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ABSTRACT: We have investigated the effects of thickness variation and thermal treatment of the electrode
polymer poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) in photovoltaic and
photodetector devices using conjugated polymer blends as the photoactive material. By variation of the
PEDOT:PSS layer thickness between 25 and 150 nm, we found optimum device performance, in particular
low dark current and high external quantum efficiency (EQE) and open-circuit voltage (V,.), at around 70
nm. This has been observed for two different active layers. Annealing studies on the PEDOT:PSS films, with
temperatures varied between 120 and 400 °C, showed an optimum device performance, in particular EQE and
Voeat 250 °C. This optimum performance was found to be associated with loss of water from the PSS shell of
the PEDOT:PSS grains. For annealing temperatures above 260 °C, device performance was dramatically
reduced. This was associated with chemical decomposition leading to loss of sulfonic acid, although this did

not significantly affect the in-plane conductivity.

Introduction

Poly(3,4-ethylenedioxythiophene) or PEDOT is a conjugated
polymer which is widely used in organic optoelectronics. In its
doped state, its high conductivity (up to several hundred Scm™"),
good optical transparency in thin films, and its high stability
make it highly attractive as an electrode material, for example, in
light-emitting diodes or photodetectors. In its pure form, PEDOT
is not soluble in common solvents and is infusible at reasonable
temperatures.' > This problem has been solved by polymeriza-
tion of PEDOT in the presence of the water-soluble poly
(styrenesulfonic acid) (PSS), working as a charge-balancing
dopant, forming colloidal particles.** These are reported to be
built from a random coil entanglement of PSS chains with
attached PEDOT oligomers, forming particles which consist of
a PEDOT-rich core covered by a PSS-rich shell.**™® These
aqueous colloidal solutions are commercially available with
different conductivities, since resistivity of the final film can be
easily adjusted, as required, by controlling the amount of excess
PSS in the solution.*” In this way PEDOT:PSS can be easily
deposited as thin films via common methods, e.g., spin-casting or
inkjet printing. In many types of optoelectronic devices, layers of
PEDOT:PSS are sandwiched between the indium—tin oxide
(ITO) electrode and the active organic layer. In this role, it fulfills
a number of functions: it provides a well-defined work function
which is higher than that of ITO, it smoothes the rough
ITO surface and so avoids shorts, and it protects the active layer
from ingress of indium or oxygen, leading to longer device
lifetimes.®'°~12 Unfortunately, the special nature of this material
brings as well some disadvantages. The PEDOT:PSS colloidal
solution is strongly acidic and so has the potential to cause
degradation in adjacent layers, if water is not completely re-
moved."® The morphology of the colloidal particles is gel-like,
and they tend, due to the strongly hygroscopic PSS, to swell or
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shrink considerably, depending on humidity.>*!" During film
formation under certain conditions, excess PSS from the colloidal
solution seems to form a closed surface layer, which increases the
work function but also considerably decreases the perpendicular
conductivity.>'" These effects influence the final device perfor-
mance considerably and therefore have been the focus of ex-
tensive research in recent years. A wide range of different
approaches have been carried out to deal with these problems.
One of the most prominent methods is the introduction of
secondary dopants, additional to PSS, e.g. in the form of polyols
or anionic surfactants, changing film-forming properties, water
uptake, or work function.”'"'? Different kinds of chemical
modification include modifying the PEDOT:PSS colloidal solu-
tion with surfactants or organic solvents to suppress screening
effects or improve wettability.'! Thermal treatments of PEDOT:
PSS films have also been studied, although there is contradictory
evidence as to whether these assist or reduce the formation of a
PSS-enriched surface layer.'%!"!* Other reported results include
enhancement of PEDOT crystallinity, changes in surface rough-
ness, diffusion of indium into PEDOT:PSS, or rupture of the
ionic bonds between PEDOT and PSS due to annealing.'>~'®
Nevertheless, fewer efforts have been made to investigate influ-
ences of annealing on the PEDOT:PSS complex itself, preheating
effects on the colloidal solution, variation of film thickness, and
their consequences for device operation.!” We therefore believe
there is considerable scope remaining for improving device
properties by adjustment of film thickness and/or annealing.

