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M
orphology of the active layer of
bulk heterojunction (BHJ) thin films,
comprising donor and acceptor

components, is one of the critical factors in
solar cell performance optimization.1,2 An
ideal morphology for BHJ thin-film solar
cells features in phase-separated nanodo-
mains ca. 10 nm in size to facilitate exciton
dissociation and charge transport;3 also re-
levant is the connectivity of these nano-
domains in the respective phases for charge
transport.1�4 In the past decade, BHJ thin-
film processing parameters, such as compo-
sition, annealing temperature/time, casting
solvent, and film thickness, have been in-
tensively studied. As a result, power conver-
sion efficiency (PCE) in excess of 4% could
be obtained with the popular BHJ blend of
regioregular poly(3-hexylthiophene) (P3HT)
and [6,6]-phenyl-C61-butyric acidmethyl ester
(PCBM).5�7 In general, optimized device per-
formance of this BHJ blend can be achieved
with films of PCBM/P3HT weight ratio c =
0.8�1.0 and ca. 100 nm in thickness after
thermal annealing at 120�160 �C for 15�
30 min; processing details determine that
theseparametersfluctuate in a certain range.7

In correlating performance and morphol-
ogy, cross-sectional transmission electron
microscopy (TEM)3 and electron tomography8

revealed mutually intercalated nanodo-
mains of the two constituted components
in the P3HT/PCBM thin-film solar cells; cor-
respondingly, grazing-incidence X-ray dif-
fraction (GIXRD) indicated highly oriented
P3HT lamellae (ca. 10�20 nm in domain
size), with chain stacking perpendicular
to the film substrate.5,9 Compared to
the relatively well-elucidated structural

characteristics of P3HT crystallites, PCBM
aggregation behavior upon annealing in
the composite film ismuch less clarified.10,11

This situation is partly due to the fact that
the commonly used tool of X-ray diffraction
revealed very limited structural information
of noncrystalline PCBM aggregates; because
of the contrast, PCBM aggregates could
be clearly identified by TEM after full cry-
stallinity development upon extensive
thermal treatment beyond optimized film
processing conditions. As a result, the pro-
posed PCBM aggregate size for optimized
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ABSTRACT Concomitant development of [6,6]-phenyl-C61-butyric acid methyl ester (PCBM)

aggregation and poly(3-hexylthiophene) (P3HT) crystallization in bulk heterojunction (BHJ) thin-film

(ca. 85 nm) solar cells has been revealed using simultaneous grazing-incidence small-/wide-angle

X-ray scattering (GISAXS/GIWAXS). With enhanced time and spatial resolutions (5 s/frame; minimum

q ≈ 0.004 Å�1), synchrotron GISAXS has captured in detail the fast growth in size of PCBM

aggregates from 7 to 18 nm within 100 s of annealing at 150 �C. Simultaneously observed is the
enhanced crystallization of P3HT into lamellae oriented mainly perpendicular but also parallel to the

substrate. An Avrami analysis of the observed structural evolution indicates that the faster PCBM

aggregation follows a diffusion-controlled growth process (confined by P3HT segmental motion),

whereas the slower development of crystalline P3HT nanograins is characterized by constant

nucleation rate (determined by the degree of supercooling and PCBM demixing). These two

competing kinetics result in local phase separation with space-filling PCBM and P3HT nanodomains

less than 20 nm in size when annealing temperature is kept below 180 �C. Accompanying the
morphological development is the synchronized increase in electron and hole mobilities of the BHJ

thin-film solar cells, revealing the sensitivity of the carrier transport of the device on the structural

features of PCBM and P3HT nanodomains. Optimized structural parameters, including the aggregate

size and mean spacing of the PCBM aggregates, are quantitatively correlated to the device

performance; a comprehensive network structure of the optimized BHJ thin film is presented.

KEYWORDS: GISAXS . GIWAXS . structural kinetics . bulk heterojunction solar cells .
charge mobility
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P3HT/PCBM thin-film solar cells scattered in a wide
range of 5�60 nm.9,12�14

Very recently, structural kinetics of polymer/fuller-
ene derivative thin films in thermal annealing has
received increasingly more attention for better under-
standing of the local phase separation and nanodo-
main formation mechanism of the related solar cells.
Using in situ GIXRD, Shin et al. showed that the P3HT
crystallization process in a P3HT/PCBM blend was
completed in 2�5 min during annealing at 140 �C.15

