
Signatures of Multiphase Formation in the Active Layer of Organic
Solar Cells from Resonant Soft X‑ray Scattering
Changhe Guo,† Derek R. Kozub,† Sameer Vajjala Kesava,† Cheng Wang,‡ Alexander Hexemer,‡

and Enrique D. Gomez*,†,§

†Department of Chemical Engineering, The Pennsylvania State University, University Park, Pennsylvania 16802, United States
‡Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States
§Materials Research Institute, The Pennsylvania State University, University Park, Pennsylvania 16802, United States

*S Supporting Information

ABSTRACT: Resonant soft X-ray scattering (RSOXS) is a
complementary tool to existing reciprocal space methods, such as
grazing-incidence small-angle X-ray scattering, for studying order
formation in polymer thin films. In particular, RSOXS can exploit
differences in absorption between multiple phases by tuning the X-ray
energy to one or more resonance peaks of organic materials
containing carbon, oxygen, nitrogen, or other atoms. Here, we have
examined the structural evolution in poly(3-hexylthiophene-2,5-diyl)/
[6,6]-phenyl-C61-butyric acid methyl ester mixtures by tuning X-rays
to resonant absorption energies of carbon and oxygen. Our studies
reveal that the energy dependence of RSOXS profiles marks the
formation of multiple phases in the active layer of organic solar cells, which is consistent with elemental maps obtained through
energy-filtered transmission electron microscopy.

Solution-processed organic photovoltaics (OPVs) have the
potential to produce large-scale, low-cost, and renewable

power in the form of flexible thin films.1 Currently, OPV
devices with the highest performance are based on the bulk
heterojunction architecture,2 where spontaneous phase separa-
tion of electron donor and acceptor materials forms the
morphology necessary for high-performance organic solar
cells.3 Many reports have explored control of the nanostructure
through a variety of processing approaches, including varying
the blend ratio,4 choice of solvent,5 thermal and solvent
annealing,6 and the inclusion of additives.7 Nevertheless, our
ability to correlate these factors with OPV performance is
limited due to the lack of techniques for building a detailed
analysis of the morphology.
Many recent efforts have focused on the characterization of

phase separation in the active layer of organic solar cells.3c,8 In
the most studied devices comprised of poly(3-hexylthiophene-
2,5-diyl) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM), structure formation has been studied via
scanning probe microscopy (SPM),9 transmission electron
microscopy (TEM),8f,9b,10 and scattering techniques.8a,11

However, mass contrast is weak in TEM images, and SPM
techniques like atomic force microscopy require surface
contrast to provide topographic images yielding limited
information. We have previously utilized energy-filtered
transmission electron microscopy (EFTEM) and grazing-
incidence small-angle X-ray scattering (GISAXS) to examine
the morphological evolution in P3HT/PCBM mixtures.8e

EFTEM couples spectroscopy and microscopy to significantly

improve the contrast and map the local elemental composition
by imaging with inelastically scattered electrons. GISAXS can
quantitatively characterize the structure in thin films of organic
semiconductor mixtures. The chemical sensitivity of GISAXS is
limited, however, which limits the application of this technique
for blends with little mass contrast or in complicated
multiphase systems.
In this Letter, we demonstrate that resonant soft X-ray

scattering (RSOXS) is an important complementary tool to
existing reciprocal space methods for characterizing the
morphology in organic thin films. The use of RSOXS for
block copolymers and polymer/polymer mixtures has shown
greatly enhanced scattering intensity over conventional hard X-
ray scattering.12 Utilizing X-ray energies that match the core
electron transitions of the constituent atoms in organic
materials enables RSOXS to provide elemental selectivity and
chemical sensitivity to exploit differences in absorption between
multiple phases. Here, we report the application of RSOXS
coupled with EFTEM to characterize the phase separation in
P3HT/PCBM mixtures, which are commonly utilized as the
active layer of organic solar cells, by tuning the X-ray energy to
the absorption edges of carbon and oxygen. We demonstrate
the ability of RSOXS to characterize multiphase formation in
organic semiconductor mixtures, which is beyond the
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capabilities of GISAXS, using P3HT/PCBM films as a model
system.
In the soft X-ray spectrum (200−2000 eV) where absorption