In this work, we present a collection of interconnected studies
on commonly available PEDOT:PSS, exploring general influ-
ences of layer thickness or annealing of deposited films on the
performance of polymer blend photovoltaic devices. Therefore,
some basic properties of the PEDOT:PSS colloid itself have been
investigated, such as particle and film forming morphology,
electrical conductivity, thermal behavior and optical properties,
and also degradation studies of PEDOT:PSS upon annealing.
Device performance studies, demonstrating the consequences
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Figure 1. Chemical structures of PEDOT and PSS and structures for the active layer materials FSTBT, PFB, P3HT, and PDI.

arising from specific PEDOT:PSS film properties, have been
carried out on devices using two different blend systems as the
active layer. Benefits from certain PEDOT:PSS film properties
for our photovoltaic devices have in particular been quantified by
comparison of external quantum efficiency, dark current, open-
circuit voltage, and fill factor.

Experimental Details

1. Materials. All substrates used (glass, ITO glass, silicon)
were cleaned by sonication in methanol, acetone, and iso-
propanol for 20 min each, followed by oxygen plasma etching
(250 W, 10 min).

For all experiments a filtered (0.2 um) aqueous colloidal
PEDOT:PSS solution (BaytronP, H.C. Starck GmbH, PSS-
enriched by Cambridge Display Technology Ltd.) with a PED-
OT-to-PSS ratio of 1:16 has been used. Two different material
systems have been used as active layers: polymer/small-molecule
blends of poly(9,9-dioctylfluorene-co-bis-N,N-(4-butylphenyl)-
bis-N,N-phenyl-1,4 phenylenediamine) (PFB) (Cambridge Dis-
play Technology Ltd.) with N,N’-bis(1-ethylpropyl)-3,4,9,10-
perylene tetracarboxydiimide) (PDI) (Sensient) and all-polymer
blends of poly((9,9-dioctylfluorene)-2,7-diyl-a/t-[4,7-bis(3-hex-
ylthien-5-y1)-2,1,3-benzothiadiazole]-2’,2"-diyl) (F8TBT) (Ca-
mbridge Display Technology Ltd.) with poly(3-hexylthiophene)
(P3HT) (American Dye Source). Chemical structures for all
used materials are displayed in Figure 1. Both blend systems
have been studied previously in photodetector or photovoltaic
applications. Blends of polyfluorene copolymers like PFB, with
the small-molecule PDI, represent a popular model system for
processes in general polymer/small-molecule heterojunction
devices. EQEs in the order of 20% are obtained, which make
this material system attractive for ]i)hotodetector applications,
e.g. in X-ray medical imaging.**?' In the case of blends of
F8TBT:P3HT, a polyfluorene copolymer with a semicrystalline
polythiophene results obtained in solar cells show EQEs up to
26% and power conversion efficiencies of 1.8% under solar
simulator conditions, state-of-the-art for all-polymer solar cells.
This system benefits from the increased absorption cross section
of P3BHT:F8TBT blends compared to polymer/fullerene systems
and the partially crystalline morphology of P3HT, which can be
adjusted e.g. by annealing conditions and has strong influence
on charge mobility.>

2. Preparation. Generally spin-coating of PEDOT:PSS has
been carried out under ambient conditions and any annealing
steps or storage under a nitrogen atmosphere. For thickness
dependence studies, the spin speed has been varied between 1000
and 7000 rpm, resulting in different films thicknesses from 130 nm
down to 25 nm. For all other experiments the spin speed was
always adjusted to achieve a final PEDOT:PSS film thickness of