Using the samemethodology of in situGIXRD, Verploe-
gen et al. demonstrated that PCBM crystalline reflec-
tions slowly appeared within 20 min of annealing
above 150 �C.16 In contrast, ex situ small-angle neutron
scattering (SANS) revealed a much faster morphology
development for a similar film upon short-term ther-
mal annealing of a few seconds.13 Combining SANS,
TEM, and GIXRD observations, Chen et al.13 suggested
that the phase separation length scale was incommen-
suratewith spinodal decomposition forpolymermixtures
and hence more likely a result of competition between
P3HT crystallization and PCBM diffusion during thermal
annealing: the ratio of PCBMdiffusion coefficient to P3HT
crystallization rate conceivably determined the limited
P3HT crystal size during local phase separation that led to
bicontinuous P3HT- and PCBM-rich nanodomains in the
BHJ thin-film solar cell. Retrieving the fast PCBM aggrega-
tion kinetics before crystallization in such composite thin
films, however, would require time-resolved (in seconds)
grazing-incidence small-angle X-ray scattering (GISAXS)
or SANS for large noncrystalline PCBM aggregates, which
was not addressed in previous studies.
Basic understanding of the kinetics of PCBM aggre-

gation and P3HT crystallization and their correlations in
the morphological development of P3HT/PCBM com-
posite films upon thermal annealing would provide
hints to the optimal processing of future BHJ solar cells
with varied components of fullerene derivatives or
other conjugated polymers.13 In this study, we employ
simultaneous and time-resolved GISAXS and grazing-
incidence wide-angle X-ray scattering (GIWAXS) to
capture the kinetics of PCBM aggregation and P3HT
crystallization in the corresponding BHJ thin films
during in situ thermal annealing.15,16 With improved
time and spatial resolutions (5 s/frame; minimum
scattering wavevector q ≈ 0.004 Å�1), synchronized
GISAXS and GIWAXS have captured the concomitant
growth of the PCBM aggregates (from 7 to 18 nm in
size) and the P3HT crystallites (from 7 to 12 nm), within
100 s of annealing at 150 �C. We compare the growth
kinetics of the nanodomains of the two components
based on the Avrami exponents and rate constants
extracted from the evolutions of the corresponding
structural parameters. Parallel measurements on the
hole and electron mobilities of the corresponding BHJ
thin films under similar annealing conditions further
demonstrate synchronized developments of charge

mobility and nanodomain formation. Quantitative cor-
relations drawn between the morphology and charge
mobility are discussed in terms of the charge transport
behavior and device performance of the BHJ solar cell.
With the new approach of simultaneous/time-

resolved GISAXS/GIWAXS and the structural analysis for
kinetics parameters, we have made new findings cen-
tering on the critical aggregation behavior of PCBM in
the P3HT�PCBM blend; these include (1) the thermal
equilibrium aggregation sizes and the growth kinetics
of PCBM, (2) faster PCBM aggregation kinetics than that
for P3HT crystallization (opposite to previous specula-
tions), (3) a deduced activation energy for PCBMaggrega-
tion that addresses the phase separation mechanism of
P3HT and PCBM (for the interacted or bicontinuous P3HT
and PCBM nanodomains) in more appropriate terms of
nucleation and growth, rather than the spontaneous
spinodal decomposition (requiring no activation energy)
that has been suspected for some time, and (4) closely
and quantitatively correlated PCBM aggregation size and
electron mobility that has long been postulated. The
present results not only clarify the mechanistic origins of
morphological development in P3HT/PCBM films but
also provide insights to the performance optimization
of polymer/fullerene organic thin-film devices in general.

RESULTS AND DISCUSSION

Simultaneous GISAXS/GIWAXS. With the experimental
setup shown in Figure 1, we could measure time-
resolved GIWAXS and GISAXS patterns simultaneously
for the P3HT/PCBM composite films (c = 1.0) in situ

annealed at 150 �C (cf. movie in the Supporting
Information). The GISAXS and GIWAXS patterns, repre-
sentatively shown in Figure 2, exhibited concomitant
and substantial changes during the heating process
(ca. 40 s) from an ambient temperature to 150 �C; the
scattering patterns were quickly saturated within the
subsequent 100 s of isothermal annealing, revealing
fast morphology development of the composite film.
Specifically, the GIWAXS patterns evidenced successively
enhanced P3HT lamellar peaks up to the third order
(Figure 2a�e) in the vertical direction, corresponding

Figure 1. Schematic of the setup for synchronized GISAXS/
GIWAXS, with the beam incident angle R and the scattering
angles β and Φ in the out-of-plane (qz) and in-plane direc-
tions (qx). The GIWAXS detector plane was normal to the
incident beam; the detector was titled 45� out of the
horizontal plane to cover scattering in the qz and qx
directions.
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to edge-on P3HT lamellae with the lamellar stacking
direction perpendicular to the substrate surface. The
concomitant growth of the (100) peak in the in-plane
direction (Figure 2a�e) corresponded to the develop-
ment of face-on lamellae domains with the lamellar
stacking oriented parallel to the film surface. Mean-
while, the emerged GIWAXS halo at q≈ 1.4 Å�1 during
the annealing process revealed formation of a short-
range packing of PCBM after aggregation.9 The PCBM
aggregates also resulted in prompt and drastic in-
crease of scattering intensity in the low-q region
(0.004�0.04 Å�1) of the corresponding GISAXS pat-
terns simultaneously observed. Note that scattering in
the low-q region wasmainly dominated by large PCBM
aggregates as elucidated in our previous study.10 Dur-
ing the subsequently prolonged annealing over 1800 s,
both GISAXS and GIWAXS images changed marginally
and resembled those measured for ex situ annealed (at
150 �C for 900 s) samples. With the time resolution of
5 s, these time-resolved GIWAXS/GISAXS data revealed
rich structural information, especially the mutually
confined growth kinetics of P3HT and PCBM nanodo-
mains in the composite film as elucidated below.

