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ABSTRACT: The impact of the morphological stability of the
donor/acceptor mixture under thermal stress on the photovoltaic
properties of bulk heterojunction (BHJ) solar cells based on the
poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b′]-dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-ﬂuorothieno[3,4-b]-thiophene)-2-carboxylate-2,6-diyl]/phenyl-C61-butyric acid methyl
ester (PTB7-Th/PC61BM) blend is extensively investigated. Both
optical microscopy and transmission electron microscopy micrographs show that long-term high-temperature aging stimulates the
formation of microscale clusters, the size of which, however, is
about 1 order of magnitude smaller than those observed in
thermally annealed poly(3-hexylthiophene)/PC61BM composite
ﬁlm. The multilength-scale evolution of the morphology of PTB7Th/PC61BM ﬁlm from the scattering proﬁles of grazing incidence
small-angle and wide-angle X-ray scattering indicates the PC61BM molecules spatially conﬁne the self-organization of polymer
chains into large domains during cast drying and upon thermal activation. Moreover, some PC61BM molecules accumulate into
∼30−40 nm clusters, the number of which increases with heating time. Therefore, the hole mobility in the active layer decays
much more rapidly than the electron mobility, leading to unbalanced charge transport and degraded cell performance.
Importantly, the three-component blend that is formed by replacing a small amount of PC61BM in the active layer with the bisadduct of PC61BM (bis-PC61BM) exhibits robust morphology against thermal stress. Accordingly, the PTB7-Th/PC61BM:bisPC61BM (8 wt %) device has an extremely stable power conversion eﬃciency.
KEYWORDS: morphology evolution, polymer solar cells, bulk heterojunction, thermal stability, X-ray scattering

■

INTRODUCTION

as the processing solvent for a bulk heterojunction (BHJ) solar
cell that was based on the blend of poly({4,8-bis[(2ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl}{3-ﬂuoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl})
(PTB7) and phenyl-C71-butyric acid methyl ester (PC71BM),
an optimal morphology with reduced domain sizes and
improved charge collection was attained, increasing the PCE
of the cell to 7.4%.6 Adopting an inverted device structure to
this blend system and using poly[(9,9-bis(3′-(N,Ndimethylamino)propyl)-2,7-ﬂuorene)-alt-2,7-(9,9-dioctylﬂuorene)] (PFN) as the surface modiﬁer of the ITO cathode

