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ABSTRACT: Blends of poly(3-hexylthiophene) (P3HT) and
C61-butyric acid methyl ester (PCBM) are widely used as a
model system for bulk heterojunction active layers developed
for solution-processable, flexible solar cells. In this work,
vertical concentration profiles within the P3HT:PCBM active
layer are predicted based on a thermodynamic analysis of the
constituent materials and typical solvents. Surface energies of
the active layer components and a common transport
interlayer blend, poly(3,4-ethylenedioxythiophene) poly-
(styrenesulfonate) (PEDOT:PSS), are first extracted using
contact angle measurements coupled with the acid−base
model. From this data, intra- and interspecies interaction free energies are calculated, which reveal that the thermodynamically
favored arrangement consists of a uniformly blended “bulk” structure capped with a P3HT-rich air interface and a slightly PCBM-
rich buried interface. Although the “bulk” composition is solely determined by P3HT:PCBM ratio, composition near the buried
interface is dependent on both the blend ratio and interaction free energy difference between solvated P3HT and PCBM
deposition onto PEDOT:PSS. In contrast, the P3HT-rich overlayer is independent of processing conditions, allowing kinetic
formation of a PCBM-rich sublayer during film casting due to limitations in long-range species diffusion. These thermodynamic
calculations are experimentally validated by angle-resolved X-ray photoelectron spectroscopy (XPS) and low energy XPS depth
profiling, which show that the actual composition profiles of the cast and annealed films closely match the predicted behavior.
These experimentally derived profiles provide clear evidence that typical bulk heterojunction active layers are predominantly
characterized by thermodynamically stable composition profiles. Furthermore, the predictive capabilities of the comprehensive
free energy approach are demonstrated, which will enable investigation of structurally integrated devices and novel active layer
systems including low band gap polymers, ternary systems, and small molecule blends.

KEYWORDS: P3HT:PCBM bulk heterojunction, surface energy, free energy, X-ray photoelectron spectroscopy, polymer solar cell

■ INTRODUCTION

Organic electronics such as organic photovoltaics (OPVs) and
light-emitting diodes (OLEDs) have received significant
attention in recent years as promising candidate materials for
next generation energy harvesting, power generation, flexible
displays, and solid state lighting.1,2 State of the art organic
devices employ a semiconducting polymer heterojunction
sandwiched between a transparent and a metallic electrode,
oftentimes including charge selective interfacial materials.
Among the most explored OPV device architectures is the

bulk heterojunction (BHJ), which consists of a bicontinuous
interpenetrating network of an electron donor−acceptor blend,
where poly(3-hexylthiophene) (P3HT) and C61-butyric acid
methyl ester (PCBM) comprise the most widely studied pair.1,2

Ideally, the blend domain size should approach the exciton
diffusion length (∼10 nm) to reduce charge recombination
while maximizing the acceptor−donor interfacial area where
charge separation occurs.3 Furthermore, pathway continuity to

the appropriate electrode is essential for maximizing charge
extraction and therefore, device efficiency. Such considerations
necessitate precise control over nanoscale morphology and
vertical stratification of the active layer components. OPV
device design is further complicated by the inclusion of
additional layers such as poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) to improve device
efficiency and modify work function.4 As these interfacial and
active layers are sequentially solution-cast onto one another,
control of the developing nanostructure requires a clear
understanding of the roles of surface energy and interfacial
interactions. These considerations, along with annealing
conditions, are crucial for maximizing device performance.
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Recent reports have examined the vertical stratification and
interfacial blend compositions of OPV devices using spectro-
scopic ellipsometry,5,6 electron tomography7,8 and microscopy,9

X-ray10 and neutron reflectivity,11 near-edge X-ray absorption
fine structure,6,12−14 and depth profiling using X-ray photo-
electron spectroscopy (XPS),15,16 Auger electron spectrosco-
py,17 or time-of-flight ion mass spectroscopy.16,18,19 Our
understanding of nanostructure development is still limited,
however, because these reports have yielded conflicting results.
For example, several groups found a nearly 50:50 P3HT:PCBM
blend decorated the buried interface of an annealed
P3HT:PCBM film,5,6,16 whereas other researchers detected
PCBM-rich11,14,15,20 or P3HT-rich compositions.7,12,13 Anneal-
ing effects on concentration gradients and interface composi-
tions have also been unclear, with groups suggesting both
enhanced7,10,12,20 and suppressed5,11,16 concentration gradients
after annealing. Furthermore, these studies have provided
limited insight into the fundamental origin of emerging
concentration gradients, specifically whether they are attribut-
able to kinetic limitations on long-range species diffusion or are
thermodynamically stable.
In light of these contradictory reports, we present a coupled

theoretical and experimental approach to examining network
development in bulk heterojunction solar cells using the model
P3HT:PCBM blend as a basis. In this work, for the first time,
interaction free energies of the device constituents are
determined using surface energy analysis as extrapolated from
contact angle measurements. Using these results, a fundamental
understanding of the thermodynamic driving force for phase
segregation and interspecies interactions is presented, which
allows prediction of composition profiles within the blended
films. Vertical stratification in a series of P3HT:PCBM blends is
then examined as a function of annealing conditions and blend
ratio using angle-resolved X-ray photoelectron spectroscopy
(ARXPS) and XPS depth profiling. Strong correlations emerge
between the predicted behavior and XPS results, indicating that
the detected vertical stratification within the P3HT:PCBM
blend is dominated by thermodynamic equilibrium rather than
kinetic limitations. In addition, the predictive capacity of the
comprehensive free energy approach is validated, suggesting its
utility in examining other studied systems including low band
gap polymers and ternary blends.

