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ABSTRACT: It has recently been shown that surface energy effects can cause selective segregation at the
active layer interfaces of a bulk heterojunction (BHJ) organic photovoltaic device. The active layer interface
composition has been suggested to impact device performance. In this study changes in the BHJ vertical
composition profile of BHJ active layers cast on two hole transport layers (HTL) with significantly different
surface energies (y) are characterized using spectroscopic ellipsometry and near-edge X-ray absorption fine
structure spectroscopy. Changes in the HTL y are shown to significantly affect the BHJ interfacial
segregation at the buried interface near the HTL while the composition near the free surface (air) of the
BHIJ is unaffected. Despite the significant differences in vertical segregation at the HTL interface, the

performances of the resulting organic photovoltaic devices were relatively similar.

Introduction

Organic photovoltaics (OPVs) are a promising class of devices
for producing renewable electricity. The thin-film geometry of
these devices makes them amenable to inexpensive and high-
throughput production methods (printing), and the organic
materials employed in their construction impart mechanical
robustness.! OPV devices can be prepared on a wide range of
flexible substrates ranging from thin plastic films® to fibers and
wires,> enabling unique form factors for the device architecture.

In a bulk heterojunction (BHJ) type OPV device, the BHJ
active layer has many roles. It must absorb light, generate
excitons, separate the excitons into charge carriers (holes and
electrons), and transport the charge carriers to their respective
electrodes.” Each of these processes requires specific electronic
and structural characteristics that must be optimized. The struc-
ture of the BHJ active layer forms dynamically during its
solidification from a solution; it depends strongly on processing
conditions and materials properties of the components such as
their mutual miscibility, surface energies, and crystallinity.® The
most widely studied OPV BHJ blend consists of a poly(3-
hexylthiophene) (P3HT) absorber and 1-(3-methoxycarbonyl)-
propyl-1-phenyl-[6,6]Cs; (PCBM) electron acceptor. This system
can yield devices with a power conversion efficiency in excess of
4% under optimized conditions.” Initial work on optimizing the
P3HT:PCBM system has focused on processing conditions such
as the choice of solvent, deposition method, deposition tempera-
ture, drying rate, and annealing method, with the goal of forming
a bulk morphology of small, highly interpenetrating, continuous
domains of the absorber and acceptor phases. One area of
optimization that has only recently received attention is the
composition and structure of the BHJ external interfaces.

We recently reported the interfacial compositions of P3HT:
PCBM blend films cast on model substrates with surface
energies (y) tailored by self-assembled monolayers (SAMs).®
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Using surface sensitive near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy with a delamination procedure that
exposed buried interfaces, we found that on high y substrates,
such as SiO,, the buried interface was selectively enriched
with the PCBM phase, whereas on low y substrates the buried
interface was enriched with P3HT. The air interface (free
surface) of the BHJ blend was always enriched with the
P3HT, consistent with air being a low y surface. These
observations were understood in terms of simple interfacial
free energy arguments and reports in the existing literature.” '
As model surfaces and non functional HTLs were used, the
relationship between interfacial segregation and OPV device
performance was not quantified.

Yang and co-workers recently reported P3HT:PCBM blend
devices with an inverted architecture, where the cathode is at the
buried interface and the anode is applied to the air interface
(Scheme 1b). These devices achieved an increased power conver-
sion efficiency (7) over a conventional architecture, where the
anode is at the buried interface and cathode applied to the air
interface (Scheme 1a).'*'* The enhanced performance of the
inverted architecture was attributed to a surface energy-induced
segregation of the blend components. X-ray photoelectron spec-
troscopy (XPS) revealed that the air interface of the blend film
was P3HT-rich, whereas the buried interface atop a high y
substrate was PCBM-rich. In the conventional device, such
segregation would unfavorably locate the hole transporting
phase of the active layer adjacent to the cathode and the electron
transporting phase adjacent to the anode. In an inverted device,
however, the appropriate phases would contact the appropriate
electrodes for charge extraction. Yang and co-workers speculated
that PCBM enrichment also occurred at the PEDOT:PSS HTL
that is often used in conventional devices. This speculation was
based the moderately high y of the PEDOT:PSS HTL, but
conclusive XPS measurements on the buried interface were
not possible due to cohesive failure of the PEDOT:PSS layer
during delamination which resulted in PEDOT:PSS residue that
could not be removed. Even though a direct correlation to perfor-
mance could not be shown, this work suggests that interface
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Scheme 1. Illustration of the Conventional Device Architecture (a),
Inverted Device Architecture (b), and the Structures of P3HT
and PCBM
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composition control presents an opportunity for improving OPV
device performance.

