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R
estriction of the film thickness below
the radius of gyration in macromole-
cules leads to thin-film confinement

effects, in which a significant transition of
the materials properties occurs compared
to bulk films.1�4 Even though thin-film con-
finement is well studied for both amor-
phous and crystalline pure polymers,5 its
effects on the morphology and the inter-
facial interactions of ultrathin (<20 nm, the
length scales comparable to the polymers
radius of gyration)6 polymer (electron donor):
fullerene (electron acceptor) interpenetrat-
ing composites, bulk heterojunction (BHJ)
films, have not been well investigated.7

BHJs are a more complex and functionally
more advanced class of composite materi-
als, and a fundamental understanding of
the effect of thin-film confinement on BHJ
films could be crucial for applications such
as novel organic photovoltaics. In BHJ films,

even within a bulk thickness regime of
∼200 nm, its morphology is reported to be
affected by various processing conditions
such as choice of solvent, drying time, ther-
mal treatments,8 and the use of solvent
additives.9,10 Furthermore, depending on
the surface energy of the substrate on
which such BHJs are coated, an inhomoge-
neous distribution of the polymer:fullerene
volume fraction, phase segregation, in the
direction normal to the substrate has been
reported.11,12 These morphological and in-
terfacial phenomena directly impact the
optical and electronic properties of the
BHJ layer critical for device applications.8

In particular, the high- and low-bandgap
polymer regions within the bulk of the BHJ
layer believed to be formed by phase seg-
regation are directly linked to the reduction
in bimolecular recombination of BHJ based
organic photovoltaics, and this is perceived
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ABSTRACT The effects of thin-film confinement on the material properties of ultrathin

polymer (electron donor):fullerene (electron acceptor) bulk heterojunction films can be

important for both fundamental understanding and device applications such as thin-film

photovoltaics. We use variable angle spectroscopic ellipsometry and near edge X-ray

absorption fine structure spectroscopy to measure the optical constants, donor�acceptor

volume fraction profile, and the degree of interchain order as a function of the thickness of

a poly(3-hexythiophene-2,5-diyl) and phenyl-C61-butyric acid methyl ester bulk hetero-

junction film. We find that as the thickness of the bulk heterojunction film is decreased

from 200 nm to the thickness confinement regime (less than 20 nm), the vertical phase

segregation gradient of the donor and acceptor phases becomes less pronounced. In addition, observing the change in exciton bandwidth and the shift of

absorption resonances (0�0 and 0�1) relative to neat donor and acceptor films, we find that the conjugation length and disorder in ultrathin films

(20 nm) are less affected than thicker (200 nm) films by the addition of fullerene into the polymer. We believe that these findings could be important for

discovering methods of precisely controlling the properties of bulk heterojunction films with crucial implications for designing more efficient organic-based

photovoltaics.

KEYWORDS: phase segregation . confinement . spectroscopic ellipsometry . polymer:fullerene bulk heterojunction .
organic photovoltaics . thin films
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to be one crucial reason for its outstanding perfor-
mance among solution processed thin-film photovol-
taics.13,14 Therefore, a thorough understanding of
these properties (i.e., morphology, phase-segregation)
and their possible variation within the thin-film con-
finement regime are important for both a fundamental
understanding of the material system, as well as for
novel device applications. In particular, ultrathin active
layer could improve the limitation in charge collection
in BHJ, which, together with improved light-trapping
to compensate the concomitant loss in optical density
in ultrathin regime, would boost the overall perfor-
mance in organic photovoltaics. Pang et al.15 have
demonstrated a novel organic photovoltaic design
where the absorption fraction of a guided mode in a
20 nm thick bulk heterojunction active layer can be
equal to the absorption fraction for light that is nor-
mally incident on a standard 100 nm active layer. In
addition, many other groups have recently demon-
strated strong optical absorption in similarly thin
photoactive layers.16�22