is significant for organic materials, the amplitude of the
scattered field from each phase scales strongly with its complex
refractive index n(λ), which is composed of a dispersive
component δ(λ) and an absorptive component β(λ).13 The
scattering contrast arises from the difference in n(λ), or δ(λ)
and β(λ), between different phases as described in eq 112b
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where Δn is the difference in n(λ) between two phases and
Δn* is the complex conjugate of Δn. Because the energies of
the core levels (1s) of carbon, nitrogen, and oxygen are located
in the soft X-ray range, energy resolutions near 0.2 eV give rise
to direct sensitivity to chemical bonding of organic materials.
For example, near-edge X-ray absorption fine structure
(NEXAFS) studies of neat P3HT and PCBM films have
shown that the absorption is sensitive to small changes of the
X-ray energy near the carbon absorption edge (280−320 eV).14
The C 1s to π* transition differs by 0.6 eV (285.1 eV for P3HT
whereas two resonances at 284.5 and 285.8 eV for PCBM),
such that scattering is enhanced at these energies where the
absorption differs significantly. In addition, the presence and
absence of resonant scattering at the oxygen absorption edge
(525 eV) can be another source of scattering contrast given that
only PCBM contains oxygen atoms. Thus, the subtle
differences in the absorption between P3HT and PCBM near
the C edge and differences in elemental composition can be
used to generate scattering contrast between domains which
vary in P3HT/PCBM composition using RSOXS.
Figure 1 presents the RSOXS intensity as a function of the

in-plane scattering vector, q, performed at the carbon

absorption (284.4 eV) and oxygen absorption (525 eV)
edges for P3HT/PCBM mixtures annealed at variable temper-
atures. The intensities were normalized to compare the
scattering profiles qualitatively. The broad peak or shoulder
near 0.01−0.02 1/Å indicates the presence of a structure within
the film. We note that the shape of scattering intensities at
284.4 eV shown in Figure 1a is analogous to that observed in
previously reported GISAXS results for P3HT/PCBM mixtures
in the hard X-ray regime (10 keV), suggesting that scattering is
dominated by the structure factor of the morphology.8e,15

Unfortunately, the use of a central stop for the CCD detector
prevented the acquisition of accurate information at low

scattering vectors (below 0.008 Å−1), which is required to
develop a reliable quantitative understanding of RSOXS data
and to compare with GISAXS. Nevertheless, the RSOXS
profiles at the carbon absorption energy (284.4 eV) display a
gradual shift of peak positions toward the low q range with
increasing annealing temperatures, suggesting that the structure
of P3HT-rich domains coarsens upon annealing and the
domain spacing grows. At the oxygen absorption edge (525
eV), however, the RSOXS profiles differ significantly with
annealing temperature, indicating an energy dependence of the
shape of the scattering profiles.
The comparisons of RSOXS profiles at 284.4 and 525 eV for

films annealed at 190, 165, 140, and 100 °C are displayed in
Figure 2. After annealing at 190 or 165 °C, we find that the

scattering profiles at the carbon (284.4 eV) and oxygen (525
eV) edges match, but after annealing at 140 or 100 °C the
scattering profiles differ. The dependence of RSOXS data on
the absorption edges at different X-ray energies results from the
change in scattering contrast between domains. Thus, the
scattering profiles at carbon and oxygen absorption energies are
constant for P3HT/PCBM mixtures annealed at high temper-
atures regardless of the scattering contrast between domains,
but the profiles are distinct for samples annealed at low
temperatures.
The contrast variations observed in RSOXS studies must be

related to differences in phase separation of P3HT/PCBM films
under different processing conditions. That is, when two
distinct domains are present modulating the scattering contrast
does not change the shape of the scattering profiles (although
the scattering intensities vary significantly). In contrast, when
three or more distinct domains are present and the scattering
contrast varies with the X-ray energy, then the scattering
profiles can vary to reflect different periodicities associated with
the different phases or domains. For example, RSOXS data at
different X-ray energies reflect multiple periodicities when three
distinct domains are present in triblock copolymers.16 We will

Figure 1. RSOXS intensity vs scattering vector, q, for 1:1 by mass
P3HT/PCBM mixtures annealed at various temperatures for 30 min at
(a) the carbon absorption edge (284.4 eV) and (b) the oxygen
absorption edge (525 eV).

Figure 2. Comparison of RSOXS intensities vs scattering vector, q, at
284.4 and 525 eV for 1:1 by mass P3HT/PCBM mixtures annealed at
(a) 190 °C, (b) 165 °C, (c) 140 °C, and (d) 100 °C for 30 min.
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return to the origins of the variation in scattering contrast with
X-ray energy below, after discussion of morphological
characterization using energy-filtered TEM experiments.
Images of the active layer morphology of P3HT/PCBM

mixtures annealed at 190 and 100 °C obtained from EFTEM
are shown in Figure 3 as sulfur elemental maps. The difference

in sulfur composition of P3HT and PCBM generates high-
contrast micrographs through inelastic scattering events.
Because none of the major edges of the constituent elements
(C, S, O, H) overlap, the intensity of the image is directly
proportional to the total amount of sulfur17 and can be
translated to the concentration of P3HT within domains if the
thickness of the film is known. Thus, the light regions in the
image correspond to P3HT-rich domains, while the dark
regions correspond to PCBM-rich domains. Figures 3a and 3b
show the presence of P3HT fibers in a PCBM-rich matrix,
although the structure of the film after annealing at 100 °C is
significantly less defined than the structure after annealing at
190 °C.
For a two-component system A and B, the local domain

