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’ INTRODUCTION

Since the past decade, low-cost solution-processable organic
photovoltaics (OPVs), based on bulk heterojunction (BHJ)
architectures have experienced a continuous evolution.1 Despite
being outperformed by other material systems,2 the donor-
acceptor blend of regioregular poly(3-hexylthiophene) (rr-
P3HT) and phenyl-C61-butyric acid methyl ester (PCBM),
remains fundamental as an OPV benchmark.

Kayunkid et al.3 recently reported that P3HT crystallizes with
a monoclinic (a = 16 to 17 Å (depending on the processing
conditions), b = 7.8 Å, c = 7.8 Å, γ = 86.5�) unit cell, with space
group P21/c and with two chains per cell. P3HT self-organizes
into lamellar structures.4 A lamella is made of stacked backbones
in the direction of the alkyl side chains (a direction, Figure 1a-c).
In turn adjacent lamellae are stacked (stacking distance = b/2)
perpendicular to the parallel/cofacial conjugated backbones
(b direction, Figure 1a-c). In a schematic view, the π-stacking
direction is always orthogonal to the alkyl-stacking direction and
can be parallel to the sample substrate, with the alkyl-stacking
direction perpendicular (edge-on, Figure 1a) to the sample
substrate or with the alkyl-stacking direction parallel to the
sample substrate (face-on, b). The arrangement with the back-
bone perpendicular to the substrate, with both theπ-stacking and
alkyl-stacking directions parallel to the substrate, is far less likely,
being reported only in nanoimprinted samples4e,f (Figure 1c).

Processing conditions,5 solvent,6 molecular weight,4b,5a,6b

and substrate treatment7 can affect the lamellar orientation and
domain size. P3HT nanoscale mobility is highly anisotropic: hole
(hþ) charge mobility is greatest in the backbone direction, lower
in the π-stacking direction (conduction by hopping) and negli-
gible in the alkyl direction.8 The vertical structure, with the
P3HT chain backbones perpendicular to the sample substrate,
would be desirable in OPVs9 because this would ensure high
charge mobility pathways for the photogenerated charges to
travel along their respective electrodes. Furthermore, conduction
can occur via mesoscale hopping through polymer chains
bridges1c between crystalline domains,1b forming percolation
pathways along the vertical structure. In reality, P3HT films
show a complex phasic structure, where crystalline domains are
surrounded by a significant amount of amorphous P3HT.5a,7,10

Moreover different backbones coexist in the all-trans and gauche
forms.11

PCBM, in the model proposed by Rispens et al.,12 crystallizes
from chlorobenzene with a triclinic (a = 13.83 Å, b = 15.29 Å, c =
19.25 Å,R = 80.26�, β = 78.56�, γ = 80.41�) unit cell (Figure 1d),
and does not preferentially orientate with respect to the sample
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ABSTRACT: A real-time crystallographic analysis of P3HT/
PCBM films during thermal annealing is reported, detailing the
temporal variation of crystallization, disorder, and orientational
spread during the annealing. Five P3HT/PCBM chlorobenzene
solutions with different P3HT concentrations (0, 33, 50, 67, 100
wt %) were spin coated on SiO2 substrates. The thick films
(∼100 nm) were studied during annealing (50 min at 140 �C),
with in situ synchrotron grazing incidence X-ray diffraction (GI-
XRD) and a sampling time <8 s. For the first time, the evolution
of the crystal structure is analyzed taking into account P3HT
paracrystallinity. The following were observed: a predominance of edge-on P3HT lamellae in the as-spun and annealed films;
changes in concentration-dependent edge-on lamellar orientation spread along the alkyl-stacking direction and paracrystalline
disorder after annealing; a permanent lamellar stretching just along the alky-stacking direction after annealing; an increase in the
P3HT domain size along only the alkyl-stacking direction for the edge-on lamellae, with dynamics consistent with PCBM acting as a
plasticizer for P3HT; and finally, an increase in the PCBM concentration at the sample-air interface. We show that the
paracrystalline correction is important to calculate correctly the domain size as deduced from GI-XRD.
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substrate under usual processing conditions.6a,13 As-spun PCBM
films are usually made of small nanocrystallite aggregates, and
annealing leads to the formation of large crystals.9

The as-spun blend of P3HT and PCBM has been described as
a ternary system made of amorphous P3HT, crystalline P3HT,
and PCBM aggregates.14 A balance between P3HT-PCBM
crystallinity (domain sizes maximized but not bigger than the
exciton diffusion length1b,9) and phase separation (to maximize
the interfacial area where excitons can be dissociated9) must be
achieved to guarantee high power conversion efficiency (PCE).

Thermal annealing leads to a dramatic increase in the PCE
with respect to as-spun devices.15 Significant rearrangements in
P3HT and PCBM crystalline domains occur during thermal
annealing.16 Grazing incidence X-ray diffraction (GI-XRD) has
proved to be a powerful tool for investigating the nanomorphol-
ogy of P3HT/PCBM BHJs with ex situ and in situ anneal-
ing.4e,6a,7,9,13,14b,17 P3HT crystalline domain growth9,14b and
PCBM interdiffusion14b,18 within the amorphous P3HT are
among the most relevant observed effects in literature.