In this work, we use spectroscopic ellipsometry and
near edge X-ray absorption fine structure (NEXAFS)
spectroscopy tomeasure the optical constants, vertical
composition profile (donor�acceptor ratio), and mor-
phology of poly[3-hexylthiophene-2,5-diyl] (P3HT) and
[6,6]-phenyl C61 butyric acid methyl ester (PCBM) BHJ
layer as a function of thickness. We find that as the
thickness of the BHJ is decreased from the range of
100�200 nm to the ultrathin regime of <20 nm, sur-
face-energy effects at the interfaces play an increas-
ingly important role in determining the BHJ morphol-
ogy and phase segregation.12 In addition, as a function
of BHJ thickness we measure the change of refractive
index and shift of the dipole-transition resonance
frequencies relative to neat donor and acceptor films
to gain insight into the domain structure and degree of
order in the interpenetrating donor�acceptor phases.
The data is interpreted via a rigorous opticalmodel that
divides the BHJ into multiple sections in the substrate-
normal direction, allowing a reconstruction of the
vertical phase segregation profile (variation of P3HT/
PCBM volume fraction ratio in the substrate normal
direction) from spectroscopic ellipsometry (SE) data.
Additionally, we validate the SE measurements by
directly measuring the P3HT/PCBM ratio at the top
(film�air) surface of the BHJ using NEXAFS.
Using spin-cast BHJ films (100�15 nm) onto poly-

(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(PEDOT-PSS) on multiple substrates (silicon, quartz,
and glass), we find that the PCBM volume fraction at
the PEDOT-PSS/BHJ interface increases as a function of
film thickness, and the PCBM percentage at the BHJ/air
interface decreases as the film thickness is increased.
Using this data we believe that BHJ blend films get
less phase separated as the film thickness is reduced,
primarily because of thin-film confinement effects that

out-compete the mechanisms of surface-energy di-
rected interfacial enrichment. Crucially, we observe
that ultrathin (<20 nm) BHJ films have nearly a
single-phase (i.e., very little vertical gradient in donor
or acceptor volume fraction), which could affect its
applicability as a high-performance photoactive layer
with reference to lower bimolecular recombination
and charge transport benefits seen in phase-segre-
gated BHJ films.23,24

The optical modeling of these BHJ systems requires
accurate measurements of the optical properties, par-
ticularly the complex refractive index, ~n = n þ ik. The
change in BHJ nanomorphology and phase segrega-
tion that occurs with varying BHJ thickness also causes
changes in the complex refractive index of the BHJ
layer with varying thickness, including vertical gradi-
ents in the refractive index within the BHJ film. While
there have been optical studies among different poly-
mer-fullerene blends, to date there have been no
detailed studies of the change in complex refractive
indices as a function of the thickness, and through-
out the thickness, of a BHJ film.12,25,26 Assuming that
the phase segregation of a standard thickness (100�
200 nm) active layer holds for any thickness will lead to
inaccurate calculations and suboptimal designs when
exploring new device architectures with varying thick-
ness active layers.

RESULTS AND DISCUSSION

Wepresent an analysis of SE data for P3HT:PCBMBHJ
films with thicknesses ranging from 15 to 100 nm. Data
were collected from films on multiple substrates to
account for different surface roughnesses and to in-
crease the number of data sets. An effective medium
approximation was used for the film�substrate inter-
face and for the film�air interface. In general, out-of-
plane to in-plane optical anisotropy has been seen in
P3HT:PCBM films due to the orientation of the P3HT
polymer chains.12 Any preferential molecular orienta-
tion changes in these thin filmswill result in a change in
the complex refractive index data.27 The data is inter-
preted in terms of a model that divides the BHJ into
multiple sections in the substrate-normal direction,
allowing a reconstruction of the vertical phase segre-
gation profile (variation of P3HT/PCBM volume fraction
ratio in the substrate-normal direction) from the SE
data. We corroborate these results from SE via direct
measurement of the P3HT/PCBM volume-fraction
using NEXAFS measurements.
The analysis of the ellipsometric data was done

