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ABSTRACT: The optical properties of various PEDOT:PSS films
obtained by drop casting and blade coating are analyzed by
variable-angle spectroscopic ellipsometry in the visible-UV spectral
range. We discuss observed differences in the optical spectra due to
PSS content and DMSO treatment and correlate them to structural
changes extracted from Raman measurements. In particular, we
investigate the optical anisotropy of the complex refractive indices
which arises from the in-plane arrangement of the PEDOT
backbones, giving rise to optically uniaxial behavior with the optic
axis perpendicular to the film plane. Although this is widely
accepted, most investigations disregard the anisotropy for
simplicity, which sometimes leads to inaccurate conclusions. In
this work, we compare the results of isotropic and anisotropic
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analyses to clarify which kind of errors we can expect if anisotropy is not considered. Finally, the correlation between Raman
scattering and ellipsometric analyses shows that not only local structural changes of the chain conformation but also the overall
morphology of the composite films are significant in the interpretation of Raman spectra.

1. INTRODUCTION

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) is a widely used organic material in many fields of
application,’ particularly in optoelectronic devices, as a flexible
electrode for solution-processed solar cells and light-emitting
diodes, acting as hole transport and hole injection layer,
respectively.” Understanding the optical properties of these
films to model the optical behavior of such devices is important
for their proper design and optimization.

It is widely accepted that PEDOT:PSS thin films are
optically anisotropic, displaying uniaxial behavior with the
optic axis perpendicular to the film plane. Other PEDOT
composites have similar optical anisotropy, since it originates
in the in-plane arrangement of the PEDOT backbones that
results from most solution processes. The anisotropy is also
influenced by the composite nature of the films in which
PEDOT:PSS grains are surrounded by excess nonconductive
PSS. Therefore, the final structure and properties of the films
mainly depend on the PSS content of the specific formulation,
but also on other film treatments, like DMSO addition, that
modify the morphology.”” This structural variability is
reflected in the anisotropic complex refractive indices of the
films which are wusually determined by spectroscopic
ellipsometry. However, most investigations disregard the
anisotropy and assume that PEDOT:PSS films are optically
isotropic for simplicity.”> This assumption may be approx-
imately valid sometimes but not always, and in fact it may lead
to erroneous conclusions when optical simulation of the
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devices is needed.’ In addition, even if not many authors have
published reference values of anisotropic complex refractive
indices of PEDOT:PSS, considerable scatter of data is found in
the literature, which is also partly due to the use of isotropic
approximations without clear comparison between isotropic
and anisotropic analyses evidencing which kind of errors can
be expected when anisotropy is not considered. The two
components of the uniaxial complex refractive index of
PEDOT:PSS in a wide spectral range were reported in the
seminal work of Pettersson et al.” for spin-coated films of the
Baytron P formulation (1:1.25 ratio by weight). Other
reported values are those of Heraeus Clevios PH500 and
PH1000,”’ both containing a 1:2.5 weight ratio. Finally, spin-
coated films of Heraeus Clevios AI14083 (1:6) were reported to
be optically almost isotropic,'’ although their electrical
conductivity was found to be clearly anisotropic.'’ A
systematic optical investigation of different formulations
including anisotropy and structural considerations is not
found at hand.
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Figure 1. (a) Complex refractive index components for different films of Sigma-Aldrich 483095 PEDOT:PSS. Data extracted from ref 3 are plotted
for comparison. (b) Experimental spectra and fits using both isotropic and anisotropic models for the thinner (d = 930 nm) dropcast film.

In this work, we set to rationalize changes in anisotropic
complex refractive indices observed in different PEDOT:PSS
films. We discuss the anisotropic optical behavior of two quite
different commercial PEDOT:PSS formulations, namely,
Sigma-Aldrich 483095 (1:1.6 ratio by weight) and Heraeus
Clevios AI4083 (1:6), compared with values found in the
literature. We also compare these results to isotropic
approximations and examine the ellipsometric analysis for
very different film thicknesses, from rather thick drop cast
samples to thinner films obtained by blade coating, similar to
those used in actual devices. We also study dimethyl sulfoxide
(DMSO) treated material and correlate the observed variations
to structural changes that can be identified from Raman
measurements.

