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Insights into solvent vapor annealing on the
performance of bulk heterojunction solar cells by a
quantitative nanomorphology study

H.-C. Liao,a C.-S. Tsao,*b Y.-C. Huang,b M.-H. Jao,a K.-Y. Tien,a C.-M. Chuang,b

C.-Y. Chen,b C.-J. Su,c U.-S. Jeng,c Y.-F. Chend and W.-F. Su*a

Bulk heterojunctions (BHJ) represent the most promising structures for high efficiency polymer solar cells

and their morphologies can be finely tuned by post-treatments such as thermal annealing and solvent vapor

annealing. Though extensive studies have shown improved power conversion efficiencies by tuning the

treating parameters of both treatments, substantial knowledge of how the BHJ morphologies evolve

with various solvent vapors related to photovoltaic characteristics and differ from those with thermal

annealing is still limited. Herein we employed simultaneous grazing incidence wide and small angle X-ray

scattering (GIWAXS/GISAXS) to systematically investigate the changes in morphology of a poly(3-

hexylthiophene)/C61-butyric acid methyl ester (P3HT–PCBM) BHJ manipulated by solvent vapor

annealing using different solvents. Solvents with different solubility, i.e. non-solvent, poor solvent and

good solvent were studied. Distinctive morphologies were quantitatively resolved among these solvent

vapor-annealed BHJs and their evolutions during processing are interpreted. The resolved morphologies

can clearly explain the subtle variations in photovoltaic characteristics of open circuit voltage (Voc), short

circuit current (Jsc) and fill factor (FF) related to the working mechanism of the BHJ, i.e. carrier

generation, carrier transportation and recombination. This work provides fundamental new insights into

how the BHJ morphologies and photovoltaic characteristics can be flexibly tailored by solvent vapor

annealing using various kinds of solvent vapors.
Introduction

Polymer solar cells have attracted considerable attention in the
last decade due to the advantages of light weight, solution
processibility, exibility, semi-transparency, low cost, etc. An
improved power conversion efficiency (PCE) critically relies on
the phase-separated morphology of the bulk heterojunction
(BHJ) in which the self-organized electron donor (polymer) and
aggregated electron acceptor clusters form bicontinuous pha-
ses. The PCE can be enhanced by manipulating the BHJ nano-
morphology through thermal annealing,1–7 solvent vapor
annealing,1,5,8–12 processing additives’ incorporation,13–19 etc.
The rst two treatments are called post-treatment whereby the
BHJ lms are processed aer being cast. They enable control
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over the self-organized BHJ morphologies by nely tuning the
treating conditions or parameters. Stepwise thermal annealing
of the poly-3-hexylthiophene–[6,6]-phenyl-C61-butyric acid
methyl ester (P3HT–PCBM) BHJ was extensively reported to well
tune the phase-separated morphologies giving improved
PCEs.20 Similarly, solvent vapor annealing has been widely
adopted as it is a milder post-treatment compared with thermal
annealing.1,5,8–12 Park et al. compared the difference in solar cell
performance between good-solvent annealing and poor-solvent
annealing.8 Both thermal annealing and solvent vapor anneal-
ing have been shown to improve PCEs, however, substantial
knowledge of how BHJs treated by different solvent vapor
annealing techniques differ, as well as comparing with those
treated by thermal annealing with regards to the distinctive
evolution of their morphology, i.e. mechanistic behavior, is
limited. Furthermore, the variation of photovoltaic character-
istics, i.e. open circuit voltage (Voc), short-circuit current density
(Jsc), and ll factor (FF) depends on different thermally tuned
and solvent vapor-tuned BHJ morphologies.5,8,10 To date, few
studies quantitatively correlate the hierarchical BHJ
morphology tailored by different solvent vapor annealing
processes to the associated performances for the explanation of
device working mechanisms (i.e., exciton dissociation, mobile
carrier generation and recombination). Transmission electron
This journal is © The Royal Society of Chemistry 2014
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microscopy (TEM) or atomic force microscopy (AFM) can only
provide local and qualitative information (P3HT-rich and
PCBM-rich domains) due to some inherent limitations. Simul-
taneous grazing incidence wide- and small-angle X-ray scat-
tering (GIWAXS/GISAXS) has shown to be a powerful technique
in the quantitative structural characterization of BHJ in
different length scales for thin lms.20–27 This technique
becomes a necessary tool to complement conventional micro-
scopic studies. Verploegen et al. investigated solvent vapor
annealing effects using the powerful time-resolved GIWAXS
techniques.28 Their work provides informative morphological
evolutions and mechanisms of P3HT–PCBM BHJ lms before,
during and aer solvent vapor annealing. More insights into the
quantitative correlations among solvent vapor annealing
effects, multi-length scale structures in BHJ lms, and photo-
voltaic characteristics are necessary. Moreover, guidance for
selecting solvent vapors with different solubilities and interac-
tions with BHJ lms are necessary toward rational process
designs of a high efficiency device.