■ EXPERIMENTAL SECTION
Materials. Indium tin oxide (ITO) coated aluminosilicate glass

substrates (10 Ω □−1) were purchased from Colorado Concept
Coatings, while the PEDOT:PSS aqueous dispersion (Clevios P, 1.2−
1.4% solids, 60−100 mPa s viscosity, < 1 M Ω □−1) was purchased
from Heraeus. P3HT (Mw ≈ 50−70k, PDI ∼ 1.6−1.8, 91−94%
regioregular, < 0.01% metal) and PCBM (99.5% fullerene) were
procured from Rieke Metals, Inc. and American Dye Source
respectively. Glass slides and polycarbonate (PC) resin pellets (Mw
∼ 45−60k) were obtained from Fisher Scientific and Scientific
Polymer Products. Micro-90 detergent solution was purchased from
Cole-Parmer. All solvents including anhydrous chlorobenzene (CB)
and 1,2-dichlorobenzene (DCB) were purchased from Sigma Aldrich
and used without further purification while distilled (DI) water was
extracted from an in-house purification system.
Multilayer Film Construction. ITO coated glass substrates were

degreased ultrasonically for 20 min in sequential baths of detergent
solution (5 vol %), DI water, hexanes, isopropanol, acetone, and
methanol before drying under flowing nitrogen. Degreased substrates
were then UV-ozone (UVO) treated for 20 min before placing
PEDOT:PSS droplets onto the ITO substrate after passing through a
0.45 μm PVDF syringe filter (Millipore). PEDOT:PSS was then spin

cast at 3500 rpm for 45 s with a 3 s ramp and baked at 160 °C on a hot
plate for 15 min to give 80 ± 5 nm films. In a N2 glovebox, active layer
dispersions were prepared in CB (15 mg/mL for pure P3HT and
PCBM, or 24 mg/mL for P3HT:PCBM blends) with the desired
weight ratio followed by overnight stirring at 60 °C in an oil bath.
Active layer dispersion droplets were then passed through a 0.45 μm
PTFE syringe filter (Millipore) before adding onto the PEDOT:PSS
coated ITO substrates. Active layer films were subsequently spin cast
at 1500 rpm for 45 s with a 3 s ramp before annealing (if needed) at
160 °C in a glovebox oven for 8 min.

To further verify PEDOT:PSS film surface energy, PEDOT:PSS
layers were also cast at 1500 rpm for 45 s with a 6 s ramp to generate
thicker films (154.0 ± 5.7 nm). These thicker films were cast on both
UVO treated ITO and PC coated glass slides. The latter were prepared
by cleaning glass slides using the ITO protocol described above before
spin casting PC from chloroform (5 wt %) at 500 rpm for 45 s with a 6
s ramp and baking at 160 °C on a hot plate for 15 min. The PC
coating was then UVO treated for 10 min to enhance wettability
before casting the PEDOT:PSS film as described previously.

Characterization. Tapping mode atomic force microscopy (AFM)
images were taken using a Dimension Instruments Dimension 3100
equipped with silicon tips (Nanosensors) scanning at 0.5−1.0 Hz.
Roughness averages were calculated by examining 3 different
substrates with 3 images collected per film. Layer thickness was
assessed by optical profilometry (KLA Tencor P15) after scoring the
surface with a fresh razor with 6 measurements per substrate. Cross-
section transmission electron microscopy (TEM) images were taken in
bright field mode using a Philips CM200 LaB6 microscope operating
at 200kV.

Cross-sectioned foils were prepared by loading prefabricated films
into a focused ion beam (FIB) apparatus equipped with scanning
electron microscopy (SEM) capabilities for monitoring ion beam
etching. A protective Pt cap was deposited from a standard
organometallic precursor using sequential electron and ion beam
deposition. The foil was then ion etched on both sides of the cap in
successive steps of smaller aperture sizes to smooth surface roughness.
After prelift out cuts were made, the foil was attached to the
Omniprobe using a Pt bridge before transferring onto a TEM grid.
Final thinning was then performed to ensure electron transparency.

Wettability Measurements. Contact angle measurements were
collected on a VCA Optima (AST Products) where 3 μL droplets were
applied to the surface and left equilibrating for 15 s before measuring
the advancing contact angle (θadv). The equilibration time was selected
as the time needed for a nonabsorbing, highly wetting liquid to yield a
stable contact angle (e.g., diiodomethane on UVO ITO). Afterward,
0.5 μL were retracted before waiting an additional 15 s for receding
angle measurements (θrec). A minimum of 10 droplets were measured
for each liquid−solid combination with outliers being removed, giving
at least 8 measurements for averaging.