An alternative to inverting the device stack is to lower the
surface energy of the HTL, causing the buried interface to
become enriched with P3HT and optimizing the anode—BHJ
interface in a conventional device architecture. In this report, we
evaluate this strategy with detailed structure characterization
methods and electrical performance measurements. The lower y
surface is provided by a novel, poly(thienothiophene):Nafion
(PTT:Nafion)-based HTL (see Scheme 2) with a static water
contact angle of ~104°. The PTT:Nafion work function of 5.4 +
0.1eVissimilar to the 5.0 £ 0.2 eV work function of PEDOT:PSS
so that any differences in device performance between OPV
devices prepared on the two HTLs due to the work function
matching with the BHJ layer are minimized. We compare the
structure of P3HT:PCBM films cast atop PTT:Nafion to films
cast atop PEDOT:PSS using spectroscopic ellipsometry (SE)
which permits a nondestructive evaluation of the vertical com-
position profile that does not rely on delamination. Because SE
interpretation is model dependent, we validated the interface
composition results from SE with NEXAFS spectroscopy and
the P3HT anisotropy with grazing incidence X-ray diffraction
(GIXD). We find that the buried interface composition changes
dramatically with HTL surface energy. This change, however, did
not have a significant effect on OPV power conversion efficiency
in our devices. These results have important implications for the
design of OPV devices (inverted vs normal) and for the design of
HTLs for improved performance.

Results and Discussion

Spectroscopic Ellipsometry. In this article, variable angle
SE is used as the primary tool to quantify the vertical
compositional profile of the BHJ active layer. In a standard
SE measurement the complex ratio of the reflection ampli-
tudes of polarized light with the electric field in the plane of
incidence (r,) and perpendicular to the plane of incidence (r,)
ismeasured in terms of the ellipsometric parameters ¥ and A
as described in eq 1.

o — tan(w)ei (1)
I's

This ratio can be measured extremely accurately. With the
use of appropriate physical models, the SE data can be used
to determine the vertical compositional profile of complex
multilayer systems. The dielectric functions of P3HT and
PCBM are distinct and should permit robust assignment of a
composition profile. However, the dielectric function can
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Scheme 2. Structures of PEDOT:PSS (left) and PTT:Nafion (right)
Illustrating the Polaron for Each Polymer
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depend sensitively on aspects of its microstructure, such as
the degree of order or the presence of substrate-relative
orientation and complicate the analysis.

The sensitivity of optical properties to microstructure in
polymers has caused SE to be extensively applied to the study
of the structure of neat, conjugated polymer films, in the
context of both organic LEDs and organic thin-film transis-
tors. Itis well established that for many systems, in particular
the polythiophenes,'® poly(arylenephenylenes),'® and poly-
fluorenes,” " the optical properties of the film are highly
anisotropic due to a preference for the chain long axis to
orient parallel to the plane of the substrate. The character-
ization of any uniaxial material (having one distinct optical
axis, the c-axis) with c-axis parallel to the surface normal is
problematic, particularly for high refractive index systems,
because ellipsometry is primarily sensitive to the “projection
of the dielectric tensor onto the line of intersection between
surface and plane of incidence”.'® For thin films, the pre-
sence of reflected waves increases the contrast in c-axis
uniaxial films, but correlations will often preclude robust
analysis of measurements on a single substrate.

This issue is typically addressed with a multisample ana-
lysis that combines data from either multiple film thick-
nesses'® or identical films on different substrates.”” We have
employed the multiple substrate approach, acquiring data
from three nominally identical (contemporaneously depos-
ited) films on three substrates: a Si wafer with a thin native
oxide surface layer, a Si wafer with a ~ 200 nm thick
thermally grown oxide surface layer, and a fused quartz
slide. In an optimized BHJ device the active layer is typically
optically thick to maximize the absorption of photons. The
optical thickness of these films can dramatically reduce the
reflected beam intensity over the visible parts of the spectrum
used in SE, making interrogation of the buried interface
challenging. We have therefore chosen to study the vertical
composition profile in films of ~#80 nm thickness prepared in
an identical manner to the ~220 nm thick films we used for
devices. The thinner films produce devices with reasonably
high efficiency (270% of the optimal),?' yet are thin enough
permit measurement of the buried interface. Despite the
lower optical thicknesses of our films, we find that the statis-
tical significance of the buried interface characteristics to be
marginal. Therefore, we have additionally acquired SE data
through the fused quartz from the “reverse” side, which
significantly improves the precision of the extracted buried
interface parameters.

Early SE studies of BHJ layers” established that device-
relevant blend films are optically anisotropic. However, in
most studies of the optics of these devices, isotropic dielectric
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Scheme 3. Models Used for the Three Substrates (From Top to Bottom:
Native Oxide, Thermal Oxide, and Fused Quartz
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function models are assumed. Vertical segregation has re-
cently been included in optical models of blend layers,'? but
it was included with an isotropic dielectric function. In this
work, we account for both the optical anisotropy and vertical
segregation to develop an accurate physical model for the
blend layer. Shown in Scheme 3 are the models adopted
for each of the three substrates employed. We have subdi-
vided the BHJ blend layer into three sublayers, including
two interfacial sublayers and a center or bulk sublayer, to
account for vertical segregation. This approach is more
flexible than the linear gradient assumed in earlier work.!?
We find this added flexibility to be essential to the description
of films on low y substrates. In the multiple sample analysis,
the optical function for the three BHJ sublayers are assumed
identical for the three samples. Similarly, the thicknesses of
the top and bottom interface sublayers are assumed to be the
same for all three samples, with minor film to film variability
being accounted for by allowing independent fitting of the
middle sublayer thickness. The middle sublayer thickness
varied by less than 13% across the three samples.