In this work, the crystallographic changes inP3HT/PCBM
blends, with different concentrations of P3HT, have been tracked
during in situ thermal annealing by capturing synchrotron GI-
XRD images over a period of 50 min, with a sampling time of
∼7 s. The hot plate conditions, when annealing real OPVs, were
reproduced with a temperature controller, simulating the tem-
perature step experienced by the sample as the annealing
commences. This study is complementary to that of Verploegen
et al.,9 who detailed structural changes on gradual heating of
P3HT/PCBM blend films on silicon substrates. In contrast, we
aim to follow the real-time kinetics during the first fewminutes of
the annealing, during which most of the efficiency gain in solar
cells take place.17k In particular, we show that paracrystalline
disorder occurs in P3HT/PCBM blends: we quantify the dis-
order and show that the spread of interplanar spacings narrows
substantially during the first few minutes of the annealing,
accompanied by a concomitant increase in angular

misorientation of the P3HT lamellae. We also present a quanti-
tative analysis of the effect of PCBM concentration on the
crystallization rate of P3HT and show that PCBM has a
plasticizing effect on crystallization of P3HT. Finally, using the
incident angle dependence of the scattering, we show that the
sample-air interface becomes rich in PCBM aggregates during
the annealing.

’EXPERIMENTAL SECTION

Sample Preparation.Thick (1mm) SiO2 wafers were cleaved into
1 � 1 cm2 substrates, sonicated in acetone and isopropanol for 15 min
each, rinsed with deionized water, and dried in a stream of nitrogen gas.
Regioregular P3HT was purchased from Merck Chemicals (molecular
weight 34.1 kg/mol, regioregularity 94.7%, polydispersity index 1.74),
and PCBM was purchased from Solenne BV. Five P3HT/PCBM
solutions (0, 33, 50, 67, 100 wt % P3HT) were prepared in a glovebox
using chlorobenzene (30 mg/mL), stirred overnight, and spin-coated
onto the SiO2 substrates under ambient conditions. The average sample
thickness was ∼100 nm and the spin speed ∼1600 rpm. GI-XRD
measurements were perfomed at the I07 beamline (radiation energy 10
keV; direct beam aspect ratio∼1.732; monochromatic radiation resolu-
tion <1 � 10-4 KeV) (Diamond Light Source, U.K.). A home-built
chamber was mounted onto a hexapod sample stage on the diffract-
ometer. A goniometer, with a copper hot plate fixed to its top, was
fastened at the center of the chamber. The sample wasmounted onto the
compact copper hot plate via a thermally conductive epoxy. Air
scattering and background noise were reduced by filling the chamber
with helium and remotely adjusting slits and a beamstop inside the
chamber. Details of the chamber and the diffractometer can be found in
the Supporting Information.
Grazing Incidence X-ray Diffraction. Figure 2 shows the grazing

incidence wide-angle x-ray scattering (GI-WAXS) geometry used in this
work.19 The z-direction and the xy plane are perpendicular and parallel to
the sample substrate, respectively. X-rays are incident on the sample with a
wave vector ki at a small angle Ri (out-of-plane (OOP) incident angle).
The reflected beam, with wavevector kr, and the refracted/transmitted

Figure 1. Illustration showing P3HT3 and PCBM12 crystal packing.
The unit cells are enclosed by the boxes and are described by the lattice
vectors a, b, and c. The P3HT alkyl- and π-stacking direction are along
the a and b vectors, respectively. SiO2 substrate coordinates are indicated
with x, y, and z. Depending on the processing conditions, P3HT mainly
self-organizes into (a) edge-on, (b) face-on, and (c) vertical lamellae
(less likely).

Figure 2. Illustration of the GI-WAXS diffraction geometry. The
sample substrate reference system is xyz, whereas the diffractometer
reference system is x0yz0.
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beam, with wavevector k0, obey the Fresnel equations. The refracted beam
travels at an angle of Ri

0 relative to the surface before being diffracted
through the Bragg scattering angle 2θB.

19a The diffracted beam emerges
from the surface with a wavevector kf at an angle 2θ from the incident
beam. Whereas refraction effects are usually negligible for the diffracted
beam, care needs to be taken to correct for refraction of the incident beam
for Ri ≈ Rc. The detector position is described with the horizontal and
vertical angular coordinates 2θh and 2θv, respectively. The in-plane (IP)
exit angle is 2θf and the out-of-plane exit angle is Rf.