In our previous work, we demonstrated an improved GISAXS
model analysis for a P3HT–PCBM BHJ as a quantitative struc-
tural characterization method for evaluating the self-organized
morphologies.20 It is essential to investigate solvent annealing
by the study of the correlation between solvent vapor-tuned BHJ
morphologies and subtle variations of the photovoltaic char-
acteristics. In the present work, we compare a solvent-annealed
P3HT–PCBM BHJ using three solvent vapors i.e. methanol
(MeOH), o-xylene (xylene), and dichlorobenzene (DCB). P3HT
and PCBM exhibit substantially different solubilities in the
solvents, which is the most crucial factor in the morphological
manipulation. The thermally annealed (TA) P3HT–PCBM BHJ is
also included for a comprehensive comparison. The simulta-
neous GIWAXS/GISAXS technique was employed to systemati-
cally investigate themorphologies of phase-separated P3HT and
PCBM domains on different length scales tuned by these post-
treatments. We provide new insights that the BHJ structural
evolutions due to these post-treatments can be distinctive. The
relationship between the treating parameters (due to the
different solvent solubility for P3HT and PCBM) and the cor-
responding evolution of morphologies is explored with respect
to (1) the crystallization of the self-organized P3HT phase, (2)
the nanoscale PCBM clusters aggregated by the diffusion of
PCBMmolecules, (3) the domain size and spatial distribution of
mesoscale amorphous P3HT chains intercalated with PCBM
molecules (also called the PCBM–amorphous P3HT domain)
and (4) the spatial arrangement of P3HT crystallites and PCBM
aggregated clusters in the bicontinuous phase. Moreover, the
corresponding photovoltaic characteristics regarding Voc, Jsc
and FF correlated to the resolved BHJ morphologies are pre-
sented here. The related mechanism is also discussed in terms
of exciton dissociation, mobile carrier generation and recom-
bination. The demonstrated results provide new insights into
how the BHJ nanomorphology and photovoltaic properties can
be nely tailored by solvent vapor annealing using solvent
vapors in which the various solubilities are different. They can
be further extended to other BHJ systems and serve as a guide
for the processing design of solvent vapor annealing.
This journal is © The Royal Society of Chemistry 2014
Experimental section
Device fabrication and performance measurement

The P3HT–PCBM blend solution was prepared by dissolving 10
mg P3HT (Rieke Metals, Inc. 4002E) and 8 mg PCBM (Nano-C,
Inc.) in 1 ml chlorobenzene and stirred at 40 �C for two days.
The solar cell devices were fabricated by layer-by-layer deposi-
tion. The patterned (2 mm � 10 mm stripe) transparent elec-
trode indium tin oxide (15 ohms per square, Luminescence
Technology Corp.) was ultrasonically cleaned by a series of
solvents (ammonia–H2O2–deionized water, methanol, iso-
propanol) and then treated by oxygen plasma. A thin hole
transporting layer (40 nm) PEDOT:PSS (Baytron P 4083) was
spin coated on the top of the electrode. The substrates were
then transferred into a glove box lled with nitrogen for the
following processing (with concentrations of oxygen and water
lower than 0.1 ppm). Aerwards, the P3HT–PCBM BHJ was
deposited by spin coating at 700 rpm for 1 minute which
resulted in a thickness of �80 nm. For the solvent vapor
annealing process, the as-cast P3HT–PCBM lms were reversely
stuck on the lids of Petri dishes which were lled with liquid
solvents of methanol, o-xylene, and dichlorobenzene for an
hour. The thermal annealing was carried out by annealing the
as-cast lm at 130 �C for 10 minutes. Finally, 40 nm Ca and 100
nm Al (3 mm � 10 mm stripe perpendicular to the ITO stripe)
were thermally evaporated under vacuum at 3 � 10�6 torr to
complete the solar cell fabrication, leading to a crossbar active
area of 0.06 cm2. The photocurrent–voltage curves were char-
acterized by a Keithley 2400 source meter under air mass (A.M.)
1.5 radiation (100 mW cm�2) from a solar simulator source
(Newport Inc.). Ten independently fabricated devices were
measured for each processing strategy for obtaining the statis-
tics/uncertainty of the device performances.
GIWAXS/GISAXS structural characterization