60 nm after any postdeposition treatment steps to ensure
comparability. Unless stated otherwise, annealing of the PED-
OT:PSS film was performed at 120 °C for 30 min. For annealing
studies films have been heated to temperatures between 120 and
400 °C for 30 min. Before measurement or further treatment all
the samples have been kept in a nitrogen-filled glovebox to avoid
any influence from water or oxygen uptake. Photovoltaic
devices have been prepared via the following route. PEDOT:
PSS is deposited on a clean ITO—glass substrate and the film
post-treated as required (for details, see above). Afterward, the
respective photoactive polymer blends are spin-coated on top,
with thicknesses of 70 nm for F8TBT:P3HT and 150 nm for
PFB:PDI, followed by evaporation of aluminum cathode con-
tacts with a thickness of 100 nm. For the FSTBT:P3HT system a
subsequent annealing step is required at 130 °C for 10 min in a
N, atmosphere. The final devices have an active area of 4.5 mm®.
Finally, they are encapsulated in epoxy resin to avoid environ-
mental influences.

3. Methods. Imaging has been performed using atomic force
microscopy (Veeco Dimension 3100 AFM, operated in tapping
mode) and high-resolution environmental electron microscopy
(FEI Philips XL30 FEG ESEM). Weight and phase changes as a
function of temperature have been recorded, using a thermo-
gravimetric analyzer (TA Instruments Q500 TGA) and a differ-
ential mechanical analyzer (TA Instruments Q800 DMA).
Fourier transform infrared spectroscopy (FTIR) measurements
have been made under nitrogen in a benchtop FTIR spectro-
meter (Nicolet, Nexus 870), using samples prepared on double-
side polished silicon wafers. The film thicknesses were measured
using a stylus profilometer (Veeco Dektak IIA). Agglomerate
size in solution was determined by dynamic light scattering
measurements (Malvern Zetasizer). For photophysical charac-
terization, external quantum efficiency (EQE) was measured as
a function of wavelength, using a monochromatic light source
(100 W tungsten filament lamp, passed through a mono-
chromator) at intensities of around 1 mW/cm?, with a final spot
size smaller than the device active area. The short-circuit current
was recorded with a Keithley 237 source-measure unit (SMU).
Incident light intensity was continuously monitored during
measurement after calibration with a Hamamatsu S8746-01
photodiode. Current—voltage characteristics were recorded in
the dark and under illumination using the Keithley 237 SMU.
Optical absorbance was recorded with a UV/vis spectrophot-
ometer (HP 8453). Resistance of the PEDOT:PSS films was
measured under a nitrogen atmosphere, using a two-point-
probe setup on a Karl Suss probe station connected to an HP
4155B semiconductor parameter analyzer. For these measure-
ments, sets of two parallel 50 nm thick gold stripes with a
separation of 40 um have been evaporated on clean glass
substrates, followed by deposition of PEDOT:PSS on top and
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Figure 2. Dark current density vs PEDOT:PSS film thickness in blend
devices of (a) PFB:PDI and (b) F8TBT:P3HT. EQE as a function of
PEDOT:PSS film thickness for (c) PFB:PDI and (d) FSTBT:P3HT
blend devices.
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Figure 3. Open-circuit voltage (a) and fill factors (b) for FSTBT:P3HT
devices as a function PEDOT:PSS film thickness.

annealing as required. The measurement was performed in-
plane by penetrating the polymer to make contact with the gold
electrode.

Results and Discussion

1. PEDOT:PSS Thickness Dependence. Device Perfor-
mance. The consequences of different PEDOT:PSS film
thickness for the performance of polymer photovoltaic cells,
in particular dark current, external quantum efficiency, and
current—voltage characteristics under illumination, have
been studied. Devices with PEDOT:PSS thickness varying
between 25 and 160 nm were compared, keeping the active
layer thickness constant. Figure 2a,b shows the dark current
densities at different applied reverse bias as a function of
thickness. The amount of dark current initially decreases
clearly with increasing film thickness, up to a thickness of
about 75 nm. When this thickness is exceeded, the dark
current density rises again. These results are consistent for
both the PFB:PDI and the F8TBT:P3HT devices. The
external quantum efficiency for these devices, recorded at
550 nm illumination, is shown in Figure 2¢,d. For the PFB:
PDI devices the EQE is relatively constant between 20 and
80 nm PEDOT:PSS thickness, with a maximum value at
around 75 nm. Further increase of thickness above 80 nm
causes the EQE to drop. For FSTBT:P3HT, again the EQEis
relatively insensitive to PEDOT:PSS thickness but shows a
maximum at 75 nm. The F8TBT:P3HT devices also show a
red shift in the photocurrent action spectrum with increasing
PEDOT:PSS thickness, characteristic of improved P3HT
crystallinity inside the overlying polymer blend.?* Significant
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Figure 4. AFM images of (a) bare ITO and of PEDOT:PSS films of
thickness (b) 25, (c) 70, and (d) >80 nm (slowly spun).