The dielectric functions of the Si, native oxide, thermal
oxide, and fused quartz were taken from the literature.” The
dielectric functions for the HTLs were measured from neat
HTL films cast on the three substrates. Shown in Figure 1 are
the complex refractive indices N = n + ik for the two HTLs,
resolved in the directions parallel (x, y) and perpendicular (z)
to the plane of the film. The PEDOT:PSS index of refraction
is similar to previous reports.”* Notably it exhibits moderate
anisotropy, particularly in the near-infrared (NIR) region,
that arises from the mobile carriers. The PTT:Nafion index
of refraction is slightly lower than that of PEDOT:PSS over
most of the spectrum, and noticeably more transparent in the
UV region, consistent with the use of Nafion vs PSS as the
dopant. PTT:Nafion also exhibits anisotropy in its NIR
index of refraction. The thicknesses of the oxide and HTL
layers in the multisample analyses were determined by fits to
reference films and held fixed during subsequent analyses.

The dielectric functions of the three BHJ sublayers were
modeled with a linear effective medium approximation
(EMA) mixture of PCBM and P3HT. The PCBM dielectric
function was assumed to be isotropic, whereas P3HT was
allowed to be anisotropic: uniaxial with the c-axis parallel to
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Figure 1. Derived index of refraction (n + ik) for (a) PEDOT:PSS and
(b) PTT:Nafion illustrating the weak anisotropy of both films in the
NIR and the greater transmission of the PTT:Nafion film in the UV.

the substrate normal, consistent with expectations based on
spun-cast neat P3HT films.?> The dielectric function for
PCBM was derived from pure PCBM reference films where
the dielectric function was solved without any a priori
assumptions and was found to be similar to that reported
in the literature (see Supporting Information).?>® In con-
trast to PCBM, P3HT has an absorption spectrum that
strongly depends on processing. A fundamental understand-
ing of the relationship between local order and the vibronic
structure in P3HT absorption is emerging,?’ but it remains
impractical to develop a robust optical model from first
principles. We have therefore chosen to develop an entirely
empirical, yet flexible, optical model for P3HT that is based
on the well-known sensitivity of the P3HT film structure to
processing conditions.”® Our P3HT optical model was deve-
loped by combining the dielectric functions of a library of
three reference films that were prepared by varying casting
conditions. The three films represent extremely ordered
P3HT (well-resolved vibronic features and strong an-
isotropy), extremely disordered P3HT (weak vibronic fea-
tures and little anisotropy), and an intermediate case
(Figure 2a). The uniaxial P3HT refractive index (N, = N,
# N.) was then taken as a linear EM A mixture of these three
P3HT basis films with the volume fraction fit to the BHJ
under analysis. Attempts to use highly flexible, causal di-
electric functions to represent the polymer generally failed
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due to strong correlations between the parameters. While the
EMA will not represent nonadditive features in the dielectric
function, such as below gap, charge transfer absorption
bands,?® these features are in general weak and should not
significantly affect the dielectric function at the precision of
the measurement.

Extreme care must be exercised when interpreting SE
models to avoid either overfitting the data or reaching a
false conclusion based on a best fit to a physically incorrect
model. We have attempted to address these issues by analyz-
ing the relative improvements in the key features of our
optical model: blend anisotropy and vertical composition.
We also validated the SE model fit conclusions using model-
independent probes of the order/crystal orientation (GIXD)
and interface composition (NEXAFS) when possible.
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Figure 2. In-plane (x) and out-of-plane (z) index of refraction (n + ik)
for (a) the three, experimentally derived, P3HT functions that were the
basis for the EMA model and (b) the best-fit refractive index for an
exemplar blend film on SiO, showing a high degree of anisotropy.
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As with the XPS measurements described earlier,'* NEX-
AFS analysis could not be performed on the PEDOT:PSS
buried interface due to cohesive failure in the HTL. There-
fore, blend films were also cast onto high-y SiO, substrates
that are amenable to active layer delamination to serve as an
additional test of the ellipsometric model that could be
validated using NEXAFS.