2. EXPERIMENTAL SECTION

2.1. Samples. We investigated a large number of samples
from which we selected a few representative ones illustrating
the typical behaviors observed in general. The films were
deposited by blade-coating or drop casting as detailed in the
Supporting Information. In particular, we needed to compare a
large span of thicknesses from very thin (blade-coating) to very
thick (drop casting) to demonstrate that the values of
anisotropic optical functions we obtain from our fits are
reliable. Different qualitative aspects of the measured spectra
are more evident in films of different thicknesses, which helps
to establish the appropriate data analysis.

39430

For the Sigma-Aldrich 483095 formulation, we selected two
pristine drop cast films, a thick one (>3 pm) and a thinner one
of 930 nm, a pristine blade-coated film of 64 nm thickness, and
a thick drop cast dried from a 50% H,0:DMSO solution."” For
the Heraeus Clevios AI4083 formulation we selected a thick
drop cast film, two blade-coated films of similar thicknesses
(87 and 62 nm thick) fabricated in different batches, and a
thick drop cast also modified with 50% v/v DMSO.

2.2. Optical Spectroscopic Methodologies. 2.2.1. Ellips-
ometry Data Fitting. In what follows, we describe in detail, as
an illustrative example, the analysis of ellipsometry data for the
more conductive studied formulation of PEDOT:PSS, namely,
Sigma-Aldrich 483095, which displays stronger optical
anisotropy. We fit the measured ellipsometric magnitudes tan
y and cos A using both an isotropic model and an uniaxial
anisotropic model in which the optic axis of the film is
perpendicular to its surface and compare both results. Since all
films have low roughness, for the analysis, we just consider one
film on the isotropic glass substrate, which was separately
measured and fitted as reference.

The complex dielectric function of PEDOT:PSS can be
parametrized using well-known analytic line shapes.'” The
metallic-like behavior given by the bipolaron band® is
described using the Drude model, whereas other observed
contributions such as the polaron band or interband transitions
are added as generalized Lorentzians, e.g, zero-dimensional
critical points (CPs). Hence, the general line shape used is
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where E, corresponds to the unscreened plasma energy of the
free carriers and I', gives their scattering rate. The screened
energy of the free-carrier plasma oscillations is given by
Ep/ J€x» Where the constant term &, is real. The parameters
of each CP are the amplitude A; the phase ¢, the transition
energy E; and the broadening I';. The Drude model parameters
can be related to the electrical resistivity according to
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The constant factor is calculated so that units of p in eq 2 are
Q cm when both I, and E, are inserted in eV. The values of
electrical resistivity calculated in this way are helpful to
establish relative comparison between films and to provide
estimated values which are often smaller than the dc resistivity
obtained from electrical measurements. One reason for this
discrepancy is the simplistic model but also the higher
sensitivity of the electrical measurement to the presence of
macroscopic defects in the film.'* The Drude parameters are
also useful to estimate the carrier mobility 4 and concentration
N, which are given by y (cm?/(V s)) = 7.2739/I',;m* and N;
(em™) = 7.2525 X 10**-Epe,m*, respectively, where m* is the
effective mass of the charge carriers and both I', and E; are
expressed in eV. These approximations are mainly useful to
establish relative comparisons among samples. For that, the
effective mass can be taken as 1 or use theoretical values
calculated using density functional theory (DFT) methods."
Notice that m™ is anisotropic, for example, in a pristine crystal,
the effective mass for the holes is 0.13 along the backbone or
4.8 in the 7-stacking direction, and these values do not change
much in a heavily doped crystal.'” The value along the
backbone is somewhat smaller in an isolated chain, 0.093, so a
value around 0.1 seems suitable to estimate both 4 and N,,. We
emphasize that even if the simple Drude model can describe
very well the spectroscopic optical data values, the
interpretation of the model parameters cannot be rigorous
but phenomenological. That is, the variations in model
parameters in a series of samples are meaningful to monitor
relative changes in the corresponding magnitudes such as p, y,
and N, but their absolute values are less significant.