Polymer solar cells (PSCs), which comprise a semiconducting
polymer as an electron donor and a fullerene derivative as an
electron acceptor, have attracted considerable attention in
recent decades because of their great potential in providing
mobile renewable energy at low cost.1−3 Recent rapid progress
in the development of low-bandgap (LBG) polymers with
enhanced light-harvesting ability, adequate energy levels, and
favorable hole mobility resulted in the increased power
conversion eﬃciency (PCE) of single-junction PSCs to
>10%.4 Among abundant LBG polymers, the polythieno[3,4b]-thiophene-co-benzodithiophene family that was developed
by Yu et al. has become one of the most extensively studied
donor materials owing to its unique properties.5 When a
mixture of dichlorobenzene and 1,8-diiodoctane (DIO) is used
© 2017 American Chemical Society
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successfully raised the PCE to 9.2%.7 To improve the
coplanarity of the backbone and to red-shift the absorption
spectrum, two 2-ethylhexyl-thienyl groups were incorporated
into the benzodithiophene unit in PTB7 to generate poly[4,8bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b′]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-ﬂuorothieno[3,4b]thiophene)-2-carboxylate-2,6-diyl] (PTB7-Th). The cell with
the structure ITO/ZnO-C60/PTB7-Th:PC71BM/MoO3/Ag
exhibited a promising PCE of 9.35%.8 Subsequently, Chen et
al. increased the PCE to 10.32% by simultaneously doping the
ZnO cathode with indium and a bisphenol-containing fullerene
derivative.9
Both cell performance and operational lifetime are equally
important to the commercialization of solar cells. It is well
established that the morphology of donor/acceptor blends
critically aﬀects the photovoltaic processes of BHJ PSCs,
including exciton dissociation, carrier transport, charge
recombination, and collection.10−14 Therefore, the optimization
of morphology has become essential to maximizing the PCE of
such devices.15−19 Under the practical operational conditions,
these solar cells are markedly heated by long-term illumination
of sunlight, and the actual operating temperature for solar
panels can be as high as 50−70 °C, even reaching 100 °C at
some areas.20 However, the phase domains within the blends of
the polymer donor and fullerene acceptor are frequently
sensitive to high-temperature aging. For instance, storing the
blend ﬁlm of poly(3-hexylthiophene) (P3HT) and PC61BM in
a 150 °C oven for 15 h induces the formation of numerous
micrometer-sized clusters, reducing the PCE by around 80%.21
In recent years, several eﬀective approaches have been
developed to solve this problem. One successful method is
the use of a polymer donor with less crystallinity or a high glass
transition temperature and,22,23 therefore, a weaker ability to
undergo ordered packing through thermal motion. The
incorporation of a compatibilizer,24 a block copolymer,25 or a
C60-based phase separation inhibitor is also eﬀective in
preventing macroscale phase separation.21 Another common
scheme involves the use of cross-linkable,26 amorphous,27
multisubstituted or conjugated moiety-bearing fullerene derivatives as the acceptor.28−31 In addition, a sturdy morphology
can be achieved by forming hydrogen bonds between fullerene
molecules and polymer chains in the active layer.32
The self-organization of LBG polymers that have a relatively
complex molecular structure and a backbone which consists of
electron-rich and electron-deﬁcient units is considered to diﬀer
considerably from that of P3HT homopolymer. Hence, the
phase segregation of the mixed solution of such a polymer and
a fullerene acceptor is reasonably assumed to diﬀer from that of
the P3HT/PC61BM system. It is reported that the hierarchical
BHJ morphology of phase-separated PTB7-based polymer:PC61BM ﬁlms is formed by polymer crystallization and
PC61BM clustering.5,33−36 However, the morphological stability
and the thermal evolution of the multilength-scale morphology
of the active layer based on LBG polymers and fullerene
acceptors have rarely been investigated. The grazing incidence
small-angle and wide-angle X-ray scattering (GISAXS and
GIWAXS, respectively) techniques have been shown to be
eﬀective tools to investigate the hierarchical BHJ structure of
PSCs.11,37 This work ﬁrst examined the eﬀect of the thermal
stability of phase domains in the PTB7-Th/PC61BM blend on
the photovoltaic performance of the corresponding BHJ solar
cells. An extensive exploration of the microscale to nanoscale
evolution of morphology in various heating stages was then

carried out using optical microscopy (OM), transmission
electron microscopy (TEM), and synchrotron simultaneous
GISAXS/GIWAXS techniques. Furthermore, we demonstrated
that applying the bis-adduct of PC61BM (bis-PC61BM) as the
additive of the fullerene acceptor eﬀectively stabilized the ﬁlm
morphology of PTB7-Th/PC61BM against long-term annealing
at 100 °C.20 The mutual inﬂuences among the structural
evolutions of polymer crystallization, nanoscale PC61BM
clustering, and mesoscale aggregation in the multilength-scale
structure during heating period are revealed herein and
correlated to the performance. The underlying mechanism for
the formation of this robust three-component polymer/
fullerene blend is then proposed.

■

RESULTS AND DISCUSSION
The eﬀect of the morphological stability of the PTB7-Th/
PC61BM active layer on the performance of BHJ solar cells was
examined by aging such a composite layer at 100 °C for various
periods in a glovebox, which provided an environment of low
moisture and low oxygen concentration to prevent interference
by chemical oxidation, before the top metal electrode is
deposited to complete the fabrication of the device. Figure 1

Figure 1. J−V curves of PTB7-Th/PC61BM devices under AM 1.5 G
illumination at 100 mW/cm2 with long-term thermal annealing at 100
°C.

plots the J−V curves of these cells, which were measured under
AM 1.5 G illumination. As shown in Table 1, all photovoltaic
Table 1. Photovoltaic Characteristics of the PSCs Based on
PTB7-Th:PC61BM (1:1.5, w/w) after Isothermal Annealing
at 100 °C for Various Periods
annealing time
(min)
0
60
240
480
900