A Pilatus 2 M (Dectris, Switzerland) area detector was used to collect
images sequentially (5 s count time,∼2.4 s readout time) during in situ
annealing. After an initial Ri scan and 20 images at 30 �C, the sample
temperature was increased to 140 �C, within 30 s, using automatic
temperature controller PID settings. The overshoot was 2.4 �C, and the
temperature stabilized (to(0.05 �C) at 140 �C after 20 s. After 39 min
and 40 s, when 340 images had been collected, another Ri scan lasting 9
min and 45 s, was executed. In total, each sample was annealed for ∼50
min. After annealing, the temperature controller was switched off, and
the sample was cooled. The sample took 3 min and 45 s to drop below
34 �C, and, at this point, a further Ri scan was executed.

A detailed description of a computer program (GI-XRD-GUI),
written for the analysis of the GI-XRD diffraction images, and the
following derivations is reported in the Supporting Information. Detec-
tor pixel positions were related to diffraction angles by simple calibration
procedures in which the direct beam position is monitored while
scanning diffractometer angles. The scattering vector q can be related
to the diffraction angles by the following relation

q¼def kf - ki ¼ k

cos Rf cos 2θf

cos Rf sin 2θf

sin Rf

2
6664

3
7775- k

cos Ri

0

-sin Ri

2
6664

3
7775

¼ k

cos Rf cos 2θf - cos Ri

cos Ri sin 2θf
sin Ri þ sin Rf

2
664

3
775 ð1Þ

The resolution calculated in the range |q|≈ 0 Å-1 and |q|≈ 1.87 Å-1

was (4.6( 0.4)� 10-3 Å-1. The scattering vector can be decomposed
as q^þ q ), where q^ is the out-of-plane (OOP) component and q ) is the
IP component. Line profiles were extracted in pixels and then converted

to q values using eq 1. IP line profiles |q )| (image azimuthal angle χ = 5�,
integration aperture Δχ = 10�) and OOP line profiles |q^| (χ = 90�,
Δχ = 10�), were extracted for all scans. (See the illustration in Figure 4a,b).
To compare IP with OOP line profiles, q = |q| is used as the abscissa.
Tangential line profiles Iχ (χ), with χ ranging from 0 to 90�, were extracted
around Debye-Scherrer rings of interest (Figure 4c, inset). Integrated
tangential line profiles were calculated as Iint,χ(ζ) = (

R
ζ
90�Iχ(ζ)

dζ)/(
R
0�
90�Iχ(ζ) dIχ(ζ)), with Iint,χ(ζ) ∈ [0�, 90�], and rewritten as a

function of χ as Iint,χ(χ).
A procedure for a batch adaptive background subtraction (via summa-

tion of several Gaussians) and peak detection was implemented in the
GI-XRD-GUI program. Single peaks in the IP andOOP line profiles were
fitted with an adaptive Pearson VII fitting procedure, involving an
automatic step-by-step fitting, starting from the first peak up to the last
one. Three significant parameters were extracted from each peak: full
width half-maximum (FWHM), peak center, and peak integral.

’RESULTS AND DISCUSSION

In the following sections, the qualitative evolution of diffrac-
tion patterns and the P3HT lamellar orientation for different
P3HT concentrations is discussed. Refraction-corrected values
for P3HT lattice constants along the alkyl-stacking direction are
extracted and discussed. Peak widths (FWHM) are analyzed to
separate the contribution from domain size and from disorder.
Finally, a depth-resolved study on the concentration of PCBM is
addressed.
Qualitative Evolution and P3HT Lamellar Orientation.

Figure 3 shows the diffraction pattern images before and after
annealing. Figure 4 shows the OOP line profiles and the IP line
profiles. Five videos showing the evolution of peaks during in situ
annealing of P3HT/PCBM films of different compositions can
be found in the Supporting Information.
P3HT peaks have been indexed according to themodel proposed

by Kayunkid et al.3 The combination of strong OOP (h00)-P3HT
peaks and strong IP-(020)-P3HT peaks provides information about
domain sizes, peak positions, and peak intensities along the direct
lattice vectors a and b, respectively, for the edge-on lamellae. In
contrast, the combination of strong IP-(h00)-P3HT peaks and
strong OOP-(020)-P3HT peaks provides the same information
along direct lattice vectors a and b directions, respectively, for the

Figure 3. Diffraction patterns from blends of P3HT/PCBM before (30 �C) and after annealing (<34 �C) for samples with different concentrations of
P3HT. Images contrast has been altered using adaptive local histogram normalization for illustration purposes only.
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face-on lamellae. Integrated tangential line profiles Iint,χ, (χ) represent
the probability of finding lamellae with —(a, xy) (angle between
direct vector a and substrate plane xy) between χ and 90� as a
function ofχ. (Following a strict definition, —(a, xy) equal to 90 and
0� corresponds to the edge-on and face-on orientation, respectively.
However, in the present discussion, we define in a wider sense: edge-
on, the lamellae with —(a, xy) between 45 and 90�; face-on, the
lamellaewith —(a, xy) between0 and 45�). It should be noticed that
the OOP and IP P3HT sharp peaks arise from the crystalline P3HT.
Weak reflections from the amorphous material can be observed in
the IP line profiles as a broad peak around the IP-(100), onto which
sharp crystalline P3HT peaks are superimposed.
For P3HT/PCBM blends, the only PCBM peak is a broad

