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ABSTRACT: Annealing is a common method to improve the efficiency of polymer photovoltaic cells. Annealing changes the
microphase separation in a polymer blend film and typically also results in a change in its optical properties. We investigated the
optical properties of poly(3-hexylthiophene) (P3HT):[6,6]-phenyl Cg; butyric acid methyl ester (PCBM) before and after
thermal annealing using spectroscopic ellipsometry and transmission measurements, with simultaneous fitting of samples with
different thicknesses to ensure reliability of extracted index of refraction values. We found that, after annealing, it is necessary to
consider an anisotropic model to describe the properties of P3HT:PCBM blend films, which reflects the increased order of
P3HT chains as a result of annealing. Different fitting models (simple anisotropic layer, graded isotropic, graded anisotropic
model, generalized oscillator, and oscillator model including Huang—Rhys vibronic envelope) have been compared and
discussed. The effect of the number of samples used for fitting and surface roughness corrections is also discussed.
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1. INTRODUCTION

Polymer solar cells have been attracting increasing attention
recently because of their outstanding properties, such as low
cost and possible use of flexible substrates, with associated
advantages of light weight, high mechanical flexibility, and
possibility of roll-to-roll processing. A number of different
polymer materials have been used in organic photovoltaic
(OPV) cells. Poly(3-hexylthiophene) (P3HT):[6,6]-phenyl C;
butyric acid methyl ester (PCBM) remains one of the most
common bulk heterojunction material combinations, with over
1000 published articles on this material combination in the
period from 2002 to 2010." Reported efficiencies range from
below 0.5% to ~5%, with the average value of ~3%." Thus, the
solar cells based on P3HT:PCBM have been comprehensively
investigated. For example, the influence of different additives,”
casting solvents,® molecular weight,4 rezc;ioregularity,5 annealing
time,° and temperature,6 etc. has been studied. It is well
recognized that the morphology of the P3HT:PCBM plays a
significant role in the device performance.” Morphology of the
films can be controlled in different ways (heating, solvent
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annealing, additives, etc.). The effects of blend layer
morphology changes can be clearly observed in the absorption
spectra.”>’ Morphologies favorable for good photovoltaic
performance typically exhibit more intense absorption with
more pronounced peaks.”>’

To model and understand the factors affecting the
performance of solar cells, knowledge of optical properties of
the layers in the device is essential. While a large number of
research papers in polymer photovoltaics concentrate on the
development of novel materials for solar cell applications,
optimization of device architecture, in particular, light trapping,
is necessary if polymer solar cells aim to become competitive
with inorganic solar cells, which commonly include optimized
contacts, antireflective coatings, and/or light-trapping struc-
tures. Such optimization of device architecture requires accurate
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characterization of the optical properties of all the layers in the
device.

The optical properties of a variety of polymer films, including
P3HT and P3HT:PCBM blends, have been reported in the
literature.*>* Unlike absorption measurements, which only
provide an estimate of the absorption coefficient,'>"?
spectroscopic ellipsometry (SE) enables determination of
both real and imaginary parts of the complex index of refraction
N = n — ik, which is needed for modeling the light propagation
through an OPV cell.® Even though numerous spectroscopic
ellipsometry studies have been reported for P3HT'*** and
P3HT:PCBM films,*'"'*'* studies that report fitting of
multiple samples®'*'® have been scarce, as well as studies
that report combinations of different techniques (SE +
transmittance (T) and/or reflectance (R) measurements).g’“’22
However, obtaining unique and accurate solutions in terms of
optical functions of a thin film from spectroscopic ellipsometry
generally requires consideration of multiple samples with
different thicknesses and/or combinations of SE + T
measurements (applicable to transparent substrates only).”*
In particular, the accurate determination of optical anisotropy
using SE typically requires either a special sample configuration
or a combination of different experimental techniques,” such as
transmittance and spectroscopic ellipsometry.'®** Tt should be
noted that it is not simply a case of using combinations of
measurements and multisample fitting to achieve better
accuracy (as in, for example, obtaining one more significant
digit), but rather a fundamental difference between obtaining
accurate optical function representations as opposed to
misleading, inconsistent, or even unphysical, results.'®
Complications leading to the high possibility of spurious
solutions arise because (i) the highly nonlinear nature of the
ellipsometric equations resulting in the appearance of multiple
stable solutions (i.e., those for which the MSE shows a local
minimum as the model parameters are varied close to the local-
minimum value), (i) the small optical thickness of the samples
under consideration, which may be smaller than the condition
for interference (the presence of interference effects over the
measuring spectral range may assist in detecting spurious
solutions), and (iii) the inherent complexity of the samples
under consideration that requires multiparameter models and
increased risk of spurious solutions from strong parameter
cross-correlations. Without following appropriate fitting
procedures, obtaining reasonable data that are useful for device
modeling and/or understanding the effect of various processing
conditions on the properties of the blend film is highly unlikely.
In particular, attempts to determine preferential segregation of
blend components solely from SE measurements on one
sample are unlikely to be successful due to the existence of
multiple stable solutions. To fully utilize the benefits of optical
characterization methods, such as SE, for solar cell materials, it
is essential to fully understand the limitations of the technique,
the importance of adopting appropriate models, and the
importance of using mutlisample fitting and the combinations
of experimental data to obtain reliable solutions. However, the
reports of multisample fitting of combinations of measurements
are scarce, due to difficulties in obtaining a good fitting
solution.