Voc (mV)
838
833
813
788
678

±
±
±
±
±

10
6
38
21
10

Jsc (mA/cm2)
13.29
13.26
12.66
12.22
9.89

±
±
±
±
±

0.25
0.03
0.04
0.04
0.06

FF (%)
59.7
53.5
51.0
48.2
42.2

±
±
±
±
±

2.5
0.2
1.3
1.0
0.2

PCE (%)
6.65
5.92
5.26
4.64
2.83

±
±
±
±
±

0.22
0.05
0.37
0.21
0.05

parameters, including open-circuit voltage (Voc), short-circuit
current density (Jsc), and ﬁll factor (FF), monotonically degrade
as the aging time increases, reducing the PCE to <3% after 15 h
of isothermal heating at 100 °C. This observation clearly reveals
that the optimal morphology of the PTB7-Th/PC61BM blend is
highly sensitive to thermal stress.
We previously demonstrated that bis-PC61BM can be utilized
as a phase-separation inhibitor to stabilize the morphology of
P3HT/PC61BM blends in a high-temperature environment
14809
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Figure 2. Inﬂuence of thermal aging at 100 °C on the (a) Voc, (b) Jsc, (c) FF, and (d) PCE of the PTB7-Th/PC61BM:bis-PC61BM solar cells with
bis-PC61BM contents of 0 (black boxes), 2 (red circles), 4 (blue triangles), and 8 (green triangles) wt %.

Figure 3. IPCE spectra of the solar devices based on (a) PTB7-Th/PC61BM and (b) PTB7-Th/PC61BM:bis-PC61BM (8 wt %) after isothermal
annealing at 100 °C for various periods.

the bis-PC61BM loading is greater than 2 wt % because of the
low carrier-mobility nature of bis-PC61BM.
The long-term thermal stability of bulk heterojunction
PTB7-Th/PC61BM, PTB7-Th/PC61BM:bis-PC61BM (2 wt
%), PTB7-Th/PC61BM:bis-PC61BM (4 wt %), and PTB7Th/PC61BM:bis- PC61BM (8 wt %) solar cells was investigated
using the procedure described above to determine the
durability of the PTB7-Th/PC61BM device. Figure 2 plots
the dependences of major photovoltaic parameters of these
cells on thermal aging time, and Table S2 presents the relevant
numerical values. Evidently, the incorporation of a tiny amount
of bis-PC61BM into the active layer successfully stabilizes both
Voc and Jsc against long-time−high-temperature stress, as
displayed in Figure 2a,b. The increment of the mass loading
of bis-PC61BM from 2 to 8% further slows the decay of FF
(Figure 2c). Consequently, the thermally induced degradation
of PCE is substantially reduced from 57% for the device
without bis-PC61BM to <32% for that with bis-PC61BM.
Especially, the cell with 8 wt % bis-PC61BM exhibits a very
steady PCE, retaining ∼91% of the initial PCE even at thermal
stress at 100 °C for 15 h (Figure 2d).
Panels a and b of Figure 3 show the incident photon-tocurrent conversion eﬃciency (IPCE) spectra of the PTB7-Th/
PC61BM and PTB7-Th/PC61BM:bis-PC61BM (8 wt %) solar

owing to its amorphous nature and two bulky substituents,
which prevent close contact between fullerene cages.21 This
approach has the advantage of the continuous use of a
benchmark acceptor, PC61BM, and the similar solubility and
chemical compatibility of both fullerene derivatives. Herein,
some of the PC61BM in the PTB7-Th/PC61BM blend was
replaced with bis-PC61BM to generate a three-component
photoactive layer. Figure S1 plots the J−V curves of the PTB7Th/PC61BM with and without bis-PC61BM, and Table S1 in
the Supporting Information presents the extracted photovoltaic
parameters. Interestingly, bis-PC61BM in the active layer has a
minor eﬀect on Voc and FF, although bis-PC61BM has a lower
electron mobility and higher-lying HOMO than PC61BM. An
acceptor mixture of 98% PC61BM with 2% bis-PC61BM slightly
improves the photocurrent and ﬁll factor, yielding a Voc of 835
mV, a Jsc of 13.34 mA/cm2, an FF of 63.1%, and, therefore, a
promising PCE of 7.02%. This is probably because the bulky
bis-PC61BM molecules hinder the growth of numbers of
pristine PC61BM aggregates during the spin-drying procedure,
consequently increasing the interfacial area between the
polymer donor and fullerene acceptor and promoting the
formation of percolated PC61BM/bis-PC61BM pathways to the
cathode.21 However, the cell performance slowly decreases as
14810

DOI: 10.1021/acsami.7b01296
ACS Appl. Mater. Interfaces 2017, 9, 14808−14816

Research Article

ACS Applied Materials & Interfaces

Figure 4. OM images of (a) PTB7-Th/PC61BM and (b) PTb7-Th/PC61BM:bis-PC61BM (8 wt %) composite ﬁlms after thermal aging at 100 °C for
various periods.