The GIWAXS/GISAXS measurements were performed at beam-
line 23A of NSRRC, Taiwan. For sample preparation, the P3HT–
PCBM BHJs were deposited on silicon substrates and the
subsequent thermal and solvent vapor annealing treatments
corresponding to the solar cell devices were performed. The
scattering effects of the PEDOT:PSS layer and background due
to the substrate on the analysis of BHJ morphologies have been
discussed in our previous work and can be ignored.29 The thin
lms were characterized by a monochromated X-ray beam (8
keV, wavelength l ¼ 1.55 Å, incidence angle ¼ 0.2�). The two
dimensional (2-D) GIWAXS and GISAXS patterns were simulta-
neously collected by a CMOS at panel X-ray detector (C9728DK,
52.8 mm square, situated 7.2 cm from the sample) and a CCD
detector (MAR165, 165 mm in diameter, 1024 by 1024 pixels
resolution, situated 309.5 cm from sample), respectively. The
details of the instrumental conguration, operation and data
reduction procedures of the GISAXS/GIWAXS measurement are
described elsewhere.20,23 The reduced 1-D GIWAXS proles were
obtained by integrating along the out-of-plane direction
(dened as the Qz direction) normal to the lm surface and the
in-plane direction (dened as Qx direction) parallel to the lm
RSC Adv., 2014, 4, 6246–6253 | 6247
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surface. The 1-D GISAXS proles were reduced by integrating
the 2-D patterns along the in-plane direction.
Results and discussion
Analysis of GIWAXS and GISAXS results

The as-cast and thermally annealed BHJ are denoted as CAST
and TA, respectively. The P3HT–PCBM BHJs annealed by
solvent vapors of methanol, o-xylene, and dichlorobenzene are
denoted as SA_MeOH, SA_Xylene and SA_DCB, respectively. The
solubility of P3HT and PCBM in these solvents was quantita-
tively determined by adding an excess amount of solutes into
each solvent, centrifuging out the insoluble solutes from the
solution, weighing out the insoluble portion and then calcu-
lating the soluble solutes. DCB shows the highest solubility to
both P3HT and PCBM with 37 mg ml�1 and 27 mg ml�1,
respectively. In contrast, MeOH is completely unable to dissolve
either P3HT or PCBM. The solubilities in xylene were 0.5 mg
ml�1 and 6.1 mg ml�1 for P3HT and PCBM, respectively, which
lie between the values with DCB and MeOH. Therefore, DCB,
xylene and MeOH are classied as good-solvent, poor-solvent
and non-solvent, respectively, for both P3HT and PCBM. The
representative 2-D GIWAXS pattern of the CAST lm is shown in
Fig. 1(a). The diffraction spot at Q ¼ 0.38 Å�1 arises from the
(100) lamellar planes of oriented P3HT crystallites with a
spacing of 16.5 Å. Fig. 1(b) and (c) show the reduced 1-D out-of-
plane and in-plane GIWAXS proles, showing (100) diffraction
peaks primarily contributed by edge-on crystallites (oriented
with the lamellar plane parallel to the lm surface) and face-on
crystallites (lamellar plane normal to the lm surface), respec-
tively, for the CAST, SA_MeOH, SA_Xylene, SA_DCB and TA BHJ
lms. Generally, the scattering intensities of the (100) lamellar
plane of the edge-on crystallites (Fig. 1(b)) is nearly an order of
magnitude larger than those of the face-on crystallites for all
lms. The results are consistent with our previous work that the
(100) lamellar planes are preferentially orientated parallel to the
substrates, i.e. edge-on type P3HT crystallites.24 Herein we
Fig. 1 (a) 2-D GIWAXS patterns of the CAST film. (b) Out-of plane and (
P3HT–PCBM BHJ films with solvent annealing by MeOH, xylene and DC
SA_Xylene, SA_DCB and TA films, respectively) reduced along the out-o

6248 | RSC Adv., 2014, 4, 6246–6253
dened the integration of the (100) scattering peak in Fig. 1(b)
as the partial relative crystallinity (PRC) contributed from edge-
on crystallites. Note that it can be observed that the (100) scat-
tering peaks reveal extended arcs, which indicate that some of
the crystallites are orientated with a small tilt angle relative to
the exact edge-on crystallites, i.e. there is a spread of the crystal
orientation. In the present work we also classied these crys-
tallites as the edge-on crystallites. In order to compare the
partial crystallinities of the edge-on crystallites among all the
sample lms, the range of the integration was determined to be
capable of covering the arcs for all of the BHJ lms. Therefore,
almost all the edge-on type crystallites (thoughmost of them are
not exactly edge-on) are included when the 2-D GIWAXS
patterns were reduced to 1-D GIWAXS proles. The PRC values
are summarized in Table 1 based on the normalization to that
of the TA lm. For the P3HT–PCBM BHJ annealed by MeOH
vapor (SA_MeOH), the PRC is similar to that of the CAST lm,
which is without almost any face-on type crystallites (Fig. 1(c)).
On the contrary, the SA_Xylene, SA_DCB and TA BHJ lms
reveal a signicant increase in PRC for edge-on crystallites and a
smaller increase in face-on type crystallites compared with the
CAST lm. The domain size of the edge-on crystallites can be
approximated according to the Scherrer equation Di ¼ 2p/DQ, i
represents either X or Z orientation, where DQ is the full width
at half maximum, as summarized in Table 1.