Consequently, the absolute values of n and k obtained in the
estimates of the degree of anisotropy, the influence of
annealing, and regioregularity on the optical properties of
P3HT:PCBM blend films obtained from SE studies on single
thickness samples'' may be less reliable,® although the trends
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observed could be correct. Similar problems could exist for
studies of annealing effects, 57! including changes in film
composition (grading),20 the use of different effective medium
approximations (EMAs),”° etc., where only SE data or only one
sample thickness is considered. In some published works, a
combination of an insufficient number of thickness values and
an inappropriate model (Lorentz oscillator model, which
typically results in an overestimation of absorption below the
band gap due to broad wings of a Lorentzian function) can
result in obviously unphysical values, such as an extinction
coefficient k that increases above 620 nm, and a refractive index
n < 1 over a large spectral region ~(1.5—4.0) eV.'® Thus, the
appropriate choice of the oscillator model describing identified/
known transitions is of the utmost importance.

The complexity of the materials at hand is further illustrated
by the fact that certain experimental conditions have resulted in
PCBM segregation,'®> which was optically modeled assuming
pure P3HT to be isotropic and further resulted in the need to
consider graded P3HT:PCBM layers with the PCBM
segregated layer on the film surface.”” It is, however, noticed
that such models should not be assumed in general without an
independent verification of the actual sample structure since
contradicting results have been reported and the segregation is
dependent on the processing condition and P3HT properties.
In principle, including more independently confirmed data
about the sample in the optical model results in the retrieval of
more reliable information from the model fitting.

In our previous work using nonannealed samples of different
thicknesses, a unique isotropic model was found to adequately
describe the optical response (multiangle of incidence SE and
normal incidence T) of pristine P3HT:PCBM blend films.®
However, annealed P3HT:PCBM solar cells are widely adopted
among many research groups since thermal annealing can
significantly enhance the photovoltaic performance by improv-
ing the crystallization of P3HT and the charge transport
characteristics of the blend.® Considering the importance of
annealing of P3HT:PCBM blends on solar cell performance, it
is, therefore, necessary to accurately model the optical functions
of annealed P3HT:PCBM blend films.

Significant modification of the absorption spectra of
P3HT:PCBM blends commonly occurs as a consequence of
annealing, which can result from changes in phase separation
(formation of larger aggregates), increased order (crystalliza-
tion), and increased roughness. It is, therefore, necessary to
examine if models used for nonannealed films are valid for
annealed blend films. In particular, any preferential molecular
orientation in the annealed films could result in uniaxial
anisotropy.”'® Such preferential orientation is more likely to be
present in pure polymer films compared to polymer blends
with PCBM, since the introduction of PCBM can interfere with
the self-organization of P3HT."!

The degree of anisotropy could also be dependent on the
molecular weight, as demonstrated on other polymers.' In the
published literature, both isotropic'®*' and anisotropic'"*°
models have been used to describe annealed P3HT:PCBM
blend films. In this work, we examine the use of isotropic and
anisotropic models with multisample analysis and simultaneous
fitting of both transmission and ellipsometry data in order to
describe annealed P3HT:PCBM blend films. In addition,
different oscillator models are considered. Such a simultaneous
fitting approach is likely to result in more accurate values of n
and k compared to single-sample or single-technique studies
previously reported. More importantly, the samples considered
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consist of P3HT:PCBM blend films annealed with aluminum
electrodes, resulting in realistic annealing conditions used for
high photovoltaic performance (solar cells are usually annealed
after electrode deposition to suppress excessive crystallization
and aggregation) where the electrode has been peeled off just
before optical characterization.”® In contrast with nonannealed
samples, we found that it is necessary to include anisotropic
effects into account when modeling the optical functions of
annealed P3HT:PCBM blend films. We also demonstrate that a
simple anisotropic layer (with surface roughness correction) is
sufficient for a good description of the optical properties of
annealed P3HT:PCBM blend films. Compared to other more
complex models used in the literature, such as graded
layers,">'*?® a simple anisotropic layer results in a better fit
of the data (simultaneous fit of ellipsometry and transmittance
for multiple samples with different thicknesses), as well as
better stability and the uniqueness of fit parameters.
Furthermore, we provide a discussion of potential limitations
of each approach and suggest guidelines to obtain good quality
fitting results for polymer blend films. The procedures
described can be applied to novel material combinations in a
straightforward manner.