changes are seen in the open-circuit voltage (V,.) with
PEDOT:PSS thickness, as shown in Figure 3a for F8TBT:
P3HT devices. V. stays almost constant for all films up to
60 nm but then increases considerably from 0.8 to 1.1 V. The
change in fill factor is shown in Figure 3b, showing improved
performance at larger PEDOT:PSS thickness.

PEDOT:PSS Layer Morphology. The morphology of
PEDOT:PSS films of different thicknesses on ITO has been
investigated. Films of 25—80 nm thickness have been pre-
pared by variation of spinning speed, using the same colloi-
dal PEDOT:PSS solution. Figure 4 shows AFM images of
(a) bare ITO and (b—d) films of 25, 70, and >80 nm,
respectively. The surface topography gets smoother as the
film thickness is increased to 70 nm, with rms roughnesses of
3.5, 1, and 0.7 nm measured for Figure 4a—c, respectively.
Interestingly, for the thickest film (Figure 4d), spun at low
speed, coarser features appear again, with an rms roughness
of 1.2 nm.

We have found that the performance of the photovoltaic
cells strongly depends on the thickness of the deposited
PEDOT:PSS electrode. These effects may be either direct,
due to the change in the properties of the PEDOT:PSS itself,
or indirect, due to the influence of the PEDOT:PSS surface
properties on the properties of the blend spin-coated on top.

The increased dark currents seen at low PEDOT:PSS
thickness are relatively easy to explain based on the changes
in surface roughness seen in the AFM. Dark currents may
arise when there are low-resistance pathways through the
film, and these can be caused by roughness or localized spikes
in the topography of the underlying electrode. As shown by
the AFM images in Figure 4, adding up to 70 nm of PEDOT:
PSS smoothes out features in the underlying ITO substrate,
consistent with a reduction in dark current. Further evidence
for this hypothesis comes from the observation that a
number of devices with very thin PEDOT:PSS were in fact
completely short-circuited, consistent with spikes in the ITO.

The increasing dark currents seen for PEDOT:PSS above
70 nm cannot be explained by the influence of the underlying
ITO but, interestingly, are also correlated with a higher
surface roughness (Figure 4d). We note that for the low spin
speeds required to produce thick films the drying dynamics
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Figure 5. Time evolution of particle/agglomerate size in a sonica-
ted filtered PEDOT:PSS suspension, recorded with dynamic light
scattering.

become rather different to those at higher speeds. In parti-
cular, a ring of solution is formed at the edge of the substrate
due to incomplete centrifugation of the applied solution. The
drying of the film becomes significantly slower, and there is
some variation in film thickness across the substrate. It is
possible that the different drying dynamics are responsible
for a change in orientation of the PEDOT grains within the
film, which would lead to changes in conductivity and sur-
face properties.”?*>* However, our imaging techniques were
unable to resolve evidence for this. We do, however, have
some information about PEDOT:PSS aggregation which
can help to explain the observed increase in surface rough-
ness.