purity in an elemental map can be computed from eq 2 based
on the elemental density of the two components, ρi,A and ρi,B
for element i
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where ϕA(x, y) is the local volume fraction of component A
integrated over the sample thickness; ϕ̅A is the average
concentration of A in the sample; k = ρi,B/(ρi,B − ρi,A); Ii̅ is
the intensity averaged over the entire elemental map; t(x, y) is
the local relative thickness probed directly from the thickness
map (assuming the mean free path is invariant for all
components); t ̅ is the relative thickness averaged over the
entire thickness map; and Ii(x, y) is the local intensity of the
elemental map. The thickness maps must be obtained from the
same sample areas as the elemental maps. Equation 2 is only
valid when the absorption edges do not overlap and, as such, is

most useful for elemental maps generated from energy-filtered
TEM images taken at core-loss energies. Given that sulfur is
only present in P3HT (k = 0), a reduced equation can be used
to map the local P3HT composition, ϕP3HT(x,y), from sulfur
maps
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ϕ̅P3HT is the average P3HT volume fraction in the film.
Measurements of the fluorescence yield in NEXAFS experi-
ments have demonstrated that the compositions of P3HT/
PCBM films are equal to the compositions in solutions.14 We
assume that the composition of the imaged area is equal to the
composition of the entire film; thus, ϕ̅P3HT is given by the
P3HT/PCBM ratio in solution (0.58 volume fraction) prior to
spin-coating. We note that this assumption is supported by the
consistency of results obtained over many different images.8e,18

After averaging results over 10 regions in the sulfur map of films
annealed at 190 °C, we find that the volume fraction of P3HT
is 0.43 ± 0.03 for PCBM-rich domains and 0.98 ± 0.05 for
P3HT fibers perpendicular to the film surface (brightest circular
regions in Figure 3a). A domain composition of 0.99 ± 0.06
P3HT by volume is obtained for the center of horizontal fibers
by assuming one cylindrical fiber with diameter of around 20
nm in a PCBM-rich matrix. The domain concentrations were
estimated in a similar way for films annealed at 100 °C as
illustrated in Figure 3b. In this case, the images suggest that
pure PCBM domains (1 ± 0.04) exist if we assume spherical
PCBM aggregates in a P3HT/PCBM mixed matrix. Table S1 in
the Supporting Information shows that similar results are
obtained through analysis of the contrast using eq 2 in carbon
maps (images not shown) instead of sulfur maps.
Our previous work demonstrates that three distinct phases

are possible in P3HT/PCBM mixtures.8e,18 P3HT will never
fully crystallize, leaving an amorphous mixture of P3HT and
PCBM as long as PCBM itself does not crystallize as a result of
thermodynamic effects or processing. Nevertheless, amorphous
P3HT and PCBM can phase separate if the interaction energy
is high enough, leading to the formation of a nearly pure PCBM
phase and a mixed P3HT/PCBM phase due to the asymmetric
Flory−Huggins phase diagram.8e Hence, we conclude that at
lower annealing temperatures (i.e., 100 °C) the sulfur map
displays three phases including essentially pure P3HT (0.93 ±
0.05), pure PCBM (1 ± 0.04), and a mixture of amorphous
P3HT and PCBM (ϕP3HT = 0.52 ± 0.03), obtained from the
light, dark, and gray regions, respectively. We assume that the
mixed phases are amorphous because no crystallization of
PCBM or cocrystallization of P3HT and PCBM has been
observed in our samples or in X-ray diffraction experiments for
the processing conditions studied here.11b,19 In particular, the
bottom substrate can have a strong effect on the crystallization
of PCBM,20 and our samples are annealed as free-standing films
(TEM) or on Si3N4 (RSOXS). As the annealing temperature
increases to 190 °C, the increased miscibility of PCBM in
P3HT19b,21 could drive the mixture to form a two-phase system
composed of essentially pure P3HT fibers (0.99 ± 0.06) and a
PCBM-rich matrix phase (ϕP3HT = 0.43 ± 0.03).
The combination of the energy dependence of the RSOXS

profiles (Figure 2) and the elemental maps from EFTEM
(Figure 3) suggests that more than two phases exist at 100 and
140 °C, and only two phases exist at 165 and 190 °C. Length
scales extracted from Fourier transforms of micrographs