using the J. A. Woollam software, WVASE32 (version
3.770). First, the optical constants for the pristine P3HT
and PCBM films were obtained. Earlier studies have
shown that P3HT films are anisotropic and PCBM films
are isotropic.28 The optical constants for the P3HT films
were obtained using a uniaxial model (~nx = ~ny 6¼ ~nz,
where z is the substrate-normaldirection). In constructing
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this model, the first step is to estimate thickness of the
film with a Cauchy parametrization29 in the wavelength
region where the film is transparent (>1000 nm),

n(λ) ¼ Aþ B

λ2
þ C

λ4
(1)

k(λ) ¼ Reβ(12400(
1
λ

1
γ) (2)

where n and k are the real and imaginary parts of the
refractive index, and λ is the wavelength. This is a six
parameter model where R is the extinction coefficient
amplitude, β is the exponent factor, and γ is the band
edge. The parameters were determined by a best-fit
algorithm.
The thickness obtained via the Cauchy parametriza-

tion was verified using alternative methods such as
profilometry and atomic force microscopy in tapping
mode (Supporting Information), and was then used as
a fixed parameter in themodel. A point-by-point fit, i.e.,
a direct extraction of n and k calculated from the
directly measured SE data (typically referred to as ψ

and Δ)29 on a wavelength-by-wavelength basis, was
performed over the entire wavelength range to give a
preliminary estimate of the optical constants. These
values for n and k were used as a reference to the
parametrized model. A generalized oscillator model
was used to parametrize the complex refractive index
of the film. For the polymer films, we used a uniaxial
layer (in order to accurately model anisotropy), with a
4-peak Lorentz oscillator in the in-plane direction and
1-peak in the out-of-plane direction. Two peaks for
vibronic exciton transitions (0�0 and 0�1) at ∼2.05
and ∼2.22 eV, a peak at ∼2.43 eV for the π�π*
transition and a peak at ∼1.5 eV for the delocalized
polarons were used.12,26,30 For the fullerene films, we
used an isotropic model, a 3-peak Lorentz oscillator
with peaks at 3.64, 4.53, and 5.74 eV, which can be
asigned to PCBM electronic transitions.31 The Lorentz
oscillator was written in the form given in eq 3 and 4,

ε ¼ ε1 þ iε2 ¼ (nþ ik)2 (3)

ε ¼ ε1¥ þ ∑
j

Aj

E2j � (hv)2 � iBjhv
(4)

where ε is the dielectric constant, with real and ima-
ginary parts ε1 and ε2, and eq 3 relates the dielectric
constant to the real and imaginary parts of the refrac-
tive index. In eq 4, h is Planck's constant, ν is the optical
frequency, and for a 5-peak oscillator, j = 5 where Aj is
the amplitude, Ej is the center energy, Bj is the broad-
ening of each oscillator, and ε1¥ is an additional offset
term varied by the model. The software uses a com-
plete analytical solution to the Kramers�Kronig
integral.32

The optical constants for these films were found
without any a priori assumptions. As opposed to PCBM,

P3HT films have an absorption spectrum that is highly
dependent on the processing conditions of the films.12

However, control films (∼100 nm) were made using
similar conditions to the BHJ films, and the optical
constants we measured were similar to those found in
literature.12 The pure PCBM optical constants were also
found be to be close to previously measured values
quoted in the literature.12,33,34

Once the optical constants of the pristine P3HT and
PCBM films were determined, we modeled the optical
data from the blend films using an effective medium
approximation (EMA). This was a simple linear combi-
nation of the pristine optical constants using the
Bruggeman approach.29,35,36 The resulting dielectric
function ε for the mixture of two materials a and b is
given by eq 5,

ε ¼ εaεb þKεh(faεa þ fbεb)
Kεh þ (faεa þ fbεb)