2. EXPERIMENTAL SECTION

P3HT and PCBM were obtained from Rieke Metals (Rieke Metals Lot
#2010-A6-7; M,, = 21 809 g/mol; PDI = 1.63; RR = 95.1%) and Nano
C (BJ110729, purity: 99.5%), respectively. P3HT and PCBM in a ratio
of 1:0.8 (27 mg/mL) were dissolved in chlorobenzene by stirring
separately for 18 h and then mixed together for 2 h at 40 °C before
spin-coating. All substrates were cleaned by sonication in toluene,
acetone, ethanol, and deionized water sequentially. The substrates
were dried under nitrogen and then exposed to UV-ozone for 300 s.

For solar cell fabrication, the poly(3,4-ethylene-dioxythiophene):
poly(styrene sulfonate) solution (Clevios PVP Al4083) was passed
through a 0.45 pym filter and spin-coated on cleaned ITO on glass
substrates (15—20 ohm per square) at S000 rpm for 2 min, followed
by baking the substrate at 120 °C for 20 min in a vacuum oven. The
active layer was also passed through a 0.45 ym filter and then spin-
coated on the top of PEDOT:PSS at 1000, 1500, 2000, 2500, or 3000
rpm. Immediately after preparation, the samples were kept in high
vacuum for 2 h and then transferred to an argon-filled glovebox
overnight before evaporation of 100 nm Al electrodes through a
shadow mask with a 1 mm radius circle. The devices were annealed at
150 °C for 15 min before -V measurement. The I—V characteristics
of solar cells were measured with a Keithley 2400 sourcemeter under
AM 1.5 simulated sunlight illumination (ABET Technologies SUN
2000) at 100 mW/cm?* (measured by a Molectron Power Max 500D
laser power meter).

Additional samples were prepared for optical measurements.
Whereas SE measurements were performed on substrates with a
roughened back surface to suppress undesired back reflections,
standard double-sided polished glass slides were used for transmittance
measurements. In all cases, the substrates were cleaned by sonication
in toluene, acetone, ethanol, and deionized water sequentially and
dried under a nitrogen gas flow and then exposed to UV-ozone for 300
s. The P3HT:PCBM blend films were then spin-coated on the cleaned
substrates at spinning speeds ranging from 1000 to 3000 rpm to obtain
different thicknesses. The samples were then stored in an argon-filled
glovebox overnight before thermal evaporation of 100 nm of
aluminum. The P3HT:PCBM samples with aluminum on the top
were annealed at 150 °C for 15 min. SE measurements were
performed after removing the Al electrode using a 3M tape to expose
P3HT:PCBM annealed under realistic photovoltaic device processing
conditions. Control samples without annealing, as well as pure P3HT
and pure PCBM samples, were also prepared and characterized.

The SE measurements were performed with a J. A. Woollam M-
2000 ellipsometer (rotating compensator ellipsometer) using a
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focusing probe to narrow the spot size to be smaller than the area
under the Al electrode. Data were taken from 400 to 900 nm with the
step size of 1.6 nm at incident angles of SS, 60, 65, 70, and 75°.
Transmission measurements were also performed in the same
ellipsometer under a straight-through configuration. The surface
morphology of the samples was characterized by atomic force
microscopy (AFM) using an Asylum Research MFP3D in semicontact
(tapping) mode. AFM measurements were also performed in the same
area used for SE measurements after the removal of the Al electrode.
The initial thicknesses of P3HT:PCBM films were obtained by
scanning electron microscopy (SEM).

SE data analysis was performed following a systematic approach to
avoid nongeneral or unphysical solutions as previously described in
detail.® Effective medium approximation (EMA) was used to model
the surface roughness.*>**” A detailed procedure for isotropic model
fitting was previously given.® In the present case of annealed samples,
no satisfactory fit could be obtained using an isotropic model and an
anisotropic model needs to be implemented. For both isotropic and
anisotropic models, we have considered a generalized oscillator model
(GO model)® and a model incorporating a Huang—Rhys vibronic
envelope (HR model).”> The detailed description of the HR model,
including the physical meaning of the parameters, is given in ref 22.
For the GO model, we have limited the number of oscillators to
transitions that can be clearly resolved in the spectra, plus one optional
higher-energy oscillator (to compensate for transitions outside of the
spectral region used for fitting that are sufficiently close to contribute
to the optical functions). We emphasize that transitions that cannot be
clearly resolved in the experimental (SE and/or T) data can result in
optical models with increased parameter correlations; in extreme cases,
it is unlikely that the model can be fitted reliably with a unique set of
oscillator parameters. For example, the existence of charge transfer
states in polymer blend films, including P3HT:PCBM, has been
confirmed by alternative optical techniques that show increased
sensitivity to such sub-band-gap features, including photocharge
extraction by linear increasing voltage (photo-CELIV),*® Fourier
transform photocurrent spectroscopy (FTPS),***° and photothermal
deflection spectroscopy (PDS).>**' In our case, however, no clear
features can be seen in both SE and T spectra at longer wavelengths.
Consequently, CT transitions could not be considered as separate
oscillators in our modeling. However, it should be noted that peak
functions, even Gaussian ones, have extended tails (though lower than
in the case of Lorentzian ones), so that it is unlikely that k would be
significantly underestimated even in the absence of separate terms
accounting for CT absorption (which is typically described as weak
absorption®”). In fact, overestimation of k at long wavelengths due to
oscillator tails in fitting SE data is more common than under-
estimation.