XPS Measurements. XPS was performed on a Kratos Axis Ultra
spectrometer using a monochromatic Al Kα radiation source (1486.6
eV), where the emission current and operating voltage were fixed at 10
mA and 12 kV for all experiments. Angle resolved survey spectra were
collected in hybrid lens mode using 160 eV pass energy in the 0−1200
eV range with a 1 eV step size and dwell time of 1 s. The spot size was
fixed at approximately 300 μm x 700 μm (0.21 mm2), whereas the
photoelectron emission angle was varied from 0 to 75°. Depth
profiling experiments were performed using an Ar+ sputtering gun
operated at 500 V, rastering a 1.5 × 1.5 mm2 area with 15 and 10 s pre-
and post-etch delays. The sampling spot size was further reduced to
9.5 × 10−3 mm2 to minimize edge effects. Survey spectra were
collected as described above except the energy window and dwell time
were 0−600 eV and 0.5 s, respectively. High resolution S 2p scans
were collected using 40 eV pass energy between 156 and 176 eV with a
0.2 eV step size and a 2 s dwell time. Collected spectra were fitted
using Gaussian−Lorentzian peaks after Shirley background sub-
traction.
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■ RESULTS AND DISCUSSION
Film Fabrication. Though numerous recent reports have

explored OPV device performance optimization through
solvent selection,21,22 blend concentration ratios,8,23,24 and
annealing conditions,18,25,26 the influence of such parameters
on vertical concentration profiles within the active layer
remains unclear due to the numerous contradictory reports
found in literature.5,10−12,15,16 To investigate these variables, we
fabricated a series of P3HT:PCBM films using the typical
P3HT:PCBM/PEDOT:PSS/ITO architecture (Figure 1),
where PEDOT:PSS and P3HT:PCBM were successively spin-
cast onto the precleaned ITO substrates. In addition to the
P3HT:PCBM blends, pure P3HT and PCBM films were also
cast to serve as reference samples.
Layer Wettability. To provide a theoretical basis for

composition profiles within P3HT:PCBM films, contact angle
measurements were performed on fabricated P3HT, PCBM,
and P3HT:PCBM surfaces using a series of well-characterized,
high energy solvents. These measurements, when coupled with
an appropriate surface energy model, allow extraction of surface
energy components of the substrate, PEDOT:PSS interlayer,

and active layer constituents, which in turn predict the favored
thermodynamic structure of the multilayered films. The
measured advancing angle (θadv) and contact angle hysteresis
(Δθ ≡ θadv − θrec) data are recorded in Table 1, where the latter
is correlated with inherent surface roughness. From the data, it
is clear that measured Δθ of the UVO ITO substrates are
similar to other surfaces despite ITO’s enhanced surface
roughness (rRMS ≈ 5 nm). However, in the roughness wetting
(i.e., Wenzel) regime, microscale roughness is needed to
produce appreciable Δθ variation.27 In addition, α-bromonaph-
thalene (γL = 44.4 mJ/m2) was considered as a probe liquid but
was found to wet both PEDOT:PSS and UVO ITO, while
displaying evidence of wicking and P3HT dissolution on active
layer surfaces. Thus, its usage was deemed unreliable for
assessing surface energy.
It should be noted that the diiodomethane contact angle on

pure PCBM films continuously evolved throughout the
experiment, undergoing a decrease-increase cycle before
reaching a plateau. Thus, droplet images were collected every
5 s to evaluate contact angle evolution over time, where the
minimum contact angle was considered to be the actual angle.

Figure 1. TEM image of an annealed OPV film cross-section capped with a protective Pt layer. The image was defocused (−10 μm) to enhance the
P3HT:PCBM/PEDOT:PSS interface (red arrows). The chemical structures of the active layer (P3HT and PCBM) and interlayer (PEDOT and
PSS) blend components are also illustrated.

Table 1. Advancing Contact Angle (θadv) and Contact Angle Hysteresis (Δθ) of Test Liquids on the Different Surfaces
Examined in This Study

test liquid

diiodomethane water formamide glycerol

θadv Δθ θadv Δθ θadv Δθ θadv Δθa

Substrates
UVO ITO 26.0 ± 1.8 5.5 ± 2.5 9.5 ± 1.0 1.9 ± 0.7 6.6 ± 0.9 0.5 ± 0.4 13.6 ± 2.5
PEDOT:PSS 24.8 ± 1.5 4.1 ± 1.2 8.5 ± 2.9 1.8 ± 2.1 b b 18.7 ± 1.5

Active Layer Filmsc

P3HT:PCBM (5:3 annealed) 69.8 ± 1.4 6.3 ± 2.6 106.7 ± 1.0 4.3 ± 1.3 90.1 ± 1.3 6.7 ± 2.4 95.5 ± 1.2
P3HT:PCBMd (5:3 annealed) 68.2 ± 1.9 7.6 ± 1.6 107.6 ± 0.5 6.5 ± 1.2 90.3 ± 1.4 4.3 ± 2.7 95.5 ± 1.0
P3HT:PCBM (5:3 as cast) 68.8 ± 2.4 7.7 ± 2.0 106.3 ± 1.1 5.5 ± 0.9 89.5 ± 0.8 4.2 ± 3.2 94.7 ± 0.9
P3HT:PCBM (3:5 annealed) 68.9 ± 2.0 8.6 ± 3.4 106.8 ± 1.1 2.7 ± 1.5 89.2 ± 2.0 5.9 ± 1.8 95.0 ± 1.1
P3HT:PCBM (3:5 as cast) 65.5 ± 4.5 7.9 ± 1.7 106.3 ± 1.1 6.4 ± 1.7 91.0 ± 2.7 6.9 ± 1.5 93.8 ± 1.0
P3HT only 66.3 ± 1.6 5.4 ± 2.5 106.8 ± 0.6 3.6 ± 1.4 89.4 ± 1.2 1.7 ± 1.2 96.0 ± 0.8
PCBM only 11.3 ± 2.8 89.7 ± 3.0 7.6 ± 2.7 65.3 ± 4.9 8.3 ± 2.9 74.9 ± 1.7