The results of the optimized three sublayer model fit to the
P3HT:PCBM blend film on SiO, are shown in Table 1 and
Figure 3. The results indicate a PCBM-rich buried interfacial
sublayer, an intermediate bulklike region with ~60 vol %
P3HT, and a P3HT-rich sublayer at the air interface. The
fullerene enrichment at the buried interface is consistent with
expectations based on earlier studies of high y substrates; the
polymer enrichment at the air interface is also consistent
with expectations.®!'* Accurate densities for either P3HT or
PCBM are not known at this time; however, assuming
typical values (ppsyt = 1.1 g/mL and ppcgm = 1.3 g/mL),
the original solution mass ratio is consistent with the ob-
served bulk volume fraction. Shown in Figure 2b is the best
fit dielectric function for the middle sublayer of the film,
indicating the clear anisotropy of the polymer (absorption
near ~500 nm), consistent with a preference for in-plane
orientation of the long chain axis. Also clear in the dielectric
function is the distinct vibronic structure in the P3HT,
characteristic of semicrystalline material and typically diag-
nostic of high performing BHJs.>* The correlation between
P3HT order and solar cell efficiency has been generally
attributed to improved hole mobility in the polymer upon
ordering. The derived dielectric function from our optimized
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Figure 3. Plot of P3HT volume fraction as a function of depth for
P3HT:PCBM blend film on SiO, substrates as determined by the
optimized VASE model (line) with composition data from NEXAFS
spectroscopy (markers).

Table 1. Comparison of Interface Composition by NEXAFS and VASE and Layer Thicknesses by VASE

top middle bottom
% P3HTN{' % P3HTSEb Isg [nm] % P3HTSE IsE [nm] % P3HTN % P3HTSE ISE [nm]
Si0, 74 +2 100+ 1 6+1 S9+1 70+4 10£0.2 1942 S+1
PEDOT:PSS 7442 100 £1 6+ 1 5941 70+ 1 n/a 46£1 161
PTT:Nafion 7542 1001 6E1 57T+£1 80+ 1 80£2 88+2 3+1

“Error in the NEXAFS data represents the instrumental error of 2%. ® Error in the SE data represents the 90% confidence limit for each model as

determined by Monte Carlo analysis.
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Figure 4. Figure of merit for each iteration of the model for the P3HT:
PCBM blend on SiO, substrate, where I1, 13, A1, and A3 correspond to
isotropic l-layer, isotropic 3-layer, anisotropic 1-layer, and anisotropic
3-layer models, respectively. The error bars represent the 90% con-
fidence limit for each model as determined by Monte Carlo analysis.

model is consistent with one from a model that does not
impose an EMA (like that of Zhokhavets et al.??), indicating
that the EMA adequately represents the blend.

We confirmed that the complexity of our SE model is
justified by comparing how well simpler models could fit the
data for films cast onto SiO, substrates. The figure-of-merit
(FOM) for model fit is the weighted root-mean-squared
error (eq 2) where X is the total number of ellipsometric
parameter (W, A) pairs for all samples and angles, M is the
number of fit parameters, and o is the standard deviation for
each data point. As shown in Figure 4, the FOM is reduced
by the evolution of the model toward increasing complexity:
an isotropic one-layer (I1), an isotropic three-layer (13), an
anisotropic one-layer (A1), and finally an anisotropic three-
layer (A3). Clearly, the A3 (anisotropic three-layer) model
provides the best fit to the data for our P3HT:PCBM blend
films. The greatest improvement in quality of fit is achieved
by the inclusion of anisotropy rather than segregation, as the
single-layer anisotropic model (A1) has a lower FOM than
the three-layer isotropic model (I3). This result implies that
the dominant deviation from a simple optical response is the
anisotropy and that the vertical segregation, while signifi-
cant, represents a smaller perturbation.

2 2
1 X ‘.nOd _w(?xp Amod —A?XP
FOM = . ———
20X —M IZ; ( &P + oD

WP, A, i

(2)

In order to gain further insight into the ability of the
optimized model to detect and model the weak perturbation
due to vertical segregation, parametric cuts (often termed
uniqueness scans) through the multiparameter FOM space
were performed. Shown in Figure 5 are the uniqueness scans
for the top and bottom interface sublayer thicknesses. In
each scan, the appropriate thickness was varied parametri-
cally with fixed composition while all other model para-
meters were allowed to adjust to minimize the FOM. In all
optimized fits, the best case FOM differs significantly from
the ideal of 1, indicating the presence of model deficiencies,
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Figure 5. Uniqueness scans of the air and buried interface layer
thicknesses for (a) P3HT:PCBM blend film on PTT:Nafion and (b)
P3HT:PCBM blend film on SiO,. Error bars represent the confidence
limits of the uniqueness scans as defined by the 90% confidence limit for
the bottom layer thickness for each optimized model as determined by
Monte Carlo analysis.

systematic instrument errors, or an inaccurate description of
the data statistics. This nonideality is typical for most SE
measurements and makes application of standard statistical
metrics to the question of confidence limits problematic. The
“sharpness” of the minimum in FOM was qualitatively
assessed by performing Monte Carlo (MC) studies of the
model fits by resampling (with replacement) the data on a per
spectrum basis. Also shown in Figure 5 is the variance in the
FOM from a MC sample of 100 generated SE data sets.
Comparison of the FOM variance to the sensitivity with
layer thickness indicates that both the top and buried inter-
face sublayers represent statistically robust improvements in
the model.