isotropic ring located at q = 1.35 Å-1. For all concentrations
containing P3HT, the OOP (h00)-P3HT peaks are clearly
visible, with intensities increasing according to the increasing
amount of P3HT. (h00)-P3HT higher order reflections are
absent in the IP line profiles. As shown in the inset in
Figure 4c, the OOP-(200) peak appears as an almost isotropic
spot in the as-spun 33 wt % P3HT, becomes larger in the as-spun
50 wt % P3HT, and is tangentially broadened for the as-spun 67
wt % and pure P3HT. (A similar trend can be observed for the
other two peaks (100) and (300), but for the (200) this is more
evident in the images shown.) This shape change can be
quantified with the (100) integrated tangential line profiles
(Figure 4c). Note here that “x wt % P3HT” is used for the sake
of brevity in place of “sample spin-coated from the solution
containing x wt % of P3HT and 100 - x wt % of PCBM”.
Sharp crystalline PCBM peaks cannot be observed in the as-

spun blends, in agreement with other works.4e,6a,13,14b,17c,17i

While annealing the 33 wt % P3HT, the OOP-(200) spot
broadens tangentially, indicating a reduction in χ = —(a, xy)
due to tilting of the a axis, and narrows radially because of
increasing domain size. Kim et al.20 reported a study on the
orientation of P3HT lamellae from P3HT/PCBM films ex situ
GI-XRD and observed an analogous —(a, xy) spread after the

annealing. Annealing levels out the differences in —(a, xy)
between the samples with different concentrations, ending up
with a situation in which most of the lamellae are edge-on
oriented (Iint,χ, (60�) ≈ 90%), with an average angular spread
between 60 and 90� for all samples. This corresponds to an
angular spread of 5-65� between the normal of the π plane and
the z axis, normal to the sample substrate (The angle between the
a axis and the π plane is ∼25� (indicated as θ1 in Kayunkid
et al.)).3 This is probably beneficial for the vertical conduction
(π hopping) within P3HT crystalline domains, as confirmed by
previous reports, which show an increase in the conductivity of
photoconductive AFM measurements21 after annealing.
The (020)-P3HT ring is absent for the 33 and 50 wt % P3HT

and appears only in the 67 wt % and pure P3HT. The (020)-
P3HT ring is relatively highly oriented, andmost of its intensity is
concentrated in the IP direction (χ ≈ 0�). For this reason, the
(020) peak appears in the OOP line profiles only as a weak
shoulder (much weaker than the IP peak) as the P3HT con-
centration increases. The combination of a strong IP (100)-
P3HT and weak OOP (020)-P3HT indicates that the remaining
minority (<10%) of lamellae are face-on oriented.
Two other highly oriented peaks are visible in the as-spun pure

P3HT. The first peak is at q = 1.33 Å-1, whereas the second is at
q = 1.93 Å-1, andmost of their intensity is concentrated at χ≈ 10
and 30�, respectively. These peaks have been identified as the
(111) and (211) reflections, respectively. The presence of
PCBM interferes with the formation of these two peaks. The
same peaks have been observed in diffraction patterns on P3HT
nanowires, although sharper and more intense. (See Figure S10
in the Supporting Information and ref 22.)
During the annealing, pure PCBM exhibits an evolution in the

diffraction pattern that strongly differs from the blends (Figures 3
and 4). Three isotropic rings are observed in as-spun PCBM. The
first, at q = 0.71 Å-1, becomes gradually sharper during annealing.
The second, at q = 1.35 Å-1, is the one observed in the blend. A
sharp peak (q = 1.30 Å-1) close to the second ring continuously

Figure 4. (a) Out-of-plane (OOP) and (b) in-plane (IP) line profiles before annealing (bottom blue line, as indicated for the OOP 33 wt % P3HT), in
the early annealing stages (second line from the bottom), in the final annealing stages (third line), and after annealing (top red line) for P3HT/PCBM
samples with different P3HT concentrations. This Figure has been built by stacking the logarithm of each line profiles and plotting the result as a linear
plot in arbitrary units. (c) Integrated tangential line profiles and diffraction pattern details around the OOP-(200)-P3HT region, before and after
annealing (c, insets). The three images on top of each graph show the convention used for the azimuthal angle and the integration slices used to extract
OOP, IP, and tangential line profiles.
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grows in intensity throughout the annealing process. Other sharp
rings appear at q = 1.15, 1.18, and 1.39 Å-1. Finally, annealing
provokes the growth of several sharp peaks evolving from a third
broad peak at q= 2.00Å-1. The peaks in the as-spun and annealed
line profiles are due to the superposition of a large number of
reflections from several Miller planes and could not be unequi-
vocally indexed. Highly oriented PCBMcrystallites, as reported in
Verploegen et el.,9 have not been observed, most likely because of
differences in sample preparation. (Main differences: solvent,
substrate treatment, spin speed and sample thickness. Solvent: we
used chlorobenzene (boiling point (bp) 131.7 �C, polarity index
(P0) 2.7); they used chloroform (bp 61.2 �C, P0 = 4.8). Substrate
treatment: they used oxygen plasma etch. Spin speed: we used
∼1600 rpm (60 s), they used 400 rpm (10 s) and 1000 (60 s).
Sample thickness: we had∼100 nm; they had∼20 nm. Substrate
treatment: they used oxygen plasma etch.)
Unit Cell Dynamics During Annealing. OOP d spacings

measured at low q values can be affected by refraction effects,
particularly when the incident angle Ri is close to its critical value
Rc.