Figure la shows the complex refractive index components
n + ik = /€ obtained for several films studied in this work.
Since all the fit functions are parametrized using eq 1, we
display values extrapolated to lower energy which are relevant
for the discussion when the best fit results for both isotropic
and anisotropic models are compared. Regarding the
anisotropic components, PEDOT:PSS films display positive
birefringence, that is, the extraordinary (out-of-plane)
refractive index is larger than the ordinary (in-plane) one.
The spectral behaviors agree with the in-plane arrangement of
PEDOT backbones and obvious conductive behavior of the
corresponding component compared to the out-of-plane
nonmetallic character. As can be expected from the measure-
ment configuration, the general spectral behavior of the
isotropic solution is similar to that of the anisotropic in-plane
component.'® However, its value is not in between both
anisotropic components but it is lower, which seems
counterintuitive but is a consequence of the positive

birefringent film optics, as in other layered crystals.'” It is
worth noticing that although the fit in the thick bulk-like drop-
cast film data is improved with the anisotropic model (MSE
reduced by a factor 1.5, see Figure S1), the improvement is
most evident in the thinner films when optical interferences
appear, from the ~1 pm thick film (shown in Figure 1b, see
also Figure S2) down to device-relevant thicknesses of around
60 nm, which cannot even be properly fitted using eq 1 and an
isotropic optical model (see Figure S3) even if the anisotropy
is comparatively smaller than in the drop-cast (see Figure S4).
In these latter cases, the MSEs are reduced almost 1 order of
magnitude. The discrepancies using isotropic models are
visually quite clear at angles of incidence around the Brewster
angle, which for these films is close to 55 degrees. The Drude
parameters determined using the isotropic model are
unreliable, in particular both &, and I', are underestimated,
whereas E, is overestimated (see Figure S4). However, since
these parameters are phenomenological, following their
variations in series of samples using the isotropic approx-
imation can also be useful to establish trends. A more
important drawback is that the fitted film thickness also
becomes inaccurate for the isotropic approximation in the
thinner films, as verified by complementary profilometer
measurements.

In order to reproduce the measured spectral dispersions
using eq 1, we need to include up to three CP terms: A rather
weak structure is often detected close to 1.5 eV which
corresponds to the polaron absorption, a prominent peak
observed around 5.3 eV, which has been attributed to the PSS
component, and a higher energy broad peak that represents the
contribution of higher lying absorptions in a phenomenological
way. This third component is actually added for convenience,
as it helps to correctly match the experimental background of
the spectra. However, this last term alters the proper value of
€4 Therefore, to obtain reliable Drude parameters from the
fits using eq 1, it is convenient to consider just the two first
terms and restrict the spectral range for fitting to the lower
energy portion of the spectra, as recommended by Humlicek et
al.'* A convenient cutoff energy in our case is 3 eV, where k &
0. Since for PEDOT:PSS a weak polaron contribution may be
present in the fitted range, in this work, we keep three terms,
including one possible CP to represent the polaron, to obtain
accurate parameters for use in eq 2. The relevant Drude
parameters obtained for films plotted in Figure 1 are listed in
Table 1 together with other pertinent results.

In summary, the analysis of ellipsometric data provides both
values of film thickness and optical functions whose spectral
characteristics can be quantitatively related to the metallic
behavior of the PEDOT:PSS films, in particular, revealing
information about effective doping and electrical parameters.
All these magnitudes are seen to depend not only on the
specific formulation (or PEDOT to PSS ratio) but also on
structural variations that occur during deposition or post
treatment.

2.2.2. Interpretation of Raman Spectra. Raman spectros-
copy is a well-established optical method to obtain structural
fingerprints based on the measured vibrational signatures of
the samples. In particular, it has been extensively applied to
PEDOT:PSS based on experimental knowledge and the
vibrational modes calculations performed by Garreau et al,,'®
which help to assign the origin of each mode in PEDOT and
deliver valuable insights into the structural transformations of
PEDOT upon doping. Despite all this knowledge, controversial
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Table 1. Parameters Determined from Ellipsometry and
Raman Spectra for Selected Samples Studied in This Work®

An [}
(2.5 eV) o E(eV) T,(eV) (em™)

PEDOT:PSS Sigma-Aldrich 483095 (1:1.6 ratio by weight)

Aw
deposition £ (em™)

BC 0.20 2.68 1.28 0.51 1422 41
DC 0.36 2.78 1.48 0.70 1422 41
DC & 0.15 2.59 1.67 0.82 1427 41
DMSO
PEDOT:PSS Heraeus Clevios AI4083 (1:6 ratio by weight)
BC 0.01 2.52 127 0.67 1437 44
BC 0.12 2.58 1.03 0.72 1432 42
DC 0.12 2.56 1.01 0.74 1431 43
DC & 0.04 2.68 1.10 0.74 1429 39
DMSO