Growth of PCBM Aggregates. Figure 3a presents the
GISAXS profiles of the P3HT/PCBM (c = 1.0) film selec-
tively extracted from the corresponding 2D patterns
along the qx direction (at the specular beam position
qz ≈ 0.018 Å�1),17 revealing the fast scattering devel-
opment in the low-q region 0.004�0.04 Å�1 within the
first 60 s of thermal annealing. Furthermore, the
selected GISAXS profiles (Figure 3c) for 60, 600, and
1800 s at 150 �C overlapped roughly, revealing quickly
saturated PCBM aggregation. A broad interference
shoulder atqx≈ 0.025Å�1 shapedduring the annealing,
corresponding to formation of a liquid-like or distorted
face-centered-cubic-like packing of PCBM aggregates
with a mean spacing of ca. 25 nm (detailed below with
model fitting).18 For comparison, the GISAXS profile

similarly measured for a pristine P3HT film annealed at
150 �C for 1800 s contributed only marginally in this
monitored q region, as illustrated in Figure 3c.

To obtain detailed structural evolution of the PCBM
aggregates, we used the sphere form factor P(q) with
the Schultz size distribution for GISAXS data fitting.14

An approximated structure factor S(q) taken from the
effective one-component system of hard spheres was
also included in the data fitting to account for the
scattering shoulder around qx≈ 0.025 Å�1 from loosely
packed PCBM aggregates. Illustrated in Figure 3a are
the decent data fitting results. Note that the form factor
of ellipsoids or rods could not fit the GISAXS data, as
well. Hence, we focus on the structural information,
especially the size evolution, given by the model of
polydisperse spheres. Shown in Figure 3b,d are the size
distributions (in general, 20�30%) and the size evolu-
tion during annealing, indicating that PCBM aggre-
gates grew slightly from a diameter of ca. 7 nm (as-cast
film) to 10 nm during heating toward 150 �C. In the
subsequent 60 s of isothermal annealing, the PCBM
aggregate size increased quickly from 10 to 17.5 nm,
then remained about the same in the prolonged
thermal annealing over 1800 s. In all of the GISAXS
data fitting, we had to include a scattering term
described by the Debye�Buche correlation function,19

I(qx) = (1þ qx
2ζ2)�2, to account for the relatively sharp

upturn scattering in the very low-q region 0.004�
0.007 Å�1. The fitted values for the Debye�Buche
correlation length ζ were about the same (60 ( 10 nm)
for all sets of data; hence, the structural origin of this
correlation length might be irrelevant to PCBM aggrega-
tion. Possibly, the correlation length might associate
better with the reported P3HT aggregates of nanowhis-
ker or protofibril structure already formed in solutions.20

Using a model of polydisperse rods,21 with a mean rod
length of 69 nm, a rod diameter of 11.2 nm, and 75%
polydispersity in rod length, we could fit decently the

Figure 2. Representativefive sets of theGIWAXS (top row) andGISAXS (bottom row) images simultaneouslymeasured for the
P3HT/PCBM film with c = 1.0. From left to right are the images collected (a) at room temperature, (b) during the heating
process (106 �C), and (c�e) after 0, 96, and 1842 s of annealing at 150 �C. The lamellar peaks (100), (200), and (300) of the P3HT
crystallites aremarked in (d) by thin arrows, whereas the PCBMhalo (q≈ 1.4 Å�1) is indicatedwith a thick arrow. The arrows in
the GISAXS patterns mark the successively enhanced scattering in the low-qx region.
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GISAXS profile of the pristine P3HT annealed at 150 �C
(Figure 3c). These results suggest that P3HT forms/
enhances lamellar stacking within the fibril-like aggre-
gates upon thermal annealing, as to be delineated below.

Growth Behavior of P3HT Crystallites. Respectively
shown in Figure 4a,b are the evolutions of the two
P3HT (100) peaks for the edge-on and face-on lamellae
of the P3HT/PCBM blend film (c = 1.0) during 150 �C
annealing. These profiles were extracted from the
corresponding GIWAXS patterns along the normal-to-
plane (qz) and in-plane (qx) directions. During the
heating process to 150 �C, the two (100) peaks shar-
pened concomitantly and shifted successively from
qz = 0.388 to 0.355 Å�1 owing largely to thermal
expansion of the lamellae; the peaks could shift back
closely to 0.374 Å�1 when the sample was cooled to
ambient temperature after thermal annealing, as also
observed for a pristine P3HT film in a similar annealing
process. After the thermal annealing, the enhanced
orientation of P3HT lamellae along the surface normal

direction, however, revealed straightened lamellar
stacking with a slightly larger lamellar spacing of
16.8 Å than that (16.2 Å) before annealing.15 Using
the Scherrer's equation,10 we could obtain the lamellar
domain size evolution from the corresponding (100)
peak widths. The growth behaviors shown in Figure 4c
indicate that the P3HT edge-on and face-on lamellae
developed with comparably fast kinetics and were
largely saturatedwithin the first 100 s of 150 �C thermal
annealing. The slightly larger domain size of 14.5 nm
for the face-on lamellae than that (11.5 nm) for the edge-
on lamellae is consistent with that shown in a previous
study;15 the edge-on lamellae, however, dominated the
P3HT crystallinity development in the composite film,
as revealed by their much higher (100) peak intensity
(by 8-fold) as compared to that of the face-on lamellae
(cf. Figure S1 in Supporting Information).