Results from the SE analyses of the P3HT:PCBM blend on
the two HTLs are also given in Tablel. The volume fraction
profiles are given in Figure 6. The overall observations are
consistent with expectations based on simple free energy
arguments. For both HTLs, as on the oxide substrate, the air
interface was polymer-rich. On the low-y PTT:Nafion, the
buried interface is also polymer-rich, consistent with earlier
observations on low-y self-assembled monolayer (SAM)-
treated substrates.®'? On PEDOT:PSS that has an inter-
mediate y of ~45 mN/m?,*! a composition of ~46% P3HT
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Figure 6. Plot of PCBM composition as a function of depth for P3HT:
PCBM blend films on PEDOT:PSS and PTT:Nafion substrates as
determined by the optimized VASE model with composition data from
NEXAFS spectroscopy for the PTT:Nafion overlaid.

was obtained, intermediate between that of SiO, (72 mN/
m?) and PTT:Nafion (=23 mN/m?).

The results of our modeling for the P3HT:PCBM blend on
SiO, are consistent with those reported earlier using an
isotropic optical model and a constrained linear film pro-
file.'> However, the level of segregation at each interface
predicted by the three-layer model is greater than that
obtained with the linear assumption, consistent with the
relatively thin sublayer thicknesses derived from SE. The
linear model will conform to an “average” composition and
thus underestimate the level of segregation. The results of
our modeling for the low-y PTT:Nafion buried interface are
also consistent with the earlier optical modeling of SAM-
treated substrates. However, the air interface composition in
the earlier study was reported to be significantly PCBM-rich,
contrary to what was observed here. This discrepancy can
be attributed to the inability of a linear model to fit the
U-shaped composition profile of the low-y systems. We have
extensively studied the air interface with NEXAFS over a
variety of film thicknesses and processing conditions and
always find the air interface polymer-rich. We note that
numerical studies of vertically homogeneous, but anisotro-
pic, BHIJ films result in significant vertical gradients when fit
to an isotropic, graded model (see Supporting Information).

A limitation of the optical model employed is that the
same P3HT optical function is used throughout the film.
Thus, while the model can capture vertical composition
gradients, it cannot reflect vertical changes in the polymer
order. Recent transmission electron microscopy (TEM)
tomography studies have suggested that the density of highly
crystalline P3HT wires varies with depth.>? The interface
layers for the films in this report are too thin to enable
independent modeling of the polymer dielectric function.
However, in preliminary studies of films cast from chloro-
benzene, which produces significantly less ordered films, we
do find it necessary to allow the P3HT in the bulk of the film
to adopt an anisotropy and order distinct from those of the
surface region. This significantly complicates the modeling.
It is clear that the specifics of the polymer order and any
vertical gradient therein will significantly depend on film
processing.

Grazing Incidence X-ray Diffraction. Our modeling of the
SE data reveals that the BHJ films are highly anisotropic
with thin interface regions having compositions that deviate
significantly from the bulk. To confirm these principal
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Figure 7. GIXD images of P3HT:PCBM blend films on (a) SiO,, (b)
PEDOT:PSS, and (c) PTT:Nafion showing oriented P3HT domains.

structural observations, grazing-incidence X-ray diffraction
(GIXD) and near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy measurements were performed.
Shown in Figure 7 are GIXD images recorded on each of
the three substrates: SiO,, PEDOT:PSS, and PTT:Nafion.
No significant difference in the degree of crystalline order or
crystal orientation was observed among the three substrates.
In each case, the (100), (200), and (300) P3HT lamellar peaks
were preferentially oriented normal to the sample, and the
(010) P3HT m-stacking peak was oriented in-plane. This
crystal orientation arises from an edge-on orientation of
the P3HT conjugated planes with the P3HT long axes in-
plane, consistent with both the high degree of fine structure
and the anisotropy observed in the SE. The d-spacing (djgo ~
1.55 nm and djy;9 ~ 0.38 nm) are identical to those measured
for a neat film of the same molecular weight P3HT, indicat-
ing no significant perturbation of the P3HT ordered domains
by the addition of fullerenes. The radial arcs extending from
the P3HT diffraction peaks indicate a significant distribution
of crystal orientations centered about the g-axis orientation.
The diffuse ring at ~1.4 A~" is due to scattering from the
PCBM. The uniform intensity of the ring indicates no
preferential order of the PCBM domains, consistent with
our earlier assumption of an isotropic dielectric function for
the fullerene.