(5)

where εa and εb were the complex dielectric constants
of materials a and b repectively, and fa and fb were the
volume fractions of the two materials. In the Brugge-
man approach, κ = 2 and εh = ε.29 We constructed a
model where the optical constants of the pristine P3HT
and PCBM were fixed, and only the volume fraction of
the materials was allowed to vary.
For comparison, a different model for the BHJ blend

was also constructed where the blend was considered
as an independent material rather than using an EMA.
In this approach, the BHJmaterial wasmodeled using a
uniaxial layer (to account for anisotropy) with a 7-peak
Lorentz oscillator in the in-plane direction (4 Lorentz
oscillators for P3HT and 3 oscillators for PCBM) and a
1-peak Lorentz oscillator in the out-of-plane direction.
A linear concentration gradient of the fullerene in

polymer/fullerene blend films in the substrate-normal
direction was first shown in 2002 by Arias et al. using
atomic force microscopy and in 2008 by Campoy-
Quiles et al. using SE.11,25 The linear nature of the
gradient was shown to be oversimplified by Germack
et al.12 by using a three-layer EMA model to show that
in the blend films, P3HT enriched regions form at the
air/film interface and PCBM enriched regions at the
substrate/film interface for high surface-energy sub-
strates. Using neutron reflectivity, Kiel et al. have also
shown a similar trend due to surface-energy effects of
the substrate.37

Our ellipsometric modeling uses a three layer EMA
approach for films greater than 20 nm thicknesses and
a two layer EMA for thinner films. For each of the
thicknesses studied, the PCBM volume fraction of the
top EMA layer (with thickness of 5 nm) is constrained to
be equal to the value measured using NEXAFS. The
volume fraction of the other EMA layers was found by
minimizing the mean squared error (MSE). For the
thicker films (∼100�200 nm), our findings agree with
the results of the previous studies.12
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Once the accuracy and reliability of the ellipsometric
model was tested in several ways (Supporting Infor-
mation), the model was used to derive optical con-
stants for 90, 45, and 15 nm thick BHJ films.We quantify
the optical anisotropy using the anisotropy parameter
A(λ) in eq 6,38

A(λ) ¼ k(λ)in-plane � k(λ)out-of-plane (6)

where λ is wavelength, k(λ)xy and k(λ)z are the imagin-
ary parts of the refractive index within and perpendi-
cular to the plane of the film, and the variation in the
difference between k(λ)xy and k(λ)z gives a measure
of the anisotropy of the films. Using the multilayer
EMA model described earlier, we can also quantify the
phase segregation of P3HT and PCBM as a function of
depth in the substrate-normal direction of the film. The
optical constants and the optical anisotropy in the
three regions along with the phase segregation for
films of different thickness are shown in Figure 1a�c.
In all cases, the optical constants changed as a

function of the thickness of the film. Closer to the
substrate, the films are PCBM-rich and show optical
anisotropy in the range of 0�0.25. In the top 5 nm of
the film, closer to the air interface, the films are P3HT-
rich and show optical anisotropy in the range of 0�0.5.
Films of all three thicknesses show a similar trend as a
function of depth throughout the film, and the direc-
tion of phase segregation agrees with previous studies
for the standard thickness.12

The introduction of PCBM into P3HT changes the
position of the maximum of ε2,xy thereby decreasing
the anisotropy of the films. This is generally believed to
be caused because of torsion and the formation of
kinks in the polymer chain.39 An anisotropy constant of
∼0 suggests the presence of amorphous P3HT, where-
as an anisotropy constant of >0 suggests crystalline
domains.
While the vertical composition profile of the thicker

film agrees with previous studies,12,26,40 as the film
thickness is decreased, the BHJ blends become more
homogeneous (phase segregation is reduced). As
shown in Figure 3, the PCBM (P3HT) percentage found
using NEXAFS in the top 5 nm of the films, near the air
interface, is found to be 22.9% (77.1%), 24.9% (75.1%),
and 41.1% (58.9%) for the 90, 45, and the 15 nm films,
respectively. Films of greater thicknesses, ∼200 and
∼920 nm, were also tested further to confirm the trend
of vertical separation as a function of the thickness. The
phase segregation for 200 nm-thick films is very similar
to that observed in 100 nm-thick films, suggesting an
asymptotic limit for film thicknesses g100 nm. As the
film thicknesses approach the confinement limit
(∼20 nm), as described by the radius of gyration of
the polymer, the polymer crystallites and fullerene
aggregates are restricted in their movement and can-
not produce a vertical gradient in the P3HT/PCBM
volume fraction since the domains completely span

the film thickness. A depiction of this mechanism can
be seen in Figure 2.
Using SE, we find that the PCBM percentage close to

the substrate is 75.1, 62.7, and 47.4% in films with
thickness 90, 45, and 15 nm respectively. As shown in
Figure 1, thesemeasurements demonstrate a decrease
in the vertical separation of the P3HT and PCBM as the
thickness of the film decreases. This can be due to a
combination of a kinetically limited phenomenon and
reduced polymer diffusion due to thin-film confinement.3