The in-plane GISAXS proles of the BHJ lms are shown in
Fig. 2. These GISAXS intensities can be model tted by our
previous SAXS model,20 comprised of the Debye–Anderson–
Brumberger equation (so-called DAB model)30 and the poly-
dispersed hard-sphere model29 as given by

I(Q) ¼ IDAB(Q) + IHS(Q) + b (1)

where IDAB(Q) is the intensity calculated by the DAB model. It
dominates the intensity in the low-Q region with a power-law
scattering behavior, showing an upturn in the Q range of 0.005–
0.015 Å�1. The parameter “characteristic length (x)” can be
extracted from the DAB equation. It roughly describes the size of
c) in-plane 1-D GIWAXS profiles of as-cast P3HT–PCBM BHJ film and
B, and thermal annealing at 130 �C for 10 min (i.e., CAST, SA_MeOH,
f-plane direction and the in-plane directions, respectively.

This journal is © The Royal Society of Chemistry 2014



Table 1 Structural parameters determined by GIWAXS/GISAXS results, model fitted GISAXS intensities, and associated solar cell characteristics
with respect to different BHJ films. ThemaximumPCEs of the solar cell devices based on these thin films are also listed. The PCE values show the
best-performing device PCEs and the average PCEs with PCE distribution (standard deviation) in parentheses obtained from 10 devices

Thin lms PRC Dz(100) (nm) h (%) R (nm) x (nm) Sv (� 10�3) (Å�1) Sv/(h/R) Voc (volts) Jsc (mA cm�2) FF PCE (%)

CAST 0.66 9.1 2.4 4.4 35 2.2 4.0 0.70 5.6 0.41 1.61 (1.47 � 0.11)
SA_MeOH 0.62 8.1 2.5 4.5 35 2.2 3.9 0.67 5.2 0.41 1.43 (1.31 � 0.12)
SA_Xylene 0.87 9.2 12.9 6.3 22 7.4 3.6 0.58 9.7 0.51 2.87 (2.62 � 0.10)
SA_DCB 0.82 11.0 14.0 6.3 18 6.2 2.7 0.62 9.5 0.60 3.53 (3.41 � 0.08)
TA 1 11.2 19.0 8.7 18 6.1 2.8 0.64 9.7 0.61 3.79 (3.71 � 0.07)

Fig. 2 GISAXS profiles of the as-cast P3HT–PCBM BHJ film and
P3HT–PCM BHJ films with solvent annealing by MeOH, xylene and
DCB, and thermal annealing at 130 �C for 10 min, (i.e., CAST,
SA_MeOH, SA_Xylene, SA_DCB and TA films, respectively). The solid
lines are calculated by model fitting.
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the large-scale amorphous P3HT intercalated with PCBM
molecules (denoted as PCBM–amorphous P3HT domains)
without ordered structures. The IHS(Q) is the intensity calcu-
lated by polydispersed hard-sphere model. It contributes in the
middle- and high-Q range (0.02–0.07 Å-1) with a shoulder,
revealing the interaction between PCBM cluster (like an
ordering peak to a certain extent). The shoulder is in terms of
the product of the form factor of PCBM clusters (related to
cluster radius (R)) and structure peak (inter-particle effect,
related to cluster radius (R), volume fraction (h), and poly-
dispersity of size distribution (P)).31 The constant b is due to
incoherent scattering background. The GISAXS proles of all
lms can be tted well using eqn (1) and the obtained structural
parameters are summarized in Table 1.
Effect of post-treatment type on the evolution of BHJ
morphologies

According to the GIWAXS and GISAXS results (Fig. 1 and Table
1), the thermal annealing and solvent vapor annealing by three
different kinds of solvent vapors result in distinctively different
This journal is © The Royal Society of Chemistry 2014
crystallization behaviors of P3HT. The SA_MeOH lm reveals an
almost unchanged P3HT crystal size, similar PRC and charac-
teristic length to those of the CAST lm, which can be attributed
to the P3HT being insoluble in MeOH vapor. In contrast, the
xylene vapor-, DCB vapor- and thermally annealed BHJ reveal
signicantly enhanced PRCs compared with the CAST lm. This
suggests that these three treatments lead to the transformation
of amorphous P3HT into ordered lamellar structures. Never-
theless, the corresponding crystallization behaviors are found
to be different as indicated by the structural parameters (Table
1). For the thermally annealed BHJ (TA), the Dz is increased from
9.1 nm (the CAST lm) to 11.2 nm.