Formation Mechanism of the Nanograins. To better un-
derstand the growth behavior of the PCBM aggregates
and P3HT crystallites from the structural evolutions

Figure 3. (a) SelectedGISAXS profilesmeasured for the P3HT/PCBM film (c= 1.0) during the heating process to 150 �C and the
subsequent isothermal annealing within 60 s. The data are fitted (solid curves) using polydisperse spheres with the Schultz
size distributions shown in (b). (c) Approximately overlapped GISAXS data collected after 60, 600, and 1800 s of thermal
annealing. The data for 1800 s are fitted (solid curve) with the size distribution shown in (b). For comparison, the GISAXS data
for a pristine P3HT film annealed at 150 �C for 1800 s are also shown; the data are fitted (dashed curve) with polydisperse (in
rod length) rods. (d). Corresponding mean size (D) evolution of PCBM aggregates.
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revealed by the time-resolved GISAXS/GIWAXS data,
we adopted the Avrami�Erofeev expression22,23

R(t) ¼ 1 � exp[ � (kt)n] (1)

where the extent of the phase volume development R(t)
at time twas characterized by the Avrami exponent n and
rate constant k, assumingno induction time in the system.
For PCBM aggregation kinetics, R(t) was taken from the
scattering invariant Qinv =

R
I(q)q2dq in the GISAXS q

regionwhere PCBMaggregates dominated the scattering
contribution. For P3HT crystallization kinetics, R(t) was
deduced from the integrated intensity of the (100) peak
I100(t) normalized by its maximum (saturated) value.
Shown in Figure 5 are the obtained R(t) evolutions for
thePCBMaggregationand theP3HT crystallization (edge-
on and face-on lamellae, respectively) of the P3HT/PCBM
(c = 1.0) composite film (cf. Figures 3 and 4). These R(t)
profiles could be fitted reasonably well (Figure 5a) using
eq1,with the best-fittedn and k values listed in Table 1, or
presented graphically using the Sharp�Hancock form23

lnfln[1 � R(t)]�1g ¼ n ln tþ n ln k (2)

as given in Figure 5b.

As shown in Table 1, PCBM aggregation and P3HT
crystallization have similar Avrami exponents of n ≈ 1.
Nevertheless, since the Avrami exponent n is contrib-
uted by both primary nucleation and growth, forma-
tion mechanisms of the two types of nanodomains
in the composite film may not necessarily be the
same.24,25 In view of the quick growth (D � t0.3) of
the PCBM aggregates illustrated in Figure 3d, we
neglected the nucleation factor and attributed the
n ≈ 1 value largely to a three-dimensional growth
(D3� t0.9) of PCBM aggregates in the BHJ thin film.24,25

Indeed, isotropic, diffusion-controlled type of growth
fits adequately the local demixing process of PCBM
from the well-dispersed P3HT/PCBM background. For
ideal diffusion-limited aggregation of existing particles,
phase dimension grows with D � t1/2 and the corre-
sponding Avrami exponent contributed by size growth
alone is presumably n = d/2, where d is the Euclidean
dimension between 1 and 3.25 The smaller growth expo-
nent to the annealing time (D � t 0.3) of PCBM aggrega-
tion than that for the ideal diffusion-limited growth
process might be attributed to more restricted, hetero-
geneous diffusion routes out of the mixed phase.24

Figure 4. Evolutions of the P3HT (100) peak in the (a) normal-to-plane qz and (b) in-plane qx directions extracted from the
correspondingGIWAXS images for theP3HT/PCBM (c=1.0) blendfilmduring150 �Cannealing. Theprofiles are shiftedvertically in
intensity for clarity. (c) Corresponding size evolutions of the respective lamellar domains in the two perpendicular orientations.
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In contrast, the size growth of P3HT crystallites (L � t0.06)
extracted from the data measured during the 150 �C
annealing (Figure 4c) was more strongly hindered, espe-
cially for the predominating edge-on lamellae. Hence, we
attribute theAvrami exponentn≈ 1obtainedmainly as a
result of constant nucleation rate of crystalline P3HT
nanograins in the composite film.24,25