aReceding angle measurements unreliable due to glycerol’s high viscosity. bAdvancing contact angle ≤ 5°. cDepicted active layer films spin cast from
CB dispersion unless otherwise noted. dActive layer spin cast from DCB dispersion.
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Several of these time-dependent droplet tracks are shown in the
Supporting Information. This selection of the minimum contact
angle contrasts a recent report on C60 surface energy, where the
initial contact angle was selected to reduce solvent wicking
effects.28 However, we assume that reaching droplet equili-
brium takes several seconds on any partially wetted surface.
Nevertheless, selecting the initial contact angle yielded only
slight variation in measured contact angle (17.6 ± 2.7°), which
led to negligible changes in extracted surface energy parameters.
Similarly, water droplets on ITO and PEDOT:PSS surfaces
were likewise allowed to equilibrate before measuring contact
angles.
Although UVO ITO and PEDOT:PSS were observed to be

hydrophilic, active layer surfaces displayed characteristic
hydrophobic behavior, with PCBM and P3HT surfaces
exhibiting water contact angles comparable to graphite (86°)
and Teflon (110°).29 The P3HT and blend surfaces were also
characterized by large contact angles with the remaining probe
liquids indicating low energy surfaces. Furthermore, the
fabricated blend films displayed contact angles similar to pure
P3HT despite changes in blend ratio, dispersing media, and
thermal annealing, indicating that the blend films are capped
with a P3HT-rich surface in agreement with other
reports.12,13,15,16,20,30 This observation was further corroborated
by tapping-mode AFM phase images (Figure 2), where blend
films retained a fibrous surface morphology similar to the pure
P3HT film. Sporadic dark spots are also featured in the blend
films (red circles), which are attributed to sparse PCBM
clusters at the exposed surface.

Surface Energy Calculation. To evaluate surface energy
components, we utilized advancing contact angle measurements
to produce 1000 data sets with a normal distribution based on
the measured standard deviation (see the Supporting
Information). Surface energy components were extracted
from each data set with a fitting routine based on the acid−
base model,31 which is given by

θ γ γ γ γ γ γ γ+ = + ++ − − +(1 cos ) 2( ),adv L
T

S
LW

L
LW

S L S L

(1)

where γT, γLW, γ+, and γ− denote the total, Lifshitz-van der
Waals (dispersive), Lewis acid and base surface energy
components, while the subscripts S and L refer to the solid
surface and probe liquid. Thus, full description of an unknown
surface requires contact angle measurements using at least three
well-characterized probe liquids, one of which must be purely
dispersive (i.e., apolar). A theoretical overview of the acid−base
model and accompanying surface energy components for the
probe liquids is provided in the Supporting Information. The
results of the data fitting are shown in Table 2, where it is noted
that data from the four probe liquids were used simultaneously
for component assessment. While numerous ITO surface
energy reports favor two parameter models such as the
harmonic32,33 and geometric mean theory,34−36 these models
are unable to account for negative mixing enthalpies, which
determine solubility of water soluble polymers such as
PEDOT:PSS.31 Consequently, the acid−base model has been
used to examine polymers,37,38 biomolecules,39 fullerenes,40,41

and inorganic thin films,42 and thus was used in this study.
Although the extracted PCBM surface energy matches well

with carbon nanotube41 and C60 reports,40 assessment of
PEDOT:PSS and P3HT surface energy components reveals
some contrast with reported values. Most notably, Wang et al.43

reported slightly higher polar components for P3HT, whereas
PEDOT:PSS featured a reduced dispersive component and
elevated Lewis base component when compared with our
current findings. However, their procedure involved contact
angles measured using the in situ Wilhelmy technique with
hexadecane, ethylene glycol, and water as probe liquids. It is
well established that measurement technique and probe liquid
selection influence tabulated surface energy parameters so some
discrepancy is expected, particularly when utilizing low energy
solvents on hydrophobic surfaces (e.g., hexadecane on P3HT).
For example, γ+ in C60 compressed pellets increased from 0 to
3.1 mJ/m2 simply by exchanging the selected apolar liquid.40 In
an effort to minimize probe liquid combination dependence,
surface energy components were extracted using contact angle
results from the four high energy liquids simultaneously. This
approach curbs the intrinsic component sensitivity associated
with select liquid combinations while addressing scatter within
the contact angle data. Further explanation may be found in the
Supporting Information. It is also worth mentioning that the
extracted PEDOT:PSS and UVO ITO surface energies were
remarkably similar, suggesting the possibility of contact angles
probing ITO spikes rather than the PEDOT:PSS surface. To
alleviate this concern, thicker PEDOT:PSS layers were cast
onto both UVO ITO and PC coated glass (42.0 ± 0.7, 3.40 ±
0.33, and 33.3 ± 3.1 mJ/m2 for dispersive, Lewis acid and base
components). However, contact angle variability between the
different PEDOT:PSS coated substrates was minimal, ensuring
accurate detection of PEDOT:PSS surface energy, which was
consistent with literature values (47−71 mJ/m2).43−45