NEXAFS Spectroscopy. Partial electron yield (PEY)
NEXAFS spectra are shown in Figure 8 recorded for the
air interface of P3HT:PCBM blend films spun-cast upon the
three substrates: SiO,, PEDOT:PSS, and PTT:Nafion. Also
shown are reference spectra for the pure components P3HT
and PCBM. It is clear that no significant variation in the
composition with change in substrate y was detected; the air
interface was polymer-rich in all cases. The interface com-
positions can be quantified assuming that the mean free path
of both photons and electrons through PCBM and P3HT are
equivalent; a blend spectrum can then be fit to a linear
combination of pure component spectra weighted by volume
fraction. Independent of substrate treatment, the least-
squares fitting indicates the air interfaces were 75% —80%
P3HT. The results are summarized in Table 1 and Figures 4
and 6. The reported uncertainties are one standard deviation
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Figure 8. NEXAFS spectra of the (a) air interface and (b) the buried
interface for the BHJ films on SiO, and PTT:Nafion bracketed by the
P3HT and PCBM control film spectra illustrating the P3HT-enriched
air interface in all cases and the change in composition at the buried
interface with change in y.

over three independent sample series. The PEY spectra were
collected with a grid bias of —50 V, providing a surface-
weighted signal such that ~50% originates within 2 nm of the
interface and ~75% originates within 4 nm.** The estimated
air interface sublayer thickness from SE is therefore large
compared to the sampling depth of the NEXAFS, so direct
comparison of SE and NEXAFS is possible. The NEXAFS
and SE data are in good qualitative agreement on the
enrichment of the polymer at the air interface. The SE
appears to overestimate the polymer fraction perhaps due
to the influence of surface roughness. Because the polymer
was the lower index material, excess polymer will approx-
imate a significant void fraction (surface roughness). Explicit
inclusion of surface roughness, in the form of a 50% EMA
model of blend and void, did not improve the SE model.
The buried interfaces were measured by NEXAFS spec-
troscopy after exposure via delamination as described pre-
viously.® The former substrates were also evaluated to check
the quality of the delamination. For both the SiO, and PTT:
Nafion substrates, no P3HT or PCBM residue could be
observed, suggesting clean adhesive failure at the buried
interface. The clean delamination from PTT:Nafion was
consistent with our earlier experience with low-y substrates.
Unfortunately, as reported earlier,®'* clean delamination of

1 1
0.0 0.1 0.2 0.3 04 0.5 0.6
Applied Bias (V)

Figure 9. J—V curves for the PBHT:PCBM BHJ devices prepared on
PTT:Nafion and PEDOT:PSS (curves corrected for the spectral mis-
match factor) and the average device performance for eight devices (Jg.,
Voo, 1, and FF) in table (inset). Error in the device performance data
represents the standard deviation over eight devices.

the PEDOT:PSS interface could not be achieved. Attempts
to rinse excess PEDOT:PSS off the delaminated P3HT:
PCBM film by various methods proved unsuccessful. Shown
in Figure 8 are the buried interface NEXAFS spectra for the
SiO, and PTT:Nafion. The buried interface spectra show
clear changes in composition as a function of substrate y;
P3HT volume fractions of 10% and 80% are obtained for
the SiO, and PTT:Nafion, respectively. These values are also
summarized in Table 1. There was good quantitative agree-
ment between the NEXAFS and SE buried interface com-
positions, confirming the applicability of the developed SE
model and providing confidence in the SE derived values for
the PEDOT:PSS interface which can only be addressed
nondestructively.

The orientation of the polymer 1s — z* director was also
assessed for both the air and buried interfaces of those
sublayers that were polymer-rich (see Supporting In-
formation) by determination of the dichroic ratio R (R =
—1 for #* normal to the surface and R ~ 0.7 for edge-on). In
all cases, R was ~0.2, indicating a preferentially edge-on
conjugated plane. These results provided additional confir-
mation of orientation in the P3HT:PCBM blend films,
consistent with the orientation of P3HT crystals in GIXD
and the high level of long axis order implied by the optical
anisotropy.

OPYV Devices. As illustrated in Figure 9, there was no
appreciable difference in performance between devices pre-
pared on PTT:Nafion and PEDOT:PSS. All devices tested in
this study performed within the expected norms for devices
of this architecture and cathode composition (LiF/Al).**
Notably, the expected improvement in short-circuit current
(Jse) for the device spun on PTT:Nafion, which had a P3HT-
enriched buried interface was not observed.

While the SE investigation clearly establishes a significant
difference in the buried interface composition for devices
upon PEDOT:PSS vs PTT:Nafion, the difference was not
relevant in these devices. The derived P3HT buried interface
volume fraction of 47% appears to be adequate for high
initial performance. In retrospect, this was not surprising as
the observed volume fraction was nearly that of the bulk
device, and presumably the slight excess amount of PCBM
does not represent a significant barrier to hole transport. Itis
interesting to note that the P3HT domains in this sublayer, as
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with the whole of the film, are oriented in a transistor-like
orientation (edge-on relative to the substrate normal) which
allows for efficient transport of charges parallel to the planar
anode so that charges could find alternative conduction
pathways when blocked by a PCBM domain. We also
note that the water contact angle of PEDOT:PSS is time-
dependent, indicating reasonably facile reorganization of the
surface and thus a dynamic, processing-dependent interface
structure. This is in contrast to PTT:Nafion which exhibits a
very stable water contact angle. Thus, the absence of device
significant interface segregation at the PEDOT:PSS interface
may be due, in part, to an “amphiphilic” dynamic interface.