“The deposition methods are abbreviated as BC (blade coating) and
DC (drop casting). The birefringence An = n, — n, is given at an
energy of 2.5 eV as an indication of the optical anisotropy of each
film. The Drude parameters correspond to the ordinary component.

statements are found in this abundant literature when partial
evidence coming just from Raman spectra are considered. In
this context, it is useful to discuss both vibrational and optical
spectra together because insights gained from both methods
are complementary, allowing us to clarify the interpretation of
Raman spectra.

It is well-known that the Raman spectra of PEDOT:PSS
show some dependence with the laser excitation wavelength
with usual lasers in the near-infrared and visible range. In
particular, the position of the Raman bands which are
associated with the z-bonding system exhibit small shifts
with different wavelength excitation due to preferential
resonant enhancement of specific segments of the polymer.
Longer wavelengths selectively enhance the segments with
longer effective conjugation lengths."®'” However, the main
interpretation of the spectra is common to all of them and
comparison between samples is possible if spectra are
measured with the same excitation. In this work, we choose
to work with 4 = 785 nm (1.58 eV)s because it has a large
resonant effect on the segments of the conjugated thiophene

backbone that contribute to the electrical conductivity. This is
convenient for correlation with the ellipsometric spectra as well
as to obtain reasonably intense signals from very thin films,
since we must use low laser powers to prevent heating and
degradation of the polymer. In addition, degradation is further
reduced by using a less energetic laser in the near-infrared.

A typical Raman spectrum is shown in Figure 2. In the fit,
each Raman band is initially represented by a pseudo-Voigt
function because some bands are better represented by
Gaussian and others by Lorentzian lineshapes; once estab-
lished, these plain lineshapes are chosen. In general, we find
that sharper modes are Lorentzian and broader ones are
Gaussian. Some bands are obviously asymmetric and are fitted
by split profiles. The most intense band near 1422 cm™ is
always well reproduced by a symmetric profile with mixed
pseudo-Voigt line shape. The modes that are sensitive to
changes in conjugation length are those above 1200 cm ™, as is
clear from Figure 3. Among them, the most intense band
shows the largest variation upon doping, spanning about 25
cm™ total shift in the PEDOT:PSS complex.”” This large
variation may be an apparent effect since the band possibly
contains two components.zo’21 However, these components do
not always appear resolved and experimentally it is practical to
just fit one average peak. The origin of these two assumed
components is the benzoid-quinoid tautomerism of PEDOT
chains, in which the higher-frequency component would arise
from the benzoid structure and the lower-frequency one from
the quinoid, agreeing with a longer conjugation length in the
latter. This is an idealization because a continuous distribution
of molecular conformations is the most probable scenario.
Experimentally, the shift upon doping is to the blue, leading to
a contradiction with the ground state of PEDOT being
aromatic.”> In addition, calculations support the change to
quinoid conformation by doping.”® Therefore, other mecha-
nisms must counterbalance and be more effective in shortening
the conjugation length by increasing doping and the observed
Raman shifts cannot be simply interpreted in terms of quinoid
to benzoid transformation as frequently done. One possibility
could be some twisting of the thiophene backbone,”* even if
PEDOT is considered to be essentially planar. In addition,
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Figure 2. Raman spectrum measured in a dropcast Sigma-Aldrich 483095 PEDOT:PSS film. The fitted components are shown and the obtained
Raman shifts are compared to calculated frequencies for PEDOT, given in parentheses according to values tabulated in ref 18.
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Figure 3. Graphical representation of the main modes of PEDOT according to calculated values tabulated in ref 18. Main bond contributions are
represented here by thicker lines, and angles are also proportionally drawn to their variations.

both intrachain linearity and interchain packing enhance
conjugation.

Enhanced linearity is associated with the quinoid con-
formation. On the other side, enhanced planarity results from
PEDOT agglomeration and alignment into large domains. This
second mechanism, which is more related to film morphology,
could be the dominant one in a real film with phase separation.
Another relevant parameter is the line width of the main
Raman band, which arises from the distribution of conjugation
lengths. A narrower band implies more homogeneous
distribution of conjugated domains, which usually seems to
appear for films with red-shifted Raman, although in principle,
the average position and the line width must not necessarily be
correlated.