Despite the similar Avrami exponent of n≈ 1, PCBM
aggregation kinetics exhibited a significantly higher
Avrami rate constant of k = 0.036 s�1 (Table 1) than
those of P3HT crystallization for edge-on (k = 0.017 s�1

along the film normal direction) and face-on lamellae
(k= 0.016 s�1 along the film surface direction). It should
be emphasized that the kinetics detailed here for PCBM
aggregation is much faster than that reported for PCBM
crystallization.16 In the absence of PCBM, crystallization
in a pristine P3HT film annealed at 150 �C (Figure 5)
exhibited a 4-fold higher rate constant of k = 0.071 s�1

for the edge-on P3HT lamellae (Table 1) and a similar
Avrami exponent of n = 1 as that for the P3HT lamellae
in the composite film. These results suggest that the
presence of PCBMmolecules seriously hinders the nuc-
leation rate (in terms of k) of P3HT lamellae but does
not change the basic scheme of nucleation-controlled
crystallization (in terms of n ≈ 1, i.e., constant

nucleation rate) in the P3HT-rich region upon segrega-
tion. Aggregates formed by densely segregated PCBM
molecules then serve to confine the growth space and
orientation of P3HT, leading to better aligned (space-
filling) P3HT lamellae than that in the pristine P3HT
film, as revealed from the significantly sharpened (100)
peak of the composite film (cf. Figure S1). The con-
current/consequential development of P3HT crystal-
line domains upon PCBM segregation then serve in turn
to confine further development of PCBM aggregates.
The competition between the mutually interacting
growth mechanisms, rather than spinodal decomposi-
tion,13,26 of the two components leads to concomitant
saturation (cf. Figures 3d and 4c) at mutually limited
nanodomain sizes below ca. 20 nm.

We also conducted GISAXS/GIWAXS for the compo-
site films isothermally annealed at different tempera-
tures. It was found that the rate constant of PCBM
aggregation increased strongly from k = 0.014 s�1 at
120 �C to 0.036 s�1 at 150 �C, whereas the k value for
P3HT lamellae grew moderately from 0.009 s�1 at
120 �C to 0.016 s�1 at 150 �C (Supporting Information
Figure S2). From the three Avrami rate constants for
PCBM aggregation at 120, 150, and 160 �C, we could
extract an activation energy of Ea = 64.0( 12.3 kJ/mol
(15.3 ( 3.0 kcal/mol) for PCBM aggregation from the
Arrhenius plot25 in Figure 6. Interestingly, the Ea value for
PCBM aggregation is close to the barrier of∼15 kcal/mol
theoretically calculated for rotation of neighboring thio-
phene rings from coplanar to orthogonal conformations
(related to the coil-to-rod transformation)27 along the
regioregular poly(3-propylthiophene) (P3PT) back-
bone. This Ea value, however, is significantly smaller
than the activation energy 37.5 kcal/mol for P3HT
crystallization.27 These observations suggest that
chain motion of P3HT controls the diffusion and aggre-
gation of PCBM, but its own (nucleation-dominated)

Figure 5. (a) Values of R(t) for PCBM aggregation and P3HT crystallization (edge-on and face-on lamellae along qz and qx,
respectively) of the composite film with c = 1.0, at 150 �C annealing. Also shown is the R(t) for the edge-on lamellae in a
pristine P3HT film in situ annealed similarly. The data are fitted (solid curves) using eq 1. (b) Corresponding Sharp�Hancock
presentations of the data, linearly fitted (solid lines) using the Avrami exponents (slopes) and rate constants listed in Table 1.

TABLE 1. Best-Fit Values of the Avrami Exponents n and

Rate Constants k of PCBM Aggregation and P3HT

Crystallization for the Edge-On and Face-On Lamellae in

the Composite Film of PCBM/P3HT with c = 1.0 at 150 �C
(Also Shown Are the Kinetics Parameters for a Pristine

P3HT Film Similarly Annealed)

PCBM

aggregates

P3HT face-on

lamellae

P3HT edge-on

lamellae

pure P3HT edge-on

lamellae

n 0.9( 0.1 0.9( 0.1 0.9( 0.1 1.0 ( 0.1
k (s�1) 0.036( 0.015 0.017( 0.009 0.016( 0.006 0.071( 0.030
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crystallization is controlled by, most reasonably, the
supercooling from its equilibrium melting temperature)
after PCBMdemixed. Themutually confinedgrowths of
PCBM aggregates and P3HT crystallites may therefore
bemodulated by the choice of annealing temperature.
Segregation and subsequent aggregation of PCBM are
expectedly better allowed at higher temperatures,
leading to more efficiently increased (but not over-
grown) PCBM aggregate size (D) and P3HT lamellar
domain size (L), as indeed observed and summarized in
Tables 2 and 3.

We have also conducted temperature-dependent
GISAXS for a P3HT/PCBM composite film (c = 0.6) at
successively elevated temperature from 30 to 180 �C
(in 10 �C increments) with annealing time of 600 s for
each temperature. Results shown in Figure 7a indicate
gradual but identifiable increases of the PCBM aggre-
gate size (ca. 8 nm in the as-cast state) at annealing
temperatures above 100 �C (close to the glass transi-
tion temperature Tg of PCBM reported previously16) to
ca. 16 nm at 170 �C. Upon further annealing at 180 �C,
however, there is a stronger increase of the PCBM
aggregation size to ca. 20 nm, as also evidenced by

atomic force microscopic (AFM) images in Figure 7c.
This sharper increase may be attributed to the reorga-
nization (partial melting and recrystallization) of P3HT
lamellae as the melting temperature of P3HT (ca. 195
�C)16 is approached, which results in the relaxation of
confinement on PCBM aggregates. This is supported
by the emergence of the crystalline reflection at qz =
1.37 Å�1 from the broad halo of PCBM aggregates
(Supporting Information Figure S3). On the other hand,
GISAXS results for the P3HT/PCBM films with varied
PCBM concentrations of c = 0.6, 0.8, and 1.0 revealed
that the PCBM aggregate size (17.5 ( 1.0 nm) after
annealing at the same temperature of 150 �C was
independent of the PCBM concentration. We also
notice that a certain fraction of PCBM molecules
remain in the mixed phase in an optimized structure
(cf. Tables 2 and 3). All of the present GISAXS results
(as summarized in Tables 2 and 3 and Table S1 in
Supporting Information) indicate that, within the stu-
died composition and temperature ranges, PCBM ag-
gregation size is determined mainly by kinetics of
structural evolution.