Figure 5. TEM images of (a) PTB7-Th/PC61BM and (b) PTB7-Th/PC61BM:bis-PC61BM (8 wt %) composite ﬁlms after thermal aging at 100 °C
for various periods.

Th/PC61BM and PTB7-Th/PC61BM:bis-PC61BM (8 wt %)
composites. The images in Figure 4 reveal that both as-cast
ﬁlms have smooth and featureless surfaces. However, 15 h of
aging at 100 °C induces the appearance of countless black dots
in Figure 4a, revealing the thermal instability of phase domains
in the PTB7-Th/PC61BM ﬁlm. Conversely, such thermal stress
has no detectable impact on the PTB7-Th/PC61BM:bisPC61BM (8 wt %) ﬁlm, conﬁrming that bis-PC61BM can be
used as an eﬀective morphology stabilizer for the PTB7-Th/
PC61BM system as well (Figure 4b).
Then, TEM was applied to capture images of the two ﬁlms at
nanoscale resolution. The TEM pictures in Figure 5a show that

cells, respectively, after various heating times. All spectra are
basically similar in shape, suggesting that the change in
morphology is the main cause of the reduction of photocurrent.
The IPCE of the PTB7-Th/PC61BM device drops continuously
with increasing aging time. This result agrees closely with the
trend of Jsc in Table S2 in terms of decreasing tendency and
reduced ratio in numerical values. However, the PTB7-Th/
PC61BM:bis-PC61BM (8 wt %) device maintains steady IPCE
values over the entire range of wavelengths during long-term
thermal aging, as expected.
OM was employed to examine preliminarily the evolution of
the morphology of thermally aged spin-coated ﬁlms of PTB714811
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observation reported for the P3HT/PC61BM system, in which
the decay rate of electron mobility is around 20 times faster
than that of hole mobility,21 suggesting the thermal stress has
diﬀerent impacts on the phase morphologies of the PTB7-Th/
PC61BM and P3HT/PC61BM systems. In contrast, the PTB7Th/PC61BM:bis-PC61BM (8 wt %) ﬁlm possesses sturdy charge
transport. Upon aging at 100 °C for 15 h, its μe remains at a
comparable value of ∼3.6 × 10−4 cm2 V−1 s−1 and the μh is
reduced to about half of its original value. Evidently, utilizing
bis-PC61BM as a coacceptor eﬀectively improves the morphological stability of the PTB7-Th/PC61BM layer, counteracting
external thermal activation.
Both GISAXS and GIWAXS techniques were used to gain
insight into the structural evolution of pristine PTB7-Th,
PTB7-Th/PC61BM, and PTB7-Th/PC61BM:bis-PC61BM (8 wt
%) blend ﬁlms during prolonged high-temperature treatment.
The out-of-plane GIWAXS peak from the as-cast PTB7-Th ﬁlm
(Figure 6a) at scattering vector (Qz) = 1.55 Å−1 is from the
(010) diﬀraction that corresponds to a π−π stacking distance of
∼4 Å, indicating that the π−π stacking is perpendicular to the
substrate. This dominant orientation is favorable to the
transport of charge carriers to the electrodes in OPV devices.
This result is consistent with the report in the literature.5
Annealing the PTB7-Th ﬁlms at 100 °C for 4 h shifts the
position of the (010) peak to 1.6 Å−1 and substantially increases
peak intensity, implying that thermal motion induces the
formation of ordered and densely packed polymer chains. For
ease of comparison with the PTB7-Th, Figure 6a also shows the
out-of-plane GIWAXS proﬁles of the as-cast PTB7-Th/
PC61BM and PTB7-Th/PC61BM:bis-PC61BM (8 wt %)
composite ﬁlms. Both scattering proﬁles include a broad and
intense peak at ∼1.37 Å−1, which corresponds to PC61BM
aggregates whose scattering contrast is higher than that of
PTB7-Th owing to the high electron density of the former,33
causing the originally weak peak of the polymer crystallites at
1.55 Å−1 to become an unclear shoulder. In contrast to the
crystal growth of pristine PTB7-Th upon thermal aging, Figure
6b shows that the GIWAXS proﬁle of the PTB7-Th/PC61BM
ﬁlm remains almost unchanged from the as-cast to the 4-hannealed state, probably because PC61BM aggregation and
polymer crystallization are mutually inhibited in the blend ﬁlm
by the spatial conﬁnement during the annealing. However,
extending the annealing time to 15 h causes the growth of
PC61BM aggregates, as revealed by the intensiﬁed peak at 1.37
Å−1. On the other hand, Figure 6c indicates that the PTB7-Th/
PC61BM:bis-PC61BM (8 wt %) three-component blend has an
extremely stable GIWAXS proﬁle throughout 15 h of annealing
at 100 °C, demonstrating that the ﬁlm that contains bisPC61BM exhibits excellent morphological stability against the
thermal aggregation of PC61BM molecules within the PTB7-Th
matrix.
The GISAXS proﬁles that are recorded along the in-plane
direction (parallel to the ﬁlm surface) provide valuable
information that can be used to probe the BHJ structure in
the inner ﬁlm. For pristine PTB7-Th, as presented in Figure 7a,
the up-turn intensity in the low-Q region of the GISAXS
proﬁles increases rapidly with the annealing time, revealing that
the high-temperature environment accelerates the growth of
crystalline domains whose sizes become even larger than 200
nm, which is above the detection limit, corresponding to the
lowest Q value, 0.003 Å−1, of the instrument used. With respect
to the as-cast composite ﬁlms, the lack of a perceptible
diﬀerence between the GISAXS proﬁles of the PTB7-Th/