Figure 2. Tapping mode AFM phase images of (a) P3HT, (b) PCBM,
and P3HT:PCBM blends deposited onto PEDOT:PSS coated ITO
substrates. P3HT:PCBM images feature the 5:3 ratio (c) as-cast and
(e) annealed films as well as the 3:5 blend (d) as-cast and (f) annealed
surfaces. The images are 1 μm × 1 μm.
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It is important to note that P3HT:PCBM blends had
characteristic surface energies similar to those measured for
pristine P3HT films, confirming that a P3HT-rich interface
decorates the exposed surface. Varying the P3HT:PCBM ratio,
substituting chlorinated dispersing media (e.g., DCB), and
thermal annealing did little to augment measured surface
energy, indicating that P3HT migration to the exposed surface
was completed during spin casting and is independent of blend
ratio and chlorinated dispersing media. This rapid in situ
formation of a P3HT-rich capping layer contrasts a recent
report10 but, is consistent with several other re-
ports11,12,16,20,26,30 suggesting some sensitivity to preparation
technique. Thus, blend casting readily fabricates a thermody-
namically air stable surface, indicating that other processing
factors likely influence crystallization and species diffusion in
the “bulk” film rather than phase migration at the exposed
surface, which is consistent with the AFM imaging (Figure 2).
Although Chen et al.26 detected some P3HT crystallite
reorientation during blend annealing, the authors found that
the (100) reflection (i.e., edge-on) remained the dominant
orientation after extended annealing, suggesting a limited
impact on surface energy. It should be noted, however, that the
exposed surface composition and behavior will vary when
P3HT:PCBM films are heat treated after capping with another
layer (e.g., Al cathode, encapsulation film).
Free Energy Analysis. To further explore the underlying

thermodynamics governing species aggregation, we used
surface energies to calculate the interaction free energies
between constituents associated within the fabricated OPV
structure. While Hamaker constants examine only dispersive
interactions, the polar nature of PEDOT:PSS would be
expected to dramatically influence intramolecular interactions
within the present system. Consequently, free energy analysis
must consider both polar and apolar molecular interactions
between the dispersing media, active layer constituents (P3HT
and PCBM), and the PEDOT:PSS interlayer. Using the acid−
base model as a basis, the two- and three-body molecular
interactions between the OPV constituents and dispersing
media may be described using several equations. The free
energy of adhesion between two molecular species (ΔGij) is
given by:31

γ γ γ γ γ γΔ = − − ++ − − +G 2 2( ),ij i j i j i j
LW LW

(2)

which defines the ability of a solid particulate (1) to be solvated
by a liquid molecule (3) or adhere in vacuo to a particulate of a
different species (2).31 The interaction free energy between two
identical molecules immersed in a liquid (ΔG131) is expressed
as31

γ γ γ γ γ γ

γ γ γ γ

Δ = − − + +

− −

+ − + −

+ − − +

G 2[( ) 2(

)],

131 1
LW

3
LW 2

1 1 3 3

1 3 1 3 (3)

whereas the energy between two different species (ΔG132) is
given by31

γ γ γ γ

γ γ γ γ

γ γ γ γ

γ γ γ γ

Δ = − − −

+ − −

− − −

− − −

+ + − −

+ + − −

+ + − −

G 2( )( )

2[( )( )

( )( )

( )( )].

132 1
LW

3
LW

2
LW

3
LW

1 2 1 2

1 3 1 3

2 3 2 3 (4)

Although ΔGij < 0 in all cases implies universal attraction,
ΔG131 > 0 defines favorable molecular dispersion of species (1)
in media (3), whereas ΔG131 < 0 implies aggregation of
solvated molecules into clusters. In addition, ΔG132 > 0
indicates a net repulsion between species (1) and (2) when
dispersed in media (3), while ΔG132 < 0 corresponds to
interspecies aggregation within the liquid.
Using eqs 2−4, free energy calculations were made using the

surface energy parameters in Table 2. These calculated values
are given in the Supporting Information. From these
calculations, several important conclusions can be drawn.
First, although P3HT and PCBM show strong adhesion with
chlorinated media, these constituents generally self-aggregate
into clusters when dispersed in chlorinated solvents (ΔG131 <
0). The only noted exception is P3HT, which is predicted to
disperse into chloroform as individualized polymer chains
(ΔG131 > 0). Second, these clusters are predominately
composed of pure species rather than blended aggregates,
indicating that some phase segregation is present even in the
dispersed state (ΔG132 > 0). We also note stronger affinity of
chlorinated solvents with PCBM rather than P3HT (e.g., ΔG13
= −55.5 ± 0.9 and −78.3 ± 2.1 for P3HT and PCBM solvated
by CB), indicating that the solvent desorbs from P3HT (or
P3HT “dries”) more quickly than PCBM during spin casting. It
has been reported that casting P3HT:PCBM from DCB
increases P3HT crystallinity over comparable CB dispersions,
which is attributed to slower solvent evaporation.21 This is
confirmed in our analysis, which shows stronger P3HT
adhesion to DCB when compared with CB.
The most important findings of this energy analysis have to

do with the vertical composition profiles within the active layer
blend. A schematic highlighting the projected vertical
stratification is depicted in Figure 3. Because P3HT surface
energy is substantially less than PCBM, the exposed air surface
would be almost exclusively composed of P3HT in agreement
with our contact angle results as well as previous
reports.12,13,15,16,20 However, because the liquid dispersed

Table 2. Fitted surface energy parameters for OPV device constituents assessed through simultaneous fitting of diiodomethane,
water, glycerol, and formamide contact angle data (when applicable).

surface energy parameters (mJ/m2)