3. RESULTS AND DISCUSSION

3.1. Spectroscopic Results and Discussion. As is the
case with the electrical conductivity, the measured optical
functions represent the response from the combined
PEDOT:PSS medium. In particular, observed anisotropies
are the result of morphological characteristics of the
conducting PEDOT-rich particles embedded in the rather
isolating and isotropic PSS-rich host. Hence, PSS richer films
are less anisotropic and display higher electrical resistivity, also
according to eq 2. In contrast, Raman scattering is mainly
sensitive to PEDOT vibrations; in our experimental conditions,
we do not detect any PSS vibrations. However, the results of
both optical techniques depend on the general film
morphological traits. A systematic investigation of both
Raman and optical functions including anisotropy is thus
helpful to establish the link between optical and structural
properties using noninvasive measurements. In the following,
we consider the results from different formulations and
morphologies to investigate this link.

3.1.1. Dependence with PSS Content. The two investigated
formulations differ mainly in the ratio of PEDOT to PSS.
Despite the notable difference of proportions 1:1.6 vs 1:6, in
both cases, PSS is present in excess in the PEDOT:PSS

polyelectrolyte complex and the oxidation level (doping) of
PEDOT can be similarly high. The maximum attainable is
around 33% ionized sites, equivalent to one positive charge
every three monomer units. As already mentioned, the films
consist of PEDOT:PSS grains embedded in an amorphous PSS
matrix. The optical properties of the films correspond to this
composed medium, in particular, the Drude model parameters
of eq 1 reflect the composite behavior, whereas the critical
points are characteristic optical transitions more localized in
the components. Note that the weak polaronic transition is
localized in PEDOT and its absence or weakness qualitatively
indicates the high doping level in all studied films. When this
band is present, its fitted amplitude correlates with the polaron
concentration,” which can be compared with the Raman shift
evolution. The largest difference in the two studied
formulations being the PSS content, is mostly reflected in
the Drude parameters. In particular, the plasma energy gives an
indication of the overall PSS content. Regarding the optical
anisotropy, we already mentioned that it is larger for the lower
PSS content Sigma-Aldrich 483095 films but we find that films
of Clevios AI4083 are still anisotropic, especially if dropcast.'®
In both formulations, the anisotropy in blade coated films is
comparatively smaller due to faster drying which leads to a
morphology with smaller phase separation,'” implying smaller
aggregation of PEDOT:PSS grains. Figure 4 shows the
complex refractive index components for films of Clevios
AI4083 showing different anisotropy. The Raman spectra of
the same films show up to 6 cm™" difference in position of the
main peak, which is a quite large dispersion compared to 9
cm™! difference in position between the drop-cast films of the
two formulations. It seems clear that the usual identification of
main Raman peak position, or in other words conjugation
length, solely determined by doping of the PEDOT chain is
not valid. Interestingly, the Raman results for films of the same
formulation displayed in Figure 4 suggest that the different
anisotropy is related to different Raman shift (see Table 1).
Unfortunately, anisotropy is also related to the PSS content
because the PSS matrix is rather isotropic. However, in
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Figure 4. Complex refractive index components for different films of
Heraeus Clevios A14083 PEDOT:PSS. One of the blade coated films,
the 87 nm thick one, is almost isotropic, like that from ref 10 plotted
for comparison. Results obtained here using both isotropic and
anisotropic models for both blade-coated films are shown.

comparable films, increasing anisotropy gives decreasing
Raman shift, pointing to an important influence of interchain
packing in aggregated grains within the film as mechanism to
enhance conjugation length. The broadening is not clearly

reduced, suggesting that the dispersion in conjugated lengths
changes very little even if the average is enhanced.

3.1.2. Effect of DMSO Addition. The role of morphology
regarding the Raman spectra can be further clarified by
correlating them with the optical properties of films modified
by DMSO addition. The effects of DMSO are most clearly
appreciated in drop cast films in which the drying time is
longer and changes can develop to a greater extent. Besides,
the changes induced by DMSO are also clearer in lower PSS
content films, which in our case is the Sigma-Aldrich 483095
formulation. In all cases the measurements were done far from
the film border where PSS segregation is noticeable. Relevant
resulting parameters for all samples selected in this study are
listed in Table 1.