As previously mentioned, in addition to the EMA
model used above, a different model for the BHJ blend
was also developed where the electronic transitions
are allowed to shift in energy, amplitude, and width
compared to the optical constants of pristine P3HT and
PCBM films. This model is physically justified by pre-
vious studies where the addition of PCBM into P3HT
was shown to reduce the degree of order of P3HT
within the films.41 This is believed to be caused by the
formation of smaller P3HT domains and the increase in
breaks and kinks in the polymer chain caused by the
addition of PCBM. Regioregular P3HT can be modeled
as a weakly interacting H-aggregate for herringbone
and lamellar morphologies.42 The in-plane imaginary
part of the dielectric constant as reconstructed using
thismodel for pure P3HT and the BHJ blend is shown in
Figure 4a, along with a schematic of the weakly inter-
acting H-aggregate transitions in Figure 4b.
In order to understand the effect of changing the

thickness of the BHJ blend layer on the conjugation
length and the optical order of the film, we compare
the degree of excitonic coupling within the aggre-
gates. The ratio of the peak heights of the first (0�0)
and second (0�1) single exciton state in P3HT is related
toW, the free exciton bandwidth, and Ep, the energy of
the intramolecular vibrational mode.42,43 Assuming
a Huang�Rhys factor of 1, this relationship is given
in eq 7.

A0�0

A0�1
�

1 � 0:24W
Ep

1þ 0:073W
Ep

0
BBB@

1
CCCA

2

(7)

If we assume that a symmetric stretch at 0.18 eV
dominates the coupling to the electronic transition,44

the exciton bandwidth, W can be determined. At a
given thickness, we determine WEMA from an EMA
model where electronic transitions are not allowed to
vary and are fixed to pristine P3HT values and WBlend

where the electronic transitions are assumed to be of
an independent material and are allowed to vary from
the starting values of pristine P3HT. Values for WEMA

agree well with literature values for pristine P3HT of
∼120 meV, depending on the solvent and concentra-
tion.45 We findWEMA to be 108.6, 146.0, and 121.0 meV
for pristine P3HT films spun from solutions of 10, 5,
and 2 mg/mL respectively. As expected, there is no
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significant change of the exciton bandwidth when the
BHJ P3HT transitions are assmued to be the same as

that in pristine P3HT. However, we find WBlend to be
255.0, 258.4, and 136.2 meV for 90, 45, and 15 nm,

Figure 1. Phase segregation, refractive index, and optical anisotropy in different regions of the film for BHJ films with
thicknesses of (a) 90, (b) 45, and (c) 15 nm.
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respectively. The exciton bandwidth significantly in-
creases for a standard-thickness films (>20 nm) after
we allow the parameters in the fit to vary. As W

increases, the A1 diminishes with respect to A2, and
the vibronic peaks become irregularly spaced. An

increase in W suggests a decrease in the conjugation
length and order.46,47 This decrease can be caused by
the addition of PCBM, which causes an increase in
breaks and kinks in the P3HT film. The degree of the
decrease in conjugation length can be studied by
looking at the change in the exciton bandwidth
(ΔW = WBlend � WEMA) as a function of the thickness.
The shift in the 0�0 and 0�1 energy peaks (ΔE0�0 =
E0�0Blend � E0�0EMA, ΔE0�1 = E0�1Blend � E0�1EMA) also
give a sense of the disorder caused by the addition of
PCBM. The shifts in energy and in the exciton band-
width are shown in Figure 5. The error bars represent a
90% confidence interval.
For film thicknesses 45 and 90 nm, the addition of

PCBM appears to cause an increase in disorder and a
decrease in conjugation length for P3HT, as demon-
strated by the large and positive values of ΔW, ΔE0�0,
and ΔE0�1 for these thicknesses. For the 15 nm thick

Figure 3. P3HT and PCBM percentages in the top 5 nm section of a film as a function of thickness determined using NEXAFS.
Error bars are calculated using the standard deviation of 1000 data sets generated from a bootstrapping technique with
replacement. Inset shows P3HT/PCBM percentages as a function of thickness where the thickness varies from 15 to 920 nm.