These results provide additional context for the observa-
tions reported by Xu et al. that inverted devices (where the
cathode is at the buried interface and the anode at the air
interface of the active layer) perform better than conven-
tional devices due to y directed segregation of the blend
components into optimal interfacial layer compositions
(PCBM enrichment at the cathode and P3HT enrichment
atthe anode). It appears clear that the improvement reported
for the inverted device, if due to interface effects, is likely due
to the improvement of the air (anode/inverted, cathode/
normal) interface composition. This conclusion is addition-
ally supported by the recent work of Wei and Kumar, where
buffer layers of PCBM were engineered at the air interface of
the blend film (by preferential segregation or evaporation of
fullerenes, respectively).>>3° These results suggest that, from
an initial performance optimization perspective, there is
greater gain from engineering the cathode interface for
conventional devices than engineering the anode interface.
We note that the conventional devices reported here have
nominally identical performance to the inverted devices
reported by Xu et al. Similarly, the best performance for
optimized conventional P3HT:PCBM- and PEDOT:PSS-
based devices is nominally identical to that of optimized
inverted devices.'****7 Thus, it maybe that the ~25%
PCBM composition consistently reported for the air inter-
face of this blend is adequate for good initial performance
and the improved device performance upon interface engi-
neering may originate from band offset, interface dipole
effects, or additional factors other than the interfacial seg-
regation that clearly occurs.?s

Conclusions

We have presented a detailed optical model for P3HT:PCBM
BHJ films that accounts for both optical anisotropy and vertical
segregation. It is capable of describing segregation at both the air
and buried interfaces. We demonstrate that the buried interface
composition on PEDOT:PSS layers are only slightly enriched
with PCBM and that a low y Nafion-based HTL can cause the
buried interface to become P3HT-rich. Even though the buried
interface composition did not influence the performance of our
devices, itis clear that understanding the interfacial segregation of
BHJ active layer blends is important for device optimization.
However, it is also clear that interface effects may be subtle, and
accurate measurements of composition and orientation in BHJ
active layer blends must be employed to develop a complete
understanding of how device architecture and materials choices
affect device performance.

Experimental Section

Materials. P3HT (Plexcore 2100, Plextronics Inc., Pittsburgh,
PA)* and PCBM (99.5%, Nano-C Inc., Westwood, MA) were
used as received. PEDOT:PSS (Clevios P VP Al 4083, H.C.
Starck Inc., Newton, MA) and PTT:Nafion (Product No. YCD-
321-064, Air Products Inc., Allentown, PA) were filtered
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through 0.22 um PVDF syringe filters prior to use and stored
in a refrigerator when not in use. Isopropyl alcohol (anhydrous,
Warner-Graham Co., Cockeysville, MD), Parylene-C (Speci-
alty Coating Systems, Indianapolis, IN), acetone (HPLC grade),
toluene (anhydrous), chloroform (HPLC grade), and 1,2-di-
chlorobenzene (anhydrous, Sigma-Aldrich, St. Louis, MO) were
used as received. Prime grade, single side polished silicon wafers
(N-type, phosphorus doped, (100) orientation) (Montco Silicon,
Spring City, PA) and prime grade silicon wafers with 200 nm
SiO, were prepared at the NIST Nanofab, and fused quartz
slides were purchased from GM Associates (Oakland, CA).
Prepatterned indium—tin oxide (150 £ 7.5 nm thickness, sheet
resistance <20 %+ 5 ohms/square, and 88% transmission at 550
nm) on Eagle 2k glass chips (1 in.) were prepared by Thin Film
Devices, Inc. (Anaheim, CA).

Methods. All substrates were cleaned by sonication for 10 min
in acetone, then isopropyl alcohol, and followed by treatment
for 10 min under UV-ozone, immediately followed by a water
rinse with ultrapure water and drying under ultrapure, dry N,.
All substrates were used within 30 min of cleaning.

PEDOT:PSS films were prepared by spin-casting at 5000(2)
rad/min for 60 s followed by thermal treatment at 120 °C for
20 min in an inert atmosphere. PTT:Nafion films were prepared
by spin-casting at 2500(2) rad/min for 60 s followed by thermal
treatment at 180 °C for 10 min in an inert atmosphere. AIl HTL
films were used within 1 h of fabrication.