a few aggregates with a diameter of several tenths of a
nanometer ﬁrst appear in the 4-h-aged ﬁlm of PTB7-Th/
PC61BM. Both the number and size of these particles increase
with heating time, forming submicrometer-sized clusters after
15 h of thermal treatment. As expected, Figure 5b indicates
only a few aggregates are noticed in the long-term-aged PTB7Th/PC61BM:bis-PC61BM (8 wt %) ﬁlm. Very interestingly,
although this ﬁnding is similar to that reported for the P3HT/
PC61BM and P3HT/PC61BM:bis-PC61BM systems, the size of
thermally induced clusters in the PTB7-Th/PC61BM is
approximately 1 order of magnitude smaller than that of
those in the P3HT/PC61BM blend.
Carrier mobility is well-known to aﬀect importantly the
photovoltaic behavior of polymer solar cells. To better
understand how the change in thermally induced morphology
inﬂuences cell performance, the electron and hole mobilities of
the photoactive composite layers, which were aged at 100 °C
for various periods, were determined by the space-chargelimited current (SCLC) method using an electron-only (ITO/
SAM of 4-aminobenzoic acid/PTB7-Th:PC61BM:bis-PC61BM
(without and with 8 wt %)/Ca/Al) and a hole-only (ITO/
PEDOT:PSS/PTB7-Th:PC61BM:bis-PC61BM (without and
with 8 wt %)/Au) diode device, respectively. By the Mott−
Gurney law,38 the SCLC current density in the diode is given
by
J = (9/8)ε0εrμ(Vin 2/d3)

(1)

where ε0 denotes the permittivity of a vacuum; εr is the relative
dielectric constant of the sample; μ represents the charge
carrier mobility; d is the thickness of the sample; and Vin is the
voltage drop across the sample, which can be estimated from
the equation Vin = Vapp − Vbi, where Vapp is the applied voltage
and Vbi is the built-in voltage. Figures S2 and S3 plot the J−V
curves as ln J versus ln Vin and, therefore, the carrier mobility
can be determined from the intercept among ﬁtting lines. Table
2 lists the obtained values. For the PTB7-Th/PC61BM diode, as
Table 2. Electron and Hole Mobility of PTB7-Th/
PC61BM:bis-PC61BM (without and with 8 wt %) Films with
Long-Term Thermal Annealing at 100 °C, Determined by
the SCLC Method
bis-PC61BM
(wt %)

annealing time
(min)