Additionally, the domain size of the PCBM–amorphous
P3HT domains (i.e. characteristic length) decreases consider-
ably from 35 nm to 18 nm aer thermal annealing. According to
the literature,32,33 two types of P3HT crystallization behavior
evolve during thermal annealing: (1) the growth of originally
existing crystallites and (2) the formation of new crystallites
nucleated and transformed from the local region of the PCBM–

amorphous P3HT domains. The newly organized crystallites in
(2) spatially distribute within the PCBM–amorphous P3HT
domains and thus the characteristic lengths of the new
domains are reduced.

The characteristic lengths in the TA, SA_DCB and SA_Xylene
blend lms are similar. However, the crystallization behaviors
induced by solvent vapor annealing are different from those by
thermal annealing (cf. Table 1). Herein, combining our GIWAXS
results with those of Verploegen,28 we propose a mechanistic
interpretation of the morphological evolution of BHJ lms
during solvent vapor annealing and also compare the crystalli-
zation behaviors of xylene- and DCB-annealed BHJ lms. The
evolution can be interpreted with respect to the early stage and
latter stage of solvent vapor annealing as shown in Fig. 3. The
P3HT crystal size increased in the early stages of solvent vapor
annealing, which can be attributed to the transformation of
amorphous P3HT chains (i.e. PCBM–amorphous P3HT
domains) into crystallites or an increase in paracrystalline
order. The different solubility in the solvent vapors would lead
to different conformations of amorphous mobile P3HT chains
during solvent vapor annealing and hence different crystal sizes
and number of crystallites (i.e., crystallinity). Due to the high
solubility of P3HT in DCB (36 mg ml�1), the amorphous P3HT
would be signicantly swelled by the DCB vapors, thus the
strong interaction between the P3HT and solvent molecules
drive the P3HT chains to stretch out. The extending P3HT
chains would favor the formation of larger P3HT crystallites
RSC Adv., 2014, 4, 6246–6253 | 6249



Fig. 3 Schematic of the morphological evolutions of P3HT–PCBM BHJs influenced by xylene and DCB vapors. The P3HT–PCBM blends reveal
different P3HT conformations (small contracted chains in xylene vapor and large extended chains in DCB vapor) during the early stages of solvent
vapor annealing and hence different morphologies of P3HT crystallites (smaller size and larger number for the SA_Xylene film than for SA_DCB).
The spatially separated P3HT crystallites and PCBM aggregated clusters are shown in the SA_Xylene BHJ blend; the inter-connection of P3HT
crystallites and PCBM aggregated clusters are also shown in the SA_DCB blend. Herein we illustrate the fibrous microstructures of P3HT in the
late stages of the morphological evolution.
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(�11.0 nm) during the early stages of solvent vapor annealing,
as illustrated in Fig. 3. In contrast, the much lower solubility in
xylene (0.5 mg ml�1) would lead to the P3HT chains contracting
during solvent vapor annealing and thus give rise to smaller
crystallites (�9.2 nm) in the SA_Xylene BHJ lm (illustrated in
Fig. 3). The poor solubility would also facilitate the precipitation
and/or nucleation of P3HT crystallites from the PCBM–amor-
phous P3HT domains and thus give rise to a larger amount of
P3HT crystallites in the SA_Xylene BHJ lm. The distinctive
crystallization behaviors of P3HT inuenced by solvent vapor
annealing with different solubility are proposed herein and
schematically shown in Fig. 3. The crystallization tailored by
solvent vapor would be relatively quick and immediately remain
stable in the course of solvent vapor annealing (i.e. during the
later stage of solvent vapor annealing and aer solvent drying,
Fig. 3). It is noteworthy that the microstructure of P3HT crys-
tallites is regarded as nanobers connected by crystallites in
which the P3HT chains fold into a lamellar structure in a cubic
shape.22 Herein we illustrate the brous structures in the late
stage of morphological evolution.