γT γLW γAB γ+ γ−

UVO ITO 61.0 ± 2.7 45.6 ± 1.4 15.4 ± 1.3 1.22 ± 0.21 48.8 ± 0.6
PEDOT:PSS 63.1 ± 2.8 44.6 ± 2.8 18.5 ± 2.1 1.86 ± 0.20 46.2 ± 1.5
P3HTa 23.2 ± 0.6 23.2 ± 0.6 b b 0.31 ± 0.12
PCBM 45.1 ± 1.7 45.1 ± 1.7 b b 0.88 ± 0.69

aP3HT:PCBM blend surfaces exhibited surface energy components within standard deviation of the pure P3HT surface. bSurface energy component
found to be negligible.
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blend is expected to be void of composition gradients, P3HT
diffusion to the air surface during film casting remains localized,
thereby creating a sublayer with an elevated PCBM
concentration. This PCBM-rich sublayer is a kinetic construct
of the rapid film drying process, which limits long-range species
diffusion. As such, reduction of this PCBM-rich sublayer during
annealing is expected. In the “bulk” film, however, active layer
constituents are not influenced by either the air or buried
interface, so its composition would correspond to initial blend
concentration ratios (∼58 and 33% P3HT for 5:3 and 3:5
P3HT:PCBM blends).
At the buried PEDOT:PSS interface, solvated P3HT and

PCBM clusters preferentially begin interspecies aggregation due
to the relatively small energetic penalty for such association
(ΔG132 = 1.40 ± 0.93 for P3HT and PCBM solvated by CB),
thereby beginning formation of the BHJ network before drying.
Nevertheless, Chang et al.46 recently demonstrated that
P3HT:PCBM layers retain residual solvent after annealing,
making it essential to retain solvent effects in any
comprehensive free energy approach to quantify interfacial
composition (i.e., ΔG132). The energy barrier for solvated
PCBM deposition onto the PEDOT:PSS surface is lower than
for P3HT (ΔG132 = 7.93 ± 0.57 and 12.8 ± 0.34 for PCBM and
P3HT immersed in CB respectively), while PCBM also shows
stronger adhesion (ΔG12 = −94.9 ± 2.7 and −67.3 ± 1.2 for
PCBM and P3HT). This phenomenon is independent of
selected chlorinated solvent, indicating preferential PCBM
decoration of the PEDOT:PSS interlayer. The relatively small
energy barrier difference between solvated P3HT and PCBM
deposition onto PEDOT:PSS suggests that the interfacial
composition is not pure PCBM but instead will be a blended
P3HT:PCBM mixture, the composition of which will be
dictated by both the initial blend composition and free energy
barrier ratio, which varies slightly with solvent selection. Taking
the free energy barrier ratio into account in a simple first order
approximation, 5:3 and 3:5 P3HT:PCBM blend films cast from
CB are predicted to yield ∼ 46 and 24% P3HT near the buried
interface (see eq S8 in the Supporting Information). In
contrast, the air surface is characterized by simultaneous P3HT-
interface attraction and PCBM-interface repulsion
(ΔGP3HT,CB,Air < 0 < ΔGPCBM,CB,Air). This suggests that P3HT
will dominate surface composition, limited only by component
mobility.
Vertical Stratification. To experimentally evaluate the

theoretical calculations, vertical composition profiles in spin-
cast and annealed P3HT:PCBM films were characterized using
a combination of depth profiling XPS and ARXPS. Although
ARXPS nondestructively resolves composition variation near
the exposed surface, exploration of concentration gradients
within the “bulk” film and near the buried PEDOT:PSS

interface necessitates an in situ sputtering process. One
drawback of sputtering is that ion bombardment can modify
surface chemistry, particularly when using monatomic ion
beams such as Ar+ to examine organic materials.47 To reduce
these effects, the ion beam energy was lowered to 500V while
employing short cycling times to minimize localized artifacts
from sputter induced heating.48

A sample depth profile of an annealed 5:3 blend film is
shown in Figure 4, where several important features are noted.

First, despite the significant oxygen concentration in PCBM
(2.7 at. % based on chemical structure), negligible oxygen
content was detected within the active layer, indicating
preferential sputtering of the oxygenated moiety. Consequently,
oxygen cannot be used to reliably track PCBM composition
within the active layer. While measured oxygen content
increases upon reaching the PEDOT:PSS interlayer, the
observed concentration is still well below that predicted for a
pristine PEDOT:PSS sample (∼23 at %). This further confirms
that oxygen content is preferentially removed from organics
during low energy Ar+ sputtering, so its usefulness as a barrier
marker is also limited. However, carbon (expected in P3HT
and PCBM) and sulfur (expected in P3HT and PEDOT:PSS)
are observed at significant concentrations throughout the
multilayer film, indicating that these elements may be used to
track composition within the active layer.
Quantification of P3HT content throughout the active layer

was carried out by comparing active layer sulfur:carbon ratios to
those from a pure P3HT reference film subjected to identical
sputtering conditions. However, deconvolution of PEDOT:PSS
contributions to the overall elemental composition near the
P3HT:PCBM/PEDOT:PSS interface remains challenging
because the two blends have the same elemental constituents
(C, S, and O), while the sharp interface transition is smeared by
process variability (XPS probing depth and sputtering
nonuniformity). To address this problem, high-resolution S
2p spectra were collected throughout the depth profiling
experiments. The high resolution spectra retained contributions
from both the sulfonate and thiophene groups found in
PEDOT:PSS, though the relative peak area ratios were skewed

Figure 3. Predicted P3HT:PCBM blend vertical composition profiles
based on surface energy analysis and free energy calculations.