19a,23 The Ri scans can be used to improve the accuracy of the
OOP-(100)-P3HT d spacing (OOP-d100 = 2π/q), which corre-
sponds to the P3HT lattice constant in the a direction, measured
during the annealing scans. The OOP-d100 versus Ri shows a
nonconstant profile with a minimum at Ri = Rc because of
refraction effects (examples of curves shown in Supporting
Information, Figure S11). An expression for the correction term
2Δθ required to account for refraction of the transmitted beam,
prior to diffraction can be derived. Theoretical details are
reported in the Supporting Information. Describing the sample
as a uniform dielectric with a complex refractive index n = 1 -
δ - jβ,19a we can write the measured OOP exit angle as19a,23

Rf ¼ 2Δθþ RfB

¼ Ri þ RfB -
1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðRi
2 -Rc

2Þ2 þ 4β2
q

þ ðRi
2 -Rc

2Þ
r

ð2Þ

where ac = (2δ)1/2 and RfB is the correct OOP exit angle, as
indicated in Figure 2. To extract RfB, values of Rf, obtained by
scanning Ri through the critical angle, can be fitted using eq 2
with RfB, Rc, and β as fitted parameters. All fitting curves are
almost overlapped. The average extracted critical angle is Rc ≈
0.12�, from which δ = (3.10 ( 0.03) � 10-6 is estimated,
whereas the imaginary part of the refractive index is β = (2.0 (
0.5)� 10-9. The maximum error committed on the Bragg angle
is 2Δθ≈ 0.12� at Ri = Rc. The resulting correction term, shown
in Figure 5, can be used to apply a small correction to the OOP-
d100 (The in-plane exit angle 2θf is zero in the OOP line profiles)

d100 ¼ 2π

jq^j0
¼

ffiffiffiffiffiffi
2π

p

k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1- cosðRi þ RfB

p Þ ð3Þ

This refraction correction is insignificant for the (020)-P3HT
and PCBM d spacing and for the FWHM values.
Figure 5b shows the OOP-d100 before and after the refraction

correction. OOP-d100 is subject to thermal expansion; that is, the
(100)-P3HT peak shifts to lower q values during annealing.
During annealing a continuous reduction in the OOP-d100 is
observed (Figure S13, Supporting Information). After cooling,
after the end of the annealing, the d100 assumes higher values than
the as-spun d100, the difference being more pronounced with
increasing amounts of PCBM. This irreversible lattice expansion
has been observed in other studies on pure P3HT7,9,24 and
P3HT/PCBM blends9 and seems to be independent of the
annealing strategy and duration. The apparent thermal expansion
coefficients7 deduced from the heating ramp ranges from RT ≈
7.25 � 10-4 K-1 (33 wt % P3HT) to RT ≈ 5.23 � 10-4 K-1

(100 wt % P3HT), whereas the corresponding coefficients
deduced from the cooling ramp at the end of the annealing are
less dependent on composition, with an average value of RT ≈
(3.6( 0.3)� 10-4 K-1. It should be noticed that the evolution
of OOP-d100 and corresponding expansion coefficient on heating
are also influenced by the crystallization process. The thermal
expansion coefficient variation is summarized in Table 1.
Verploegen et al.,9 in line with our results, observed increasing
P3HT expansion coefficients along the a direction in the heating
ramp with increasing P3HT concentrations.
Figure S13 (Supporting Information) shows the average IP-

d020 corresponding to half of the lattice constant in the b
direction. A comparison between the values extracted for all
blends did not reveal any significant differences. The behavior of
the IP-d020 was completely reversible, ranging from ∼3.87 Å at
room temperature to ∼3.89 Å at 140 �C (RT ≈ (4.3 ( 0.4) �
10-5 K-1). The thermal expansion behavior for P3HT is highly
anisotropic, being an order of magnitude higher in the a direction
than in the b direction. The anisotropy is greatest for pure P3HT
and hence appears to be intrinsic to P3HT rather than being

Figure 5. (a) Correction term 2Δθ = Rf - RfB that must be applied
when determining the OOP-d100 from the measured OOP exit angle Rf.
The graph was built in the same manner described by Toney et al.19a

The average Pearson correlation coefficient calculated for the fits was
R2 = 0.9970.25 (b) Effect of refraction correction on OOP-d100. (“At
140 �C” refers to the final stage of the annealing.)