Despite the above considerations on weak absorption features, we
found that, in SE data, analysis of pure PCBM films can resolve a very
weak feature observed at ~1.75 eV in the transmission spectra that
corresponds to the S, — S, transition of PCBM.”® Even though this
feature is very weak, it is well separated from other oscillators, and
consequently, it can be reliably fitted. However, no such feature is
present near the ~1.75 eV spectral region for P3HT:PCBM blends;
accordingly, we have not included this transition in our optical model.
Similarly, transitions observed at longer wavelengths (lower energies)
in various spectroscopies using different perturbations (laser excitation,
magnetic, electrical)*> are not observable in SE and T data.

In addition to the GO model described in detail above, we also
consider the HR model, using the same number of oscillators as
reported in ref 22. This model has the potential advantage of obtaining
more physically meaningful parameters, since it takes into account a
vibronic progression commonly present in polymer absorption and
emission spectra.®> However, it should be noted that theoretical
calculations of absorption spectra® commonly obtain an agreement
with experimental data that is simply not good enough for device
performance modeling. Thus, a compromise between theoretical,
semiempirical, and empirical models might be necessary depending on
the final purpose of the modeling.
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Figure 2. Experimental and calculated (a) ¥ (at 2000 rpm) and residual values (difference between calculated Wy;.4 and experimental Wi data) and

(b) A (at 2000 rpm) and residual values (difference between calculated Ay4 and experimental Agy

data) for different spinning speeds at five

incident angles for pristine blend film (isotropic HR model, with EMA (pristine P3HT:PCBM blend, 50%)) spin-coated at 1500, 2000, and 2500

rpm. MSE = 4.5.

During the fitting procedure, it was observed that the model
parameters corresponding to the extraordinary component of the
index of refraction exhibited fitting instability. This issue was addressed
using the following procedure. (1) In the initial step, estimates for n
and k were obtained by direct inversion using an isotropic model. (2)
These values were then fitted using a GO model® or HR model,** as
described previously.® (3) The uniaxial optical model was then
implemented using the same oscillators from the isotropic model
assigned to both ordinary and extraordinary components of the index
of refraction; that is, the starting point of the fit is the best achieved
isotropic model fitting. As previously mentioned, a large number of
parameters resulted in model instability and large parameter
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uncertainties when all parameters are allowed to vary freely at this
stage of the fitting process. Therefore, (4) in the GO model, the
oscillator energies of the ordinary and extraordinary components were
coupled (thus assuming that the transition energies would be the same,
but broadening and oscillator strength could be different), whereas in
the HR model, only the amplitudes of HR oscillators, parameters of
one Gaussian oscillator, and a pole contribution are allowed to differ
between two polarizations (following ref 22.), and a fitting of the “¢,
only” fitting function was performed, followed by a fit to “¢; and &,” to
obtain a good and physically realistic fit for transmission. (5) In the
following step, the standard MSE fitting function was used with the
following precaution: whenever any parameter in the extraordinary
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components (ie., F, I') exhibited a large uncertainty, it was coupled
with its corresponding parameter of the ordinary component and the
fitting procedure was repeated. The procedure described resulted in
improved fit stability, and in the final step, (6) the coupled parameters
were released one at a time until a good fit is obtained with all
parameters decoupled and allowed to vary freely except for the
thickness of the effective medium approximation (EMA) layer
representing the surface roughness, the same as in our previous work.”

It should be noted that, regardless of the exact fitting procedure, in
some cases, excellent fit is obtained for SE data, whereas transmission
data fit could still be far from acceptable depending on the sensitivity
of the fitting function used. In our case, the transmission fit can be
further improved by increasing the weight of the transmission data that
can be set in the “Default” settings of the WVASE software; a similar
approach has been reported previously.”” As expected, however, an
excessive increase in the weight of the transmission data could result in
decreased quality of ¥ and A parameters. After a good fit is obtained
in both SE and T data, the final MSE is calculated after reverting the
transmission weighting to the default settings. Furthermore, while the
proposed approach greatly reduces the occurrence of multiple
solutions and/or solutions with unphysical optical functions, it is
still necessary to carefully examine the obtained fitting results, in
particular, for parallel polarization due to the inherent low sensitivity of
SE measurements of thin films on transparent substrates to the
extraordinary component of the optical functions.

3. RESULTS AND DISCUSSION

Figures 1—3 show the optical characterization results (SE + T)
for P3HT:PCBM with multisample, multiangle-of-incidence
analysis for pristine samples using an isotropic GO (Figure 1)
and HR (Figure 2) models. The comparison of transmission
fitting and the respective n and k values are shown in Figure 3.
The performance of all the models is summarized in Table 1,
whereas all the model parameters are given in tables in the
Supporting Information.