μe
(cm2 V−1 s−1)
−4

μh
(cm2 V−1 s−1)
−4

μe/μh

0

0
60
240
480
900

5.44
4.37
4.12
3.55
2.75

×
×
×
×
×

10
10−4
10−4
10−4
10−4

1.45
1.29
8.54
6.75
1.26

×
×
×
×
×

10
10−4
10−5
10−5
10−5

3.75
3.39
4.82
5.26
21.83

8

0
60
240
480
900

3.59
4.11
3.50
3.77
3.57

×
×
×
×
×

10−4
10−4
10−4
10−4
10−4

1.21
1.20
8.06
6.29
5.86

×
×
×
×
×

10−4
10−4
10−5
10−5
10−5

2.97
3.43
4.34
6.00
6.09

thermal aging time increases, the electron mobility (μe)
gradually decreases from 5.44 × 10−4 cm2 V−1 s−1 for the ascast sample to 2.75 × 10−4 cm2 V−1 s−1 for the 15-h-annealed
ﬁlm, whereas the hole mobility (μh) declines at a faster rate
from 1.45 × 10−4 to 1.26 × 10−5 cm2 V−1 s−1, leading to
extremely unbalanced charge carrier transport with a μe/μh ratio
of ∼22. Interestingly, this fact is completely at odds with the
14812
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Figure 6. Temporal variation of the out-of-plane GIWAXS proﬁles for (a) pristine PTB7-Th, PTB7-Th/PC61BM, and PTB7-Th/PC61BM:bisPC61BM (8 wt %) ﬁlms, (b) as-cast and thermally aged PTB7-Th/PC61BM ﬁlms, and (c) as-cast and thermally aged PTB7-Th/PC61BM:bis-PC61BM
(8 wt %) ﬁlms.

Figure 7. Temporal variation of the out-of-plane GISAXS proﬁles for (a) pristine PTB7-Th, PTB7-Th/PC61BM, and PTB7-Th/PC61BM:bisPC61BM (8 wt %) ﬁlms, (b) as-cast and thermally aged PTB7-Th/PC61BM ﬁlms, and (c) as-cast and thermally aged PTB7-Th/PC61BM:bis-PC61BM
(8 wt %) ﬁlms.

random aggregations of pristine PC61BM clusters. Rather, these
pristine PC61BM nanoclusters may induce the accumulation of
PC61BM molecules and amorphous polymer chains by thermal
diﬀusion to produce mesoscale PC61BM-rich domains, which
are the black dots in the TEM micrographs in Figure 5a. The
scattering in the low-Q region of the GISAXS proﬁle is
contributed by the polymer crystallites and the macro-scale
PC61BM-rich domains. Although the scattering from the
PC61BM-rich aggregates becomes stronger after prolonged
heating, the total scattering intensity at Q ∼ 0.003 Å−1 for a 15h-aged ﬁlm remains close to that of the as-cast ﬁlm. This
ﬁnding implies that ordered domains of polymer chains were
partially deteriorated during long-term treatment at high
temperature. The presence of PC61BM clusters and PC61BMrich domains may impede the percolation of polymer
crystallites. Both eﬀects contribute to the abrupt decline of
hole mobility during annealing.
Conversely, the structure of pristine PC61BM nanoclusters
within the PTB7-Th matrix for the ﬁlm with 8 wt % bisPC61BM is extremely robust against thermal stress, as
supported by the stable GISAXS and GIWAXS proﬁles in
Figures 7c and 6c, respectively, so the generation of
submicrometer-sized PC61BM-rich domains is eﬀectively suppressed, as indicated by the TEM images in Figure 5b. Each bisPC61BM molecule bears two bulky substituents, which may
provide suﬃcient steric hindrance to prevent the generation of
new PC61BM clusters by the π−π interactions of fullerene cages
and to obstruct the thermal accumulation of amorphous
polymers and PC61BM molecules with nanoscale PC61BM
clusters to form mesoscale PC61BM-rich domains. From the
mechanistic point of view, the mesoscale PC61BM-rich domains
would coalescence or connect the macroscale PC61BM-rich
segregations by the further accumulation of PC61BM molecules.