In all cases, DMSO addition tends to reduce the optical
anisotropy (see Figures SS—S8). This reduction may be due to
smaller PEDOT:PSS grains in the PSS matrix resulting in a
lower chain aggregation and/or a lower overall correlation of
in-plane order among the grains. At the same time, the optical
spectra (Figures S6 and S8) display more clear polaron bands,
consistent with the literature,” indicating dedoping of the
PEDOT:PSS regions. Both facts support the explanation that
the higher electrical conductivity is mainly related to a change
in phase separation structure that leads to improved
connectivity of the PEDOT:PSS regions in the film.”®

Figure S shows the main Raman band for the four drop cast
films. The shifts in this band give an indication of the local
changes in the PEDOT:PSS grains. Although ellipsometry
proves that there is dedoping in both cases, the change in
position for every formulation is different. Clearly, the Raman
shift is not correlated with the overall PSS content in the film
in contradiction with the accepted link between the frequency
position of this band and the level of doping, and in particular
the large blue shift for the lower PSS containing film suggests
that morphology change plays the main role in the shift, which
in this case indicates a decrease in conjugation length. In
general, taking into account the correlation between the results
of both spectroscopies, the position of the main Raman band
seems to result from at least two contributions with opposite
sign: a red shift generally attributed to dedoping””*" and a blue
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Figure 5. This figure highlights the importance of morphology in the average conjugation length. Dedoping can lead either to red or blue shift of
the main Raman band depending on the actual phase separation in the films.
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shift that is likely due to a reduction of the grain size,
consistent with the measured smaller optical anisotropy. It
makes sense that in our experiments the former predominates
in the higher PSS content film, where the grains are already
small without DMSO, and the latter in the lower PSS content
film that has larger aggregates without DMSO, which allow for
an increased dispersion of the aggregated domains upon
DMSO addition, consistent with recent studies.”®

B CONCLUSIONS

Both spectroscopic ellipsometry and Raman scattering are
noninvasive and versatile methods able to probe different
structural traits related to the optoelectronic properties of
PEDOT:PSS films. The combined study using these optical
spectroscopies provides detailed insights into diverse signifi-
cant aspects of this complex material. The main optical
informations extracted from ellipsometry are the optical
constants of the composite medium including anisotropic
behavior, as well as their spectral characteristics related to
average doping and optical conductivity. In addition, interband
transitions are signatures of more local properties, in particular
the appearance of a weak polaron band is related to the doping
state of the PEDOT:PSS domains. On the other hand, the
main information obtained from the position of the main
Raman band is associated with the conjugation length for
PEDOT in the same domains. Previous literature suggested
that conjugation length depends only from the chain
conformation given by the doping state, roughly related to
the PSS content. In this work, we find that the film’s phase
separation nanomorphology gives a likewise important
contribution to the Raman shift. Since the morphology,
more specifically the alignment of the fibrils in the
PEDOT:PSS domains, is connected to the optical anisotropy,
there is a correlation between anisotropy and Raman shift in
films with the same PSS content, so that higher anisotropy is
found together with a red-shifted Raman band, implying a
longer conjugation length.

Films obtained with DMSO addition tend to be less
anisotropic. This may seem surprising but is consistent with
the morphology change induced by this additive.”® The
segregation of PSS caused by DMSO gives as a result some
dedoping and improved alignment of the fibrils in the
PEDOT:PSS domains, but it also tends to cause misaligned
and smaller aggregated grains that as a result become closer to
one another. Hence, even if the conjugation length in a grain
may be reduced, their closer proximity can lead to improved
optical and electrical conductivity. This effect is largest in the
low PSS content formulation we have studied, and is relatively
small in the high PSS content formulation, where the phase
separation of the pristine films is already quite small.

Finally, we must emphasize that it is very difficult to
generalize trends that depend on a complex interplay of
different parameters. In fact, not only PSS contents and the
different solvent/additives can give rise to films with different
properties. Different deposition methods and different
conditions can also result in different morphologies. Therefore,
the availability of advanced optical characterization procedures
as outlined in this study are expected to be very useful in
understanding and optimizing PEDOT:PSS films for optical
and thermoelectric applications.
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