Figure 4. (a) Imaginary part of the dielectric function showing transitions in P3HT, and (b) an energy level diagram for a
weakly interacting H-aggregate.

Figure 2. As the thickness of BHJ films is reduced to the
confinement limit, the movement of P3HT and PCBM do-
mains is restricted because of their size, and since the
domains completely span the film thickness in this limit,
no vertical gradient in the P3HT/PCBM volume fraction is
observed.
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film, ΔW, ΔE0�0, and ΔE0�1 are all near zero, suggest-
ing that the degree of order and conjugation length of
P3HT is unafected by the addition of PCBM in these
ultrathin films. This may be due to kinetics of film
formation (time of drying, etc.) or thin-film confine-
ment effects for these ultrathin films.

CONCLUSION

In conclusion, a study of the change in optical
anisotropy and the vertical polymer-fullerene compo-
sition profile in BHJ blend films at different thicknesses
was performed using spectroscopic ellipsometry and
NEXAFS. Using a multiple-sample analysis and thick-
ness measurements from different instruments, the
anisotropic complex refractive index of blend films

was determined. Using this model and NEXAFS studies
to find the polymer/fullerene ratio at the interfaces of
BHJ films, we determine the vertical polymer-fullerene
concentration profile as a function of the thickness of
the film. As the film thickness is decreased toward the
thin-film confinement regime, the films are found to
become less phase segregated. Further it is seen that
the degree of disorder and conjugation length of P3HT
increase significantly for 45 nm- and 90 nm-thick films,
but are unaffected for 15 nm-thick films. This study
demonstrates that because of morphological changes,
compared to standard-thickness (∼100 nm) films,
ultrathin BHJ films (<20 nm) show drastically different
optical behavior that must be considered when de-
signing thin-film photovoltaics.

METHODS

Sample Preparation. Poly(3-hexylthiophene) (P3HT) was ob-
tained from Rieke Metal, Inc., (4002-EE, Lot # BS21�21) with a
molecular weight,Mw of 40 000�60 000 Da and regioregularity,
RR, of 90�94%. [6,6]-Phenyl-C-61-butyric acid methyl ester
(PCBM) of purity greater than 99.5% was obtained from
American Dye Source, Inc. (ADS61BFA, Lot # 12E011E). The sub-
strates used weremicroscope slide glass obtained from Thermo
Fisher Scientific, and silicon wafers with a native silicon dioxide
layer, and also 300 nm silicon dioxide on silicon wafers obtained
from Ted Pella, Inc. The substrates were cleaned by sonication
for 15 min in acetone, then 15 min in isopropanol, and finally
15 min in deionized water. The cleaned substrates were dried
using N2 gas and exposed to UV ozone for 300 s. P3HT and
PCBM solutions were prepared in a 1:1 ratio using 1,2-dichloro-
benzene (anhydrous, 99%), Sigma Aldrich, St. Louis, MO. The
solutions were prepared inside a glovebox (O2 < 0.1 ppm, H2O <
0.1 ppm) and stirred for 2 h at 50 �C using a Teflon coated
magnetic stirrer. After stirring they were filtered through a PTFE
syringe filter with a pore size of 0.45 μm and transferred into a
fresh vial. Total solids solutions were prepared with concentra-
tions of 2, 5, and 10 mg/mL. These were pipetted onto the
substrate and spun at 700 rpm for 40 s inside the glovebox. After
the films were dry (judging by the drastic visual change in
coloration of the film), they were thermally treated at 150 �C for
10 min inside the glovebox. Additionally, pristine P3HT films
from concentrations of 2, 5, and 10 mg/mL were prepared
using the same process. Pure PCBM films were prepared using a

10 mg/mL solution in anhydrous chloroform (Sigma Aldrich,
St. Louis, MO). The PCBM films were spun at 700 rpm for 40 s
inside the glovebox and thermally treated on a hot plate at
150 �C for 10 min inside the glovebox.