We have performed dynamic light scattering measure-
ments (DLS) on PEDOT:PSS dispersions to study aggrega-
tion which may occur during the film drying process.
PEDOT:PSS dispersions were ultrasonicated, followed by
immediate filtering (0.2 um) and left to stand before mea-
surement. Particle size distributions were obtained
(assuming spherical particles) as shown in Figure 5 for
various times after sonication and filtering. The data show
a considerable increase in particle/agglomerate size with
time. While the as-filtered sample shows just one peak
around 200 nm, as expected for the filter size used, after only
30 min a considerable amount of larger particles have been
formed, visible as a second peak at around 1 um. This
aggregation with time is likely to occur to some extent during
drying of the spin-coated films, at least for the thick films
with long drying times. This is consistent with the increased
roughness observed in thick films. However, DLS was
measured on the PEDOT:PSS particles in swollen state
(containing 95% water), while roughness was measured on
dried samples, so the final features are smaller.

In addition to the direct effects of the composition and
roughness of the PEDOT:PSS surface on device perfor-
mance, it is worthwhile to consider the indirect effects on
the structure of the overlying blend. These effects may be
particularly important in explaining the changes seen in EQE
and V.. To study these effects in detail, the photocurrent
action spectra of FSTBT:P3HT devices with different PED-
OT:PSS thicknesses have been measured, as shown in
Figure 6a. In addition, the absorption spectra of devices
without top electrodes have been measured, as shown in
Figure 6b. A small red shift in the spectra is seen as the
PEDOT:PSS thickness is increased from 25 to 75 nm, along
with the growth of the shoulder at 620 nm. Optical simula-
tions have shown that these changes are not associated with
interference effects.” The observed changes in spectra are
consistent with an increase in the crystallinity of the P3HT
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Figure 6. (a) EQE action spectra for devices with different PEDOT:
PSS film thickness underneath the active layer, normalized to clarify
change of shape and red shift upon increased film thickness. The inset
shows the red shift of the EQE maximum with increasing PEDOT:PSS
layer thickness. (b) Normalized absorbance of a FSTBT:P3HT blend
on PEDOT:PSS-covered (25, 55, and 75 nm thickness) ITO—glass
substrates.

component in the blend, which has previously been corre-
lated with an improvement in device performance. Interest-
ingly, the same shift does not occur for samples prepared on
smooth quartz substrates, suggesting that smoothing of the
ITO surface may be responsible for the improved crystal-
linity. Furthermore, we find that P3HT crystallinity is again
reduced in samples deposited on PEDOT:PSS produced with
very slow spin speeds, consistent with the enhanced rough-
ness in those samples.

The changes in PEDOT:PSS surface roughness (and asso-
ciated changes in active layer blend structure) discussed
above provide a reasonable explanation for the changes in
dark current and for the slight variations in EQE which are
observed as the PEDOT:PSS thickness is altered. It is inter-
esting to speculate on the cause of the changes observed in
Voo with PEDOT:PSS thickness. In principle, the maximum
Ve should be determined by the difference in energy between
the donor HOMO level and acceptor LUMO level,**2” but
the detailed electronic interaction of the active layer with the
electrode can also play a role in setting V. in real devices.
Changes in work function or density of states in the PEDOT:
PSS electrode can therefore influence the measured V.. We
also note that V. can be significantly affected by the blend
structure in the immediate vicinity of the electrodes, parti-
cularly if there is a degree of surface segregation of one of the
components.”® The structure at the bottom electrode is likely
to be highly sensitive to the chemical structure, surface
energy, and roughness of the PEDOT:PSS surface, providing
another possible cause for changes in V..