The crystallization behavior of P3HT inuences the struc-
tural evolution of PCBM. The volume fraction of the PCBM
clusters formed by the aggregation of molecules in the CAST
and SA_MeOH lms is relatively low (R � 4.5 nm, h � 2.5%),
which implies that most of the PCBM molecules are spatially
6250 | RSC Adv., 2014, 4, 6246–6253
dispersed around the polymer chains with little aggregation.
When the solvent vapor (xylene or DCB) was introduced, the
PCBM molecules intercalated with amorphous P3HT were
excluded from the transformation of amorphous P3HT into
lamellar crystallites. This led to the aggregation of PCBM
molecules into PCBM clusters (R � 6 nm and h � 12.9–14.0%)
surrounding the P3HT crystallites (Fig. 3). Such driving force
from the organization of P3HT is distinctive to the thermal
diffusion in the thermal annealing process which reveals the
largest PCBM cluster size of R � 8.7 nm and the highest volume
fraction of 19.0%. It suggests that the thermally driven diffusion
results in a larger degree of phase separation between P3HT and
PCBM compared with solvent vapor annealing. Additionally, we
employed the previously established index, specic surface area
(Sv) (as shown in Table 1),20 to evaluate the surface area between
the aggregated PCBM clusters and the surrounding matrix.
Briey, for the PCBM cluster with a sharp cluster–matrix inter-
face, the GISAXS proles reveal an asymptotic behavior in the
high-Q region, where I(Q) f Q�4. The specic interface area Sv
(dened as the surface area of the PCBM clusters per unit
volume) can be determined independently by the Porod
approximation given by Glatter et al.34 The Sv value is an
important structural parameter in correlation with photovoltaic
properties. According to the working mechanism of a BHJ solar
cell device, the interfaces between donors (P3HT) and acceptors
This journal is © The Royal Society of Chemistry 2014



Fig. 4 Photocurrent–voltage curves of the solar cells device based on
as-cast P3HT–PCBM BHJ blends and P3HT–PCBM BHJ blends with
solvent annealing by MeOH, xylene and DCB, and thermal annealing at
130 �C for 10 min, (i.e., CAST, SA_MeOH, SA_Xylene, SA_DCB and TA
films, respectively).
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(PCBM) are critical for efficient exciton dissociation. The total
interface areas were simultaneously contributed to by PCBM
molecules (dispersed in amorphous P3HT chains) and PCBM
clusters (surrounding P3HT crystallites) with P3HT phases.
However, the carriers which are dissociated at the former-type
interfaces would have little opportunity to generate a useful
photocurrent because of the discontinuous pathway for carrier
transport. The elaboration of Sv mainly takes the interfaces
contributed to by PCBM clusters into account, at which the
exciton dissociation is more efficient. Furthermore, we also
determined the partial attachment of spatially distributed
PCBM clusters by the value Sv/(h/R).20 From Table 1, the SA_X-
ylene, SA_DCB and TA lms show remarkably increased Sv values
compared with the CAST and SA_MeOH lms owing to the
diffusion of PCBM into a large volume fraction of aggregated
clusters. Nevertheless, the spatial distributions of the PCBM
clusters are found to be different between the SA_Xylene and
SA_DCB lms as signied by the index Sv/(h/R) (Table 1). The
smaller value of Sv/(h/R) indicates that greater partial attachment
between the PCBM clusters leads to the formation of large-scale
agglomerations.20 Interestingly, the xylene vapor-annealed BHJ
reveals separated clusters but the DCB vapor-annealed BHJ shows
substantial agglomerations from partially connected PCBM
clusters. It can be speculated that a large number of contracted
P3HT chains are distributed around the PCBM-rich domains
during xylene vapor annealing. Consequently, the PCBM-rich
domains aggregate into PCBM clusters with few interconnections
between clusters due to the interruption of the surrounding
P3HT crystallites aer xylene drying. The spatial distribution of
the PCBM clusters are crucial to the resultant photovoltaic
characteristics as discussed in the following section.
Correlation between BHJ morphologies and photovoltaic
characteristics