The corresponding results for annealed blend films using
both GO and HR oscillator models are shown in Figures 4—6
for an isotropic model, and Figures 7—9 for an anisotropic
model. The fitting parameters are given in the Supporting
Information. In this case again, both oscillator models result in
similar (poor) performance for the isotropic model, whereas
differences for the anisotropic models, which will be discussed
in more detail in the following. The representative AFM images
of these films are shown in Figure 10.

For pristine films, we can observe that an isotropic model
provides a good fit of both SE and T data, where the actual
parameters and resulting n and k obtained exhibit only small
differences compared to our previous work.® The differences in
the optical functions reported here and our previous work for
pristine P3BHT:PCBM films are likely due to the fact that we
used a different blend composition (1:0.8 instead of 1:1), as
well as different sources of P3HT (and consequently different
molecular weights and polydispersity indexes) and PCBM.®
This is because we wanted to investigate in detail a material
combination that could result in efficiencies close to or
exceeding 3%, which would be relevant for modeling
P3HT:PCBM solar cells. It should also be noted that
P3HT:PCBM blend films with a different P3HT material
exhibit different adhesion to the substrate and/or cathode in
addition to different photovoltaic performance so that, in some
cases, it may be difficult to peel off the electrode after annealing
(not the case for the material combination used here). The
photovoltaic performance of solar cells is summarized in Table
2, and the corresponding I-V curves are shown in Figure 11.
Clearly, power conversion efficiency exceeding 3%, which is an
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Figure 3. Experimental and calculated transmission data of pristine
blend films for (a) GO model and (b) HR model. (c) Obtained n and
k values. MSE = 3.4 for the GO model; MSE = 4.5 for the HR model.

average value for state-of-the-art P3HT:PCBM solar cells," is
obtained for solar cells with optimized thicknesses.

After annealing, the roughness of the films increases and the
topography changes, as shown in Figure 10. Similar changes in
roughness and microphase separation in polymer blend films
can also occur as a consequence of solvent annealing or slow
drying. Different roughness can also result if a different solvent
or different solution concentration is used. Therefore, it is
important to independently examine the roughness of the
samples (as well as thickness to make a good initial guess) in
order to build a realistic sample model for fitting the SE data. In
addition, Figures 4—6 show that, while the isotropic model still
provides an excellent fit of the SE data, it is no longer possible
to simultaneously obtain a good fit to both SE and T data and
MSE increases from 3.41 (pristine film, isotropic GO model in
Figures 1 and 3) to 22.8 (annealed film, isotropic GO model in
Figures 4 and 6). A similar MSE increase can also be observed
when using the HR model. These observations make it clear
that it is necessary to consider different, more complex models
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Table 1. Summary Data of Samples and Optical Models Considered”

figure sample model MSE fit quality
1,3 pristine P3HT:PCBM isotropic GO/roughness 34 good fit for both SE and T
4, 6 annealed P3HT:PCBM isotropic GO/roughness, 5 thickness 22.8 good fit for SE, poor fit for T
7,9 annealed P3HT:PCBM anisotropic GO/roughness, S thickness 18.4 good fit for both SE and T
2,3 pristine P3HT:PCBM isotropic HR/roughness 4.5 good fit for both SE and T
5,6 annealed P3HT:PCBM isotropic HR/roughness, 5 thickness 233 good fit for SE, poor fit for T
89 annealed P3HT:PCBM anisotropic HR/roughness, 5 thickness 19.6 good fit for SE, poor fit for T
S1 annealed P3HT:PCBM isotropic GO/roughness, 3 thickness 73 good fit for SE, poor fit for T
S2 annealed P3HT:PCBM anisotropic GO/roughness, 3 thickness 4.6 good fit for both SE and T
S3, SS annealed P3HT:PCBM anisotropic GO/no roughness, 5 thickness 17.8 good fit for SE, good fit for T
S4, S§ annealed P3BHT:PCBM, GO anisotropic/no roughness, S thickness 17.3 good fit for SE, good fit for T
S6 annealed PCBM, GO isotropic S.1 good fit for both SE and T
S7 annealed P3HT, GO isotropic 6.3 good fit for SE, poor fit for T
S8 annealed P3HT, GO anisotropic 59 good fit for both SE and T
S9 annealed P3HT, HR isotropic 8.4 good fit for SE, poor fit for T
S10, S11 annealed P3HT, HR anisotropic 12.3 good fit for SE, poor fit for T
S12 annealed P3HT:PCBM graded blend Bruggeman (S6—S7) + segregated topmost S6 254 good fit for SE, poor fit for T
S13 annealed P3HT:PCBM graded blend M-G (S6—S7) + segregated topmost S6 292 inferior fit for both SE and T
S14 annealed P3HT:PCBM graded blend linear (S6—S7) + segregated topmost S6 40.7 inferior fit for both SE and T
S15 annealed P3HT:PCBM graded blend Bruggeman (S6—S8) + segregated topmost S6 43.1 inferior fit for both SE and T
S16 annealed P3HT:PCBM graded blend M-G (S6—S8) + segregated topmost S6 315 good fit for SE, poor fit for T
S17 annealed P3HT:PCBM graded blend linear (S6—S8) + segregated topmost S6 60.8 inferior fit for both SE and T
S18 annealed P3HT:PCBM anisotropic HR, roughness, independent parameters 15.4 good fit for both SE and T
“Annealing condition in all cases is 150 °C, 15 min. “S” refers to figures in the Supporting Information.
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Figure 4. Experimental and calculated (a) ¥ (at 2000 rpm) and residual values (difference between calculated Wy;.4 and experimental Wiy data) and