2. Annealing Effects on PEDOT:PSS Films. Photophysics
and Device Performance. The influence of annealing PEDOT:PSS
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films on the performance of photovoltaic polymer blend
devices with an active layer of FSTBT:P3HT has been studied,
particularly focusing on dark current, external quantum
efficiency, and current—voltage characteristics under illumi-
nation. PEDOT:PSS films were spun on ITO substrates,
followed by annealing for 30 min under a nitrogen atmosphere
at a temperature between 120 and 400 °C. Since annealing
causes significant shrinkage in film thickness (as discussed
later), it is necessary to adjust the spinning speed for different
annealing temperatures to achieve a final thickness of 60 nm
for all films after annealing, for comparability. The depen-
dence of the dark current density on the PEDOT:PSS anneal-
ing temperature is shown in Figure 7a for different reverse bias
values. A significant decrease of dark current density of more
than 1 order of magnitude is observed when annealing tem-
perature is raised from 120 to 240 °C, in particular at large
reverse voltages. Further increase of annealing temperature to
280 °C increases the dark current again slightly. When an
annealing temperature of 300 °C is exceeded, the dark current
density of the final devices is decreased enormously, by about 3
orders of magnitude, indicating major structural changes in
the PEDOT:PSS material. The maximum EQE values of these
devices, which are displayed in Figure 7b, show a continuous
increase with PEDOT:PSS annealing temperature from 120 to
250 °C. Annealing above 280 °C causes the EQE to drop
slightly; further temperature increase above 300 °C reduces the
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Figure 9. AFM topography images showing PEDOT:PSS films which
have been annealed at (a) 120 °C and (b) 280 °C under a nitrogen
atmosphere.

EQE drastically. The open-circuit voltage (Figure 7c) shows a
particularly interesting dependence on annealing temperature,
rising from 0.8 V for annealing at 120 °C to 1.2 V for annealing
around 250 °C. Exceeding this temperature causes worsening,
as previously observed for EQE and dark current, but the
open-circuit voltage does not drop below 0.8 V, even for
temperatures above 300 °C. The fill factor (Figure 7d) drops
slightly with annealing at temperatures up to 300 °C and then
drops rapidly. The significant changes seen in device perfor-
mance with annealing merit further investigation of the phy-
sical changes occurring in the PEDOT:PSS films.

Morphological and Chemical Changes with Annealing. The
first observation during annealing of PEDOT:PSS films
spun under the same conditions is a considerable decrease
of film thickness with rising temperature, as shown in
Figure 8. During annealing from 120 up to 300 °C the
thickness decreases by around 25%, presumably due to
losses of water, primarily of interparticle liquid at lower
temperature stages, followed by adsorbed and intraparticle
liquid at higher temperatures. Further increase in tempera-
ture up to 350 °C reduces the thickness even more, with losses
of around 75% of the initial thickness. This, together with
the previous device results, strongly suggests that above
300 °C degradation of PEDOT:PSS takes place. AFM
images of annealed PEDOT:PSS films, as shown for a
120 °C (Figure 9a) and a 280 °C (Figure 9b) sample, show
also a reduction in particle/agglomerate size of PEDOT:PSS
with increasing temperature, probably due to losses of water.
This shrinkage is accompanied by reduced rms roughness, as
would be expected.

To get a clearer image about temperature-dependent
changes in PEDOT:PSS which could cause the differences
in device performance and to clarify the nature of the
material losses indicated by the thickness decrease, the
material has been analyzed with a combination of TGA
and FTIR. The TGA measurements (Figure 10a) quantify
the material losses as a function of annealing temperature,
whereas the infrared absorbance (Figure 10b) shows varia-
tions in the chemical structure on a molecular level. The
TGA measurements, which have been performed on pre-
dried PEDOT:PSS material (prepared from colloidal solu-
tion by slow solvent evaporation at 90 °C, under flowing
nitrogen), were carried out at a heating rate of 10 °C/min.
Three very clear mass losses are obtained between 50 and
500 °C. The first one, ending around 150 °C, shows a mass
loss of about 17%, which is quite consistent with the reduced
film thickness of about 19%. A second loss of around 38%
appears between 220 and 320 °C. A final mass loss of
more than 30% occurs between 350 and 450 °C. While the
first mass loss can clearly be ascribed to losses of water, the
next two losses are more difficult to identify and hence are
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investigated in more detail by FTIR. Since PEDOT and
PSS show partially superposed vibrations, the assignment
of a specific absorption band is not always clear. In parti-
cular, the thiophene and phenyl rings in PEDOT and PSS,
respectively, have vibrations between 1350 and 1600 cm ™'
and hence are hard to distinguish. Therefore, in the litera-
ture the vibrations of the ethylenedioxy group, specifi-
cally the C—O—C stretching modes at around 1070
and 1240 cm ™', are typically used to identify PEDOT.?*¥
For PSS the sulfonic acid is usually used for identificat-
ion,'3* particularly the vibrations below 600 cm ™', the
S=0 vibration at 1180 cm~ !, and the O—S—O signal at
1030 cm ™. All these characteristic absorptions can be found
in the measured FTIR spectra in Figure 10b, for the samples
annealed up to 260 °C. Apart from slightly smeared absorp-
tions in the 120 °C sample (probably due to too much
remaining adsorbed water), the spectra do not show signifi-
cant changes due to annealing, indicating that the chemical
structure of the PEDOT:PSS part stays intact up to quite
high temperatures, including 250 °C, which represents the
temperature for optimum device performance. Above this
temperature, and especially above 300 °C, chemical changes
become obvious. The major changes seen are the disappear-
ance of the sulfonic acid vibrations below 600 cm ™' and of an
unassigned peak at 1542 cm™'. The region between 1530 and
1560 cm ™' is known to contain absorptions due to aromatic
ring deformation vibrations, and the position and strength of
these features are strongly dependent on the substituent
attached to the ring. It is therefore likely that 1542 cm ™'
absorption is due to the deformation of phenyl rings with
attached sulfonate groups.®® Hence, we can infer from
FTIR spectra that, during annealing of PEDOT:PSS at
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Figure 11. Resistivity of PEDOT:PSS films as a function of annealing
temperature.