Fig. 4 shows the photocurrent–voltage (J–V) curves of the
photovoltaic devices based on the BHJs with different post-
treatments. The corresponding photovoltaic characteristics of
Voc, Jsc, FF and PCE are summarized in Table 1. The devices with
the CAST and SA_MeOH BHJs exhibit low PCEs of 1.61% and
1.43%, respectively, mainly because of the low Jsc and FF. These
two devices, however, have the highest Voc of 0.67–0.70 volts
(discussed later). Aer the BHJs were post-treated by thermal
annealing or solvent vapor annealing using xylene or DCB, the
devices show considerably improved Jsc of �9.5 mA cm�2,
higher than that of the CAST BHJ by nearly two times. Addi-
tionally, the FF values of the SA_Xylene, SA_DCB, and TA BHJ
solar cells are also remarkably increased to 0.51, 0.60 and 0.61,
respectively. However, compared with that of the CAST device, a
reduction of the Voc is observed in these three post-treated BHJ
solar cells with a decrease of 0.12, 0.08 and 0.06 volts, respec-
tively. Notably the SA_Xylene BHJ device shows the largest drop
of Voc (Voc � 0.58 volts) relative to the CAST device (discussed
later). We conclude that the overall PCE increased from 1.6% to
2.9%, 3.5% and 3.8% aer post-treatments of xylene vapor
annealing, DCB vapor annealing and thermal annealing,
respectively.
This journal is © The Royal Society of Chemistry 2014
It has been reported that lms cast from chloroform revealed
a more favorable P3HT orientation for charge transport (i.e.
face-on type crystallites with p–p stacking perpendicular to the
substrates) than those cast from chlorobenzene.28 Additionally,
the authors further stated that chlorobenzene led to a BHJ
morphology which was less susceptible to morphological
manipulation and device performance improvements
compared with chloroform.28 Herein our work differently
demonstrates the interesting results that a BHJmorphology cast
from chlorobenzene can be substantially manipulated by
different treatments according to the signicantly improved
device performances correlated to the various scales of the
nanostructures. Furthermore, the P3HT crystallites in the BHJ
lms reported in our work are mainly of the edge-on type (with
the alkyl chain perpendicular to the substrate), which generally
is not the favorable orientation for charge transport, but the
corresponding devices exhibited high efficiencies of 3.5–3.8%,
which are close to the values reported in the references.1,3–5

Therefore, our distinctive results (device performances corre-
lating to GIWAXS/GIWAXS characterizations) imply that the
orientation of the P3HT crystallites is not a critical factor when
determining the PCEs. The other structural information shown
in Table 1 plays a more important role as discussed in the
following paragraphs.

We tried to correlate the photovoltaic characteristics quan-
titatively with the resolved structural parameters of the BHJs
based on the workingmechanism of solar cells. In the CAST and
SA_MeOH BHJ lms, a large fraction of PCBM molecules are
intercalated within the P3HT amorphous regions and spatially
separated from each other. This molecule-scale dispersion
should provide large P3HT–PCBM interface areas but has
difficulties in providing enough domain size for the dissociated
electron and hole to diffuse apart. As a result, the dissociated
electron–hole pairs without a sufficiently separated distance
would have a high probability of undergoing back
RSC Adv., 2014, 4, 6246–6253 | 6251
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recombination (so-called geminate recombination) due to a
mutual electrostatic force (illustrated in Fig. 5(a)). Discernible
geminate recombination could account for the relatively low
yields of useful current and thus a lower Jsc (�5.6 mA cm�2) and
FF (�0.41) compared with other solar cells. In contrast, the
devices with SA_Xylene, SA_DCB and TA lms show remarkably
improved Jsc (�9.5 mA cm�2) and FF (0.51–0.60), which could be
correlated to the large volume fraction of phase-separated
domains, i.e. aggregated PCBM clusters (�12 nm) and self-
organized P3HT crystallites (�10 nm), for dissociated carriers
diffusing out of the P3HT–PCBM interfaces. The Sv would hence
be an informative index to evaluate the efficient exciton disso-
ciation. Namely, the total interface areas between P3HT–PCBM
were simultaneously contributed to by PCBM molecules and
PCBM clusters (aggregated from PCBM molecules) with P3HT
phases. According to the elaboration of Sv,20 it mainly takes the
interfaces contributed to by PCBM clusters into account at
which the exciton dissociation is more efficient. Therefore, the
Sv index can signify the “effective surface area” for efficient
exciton dissociation. The improved Jsc and FF inuenced by
thermal annealing, xylene or DCB solvent vapors can be corre-
lated with the signicantly increased Sv values (increased three-
fold from 2.2 � 10�3 Å�1 to 6–7 � 10�3 Å�1) compared with
those of the CAST and SA_MeOH lms.