PC61BM with and without bis-PC61BM suggests that the partial
replacement of PC61BM with bis-PC61BM has no signiﬁcant
inﬂuence on the phase morphology that is established during
casting. According to the well-known rule D = 2π/Q, where D
is the probe size and Q is the scattering vector, the shoulder at
0.016−0.02 Å−1 of the GISAXS proﬁles of both composite ﬁlms
is indicative of pristine PC61BM aggregates with sizes of ∼30−
40 nm. The GISAXS shoulder and the estimated size are
consistent with those reported by other groups.33,34 This size is
about 1 order of magnitude greater than that of the PC61BM
clusters (∼4 nm) in the as-cast P3HT/PC61BM blend ﬁlm.39
The relatively low crystallinity of PTB7-Th may be responsible
for the generation of a few small polymer crystallites that
consequently imposes less interference and steric hindrance on
the growth of pristine PC61BM clusters. During the ﬁrst 4 h of
heating, the structure of pristine PC61BM nanodomains in the
PTB7-Th/PC61BM remains stable, as evidenced by the
unchanged GISAXS proﬁles in Figure 7b. However, Figure 2
shows that the PCE of the PTB7-Th/PC61BM cell drops by
∼20% and Voc, Jsc, and FF are degraded after 4 h of thermal
aging. This decay may be attributed to the formation of a few
mesoscale PC61BM-rich domains, as observed in the TEM
images in Figure 5a. As mentioned earlier, the GISAXS
technique is rather insensitive at submicrometer probe length
scales, which are those of TEM observations. Prolonging the
heating process signiﬁcantly stimulates the creation of more
pristine PC61BM nanoclusters, as evidenced by the development of a prominent shoulder in the GISAXS and an intensiﬁed
peak in the GIWAXS proﬁles of the 15-h-aged PTB7-Th/
PC61BM in Figures 7b and 6b, respectively. Interestingly, the
size of these PC61BM clusters remains almost the same at
∼30−40 nm upon thermal annealing, implying that those
submicrometer-sized clusters in the TEM images are not just
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the light intensity was calibrated using a monocrystalline silicon
reference cell with a KG-5 ﬁlter (PV Measurements, Inc.), which was
precalibrated by the National Renewable Energy Laboratory (NREL).
The spectral mismatch factor in our measurement system was
determined from the spectral data of the device, the reference cell,
and the solar simulator following the procedure reported in the VLSI
standards document 0245161-000 and found to be 0.9968. The IPCE
spectra were measured using a xenon lamp with a monochromator
(Triax 180, Jobin Yvon) as the light source, and the light intensity was
calibrated by an Ophir 2A-SH thermopile detector. OM images were
captured by a Sony (EXWAVE HAD CCD sensor) microscope. TEM
images were obtained from a Hitachi H-7100 microscope. The
measurements of the simultaneous GISAXS and GIWAXS were
performed using the BL23A beamline of the National Synchrotron
Radiation Center (NSRRC) in Taoyuan, Taiwan. The ﬁlm thickness
was determined by a stylus proﬁler (α-Step DETAK 6m, Digital
Instruments, Inc./Veeco Metrology Group).
Fabrication of BHJ PSCs. All BHJ PSCs were fabricated with a
regular sandwich structure, ITO/PEDOT:PSS/PTB7-Th:PC61BM:bisPC61BM (without or with 2, 4, and 8 wt %)/Ca/Al. The ITO glasses
were cleaned in detergent (5 min), deionized water (5 min), acetone
(10 min), and then isopropanol (10 min) using an ultrasonic
oscillator, followed by drying these substrates under a nitrogen stream
for 10 s. The PEDOT:PSS suspension was ﬁltered through a 0.2 μm
ﬁlter and then spin-coated on top of cleaned ITO glasses at a spin rate
of 3500 rpm for 30 s to form a hole transport layer with a thickness of
∼30 nm. After being baked on a hot plate at 140 °C for 10 min, the
substrates were delivered into a glovebox having O2 and H2O contents
of <0.1 ppm and spin-coated (800 rpm, 30 s) with a coating solution
comprising PTB7-Th (10.0 mg), PC 61 BM (15.0 mg), and
chlorobenzene (1.0 mL), which were mixed by magnetic stirring at
50 °C for 24 h, to generate the active layers with a thickness of ∼100
nm. For preparing the PTB7-Th:PC61BM:bis-PC61BM three-component ﬁlms, various amounts (0.3, 0.6, or 1.2 mg) of PC61BM were
replaced with bis-PC61BM. These composite ﬁlms were then thermally
aged at 100 °C for various periods to study the thermal stability of
morphology. Finally, layers of calcium (∼20 nm) and aluminum (∼60
nm) were subsequently deposited on top of the active layer as metal
electrode by a homemade thermal evaporator (3 × 10−5 Pa) to ﬁnish
device fabrication. The active area of all devices is 0.06 cm2.
Preparation of GIWAXS/GISAXS Samples. The multilengthscale morphology of PTB7-Th and PC61BM blends was examined
using the GIWAXS/GISAXS instrument. A 100 nm active layer of
pristine PTB7-Th, PTB7-Th/PC61BM, or PTB7-Th/PC61BM:bisPC61BM (8 wt %) was spin coated onto a cleaned Si wafer substrate
(1 × 1 cm2) at 800 rpm for 30 s under a nitrogen atmosphere. These
thin ﬁlms were dried in vacuum for 20 min and subsequently thermally
heated at 100 °C for 0 (as cast), 240, or 900 min in a nitrogen-ﬁlled
glovebox. The simultaneous GISAXS/GIWAXS measurements were
performed at the BL-23 beamline of NSRRC. The instrumental
conﬁguration and experiment procedure were described elsewhere.37,40
In the GISAXS/GIWAXS measurements, the incident angle to each
thin ﬁlm was aligned precisely to 0.2 ± 0.002°. The 2D GIWAXS
patterns of the pristine PTB7-Th and PTB7-Th/PC61BM blend ﬁlms
shows that the diﬀraction spots dominate in the out-of-plane direction
(i.e., perpendicular to the ﬁlm or substrate surface), indicating the
preferred orientation of polymer crystallites. Thus, the main 1D
GIWAXS proﬁles were reduced from the out-of-plane direction and
expressed as a function of scattering vector Qz. The 1D proﬁle
GISAXS proﬁles were mainly reduced from the in-plane direction
(parallel to the ﬁlm surface) by a horizontal cut covering the Yoneda
peak and expressed as a function of scattering vector Qx for solving the
BHJ ﬁlm structure.39,41 Previous studies showed the eﬀect of the active
layers coated on the PEDOT:PSS/Si and pure Si substrates on the
GISAXS/GIWAXS intensities can be negligible.40,42