temperatures above 260 °C, the PSS degrades via rupture
of the sulfonate group from styrene, which could explain the
second weight loss step in the TGA results. This agrees well
with literature reports of outgassing of SO,/SO5 from PSS
heated to temperatures around 250 °C.*” On the basis of the
known PEDOT:PSS ratio of 1:16, a mass loss of 41% is
expected for complete scission of sulfonic acid, consistent
with the measured weight loss of 38%. We have not inves-
tigated in detail the chemical changes associated with the
third mass loss, from 350 °C onward, but this is likely to be
associated with rupture of the polymer backbones.***** No
phase transitions of PEDOT:PSS, such as crystallization or
melting, could be detected upon annealing up to 400 °C (with
DSC or DMA).

To investigate changes in PEDOT:PSS conductivity, two-
point-probe measurements have been performed on PED-
OT:PSS films, annealed between 120 and 300 °C, measured
in-plane across a 40 um channel (Figure 11). Films annealed
up to 250 °C show a continuous decrease in resistivity, with
only a slight further increase seen at higher temperatures.
The changes seen at temperatures up to 160 °C may be
associated with the evaporation of water, leading to shrink-
age of the insulating PSS shell surrounding the conducting
PEDOT-rich grains. Above that temperature, PSS segrega-
tion effects, as reported in literature, may improve conduc-
tivity.'*!440 At temperatures exceeding 250 °C the falling
conductivity is probably caused by the onset of PSS degra-
dation.

The improvement seen in device performance with anneal-
ing at temperatures up to 250 °C occurs in a region when
there are no major chemical changes in the PEDOT:PSS
itself, only a loss of water and probably structural changes
such as segregation. Above 300 °C the device performance
falls off rapidly, but we find that this change is not simply due
to degradation in the PEDOT:PSS bulk conductivity.
Instead, it is likely to be due to changes in surface properties
(e.g., work function), which are sensitive to removal of
sulfonic acid.

Conclusions

In this work, the influence of PEDOT:PSS film thickness and
annealing procedures on the performance of polymer—polymer
photovoltaic devices has been investigated. We find that there is
an optimum thickness, of 70 nm, for the PEDOT:PSS layer, and
that this is independent of the overlying active material. Changes
in surface roughness are found to be largely responsible for this
effect. Annealing of the PEDOT:PSS prior to deposition of the
active layer is found to have a significant effect on device
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performance, with an optimum at 250 °C. The improvement with
annealing can be mainly explained by losses of inter- and
intraparticle water. Above this temperature degradation of the
PSS is found to occur by loss of sulfonic acid groups, leading to a
breakdown in device performance.
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