Morphology�Charge Mobility Correlation. To correlate
the morphological development of the P3HT/PCBM
thin films to the corresponding solar cell performance,
we have further monitored the changes of electron
and hole mobilities for a BHJ film with c = 1.0 during
annealing at 150 �C. Shown in Figure 8a is the uprising
electron mobility, μe, observed within the first 100 s of
thermal annealing, which becomes saturated subse-
quently. This synchronizes well with the development
of R(t) for the PCBM aggregation (Figure 8a). Similarly
observed is the accompanied development of the hole
mobility, μh, that saturated slightly later than the elec-
tron mobility (Figure 8b). Correspondingly, the devel-
opment of hole mobility synchronized with the R(t)
for the development of P3HT lamellae, as illustrated in
Figure 8b. These sensitive responses indicate that
charge mobilities in the BHJ solar cell and conse-
quently the short-circuit current density Jsc depend
strongly on the developments of the P3HT and PCBM
nanodomains upon heat treatment, whereas the in-
crease of optical absorption owing to enhanced P3HT
crystallization observed previously contributes only
partly to Jsc.

14,28 Note that the values of the electron
and hole mobilities obtained might be subject to
device preparation conditions to some extent, and
we believe that the relative values, hence the growth
trends, of the charge mobilities shown in Figure 8
should be reliable.9,29 In Table 3, the bulk structural
characteristics extracted from GISAXS/GIWAXS for the
P3HT/PCBM thin-film solar cells annealed at various
temperatures are correlated to the corresponding
device performance parameters extracted, with the
corresponding current density�voltage curves shown
in Supporting Information (Figure S4); accordingly, a
cartoon in Figure 9 depicts themorphological features.

Figure 6. Arrhenius plot for the temperature-dependent
Avrami rate constant kmeasured at 120, 150, and 160 �C for
PCBM aggregation. The activation energy of PCBM aggre-
gation can be obtained from the slope (�Ea/R) of the fitted
line.

TABLE 2. Structural Parameters Extracted for the In Situ

Annealed P3HT/PCBM Thin Films (c = 1.0; PCBM Volume

Fraction φo = 41 vol %), Including the Edge-On Lamellar

Domain Size L of P3HT Crystallites and the Size D, Mean

Distance between Aggregates d, Wall-to-Wall Distance Δ
(=d � D), Polydispersity p, and Surface-to-Volume Ratio

S/V of the PCBM Aggregates, Together with the D/L Valuea

c = 1.0

(41 vol %)

L

(nm)

D

(nm)

d

(nm)

Δ

(nm)

P

(%)

φ

(%)

φm

(%)

S/V

(nm�1) D/L

as-cast 7.5 7.9 b b 33 b 0.76 1.1
120 �C 9.6 13.2 18.8 5.6 44 18 23 0.45 1.4
150 �C 11.5 17.4 24.0 6.6 25 20 21 0.34 1.5

a The PCBM volume fraction in aggregation is φ (fitted based on the hard sphere
structure factor) and that in the mixing phase φm (=φo � φ) with P3HT.
b Information could not be determined.
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Interestingly, the structure model is very much in line
with the predictions based on the temperature�
composition phase diagram of the binary P3HT�PCBM
blend previously given by Kim and Frisbie,30 in that
below 200 �C and within the concentration range of
∼30�50 wt % (or c = 0.5�1.0), PCBM is expected to
dissolve in P3HT, in the form of dispersed molecules or
noncrystalline aggregates, forming a metastable phase.

Note that the power conversion efficiency of a BHJ
thin-film solar cell is collectively determined by many
factors, although the bulk morphology of the BHJ films

featured by intercalated nanograins is shown here to
play a critical role on chargemobility, hence, Jsc. In view
of the fast kinetics and fast saturation of the bulk
morphology, the reported slight improvement of the
P3HT/PCBM solar cell efficiency upon prolonged ther-
mal annealing over several hundred seconds may
associate more with surface/interface morphological
features revealed by neutron reflectivity31,32 or the
slower interdiffusion behavior of P3HT/PCBM in the
film in-depth direction.33 Presumably, interfacial struc-
tures have slower thermal responses (kinetics) because

TABLE 3. Structural Parameters Extracted for the P3HT/PCBM (c = 0.8 or φo = 35%) Thin Films Annealed at 120, 150, and

180 �C for 900 sa

c = 0.8 (35 vol %) L (nm) D (nm) d (nm) Δ (nm) p (%) φ (%) φm (%) S/V (nm�1) D/L Jsc (mA/cm
2) Voc (V) FF (%) η (%)

as-cast 7.7 8.3 b b 31 5 30 0.72 1.1 6.2 0.34 35 0.9
120 �C 10.8 13.8 20.9 7.1 20 15 20 0.43 1.3 8.7 0.47 55 2.8
150 �C 11.8 17.6 24.7 7.1 23 19 16 0.34 1.5 9.5 0.62 59 4.4
180 �C 15.9 19.4 26.7 7.3 44 20 15 0.31 1.2 8.7 0.66 53 3.8

a The notations for the structure parameters are the same as those in Table 2. The corresponding device performance parameters are short-circuit current density Jsc, open-circuit
voltage Voc, fill factor FF, and power conversion efficiency η.

b Information could not be determined.