(b) A (at 2000 rpm) and residual values (difference between calculated Ay4 and experimental Agy,

data) for different spinning speeds at five

incident angles for annealed blend film (isotropic GO model, with EMA (annealed P3HT:PCBM blend, 50%)) spin-coated at 1000, 1500, 2000,

2500, and 3000 rpm. MSE = 22.8.

to describe the optical properties of annealed P3HT:PCBM
blend films. Such models can include anisotropy, graded film
composition, and the presence of segregated layers, as discussed
in the Introduction.

Both material segregation and anisotropy can occur as a
consequence of annealing, since annealing results in diffusion of
blend components as well as crystallization of P3HT domains,
resulting in increased order of P3HT chains. In annealed
regioregular P3HT films, three peaks could be resolved in the
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€,,, whereas only one peak could be resolved in & 1% Although
anisotropy would likely be less pronounced in blend films
compared to pure polymer, it is reasonable to expect that
annealing would result in increased order and, therefore,
significant anisotropy. Thus, we first considered an anisotropic
model fitted following the procedure and precautions outlined
in section 2. Figures 7—9 present the anisotropic fit results.
Clearly, it is possible to obtain simultaneously a good fit for all
film thicknesses for both SE and T data with a final MSE value
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2500, and 3000 rpm. MSE = 23.3.

of 18.4 for the GO model and 19.6 for the HR model. Unlike
the isotropic case, the difference between the two models is
more pronounced, especially in the case of parallel polarization.

The anisotropy of P3HT'*** and P3HT:PCBM"'"'*?%** has
been previously reported in the literature. However, no optical
functions determination by simultaneous multisample fitting
involving both SE and T data has been reported. While for pure
P3HT, it has been demonstrated that the data obtained from
fitting one thickness could describe P3HT film with different
thicknesses” (although fit quality should be improved), no
such demonstration has been given for anisotropic optical
functions of P3HT:PCBM blends.

Anisotropy has been reported in both pristine and annealed
P3HT:PCBM blends, with enhanced anisotropy and a
significant difference in the shape of ordinary and extraordinary
components of the dielectric function (or the complex index of
refraction) observed after annealing."**° In another study, a
very small anisotropy was observed in P3HT:PCBM blend
films before annealing, while significant anisotropy (more
pronounced for higher regioregularity) was observed after
annealing.'" In this case, the ordinary and extraordinary spectra
of k had a similar shape, exhibiting only a difference in the
magnitude of the peaks.'' In the present study, no significant
anisotropy is observed before annealing, similar to ref 11I;
however, we observe anisotropy with significant differences in
the shape of the optical functions corresponding to
perpendicular and parallel polarizations, similar to refs 14 and
20. Because of the more rigorous fitting procedure (simulta-
neous fitting of multiple thicknesses for both ellipsometry and
transmission data), we believe that we have obtained a more
accurate estimate of anisotropy in P3HT:PCBM films
compared to previous studies (also, we clearly show that
conditions used for our samples are relevant for actual
P3HT:PCBM solar cells with an efficiency of ~3%, which is
the average reported efficiency for this material combination").
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There are several important issues that should be noted
concerning anisotropic model fitting. First, while the obtained
result for the perpendicular polarization does not depend on
the number of thickness values considered, different values for
parallel # and k are obtained when a 3 thickness or a S thickness
fitting is considered (see the Supporting Information for the 3
thickness fitting result). We would generally consider fitting
results obtained from a higher number of thickness values as
more reliable. Since the software allows for simultaneous fitting
of 10 data sets (one SE and one T for each thickness), S
thickness values was the highest number that could be
considered. Both solutions (for 3 and S thicknesses) were
stable; that is, they would not change significantly with
continuing attempts to fit the data. Unstable solutions
(obtained for different sample models) were not considered
reliable. This point serves as another illustration of low
sensitivity of SE and T data to the parallel polarization index
of refraction in polymer blend films on transparent substrates.
One significant issue in selecting the thickness values that
would be used for fitting is that samples differing only in
spinning speed would be preferable over samples prepared
from solutions with different concentrations even though the
latter approach could result in a wider range of thickness values.
There are two main reasons for this: only a narrow range of
thickness values is relevant for high-performance solar cells (see
Table 2), and the fact that samples prepared with different
solution concentrations may exhibit different microphase
separation and, consequently, may no longer have the same n
and k (possible for significant concentration differences).
Multisample fitting as an approach to increase the reliability
of obtained n and k is applicable only under the condition that
all the films with different thicknesses have the same n and k.