Table 1. P3HT Thermal Expansion Coefficients along the a
Direction during Heating and Cooling, Respectivelya

RT � 10-4 [K-1]

wt % P3HT 33 50 67 100

heating 5.23 5.28 6.17 7.25

cooling 3.95 3.31 3.37 3.91
aAverage standard deviation is σh ≈ 0.02 Å. During heating, both
expansion and crystallization occur, whereas only contraction occurs
on cooling.
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induced by the presence of PCBM. The physical cause of the
anisotropic thermal expansion cannot be unambiguously deter-
mined from diffraction results.24 Tashiro et al.11a showed that
the large expansion along the a direction upon heating is
accompanied by a weakening of vibrational lines associated with
the all-trans conformation of the alkyl side chains and a con-
comitant strengthening of those associated with gauche confor-
mations, leading them to conclude that this expansion is largely
driven by vibrational interactions between side chains,11 but this
evidence is insufficient to establish a causal link.
Figure S13 (Supporting Information) shows also the average

PCBM d spacing. A comparison between the values extracted for
all blends did not reveal any significant differences. The average
behavior for the dPCBM is reversible, ranging from ∼4.64 Å at
room temperature to∼4.71 Å at 140 �C (RT≈ (1.23( 0.03)�
10-4 K-1).
Crystallization Dynamics During Annealing. OOP-(h00)-

P3HT domain sizes (domain size is synonymous of coherence
length of the single crystalline domain (i.e., lamella) along the
specified direction) (OOP-Lh00) versus annealing time give
insight into the ongoing crystallization of the majority of
the edge-on lamellae along the a direction. (Because in OOP
line profiles construction χ = 90� and Δχ = 10�, OOP (h00)-
P3HT peaks provide information about the domain size of
lamellae with —(a, xy) between 85 and 90�.) On the other side,
IP-(020)-P3HT domain sizes (IP-L020) allow the study of the
growth of the same lamellae along the b direction. (Because in
the IP line profiles construction χ = 5� and Δχ = 10�, IP-(020)-
P3HT peaks provide information about the domain size of
lamellae with —(b, xy) between 0 and 10�.) OOP-(h00) FWHM
(OOP-Δqh00) was available for h = 1, 2, and 3. If theΔqh00 are the
same for h = 1, 2, and 3, then the FWHMs are dominated by
crystallite size.5b This model is represented by the Scherrer’s
equation,26 which gives an approximation of the domain sizes.
However, Δqh00 calculated for different h, within the same line

profile, increased with h. The increase in FWHM with the order
can be attributed to variation in the interplanar spacing between
adjacent grains.5b This indicates thatΔqh00 cannot be interpreted
with the simple Scherrer’s equation, and a paracrystalline correc-
tion should be applied to obtain the correct domain sizes.27 The
paracrystalline theory27 for which an approximate function can
be employed26 allows for the separation of the disorder con-
tribution from the real domain sizes. (Details are provided in the
Supporting Information.) Here by using a 1D paracrystal model
we characterize the paracrystalline disorder within the crystalline
domains caused by a Gaussian spread in the backbone spacings
along the a direction. The measured Δqh00 can be written
as26 Δqh00

2 = Δqc
2 þ Δqb,h00

2, where Δqc and Δqb,h00 are the
contributions to the finite crystallite size and distortions
(paracrystallinity), respectively.26 The crystallite sizes along the
a direction are given by Scherrer’s equation26 La ≈ 0.9 � 2π/
Δqc, whereas Δqb,h00 can be approximated as π2gh00

2 h2/dh00,
where gh00 is proportional to the degree of disorder in the crystal.
The measured Δqh00

2 can be written as y = y0 þ mx with

y ¼ ½Δq1002 Δq2002 Δq3002�
ð2πÞ2

y0 ¼ Δqc2

ð2πÞ2 ¼ 1
La2

m ¼ ðπgh00Þ4
dh00

2 for h ¼ 1, 2, 3

x ¼ ½1 2 3�4

8>>>>>>>>>>><
>>>>>>>>>>>:

ð4Þ

Fitting the line y versus x, y0 and m can be extracted for all
measurements.26 The domain sizes are extracted from La = (0.9/
y0)

1/2, whereas the g factors are extracted from gh00 = (mdh00
2/

π)1/4. dh00 and Δqh00 were available for the four composition
ratios as a function of annealing time. Figure 6a shows the
domain sizes obtained using Scherrer’s equation on themeasured

Figure 6. (a) OOP-(100)-P3HT domain sizes (L100) calculated using the Scherrer’s equation on the original FWHM. (b) OOP-P3HT domain sizes
(La) calculated using the paracrystallinity correction and transitory fit (yellow lines). Rise times as a function of the P3HT concentration (b, inset). (c)
OOP-P3HT degree of disorder. (The g factor is a dimensionless quantity.) The average standard deviation (between samples with the same wt%P3HT)
of each curve was σh≈ 1.5 Å for the domain sizes, and∼1� 10