Figure 7. (a) GISAXS revealed growth of PCBM aggregates with the annealing temperature for a P3HT/PCBM composite film
with c = 0.6. (b,c) Phase contrast AFM images of the P3HT/PCBM films annealed, respectively, at 150 and 180 �C for 900 s. The
scale bars correspond to 200 nm.

Figure 8. Strongly correlated developments of (a) the electron mobility and R(t) of PCBM aggregation, and (b) the hole
mobility and R(t) of P3HT lamellae, of P3HT/PCBM composite films (c = 1.0) at 150 �C annealing.
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of larger substrate/surface restrictions or confine-
ments. The quantitative correlation between charge
mobility and film morphology established here may
serve as a valuable reference in improving the algo-
rithms and/or input parameters used in Monte Carlo
model simulations of charge transport behavior.4,34

Previously, in correlating hole mobility to film mor-
phology for a conjugate MEH�PPV film, we have
adopted the Gaussian disorder model (GDM) for the
description of charge transport in organic semicon-
ductors.35 In GDM, charge mobility is modeled by two
structure-related parameters, energy disorder σ and
position disorder Σ, describing respectively, the spread
of energy levels associated with charge transport and
the fluctuations of intersite distance, thus the disper-
sion of site coupling.36 Given the detailed structural
information obtained here, it would be interesting to
draw physical correlations between the disorder para-
meters σ (via a proper combination of molecular
dynamics and quantum mechanical calculations)37,38

andΣ to the structural information extracted, including
the loosely packed nanograins (ca. 18 nm) of PCBM
aggregates with a mean spacing of ca. 20�25 nm, the
orientation preference and lamellar crystalline size (ca.
12�15 nm) of P3HT, and the volume fractions of
respective phases. This, however, awaits further efforts
in the near future.

Very recently, a related study39 of the samematerial
system focusing on a fixed annealing temperature of

140 �C up to ca. 1 h came to our notice. Combining real-
time GIWAXS/ellipsometry/carrier mobility measure-
ments during annealing and results of room-tempera-
ture device performance, Agostinelli et al.39 have
demonstrated that the microstructural evolution in
P3HT/PCBM thin films involves two stages: in the first
5 min duration, crystallization of P3HT correlates with a
major increase of photocurrent, which is followed by
postulated aggregation of PCBM with increasing com-
pactness upon which device performance remained
unchanged. The present GISAXS/GIWAXS results en-
compass a broader temperature range (from 120 to
180 �C), additional details in the PCBM aggregation
process, and thorough kinetic analysis of the morpho-
logical evolution during the early stage (the first 100 s)
of annealing during which the device performance is
improved most significantly. We demonstrate that it is
the competition between crystallization of P3HT nano-
grains and aggregation of PCBM that dictates the
morphological development and hence the device
performance. The two studies are, nevertheless, com-
plementary in certain aspects.

CONCLUSIONS

With synchronizedGIWAXS andGISAXS of enhanced
spatial/time resolutions, we have captured the com-
peting kinetics of PCBM aggregation and P3HT crystal-
lization of the corresponding BHJ thin-film solar cells.
Within the first 100 s of thermal annealing at 150 �C,
PCBM aggregation size in the P3HT/PCBM composite
films grew quickly from 7 to 18 nm then saturated;
meanwhile, the majority P3HT lamellae increased from
a size of 7 to 12 nm. Both the kinetics of PCBM
aggregation and P3HT crystallization could be charac-
terized by similar Avrami exponents close to unity; the
faster PCBM aggregation, however, has a 2-fold higher
Avrami rate constant. The mutually confined growths
led to comparable nanograin sizes of PCBM and P3HT
below 20 nm, when annealing temperature was kept
below 180 �C. The developments of PCBM and P3HT
nanodomains could influence strongly and sensitively
the electron and hole mobilities of the BHJ thin-film
solar cells. The illustrated kinetics of structural evolu-
tion and its correlation to changes in chargemobility of
P3HT/PCBM composite filmsmay bear relevance to the
selection of alternative polymer/fullerene derivative
combinations and in the optimization of processing
conditions for future BHJ thin-film solar cells.