Second, when fitting without surface roughness is attempted,
the fitting result is less stable (i.e., continuing to fit will result in
similar MSE values, similar fit quality for SE and T data, similar
n and k for perpendicular polarization, and different solutions

dx.doi.org/10.1021/am4004232 | ACS Appl. Mater. Interfaces 2013, 5, 4247—4259
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for n and k for parallel polarization from one fit attempt to
another; see the Supporting Information). This illustrates the
importance of using all known sample information (ie.
samples are rough based on AFM measurements) when
building a sample model, and again the fact that the data
have lower sensitivity to the parallel polarization.

Third, we observe a significant difference in the parallel
polarization n and k for the GO and HR models. In this case as
well, both fitting results are stable. In addition to the optical
functions difference corresponding to parallel polarization, we
can also observe that, for the GO model, a better transmission
data fit is obtained compared to the HR model. This would
make the GO model more suitable for modeling of the actual
solar cells, while the HR model may have some advantage in
studying the physical properties of the films where some
information about excitonic coupling and the vibronic envelope
needs to be extracted from optical data.’*** Also, the HR
model with coupled parameters has an advantage of being more
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stable and leading to fewer multiple solutions due to reduced
parameter correlations (fewer free parameters, oscillators not
totally independent). In the GO model, interpreting the
physical value of the obtained parameters is not as
straightforward, despite the fact that no unnecessary transitions
are considered. In terms of the difference in the optical
functions obtained, it should be noted that while the GO model
has fewer oscillators compared to the HR model, it has more
fitting parameters, which allows it to achieve a better fit (it
should be noted that no superfluous transitions, i.e., those that
cannot be identified from optical spectra, have been used). In
particular, broadenings and energies of the HR oscillators are
assumed to be the same, while amplitudes are allowed to vary
for the anisotropic sample model.** Fit quality could be
improved if the parameters in the HR model are allowed to
vary (see the Supporting Information). However, in this case,
the advantages of fewer model parameters and improved
avoiding of getting stuck in local minima due to HR oscillators
not being entirely independent are lost. Allowing all parameters
to vary can often lead to unstable solutions and unphysical
parameter values or parameters stuck at the boundaries
(broadenings for oscillators for parallel polarizations, or high
values of S parameter). In that case, unstable values of
broadening can be coupled and more stable solutions in that
case can be obtained. Also, one significant difference that we
can observe is that k for parallel polarization in the HR model
commonly goes to very low values at the short wavelength end
of the fitting range, 4 = 400 nm. Similar behavior can be
observed in previously published work using this model.” Since
P3HT does absorb in the violet and UV spectral range, it is
possible that this model does not fully take into account some
of the higher-lying transitions. Thus, considering that a better
fit is obtained for transmission spectra (important for
estimating absorption and consequently external quantum
efficiency of actual devices), the GO model is considered to
be more suitable if the intended use of extracted n and k data is
solar cell performance simulations. The HR model with more
independent parameters can obtain comparable or better fit
quality to the GO model, but at the expense of some instability
of fitting results for parallel polarization and increased number
of free parameters (and consequently reduced reliability of
determined parameter values due to possible multiple
solutions).