Figure 3. Sulfur elemental maps generated through EFTEM with
schematic illustrations for 1:1 by mass P3HT/PCBM mixtures
annealed at (a) 190 °C and (b) 100 °C for 30 min. The image
intensity is proportional to the sulfur concentration. Therefore, the
light regions correspond to P3HT-rich regions. The domain purity can
be computed from the image intensities. The scale bar is 100 nm.
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(Figure S1 of the Supporting Information) are in reasonable
quantitative agreement with scattering results, although a full
quantitative comparison which includes domain compositions
requires further analysis and absolute scattering intensities.
Furthermore, because 2D images are projections of 3D
structures, interpretation of TEM micrographs can be
convoluted when the density of features is high.22 As a
consequence, our analysis of domain compositions for images
obtained after annealing at 100 °C, such as in Figure 3b, is
speculative because we cannot rule out overlapping domains.
RSOXS remains the most reliable method to characterize
multiphase formation in thin-film mixtures of organic materials,
and we note that our elemental maps are consistent with the
RSOXS results.
We propose a hypothesis to explain how the scattering

contrast is altered by the energy change based on the discovery
of multiphase formation in P3HT/PCBM mixtures. Given the
composition dependence of optical constants at soft X-ray
energies, the mixed phase can be characterized with an average
index of refraction weighted by its volume fraction. Thus,
RSOXS can exploit differences in absorption between phases of
distinct domain purities. For the two-phase system (190 °C) in
Figure 3a, contrast is between pure P3HT and mixtures of
amorphous P3HT and PCBM, which is independent of the
absorption energy as evident in Figure 2a. Thus, the primary
scattering peaks of RSOXS profiles probe information about
the average domain spacing of P3HT regions.15 For the three-
phase system (100 °C), scattering data are composed of a
superposition of scattering originating from periodicities
corresponding to P3HT and PCBM-rich domains that can
correspond to different length scales. Because the mixed phase
(ϕP3HT = 0.52 ± 0.03) has a volume-averaged refractive index
of the two components, contrast with either of the pure phases
is similar, making extracting information about each individual
phase challenging. At the oxygen absorption energy (525 eV,
Figure 2d), for example, a weak feature around q = 0.015 Å−1

(40 nm) is barely identifiable. This length scale could
correspond to the average domain spacing of P3HT-rich
phases, which would be consistent with the structures observed
with EFTEM imaging (see FFT analysis of elemental maps in
Figure S1, Supporting Information) and previously reported
GISAXS characterization.8e The upturn in intensities at low-q
of the scattering data can be attributed to larger-scale structures
and potentially macrophase separation. At the carbon
absorption edge (284.4 eV), scattering corresponding to the
shorter length scale (∼40 nm) dominates. Thus, we speculate
that contrast at 284.4 eV is mainly between pure P3HT against
the integration of the other two phases (pure PCBM and
mixtures of amorphous P3HT and PCBM).
We postulate that the strong enhancement of scattering from

P3HT domains is due to the contrast in molecular orientation
of crystalline P3HT fibers and amorphous P3HT in mixed
phases. Recent work by Collins et al. has demonstrated that the
orientational dependence of the index of refraction at the C 1s
to π* transitions can lead to scattering profiles which are
dominated by the difference in orientation between domains.23

The X-ray absorption at the π* transition when the π orbitals
are aligned with the X-ray polarization is three times the
absorption of isotropically oriented π orbitals. In P3HT/PCBM
mixtures, scattering from the crystalline domains (pure P3HT
phases) would be enhanced at energies corresponding to the π*
transitions. As a result, the scattering contrast would differ at
284.4 eV from 525 eV, since no orientational dependence is

expected at the oxygen edge. Hence, tuning the X-ray energy
can modulate the contrast and provide evidence for the
formation of multiple phases. In addition, RSOXS experiments
with polarized X-rays may also elucidate orientational
correlations, although a detailed analysis of the scattering
contrast is impeded by the lack of a quantitative model
describing the relationship between X-ray energy, X-ray
polarization, and scattering contrast.
In summary, we have demonstrated the ability of RSOXS to

characterize the multiphase formation in the active layer of
organic solar cells. The strong resonant absorption of organic
materials in the soft X-ray regime enables RSOXS to obtain
high scattering contrast with chemical sensitivity and elemental
selectivity. The energy dependence of the scattering profiles
measured from P3HT/PCBM mixtures as a model system is
consistent with the sulfur maps obtained through EFTEM.
That is, the energy tuning afforded by RSOXS is able to
modulate the scattering contrast generated between multiple
phases, thus accessing structure information about different
domains in P3HT/PCBM mixtures. Further, RSOXS character-
ization of the morphology in organic photovoltaics is
potentially extendable to other combinations of organic
materials or even much more complicated multiphase (>2)
systems. For instance, multicomponent mixtures are difficult to
fully investigate using hard X-ray techniques alone, while
RSOXS may be a powerful tool to exploit contrast between
each of the multiple components by tuning the X-ray energy to
one or more resonance peaks corresponding to the chemistry of
constituent organic materials.
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