We are interested in the SA_Xylene, SA_DCB and TA BHJ
lms which reveal similar Jsc values but subtle variations in Voc
and FF. In addition to the efficient exciton dissociation, the
generation of output photocurrent also critically relies on free
carrier transport. Morphology with bicontinuous phases could
facilitate the carrier transport toward electrodes. In our present
work, the phase-separated domains generally possess sizes near
10–15 nm. Considering the BHJ lm thickness is around 150
nm–200 nm, the interconnection between the domains is
crucial for efficient carrier transport. We tried to correlate the
carrier transport with the domain connections by the structural
Fig. 5 Illustrations of the P3HT–PCBM BHJ morphologies annealed
by solvent vapors with different solubility. (a) The SA_MeOH BHJ
reveals spatially dispersed PCBM molecules within amorphous P3HT
chains which leads to a discernible recombination of electron–hole
pairs (excitons) due to electrostatic attraction. (b) The SA_Xylene BHJ
shows phase-separated P3HT crystallites and PCBM clusters but few
connections in between. (c) The SA_DCB BHJ film exhibits efficient
morphology with bicontinuous phases of interconnected P3HT crys-
tallites and PCBM clusters which respectively correlates with efficient
carrier generation and transport.
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parameters of Dz and Sv/(h/R) for the P3HT phase and PCBM
phase, respectively. Namely, a larger Dz with a higher possibility
of crystallite connection would reduce the gaps between crys-
tallites and would also reduce insufficient carrier transport by
hopping. Similarly, the smaller index of Sv/(h/R) also signies
that more partially connected PCBM clusters form continuous
agglomerations, which would also prevent the loss during
carrier transport as we illustrated in Fig. 5(b). Therefore,
according to Table 1, the SA_Xylene BHJ shows a smaller crystal
size (Dz ¼ 9.2 nm) than those of the SA_DCB and TA lms (Dz �
11 nm). Additionally, the calculated Sv/(h/R) value of SA_Xylene
BHJ is much larger than those of the SA_DCB and TA lms. Both
of the structural characteristics could account for the smaller FF
of 0.51 in the SA_Xylene device compared with those of the
SA_DCB (FF ¼ 0.60) and TA (FF ¼ 0.61) lms.

The Voc is also of interest because it covers a wide range
(from 0.70 to 0.58 volts). The output voltage can be affected by
the energy level of the donor materials and acceptor materials,
with the theoretical Voc being related to the energy difference
between the highest occupied molecular orbital (HOMO) of
P3HT and the lowest unoccupied molecular orbital (LUMO) of
PCBM. The drop of Voc from 0.7 volts for the CAST lm to 0.58–
0.64 volts for the SA_Xylene, SA_DCB and TA lms could be
correlated with the sizes of the phase-separated domains of
P3HT and PCBM. Specically speaking, the higher crystallinity
and larger PCBM domain size (PCBM clusters) in the SA_Xylene,
SA_DCB and TA lms in comparison with the CAST lm mean
they possess more delocalized electrons, and thus the energy
band gaps of both P3HT and PCBM are reduced. Consequently,
the energy difference between the HOMO of P3HT and the
LUMO of PCBM is reduced, leading to the decreased Voc.
Regarding the SA_Xylene, SA_DCB and TA devices, they reveal
differences of Voc ranging from 0.58 volts to 0.64 volts. It was
recently evidenced that non-geminate recombination loss
(recombination of free carriers during transport) has an
signicant impact on the reduction of Voc.35 Therefore, it can be
correlated to the present work that the SA_Xylene BHJ lm with
smaller Dz, larger Sv/(h/R) (Table 1) and higher possibility of loss
during free carrier transport (less interconnection of P3HT and
PCBM domains, Fig. 5(b)) would give rise to a lower Voc
compared with the SA_DCB and TA devices. In conclusion,
tailoring the Voc in BHJ solar cells critically depends on the
phase-separated domains and their interconnections for effi-
cient carrier transport. The thermal and DCB vapor annealing
show the least reduced Voc when the phase-separated nano-
morphology signicantly improves the Jsc and FF as illustrated
in Fig. 5(c) for an efficient BHJ morphology.

Conclusions

In summary, we demonstrate different BHJ morphologies and
morphological evaluations of P3HT–PCBM BHJ lm treated by
thermal and solvent vapor annealing. The solubility of the lm
in the solvent (non-solvent, poor solvent and good solvent)
critically affects the conformation of P3HT and distribution of
the PCBM-rich domains during solvent vapor annealing, and
also impacts the resultant morphologies of the BHJ lms aer
This journal is © The Royal Society of Chemistry 2014
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solvent drying, i.e. self-organized P3HT crystallites, spatially
distributed PCBM–amorphous P3HT domains, aggregated
PCBM clusters, and agglomerations of interconnected PCBM
clusters. These solvent vapor-tuned morphologies can be
correlated with the subtly varied photovoltaic characteristics in
terms of Voc, Jsc and FF on the working mechanism basis of
carrier generation, carrier transportation, and recombination
loss. The present study demonstrates the valuable correlations
among BHJ morphologies, photovoltaic properties, and solvent
vapor annealing with different solubilities which can guide
associated processing designs toward an optimized BHJ
morphology and high efficiency solar cells.
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