The key parameter improving the thermal stability of these
solar devices is the hindrance of thermal diﬀusion of PC61BM
molecules and amorphous polymer segments toward the
nanoscale clusters nearby to form a mesoscale PC61BM-rich
domain. The bis-PC61BM molecules have signiﬁcant eﬀect on
the formations of nanoscale PC61BM clusters and mesoscale
PC61BM-rich domains.

■

CONCLUSION
The phase domains in the blend of PC61BM and PTB7-Th, a
widely studied LBG polymer, are unstable in an elevatedtemperature environment, causing a signiﬁcant loss of the PCE
of PTB7-Th/PC61BM BHJ solar cells, severely limiting their
practical use. In the spin-drying process, portions of PC61BM
molecules gather into several clusters with sizes of tens of
nanometers that simultaneously restrict the growth of PTB7-Th
crystallites by spatial conﬁnement. In the early stage of
annealing at 100 °C, these PC61BM clusters may promote
the generation of PC61BM-rich domains with submicrometer
sizes. Prolonged thermal aging increases the population of
PC61BM aggregates as well as the PC61BM-rich clusters. The
pristine PC61BM aggregates in the PTB7-Th/PC61BM are
about 10 times larger than those in the P3HT/PC61BM ﬁlm, so
they may impose a greater spatial restriction on the
development of large ordered domains of PTB7-Th. Moreover,
clusters of both types may break the continuous pathways along
which holes are transported to the anode. This suggestion is
evidenced by the rapid drop of hole mobility in the course of
high-temperature treatment. Although the substitution of a
small amount of PC61BM with bis-PC61BM only slightly alters
the size of fullerene clusters, it not only prevents the generation
of additional fullerene aggregates but also almost completely
prevents the creation of submicrometer-sized PC61BM-rich
clusters under thermal stress, leading to an extremely stable
morphology. This is probably because the two bulky and
randomly distributed organic moieties on bis-PC61BM sterically
obstruct the formation of the aforementioned clusters via the
dense packing of C60 cages. Consequently, the application of
this three-component blend as an active layer markedly reduces
the PCE drop from ∼60% for that without bis-PC61BM to
<10% following isothermal aging for 15 h. This investigation
provides insights into the morphological evolution of LBG
polymer-based active layers from nanoscale to microscale
domains at an elevated temperature of 100 °C, which simulates
harsh operational conditions. Additionally, this work demonstrates a simple but eﬀective approach to substantially reducing
the decay of cell performance that arises from morphological
degradation by thermal stress.

■

EXPERIMENTAL METHODS

Materials. The LBG conjugated polymer (PTB7-Th) and poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
(CLEVIOS P VP AI 4083) were purchased from 1-Material Inc. and
Heraeus Precious Metals GmbH & Co. KG, respectively. PC61BM
(99%) and bis-PC61BM (>99.5%) were supplied by Nano-C Inc.
Other chemical reagents were purchased from ACROS and directly
used without further puriﬁcation.
Instruments and Characterization. All current−voltage (J−V)
curves of PSCs were measured using a Keithley 2400 source
instrument with a scan rate of 0.1 V s−1 (from −0.5 to 1.0 V) at
ambient condition (20 °C, in air) under Air Mass 1.5 Global (AM 1.5
G) illumination, which was provided by a 300 W solar simulator (Oriel
91160), at an intensity of 100 mW cm−2. A 300 W solar simulator
(Oriel 91160) was used as the light source for J−V measurements, and
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