P3HT:PCBM blend films were prepared in a manner similar
to that reported by Li et al. under inert atmosphere conditions.”’
For structural characterization 15 g/L (total solids) solutions in
1,2-dichlorobenzene (with a P3HT:PCBM mass ratio of 1:1)
were heated overnight at 80 °C. Blend films were spun at 500(2s)
rad/min for 60 s with an acceleration of 84(2x) rad/(min s). The
resultant still-wet films were allowed to dry over ~20 min on a
level stage under a Petri dish lid. Films for device studies were
spun in the same manner from 30 g/L (total solids) solutions.
OPV devices were fabricated on PEDOT:PSS or PTT:Nafion
treated patterned ITO in the same manner as the nonfunctional
P3HT:PCBM blend films. The metallic top contacts (typically
1.5 nm LiF and 100 nm Al) were deposited using a thermal
evaporator (MBraun), chamber-locked in an inert atmosphere
glovebox, and completed devices were then sealed in aluminized
Mylar bags and transferred to a separate inert atmosphere box
for Performance testing in the manner reported by Shrotriya et
al.*! J—V curves were measured under an Ar atmosphere using
an Agilent 4155C parameter analyzer. The photocurrent was
measured under AM1.5G 100 mW/cm? illumination from a
Thermo Oriel 96 000 150 W solar simulator that was filtered
through a neutral density filter and an AM1.5G filter (Model
AMO, Oriel Corp., Stratford, CT) and then transferred into the
box via a liquid light guide (Model 77637, Newport Corp.,
Irvine, CA). The light intensity was determined using a thermo-
pile and power meter combination (PowerMax PS19 thermopile
and Fieldmate Laser power meter, Coherent Inc., Santa Clara,
CA), and the OPV device performance was referenced to a
monosilicon photodiode fitted with a KG-5 visible color filter
(Model S1133, Hamamatsu) calibrated by the National Renew-
able Energy Laboratory (NREL). All efficiency values reported
in this work were corrected by the spectral mismatch factor.

Films for delamination were placed in a PDS-2010 (Specialty
Coating Systems, Indianapolis, IN), and 10 g of Parylene-C was
evaporated resulting in a film thickness of ~10 um. The parylene
films were then trimmed off of the edges of the samples with a
scalpel and were delaminated directly (low y) substrates, or the
interface was broken by immersion in water for 12 h. The former
substrates were retained for NEXAFS spectroscopy analysis.

Surface energy determination of PTT:Nafion was performed
with an FTA125 contact angle system (First Ten Angstroms,
Inc., Portsmouth, VA). Three liquids were employed (water,
ethylene glycol, and formamide), and contact angles for each
liquid were taken as the average value of four independent
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drops. The surface energy was determined using the provided
software (FTA32) and was taken as the average calculated
for all three liquids using the extended Girifalco—Good—
Fowkes—Young method which is an adaption of the Girifalco—
Good—Fowkes—Young method for low-y surfaces by calibra-
tion with water on poly(tetrafluoroethylene).

NEXAFS spectroscopy was performed at the National Institute
of Standards and Technology soft X-ray materials characterization
facility (beamline U7A) at the National Synchrotron Light Source
(NSLS) of Brookhaven National Laboratory. Orientation was
characterized by collecting carbon K-edge spectra in partial elec-
tronyield (PEY) mode with a grid bias of —50 V. The experimental
standard uncertainty in the peak position for PEY spectra was
0.15 eV; the yield uncertainty was ~2%. Incident angles © (with
respect to the surface plane) were varied at five angles: 20°, 33°, 44°,
54.7°, and 70°. The 1s — sr* intensity was fit to a linear dependence
on sin® ©. This fit was used to extrapolate intensities at 0 and 90°
incidence, which were then used to calculate the figure-of-merit
R = (I(90°) — 1(0°))/(1(90°) + 1(0°)).

Grazing incidence X-ray diffraction (GIXD) was performed at
beamline 11-3 at the Stanford Synchrotron Radiation Laboratory
using a two-dimensional image plate detector. Data were collected at
incident angles of ~0.1° at an energy of 12.72 keV. The sample-to-
detector distance was determined with a LaBg calibration sample.

Ellipsometric data were collected at multiple angles depending on
the substrate the film was cast upon (45°, 60°, and 75° for Si with
native and 200 nm SiO, and 45°, 52.5°, 60°, 67.5°, and 75° for fused
quartz). Four measurements were made on identical films on three
substrates: Si wafers terminated with native SiO,, 200 nm thick
thermally grown SiO», and fused quartz with the beam incident from
the film side and the substrate side of the sample. For measurements
on fused quartz with the beam incident on the film side of the sample
the back reflection of the clean side of the substrate was minimized
by index matching to a piece of opaque tape (Magic Tape, 3M
Corp., Minneapolis, MN). Additionally, the light incident on the
surface was weakly focused to a ~300 um diameter spot, using
vendor supplied focusing optics to reduce the effect of film hetero-
geneity and, for the measurements with fused quartz substrates, to
aid in the isolation of the light reflected from the desired surface
(film-side or substrate-side). All data were obtained with an
M-2000D series spectroscopic ellipsometer (J.A. Woollam Inc.,
Lincoln, NE). All data sets were then fit simultaneously using
vendor supplied analysis software (WVASE32).
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