Variable Angle Spectroscopic Ellipsometry. All measurements
were made using a J. A. Woollam V.A.S.E. M-2000 based on
the diode array rotating compensator ellipsometer technology.
A multiple sample approach was employed where the active
material (P3HT:PCBM) was spun on three different substrates
using the same processing conditions,27 including (1) micro-
scope slide glass, (2) silicon with a native oxide, and (3) silicon
with a thermal oxide (300 nm) layer. It was assumed that the
optical properties of the active layers on all three substrates
were identical and that any changes in the spectra were due to
the substrate. This method results in multiple sets of unique
data for the same system allowing for greater confidence that
the fits to a parametrized model are causal and not correlated.
Ellipsometric measurements were first made on the cleaned
bare substrates. All data were taken in the wavelength range of
210 to 1700 nm at angles of 45 to 75 degrees in divisions of
7.5 degrees. The built-in autoalignment function of the M-2000
was used to align the sample before themeasurement. For each
sample, a secondmeasurement was taken at a different spot on
the film to reduce random error. The data collected from the
three substrates were analyzed simultaneously to yield solu-
tions for the complex refractive index and the film thickness.
The ellipsometric data were analyzed by simultaneously fitting
identical models for the active layer on each substrate that were

Figure 5. Change in exciton bandwidth (ΔW) and shifts in energy (ΔE 0�0 and ΔE 0�1) shown as a function of thickness.
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defined with coupled complex refractive indices of the active
layers using theWVASE32 software (version 3.770, J. A. Woollam
Co.). The best fit for the optical constants was found by
minimizing themean square error (MSE) between themeasured
and the modeled curves using the Levenberg�Marquardt
multivariate regressions algorithm. The complex refractive in-
dices from the SE modeling were confirmed by making UV�
vis�IR transmission/reflection measurements using a Perkin-
Elmer Lamda 950 UV�vis�NIR spectrophotometer and model-
ing the data (using FDTD from Lumerical Solutions, Inc.) with the
SE-measured complex refractive indices as input. Thickness
results from ellipsometry were confirmed using stylus profilo-
metry (Tencor Instruments, AlphaStep 200) and atomic force
microscopy in tapping mode using the film scratch method48

(AFM, Asylum Research Model MFP-3D).
SE data consists of direct measurement of the complex ratio

of the reflection amplitudes of polarized light with electric field
within (rp) and perpendicular (rs) to the plane of incidence as a
function of the angle of incidence.29,36 From this data, plots ofψ
and Δ versus angle of incidence are determined from the
definition of ψ and Δ in eq 8.

rp
rs

¼ tan(ψ)eiΔ (8)

The angle of incidence in the measurement is varied
between 45 and 75 degrees in increments of 7.5 degrees. This
range includes the Brewster angle at which the sensitivity of the
measurement is highest. The large range is used so that
parameter correlation can be reduced in the fitting process
and sensitivity to morphology, anisotropy and composition
changes can be enhanced. Themeasurement was done at room
temperature (∼25 �C) and in air.

Near Edge X-ray Absorption Fine-Structure Spectroscopy (NEXAFS). NEXAFS
spectroscopywas performed at theNational Institute of Standards
and Technology facility (beamline U7A) at the National Synchro-
tron Light Source (NSLS) of Brookhaven National Laboratory for
soft X-ray materials characterization. Data were collected in the
energy range of 270 to 320 eV around the carbon K-edge (at
285 eV) in partial electron yield (PEY) modewith a grid bias of 50 V.

Spectra from pure P3HT and PCBM films were extracted
individually. A linear combination of these spectra were then used
to fit the spectra obtained from the blend films, thus yielding the
P3HT and PCBM volume fractions in the top 5 nm of the film.
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