Figure 4. Depth profiling XPS results showing the elemental
composition of an annealed P3HT:PCBM (5:3)/PEDOT:PSS/ITO
film. Inset features a magnification of the low concentration elements
found in the active layer film.
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during sputtering when compared to a pristine PEDOT:PSS
reference film. Quantification of the S 2p sulfonate component
allowed selective removal of PEDOT:PSS contributions to both
the measured C 1s and S 2p peak areas. These modified peak
areas were then used to calculate the P3HT content of the
active layer near the PEDOT:PSS interface. Further details
regarding this procedure are found in the Supporting
Information. Several P3HT content profiles were averaged
together and are shown in Figure 5, where the film depth is
normalized to account for film thickness variation.

Several notable features are evident in the data as shown in
Figure 5. First, the air interface is composed of a highly P3HT-
enriched overlayer regardless of processing conditions and
initial P3HT:PCBM concentration, although the cast 3:5 blend
film shows lower P3HT surface content than the other blends.
In the “bulk” film, the P3HT concentration reaches a plateau,
which is strongly correlated to the initial blend concentration
and matches predicted behavior. A slightly PCBM-rich
interfacial layer, which is independent of annealing, is
encountered at the PEDOT:PSS interface, in agreement with
several works.11,14,15,20 Interestingly, the buried interfacial
composition is correlated to initial P3HT:PCBM concen-
tration, yet the functional dependence on blend ratio is reduced
due to the proximity of the PEDOT:PSS interlayer. Most
importantly, in both cast and annealed samples, the active layer
composition at the PEDOT:PSS interface matches that
predicted by taking into account the free energy barrier for
P3HT and PCBM deposition onto PEDOT:PSS. These
findings clearly validate the presented interfacial energy
framework as a simple method to predict the buried interfacial
composition of a blended material on varying substrates, which
is both difficult and time-consuming to address using traditional
experimental methodology.
Additionally, the agreement between predicted profiles and

experimentally derived profiles indicates for the first time that

the vertical stratification within these films is largely dictated by
thermodynamic considerations rather than kinetic limitations.
Also supporting this conclusion is the strong similarity between
the XPS depth profiles reported here and those profiles
reported by Vaynzof et al.15 despite their active layer being cast
onto ZnO films using significantly different processing
conditions (1:1 P3HT:PCBM, 35−48 mg/mL, 200−370 nm
film thickness, annealed at 130 °C for 15 min). Another recent
study also featured similar composition profiles to those
presented herein after significantly extending annealing time
(150 °C for 30 min vs 160 °C for 8 min in our work).26 It is
important to clarify that while the presented data and analysis
suggest that the vertical concentration profile is thermodynami-
cally stable, other structural changes may occur in the film upon
additional annealing. Localized diffusion and molecular
reorientation processes such as phase segregation, crystalliza-
tion, and crystallite reorientation would still be expected to
occur, leading to increased domain sizes and crystallite
growth.26,49 Longer range vertical concentration profiles,
however, seem to be determined primarily from surface energy
considerations (i.e., thermodynamic behavior) and are
seemingly independent of extended annealing treatment.
As depicted in Figure 5, the region between the P3HT-rich

air interface and the “bulk” region (ca. 5−20 nm normalized
depth) features strong variation in measured concentration
profiles, indicating some kinetic limitations during film casting.
For the as cast 5:3 films, a slightly PCBM-rich sublayer is
sandwiched between the P3HT-rich surface layer and the
“bulk” film, though annealing seems to partially quench this
sublayer. However, a similar PCBM-rich sublayer is not
observed in the as cast 3:5 blend, which is discussed in more
detail below. Annealing the 3:5 blend smoothes the sharp
gradient from the exposed surface to the “bulk” film and
produces a slight depression of the nominal “bulk” P3HT
concentration. Each blend profile also features a rapid decrease
in P3HT content just below the air interface, indicating that the
P3HT-enriched capping layer could be thinner than the
nominal XPS probing depth (∼10 nm).
To further characterize blend composition near the air

interface, ARXPS was performed on the various active layers
(Figure 6). ARXPS is a nondestructive analytical technique
where the sample surface is rotated relative to the detector in an
effort to tune sampling depth (d) by adjusting photoelectron
travel through the sample surface to the detector (Figure 6
inset). When the sample surface normal passes through the
detector, a maximum sampling depth (dmax = 3λ ≈ 10 nm) is
achieved, accounting for 95% of the photoelectron signal.
Sample rotation reduces sampling depth though the ex-
pression:50

λ θ=d 3 cos (5)

where λ and θ are the inelastic mean free path and
photoelectron emission angle. By collecting spectra at different
sample rotations, the surface sensitivity of XPS can be tuned,
with higher emission angles probing shallower depths. The
inelastic mean free paths of C 1s and S 2p photoelectrons (2.9
and 3.0 nm, respectively) were calculated from an empirical
relation described elsewhere,51 where blend density was
estimated to be 1.3 g cm−3 based on P3HT and PCBM
densities (1.1 and 1.5 g cm−3).7 Similar to depth profiling
experiments, P3HT content was calculated from measured
sulfur:carbon ratios compared to those observed for a pure
P3HT film at identical emission angles. The calculated P3HT