-3

for the g factor. The average Pearson correlation coefficient for the step responses fits
was R2 = 0.9956.
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Δqh00. The values observed for pure P3HT are consistent with
the ones reported by Joshi et al.7 (∼95 Å as-spun, 137 Å at
140 �C). Increases in the domain sizes along the P3HT a
direction in pure P3HT and in the blend have been reported
in several works.6b,9,17b,17e,20,28

Examples of the curve fitting (33 wt %) obtained from the plot
of y versus x for all 390 points of the annealing curve are shown in
the Supporting Information (Figure S13). Because the three
calculated gh00 vectors (for all the three orders) are almost
overlapped (σh≈ 1.3� 10-4), only the average has been displayed.
Figure 6b shows the La calculated using the paracrystalline correc-
tion. (The paracrystalline correction was not possible on the IP-
L0k0, IP-Lh00, and LPCBM because just one order of peak was
available.) The effect of the correction produces similar values for
La in all blends, which can be quantified in terms of the average
standard deviation, varying from∼13 to∼5Å, between the old and
the corrected values. The crystallization dynamics, in the first
minutes, can be described using a first-order linear time invariant
model29 responding to an annealing step

LaðtÞ ¼ p 3 ð1- e-ðt - t0Þ=TÞ þ Laðt0Þ for t > t0
Laðt0Þ for t < t0

(
ð5Þ

where T is the time constant, p is the asymptotic amplitude value
representing the average domain size during the annealing,La(t0) is
the domain sizes for the as-spun sample, and t0 is the moment at
which the heating step begins. The calculated rise times (tr≈ T�
2.2)29 are strongly correlated with the concentration of P3HT
(Figure 6b, inset), ranging from ∼6.5 min for the 33 wt % to
∼0.8 min for pure P3HT. Finally, Figure 6c represents the degree
of paracrystalline disorder. For all samples, the g factor abruptly
decreases in the first minute of annealing, showing the lowest
degree of disorder for the 33 wt % P3HT. Therefore, annealing
leads to healing of stacking defects along the a direction
(Supporting Information, video S6). The discussed dynamics
suggest that PCBM behaves like a plasticizer30 for P3HT. The

PCBM plasticizing effect is confirmed by the decrease in the
melting peak temperature (Tm)

31 for decreasing concentration of
P3HT, as reported by M€uller et al.16b in differential scanning
calorimetry (DSC) thermograms recorded during heating. When
the sample has cooled down, an average variation (between the last
values measured at 140 �C and the last values measured at <35 �C)
of-4% inLa is observed for all samples. This variation corresponds
to the one observed in d100 and thus can be attributed to a thermal
contraction of the crystalline domains along the a direction. Similar
La final values are reached for all blends (<100 wt % P3HT),
whereas pure P3HT shows lower values. The result that the La
values after annealing are similar for all three blend concentrations
and larger than the corresponding value for pure P3HT is
consistent with the reduced crystallization rate, characterized by
the increased rise times noted above, observed with increased
PCBM concentration. A reduced crystallization rate provides time
for molecules to attain their lowest energy sites, thus increasing the
observed domain size. This is a similar effect to the use of high
boiling-point solvents such as trichlorobenzene, in which reduced
rates of evaporation lead to reduced crystallization rates and higher
crystallinity.17j In agreement with Treat et al.,14b we exclude the
possibility that PCBM intercalates between P3HT chains (within
crystalline domains), and we support the idea that during annealing
PCBM diffuses into the amorphous P3HT regions. Growth of the
P3HT crystalline domains, with concomitant exclusion of PCBM,
improves OPV performance, although excessive growth beyond
the exciton diffusion lengthwill limit exciton dissociation and hence
degrade performance.9,14b It should be noted that the relative
domain sizes for pure P3HT and the blends should not be directly
interpreted as measures of film crystallinity. As seen in Figure 4a,
the OOP-(100) peak intensity decreases strongly on PCBM
addition, indicating that the volume of crystalline material in the
pure P3HT film is the highest.
Conversely IP-L020 (Figure 7) did not show any relevant

growth. It can be concluded that the edge-on lamellae grow along
the a direction only, with dynamics that depend on the con-
centration of P3HT. It is likely that the local PCBM concentra-
tion along the edges of the lamellae, at the interface with
amorphous P3HT, strongly influences the kinetics of domain
growth along the a direction. The crystallographic b axis lies
along the π-stacking direction along the length of the P3HT
crystalline lamellae. The lack of domain growth in this direction
implies that annealing does not improve order in the π-stacking
between P3HT molecules.
The variation of the IP-L100 with annealing time gives insight