Although excellent fit is obtained with a simple anisotropic
layer with a surface roughness correction, as shown in Figures 7
and 9, we also considered an approach of using graded layers
and effective medium approximation to model the blend as a
combination of P3HT and PCBM.">'**° For this purpose, an
isotropic model was considered for PCBM,* whereas both
isotropic'®'® and anisotropic’® models were considered for
P3HT (see the Supporting Information). In the case of pure
P3HT, we can also observe differences between the GO and
the HR models for the #n and k values corresponding to parallel
polarization (even more pronounced than in the case of the
blend, and with sharp peaks present for the HR model), as well
as the quality of the transmission fitting. Since the use of
inferior fit for pure P3HT in fitting the blend data would only
result in an even worse fitting quality, we will use the GO
model in graded layer models. For surface roughness, a
segregated PCBM layer was considered.'® The results and
fitting parameters of different models explored are given in the
Supporting Information. Similar to blend films, for pure P3HT,
it is necessary to take into account anisotropy in order to
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achieve a good fit of SE and transmission data simultaneously,
whereas PCBM could be adequately described with an isotropic
model. When graded models using isotropic'>'® P3HT data or
anisotropic”® P3HT data are used to describe the P3HT:PCBM
blend, for all types of EMA (linear, Maxwell—Garnett, and
Brugemann)*° we obtained inferior fit of the data, especially in
the case of transmission curves. In addition, it was necessary to
couple the PCBM percentage in the samples for SE and
transmission measurements. While that is a reasonable
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assumption (i.e, no big difference in segregation is expected
for samples on glass substrates with the only difference in the
back surface of the substrate), it is important to note that
PCBM content in transmission data fitting tended to go to
zero, indicating very poor sensitivity of transmission data to this
parameter due to low absorption of PCBM. The inability of
graded models to obtain a good simultaneous fit for all sample
thickness values and for both SE and transmission data is a clear
indication of the unsuitability of the model. One possible
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explanation is the fact that organization of P3HT chains is
different in pure P3HT films and annealed P3HT:PCBM blend
films. Annealed blend films contain domains of crystalline
P3HT, but these domains are small since these films actually
consist of P3HT domains, PCBM domains, and a mixed phase
P3HT:PCBM.>*% In fact, about 15—30% of the total PCBM
is intermixed with P3HT,** ™3¢ which would significantly affect
the ordering of P3HT chains compared to pure P3HT films. It
should be noted that, even in pure P3HT films, it cannot be
expected that all polymer chains would be perfectly ordered,
and ordering would be further reduced upon incorporation of
PCBM. Thus, a simple two-phase EMA model using the optical
functions of pure P3HT and pure PCBM would not be able to
adequately describe an actual blend layer consisting of P3HT
crystals, PCBM crystals, and an amorphous phase of intermixed
P3HT and PCBM.*® The inadequacy of the common EMA-
based graded model to describe such a complex structure is also
illustrated from the fact that a better fit is obtained using
isotropic P3HT compared to anisotropic P3HT, which is a
clear indication of the existence of disordered P3HT chains. An
even more complex model has been recently proposed,
involving low-order P3HT, high-order P3HT, and PCBM,
with high-order P3HT described by a uniaxial model.*” While
this is a more realistic model compared to a two-phase EMA,
no additional optical data were combined with SE,*” which
lowers the reliability of the obtained fit. Furthermore, the
samples for ellipsometry were not annealed and were prepared
on Si substrates, different from samples for solar cells that were
prepared on ITO/PEDOT:PSS and annealed after the
deposition of the Al electrode (which resulted in the best
obtained power conversion efficiency of 2.3%).>” Therefore,
even if the complex model used is valid, it may not necessarily
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apply to high-performance P3HT:PCBM solar cells due to
differences in sample preparation for SE measurements and
solar cells.

As we already discussed before, the chosen model should be
the simplest model that makes physically reasonable
assumptions and results in a good fit. In situations where the
actual structure of the film may be unknown (for example,
preferential segregation of PCBM has been reported to occur at
different interfaces by different groups,**** which would
require completely different optical models), it cannot be
expected that SE measurements would be sufficient to
determine whether such segregation indeed occurs, especially
in situations where inclusions of such more complicated models
result in no significant improvements in the fit quality and
increased model parameter uncertainties. More importantly, it
is essential to perform a simultaneous fit of samples with
different thicknesses, and to consider additional optical
measurements (transmission or reflectance) to determine a
unique solution that can successfully describe the optical
properties of the material. This is particularly important for
models including anisotropy, since parameters describing
extraordinary components become less stable if transmission
is not included (significantly different n and k obtained in
multiple fitting attempts, all with similar MSE), or if fewer
thickness values are included, or if roughness is not included.
For graded models, including or excluding transmission does
not affect the stability of the fit, but calculated transmission data
typically exhibit worse agreement with the experiment
compared to ellipsometry data if an inadequate model is used
(at least for thin polymer films on transparent substrates). In
some cases of inappropriate sample models, inferior trans-
mission fit frequently occurs together with estimated film
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Table 2. Photovoltaic Performance Parameters (Average of Six Devices) of P3HT:PCBM Solar Cells with Different Spinning
Speeds of Blend Solution

Vo (V) Jie (mA/cm?) fill factor efficiency (%)

1000 rpm 0.549 + 0.004 72+ 04 0.51 + 0.01 2.0+ 0.1

1500 rpm 0.58 + 0.002 89 + 0.1 0.57 £ 0.01 29 £0.1

2000 rpm 0.600 + 0.003 8.5+ 0.1 0.63 + 0.01 32+ 0.1

2500 rpm 0.59 + 0.01 85+02 0.57 + 0.02 2.8 £0.1

3000 rpm 0.58 + 0.01 6.9 + 0.2 0.56 + 0.01 23 £0.1
thickness values that deviate significantly from the ones that it was necessary to take into account the anisotropy of
determined by other nonoptical methods, such as scanning annealed blend films to accurately describe their optical
electron microscopy. properties. We also found that two different oscillator models
resulted in similar n and k values for isotropic sample models
4. CONCLUSIONS and for the n and k corresponding to perpendicular polarization

We have investigated the effect of annealing on the optical for anisotropic sample models, whereas there were differences

properties of P3HT:PCBM blend films (under realistic in parallel polarization optical functions. In general, n and k

annealing conditions that result in solar cells with an efficiency corresponding to parallel polarization in an anisotropic model
~ 3%). The optical properties were studied using a were highly sensitive to the model used, the number of
combination of spectroscopic ellipsometry and transmission thickness values considered for fitting, and the inclusion of
measurements with simultaneous fitting of multiple samples to surface roughness. A simple anisotropic model with surface
ensure reliability of the extracted optical functions. We found roughness correction was superior compared to various graded
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layer models in simultaneous fitting of SE and transmission data
for samples with different thicknesses.
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