Figure 5. Calculated P3HT content within the as cast and annealed
active layers with varying initial P3HT:PCBM blend ratios. The solid
lines represent the predicted “bulk” composition for the 5:3 (purple)
and 3:5 (green) P3HT:PCBM blends based solely on initial
P3HT:PCBM concentration (58 and 33% P3HT, respectively). The
square dot lines further take into account the predicted free energy
difference for P3HT and PCBM deposition onto the PEDOT:PSS
interlayer (46 and 24% P3HT for the 5:3 and 3:5 blends).
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content (Figure 6) represents a convolution of composition
throughout the entire sampling depth (i.e., from d = 0 to d =
3λcos θ), rather than the composition at one specific depth (d
= 3λcos θ).
The ARXPS data reveal important features. The 5:3 blend

films (both as cast and annealed) show composition
independent of emission angle or probing depth, indicating
that these surfaces feature uniform P3HT content and are
thermodynamically stable. In contrast, the as cast 3:5 blend film
displays a steady decline in P3HT content with increased
probing depth, while the topmost surface layer features
composition consistent with the 5:3 films. Annealing the 3:5
films resulted in enriched P3HT composition profiles
comparable to those observed for the 5:3 blend films.
Interestingly, a pure P3HT capping layer is not detected
despite the appreciable difference in surface energies, though
this is consistent with the presence of PCBM clusters observed
by AFM phase imaging. If a pure P3HT surface layer does exist,
its thickness must be < 2 nm, and would thus be convoluted in
the ARXPS data with the blended region sublayers.
When coupled with the depth profiling data, the 3:5 blend

ARXPS data strongly suggest that P3HT migrates toward (or
conversely, PCBM migrates away from) the air interface during
annealing to yield a thermodynamically stable, P3HT-enriched
overlayer. The same behavior is seen in the 5:3 blend depth
profiles, where a pronounced PCBM-rich sublayer is detected
in the as cast film. Because the 5:3 blend features a higher
P3HT concentration, the P3HT-rich overlayer is constructed
rapidly during solvent drying, necessitating only localized
diffusion. During annealing, P3HT from the “bulk” region
mobilizes to diminish the localized PCBM-rich sublayer. In

contrast, the 3:5 blend has appreciably lower P3HT content
throughout the film and is therefore able to form only a very
thin, incomplete P3HT-rich overlayer before drying. Upon
annealing, P3HT from the “bulk” region again diffuses toward
the air interface to increase P3HT content in the overlayer, but
the limited P3HT content in the “bulk” reservoir results in
P3HT content reduction throughout the bulk of the active
layer. Thus, after annealing, vertical stratification within the
entire active layer is influenced by interfacial phenomena for the
3:5 blend ratio, while interface effects are limited to ∼30% of
the total 5:3 film thickness.

■ CONCLUSIONS

Vertical composition profiles within fabricated P3HT:PCBM
bulk heterojunction active layers were predicted using the
acid−base surface energy model coupled with contact angle
measurements using several high-energy solvents. From this
comprehensive free energy approach, the thermodynamically
favored P3HT:PCBM blend consists of a uniformly blended
“bulk” region sandwiched between a P3HT-rich air interface
and a PCBM-rich buried interface. Although the P3HT-rich
interface is independent of initial P3HT:PCBM ratio, the
“bulk” and buried interface are strongly correlated with this
parameter though the buried interface composition is skewed
by repulsive interactions with the underlying PEDOT:PSS
layer.
As experimental verification, low energy depth profiling with

XPS and ARXPS was performed. Depth profiles conclusively
showed that P3HT diffuses toward the surface during
annealing. Also noted was the emergence of a PCBM-rich
sublayer below the P3HT-rich air interface in the as cast films,
which appears to be a kinetic construct as annealing reduces its
prevalence. Overall, experimentally derived depth profiles
between as cast and annealed blend films closely matched
predicted behavior, verifying that the measured vertical
stratification is thermodynamically driven. These results further
suggest that careful control over processing conditions such as
solvent choice and substrate surface properties could be tuned
to tailor the resulting vertical phase segregation and thereby
improve device performance. Furthermore, the robustness of
the comprehensive free energy approach in predicting
interfacial composition within active layer films is validated,
allowing more detailed understanding of substrate effects on
interfacial behavior without time-consuming and complex
experimental probing. Such understanding is essential for
predicting structurally integrated device compatibility and will
likely be broadly applicable to additional systems containing
low band gap polymers, ternary blends, and small molecule
devices.

■ ASSOCIATED CONTENT

*S Supporting Information
A detailed explanation regarding theoretical background of
surface energy acid−base theory with accompanying parameters
for probe liquids, wettability measurements, surface energy
parameter extraction, and P3HT content extraction from XPS
depth profiles and ARXPS along with AFM images and
calculated free energies. This material is available free of charge
via the Internet at http://pubs.acs.org.

Figure 6. Calculated P3HT content near the exposed air surface as
derived from ARXPS measurements. Each data point represents
average P3HT content between the air surface (d = 0) and the
effective probing depth (d = 3λcos θ). The secondary x-axis features
emission angle (θ) used to derive probing depth where the conversion
nonlinearity is evident. Inset features schematic diagram depicting
ARXPS experimental setup where emitted photoelectrons (black
arrows) travel the same distance through the film (dotted lines) before
reaching the detector regardless of emission angle. The emission angle
is defined as the angle between the emitted photoelectron’s trajectory
to the detector and the surface normal (orange arrows).
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