EXPERIMENTAL METHODS

Regioregular P3HT (Mw = 35 kDa; received from Rieke Metals)
was dissolved in chlorobenzene (15 mg L�1) and mixed with a
chlorobenzene solution (12 mg L�1) of PCBM (Nano-C, Inc.) for
different PCBM/P3HT weight ratios of c = 0, 0.6, 0.8, and 1.0;
the corresponding PCBM volume fractions were 0, 29, 35,

and 41%, respectively. Thin films (ca. 85 nm in thickness, char-
acterizedusingX-ray reflectivity) were spun-cast from themixtures
onto Si wafers of dimensions of 2.0 cm � 2.0 cm and dried
subsequently at ambient temperatures under N2 gas flow.
Simultaneous GISAXS/GIWAXS measurements were per-

formed at the BL23A endstation of the National Synchrotron
Radiation Research Center (NSRRC), Taiwan. Details of the

Figure 9. Cartoon for a thermally annealed P3HT/PCBM
film, according to the structure characteristics shown in
Table 3 (150 �C case). The intercalated PCBM aggregates
(large spheres) and P3HT crystallites (blocks) are immersed
in the matrix of P3HT amorphous chains (thin wires) and
dispersed PCBM molecules (small spheres).
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instrument were reported previously.40 Sample thin films were
placed horizontally on a hot stage enclosed in an airtight
chamber with thin (8 μm) Kapton windows for X-rays. To reduce
sample degradation over prolonged irradiation more than 1800
s at 150 �C annealing, the sample chamber was evacuated then
purged with N2 gas. With a heating rate of 4 �C/s, sample
temperature could reach 150 �C within 40 s. With an 8 keV
(wavelength λ= 1.550 Å) beam and an incident angle 0.2�, time-
resolved (5 s/frame), simultaneous GISAXS/GIWAXS were con-
ducted using two area detectors triggered by the same signals
for synchronized data collection. The detector system included
(i) a CMOS flat panel X-ray detector C9728DK (52.8 mm square)41

situated 7.2 cm from the sample position for GIWAXS, covering
the first three diffraction peaks of P3HT lamellar crystallites,
and (ii) a MAR165 CCD detector (165 mm in diameter), 300 cm
from the sample position, allowingGISAXS data collection in the
q region from 0.004 to 0.15 Å�1. The scattering wavevector,
defined as q = 4πλ�1 sin θ (with 2θ the scattering angle), was
calibrated using silver behenate, sodalite, and silicon powders,
respectively.40 GISAXS/GIWAXS profiles were extracted from the
respective 2D patterns along qx (with qz fixed at the specular
beam position)42 and qz in the in-plane and out-of-plane
scattering directions, respectively, as illustrated in Figure 1.
Experimental reproducibility was generally confirmed by re-
peated runs using fresh specimens.
For parallel measurements of charge mobility, hole-only

devices were fabricated by spin-coating (600 rpm, 60 s) the
same P3HT/PCBM mixture with c = 1.0 on top of the precoated
PEDOT/PSS (Clevios PVP AI4083) layer (ca. 20 nm) of ITO
substrates. Subsequently, a Au electrode (ca. 100 nm) was
deposited on the P3HT/PCBM layer under high vacuum (ca.
10�7 Torr). Similarly, electron-only devices were fabricated by
spin-coating an active layer of P3HT/PCBM (c = 1.0) on top of
glass/Al (ca. 100 nm) substrates, followedbyAg evaporation (ca.
100 nm) for the top electrode. The thickness of each deposited
layer was monitored using Veeco Dektak 150 surface profile
meter. These hole-only and electron-only devices, eight sam-
ples for each type, were annealed at 150 �C for different lengths
of time ranging from 60 to 900 s andmeasured subsequently at
ambient temperature for characteristic responses of current
density to the applied voltage. Electron or hole mobility was
deduced from themeasured current density based on the space
charge-limited current model.43,44

Data Analysis. GISAXS intensity profiles in the lower-q region
contributed by PCBM aggregates were modeled by polydis-
perse spheres using

I(q) ¼ ÆnpæÆP(q)æS(q) (3)

with the averaged form factor ÆP(q)æ and structure factor S(q).45

The number density of the scattering particles np(r) = Ænpæf(r) is
defined by the mean number density Ænpæ and the Schultz size
distribution function46

f (r) ¼ zþ 1
ra

� �zþ1

rz exp � zþ 1
ra

� �
r

" #
=Γ(zþ 1), z > � 1

(4)

with the mean radius ra, width parameter z, and polydispersity
p = (zþ1)�1/2. The form factor for spheres P(q) = [3j1(qr)/(qr)]

2 is
defined by the first-order spherical Bessel function j1(qr). For
spheres with small polydispersity, S(q) may be approximated by
the structure factor of the effective one-component system45 of
hard spheres

S(q) ¼ [1 � npC(q)
�1 (5)

with the effective diameter σ and volume fraction φ.47,48 Here,
C(q) = 4πσ3ξ�6{Roξ

3(sin ξ � ξ cos ξ) þ βoξ
2[2ξ sin ξ � (ξ2 � 2)

cos ξ� 2]þ γ[(4ξ3� 24ξ)sin ξ� (ξ4� 12ξþ 24)cos ξþ 24]} is
defined by ξ = qσ, Ro = (1 þ 2φ)2(1 � φ)�4, βo = �6φ[1 þ
(φ/2)]2(1 � φ)�4, and γ = φRo/2.
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