into the ongoing crystallization of the minority of the face-on
lamellae along the a direction. OOP-L020 would allow for the
exploration of the growth of the face-on domain sizes along the b
direction, but unfortunately this information is not available. The
IP-L100 peak signal-to-noise ratio (SNR) is too low for the
samples with a P3HT concentration e50 wt % to allow proper
fitting. Figure 7 shows the IP-L100 variation for the 30 wt % and
the pure P3HT. The IP-L100 reaches a peak in the first phase of
annealing (∼3 min) and after that reduces, smoothly and
continuously, back to the initial value after cooling.
The sharp peak around q = 1.30 Å-1 was deconvolved

with respect to the broad peak at q = 1.35 Å-1, in the pure PCBM.
After an initial growth, the sharp peak stabilized with an FWHM
of ∼0.021 Å-1, corresponding to an approximate domain size
of ∼27 nm.
The amorphous LPCBM calculated for the blends showed the

same trend and similar values. The average LPCBM values are plotted

Figure 7. IP-(020)-P3HT (≈ 3.2 Å), IP-(100)-P3HT (≈ 5.2 Å), and
average (≈ 0.6 Å) PCBM coherence lengths calculated with Scherrer’s
equation.
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in Figure 7 and, in agreement with other GI-XRD reports,13,17a,17c

do not show significant changes during annealing. Because the phase
segregation occurring during annealing is primarily driven by P3HT
crystallization, the resulting aggregation of PCBM molecules does
not necessarily lead to the formation of nanocrystals.
Depth-Resolved PCBM Concentration. The integral of the

fitted peaks is directly proportional to the amount of crystalline
material. Figure 8 shows the percentage variation between the as-
spun and the annealed films of the (100)-P3HT peak integral
versus Ri. Because k0 is complex along the z direction, the X-rays
are attenuated along the z direction, sampling a volume defined
by the penetration depth32

Λ¼def 1
2k ImðRi

0Þ �
ffiffiffiffiffi
2k

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRi

2 -Rc
2Þ2 þ ð- 2βÞ2

q
- ðRi

2 -Rc
2Þ

r2
4

3
5
-1

ð6Þ
The calculation of β andRc, previously described earlier, allows

for the calculation of the penetration depth and for the establish-
ment of a correspondence between Ri and Λ. Below the critical
angle, the X-rays undergo total external reflection. An evanescent
wave propagates along the sample-air interface and its amplitude
decays exponentially with depth into the film (penetration depth
∼6 nm). The secondary x axis in Figure 8 displays the penetration
depth as a function ofRi. The relative intensity after annealing can
be compared for the sample-air interface and the bulk of the film.
Annealing causes an increase in the PCBM relative intensity at the
film surface, which is proportional to the amount of PCBM in the
33 and 50 wt % P3HT. This gradient could indicate an increase in
the concentration of PCBM aggregates at the sample-air inter-
face for the 33 and the 50 wt % P3HT. Kiel et al.18 reported
neutron reflectivity results showing that in the as-spun blend there
is increased PCBM concentration at both the bulk of the film and
at the sample-air interface. Upon annealing they found an
increase in the PCBM concentration at the sample-air interface,
which they associate with PCBM excluded from crystallizing
P3HT but little change at the buried interface with the substrate.
In another work, small-angle neutron scattering results showed

aggregates of PCBM at the sample-air interface of annealing.33

The authors observed an increase in PCBM concentration at the
sample-air interface on annealing, which is consistent with that
shown in Figure 8. Their small-angle scattering and our wide-
angle scattering results together point to aggregation of small
PCBM particles (of 1-3 nm dimension) at the film-air interface
rather than the growth of extended PCBM crystals for films spun
from chlorobenzene and annealed at 140 �C. Our results are also
consistent with ellipsometry data showing that upon annealing
PCBM molecules diffuse to the surface where they can either
aggregate or crystallize.34

’CONCLUSIONS

Detailed analysis of time-resolved GI-XRD results is used to
quantify the structural changes occurring inP3HT/PCBM films
during thermal annealing at 140 �C in terms of P3HT lamellar
orientation spread, backbones spacing along the alkyl-stacking
direction, domain sizes, paracrystalline disorder, and the relative
distribution of PCBM aggregates between bulk and sample-air
interface. Our as-spun films are mainly edge-on oriented, with a
minority of face-on lamellae. Strongly anisotropic thermal ex-
pansion is observed during initial heating with the coefficient of
thermal expansion along the alkyl-staking direction in P3HT
being approximately a factor of 10 greater than along the π-
stacking direction and a factor of 5 greater than PCBM. During
the first 3-5 min of the annealing, the P3HT domain size along
the alkyl-stacking direction increases rapidly with a composition-
dependent time constant. This is accompanied by a decrease in
the paracrystalline spread in d spacing along this direction and
with a broadening of the angular orientational spread. The
PCBM amorphous ring is largely unaffected by annealing: no
large PCBM crystallites were observed, except for pure PCBM.
The crystallization dynamics suggest that PCBM acts as a plasti-
cizer for P3HT. For samples with high PCBM content (50 and 33
wt % P3HT), analysis of the peak integrals as a function of the
incident angle, shows a dramatic increase in the concentration of
PCBM aggregates close to the sample-air interface.
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