size
of PEDOT:PSS particles by solution heating between 20 �C
and 70 �C. We associated this transition with LCST-type
phase behavior of PEDOT:PSS. This transition from large
particles with a thicker (expanded) insulating PSS-shell
to smaller particles covered with a thin (contracted chains)
PSS layer causes property alterations in resulting films. In
particular, increasing the solution temperature results in
films with finer structure, higher density, increased con-
ductivity and work function. Solar cell performance was
found to improve, but only up to 70 �C. Above 70 �C, device
performance deteriorated alongside an increase in PED-
OT:PSS work function, suggesting the formation of a hole



B. Friedel et al. / Organic Electronics 12 (2011) 1736–1745 1745
extraction barrier. Based on our observations, we conclude
that PEDOT:PSS solutions heated at 70 �C deliver the most
beneficial film properties for P3HT:F8TBT solar cells. These
results may have implications in the roll-to-roll manufac-
ture of organic photovoltaics, where the liquid film depos-
ited by printing is heated to aid drying [44,45]. Changes in
PEDOT:PSS particle size during this process may have a di-
rect impact on device performance.
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