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  1.     Introduction 

 Polymer solar cells (PSCs) have attracted 
considerable attention in recent years 
due to their low cost, light weight, fl ex-
ibility, simple preparation requirements, 
semitransparency, and their potential for 
large-area fabrication. [ 1–4 ]  Bulk heterojunc-
tion (BHJ) PSCs based on interpenetrating 
networks of semiconducting polymers and 
fullerene derivatives have shown power 
conversion effi ciencies (PCEs) >10% [ 3,5 ]  
for single layer devices and >11% [ 6 ]  for 
tandem cells. The current BHJ paradigm 
conjectures an ideal morphology involving 
a bicontinuous network consisting of small 
domains ≈10–20 nm in size, suffi ciently 
pure phases, a high degree of aggregation/
crystallinity, and face-on orientation with 
respect to the substrate as well as the donor/
acceptor (D/A) interface, thus improving 
charge dissociation and charge transport 
effi ciency. [ 7–26 ]  Controlling processing con-
ditions to achieve a morphology close to the 
ideal is as important as synthesis of new 

donor and acceptor materials, and has become one of the main 
focus areas in PSC research. [ 27 ]  In particular, controlling the con-
ditions during spin-coating by using different solvents, mixed sol-
vents, and/or additives [ 12,16,17,20–22,28–32 ]  and after spin-coating by 
using thermal annealing, solvent annealing, solvent treatments, 
and light processing [ 11,33–35 ]  has been widely investigated. It is also 
considered that the initial preaggregation state of the blend in 
solution has a critical impact on the fi nal BHJ structure, [ 36,37 ]  and 
the details of structure and morphology creation during casting 
are being increasingly investigated with time-resolved experi-
ments. [ 38,39 ]  Recently, an important approach of morphology con-
trol was demonstrated by utilizing the temperature-dependent 
aggregation property of the polymer in solution and that led to 
an open literature record device performance (10.8%) based on 
a polymer named poly[(5,6-difl uoro-2,1,3-benzothiadiazol-4,7-
diyl)-alt-(3,3′′′-di(2-octyldodecyl) 2,2′;5′,2″;5″,2′′′–quaterthiophen-
5,5′′′-diyl)] (PffBT4T-2OD). [ 3 ]  PffBT4T-2OD is a very promising, 
high-performance conjugated polymer yielding PCEs up to 10.8% 
for a single junction polymer solar cell. The material has several 
intriguing characteristics: [ 3 ]  (a) Unlike other high-performance 
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materials, [ 13,40,41 ]  PffBT4T-2OD can perform well with several 
fullerenes, i.e., four PffBT4T-2OD:fullerene combinations yield 
devices with PCE > 10%; (b) PffBT4T-2OD shows high hole 
mobility (1.5–3.0 × 10 −2  cm 2  V −1  s −1 ) in the blend; and (c) PffBT4T-
2OD based blends exhibit high performance and high FF (>75%) 
even in thick fi lms (≈300 nm). The morphology forming process 
of PffBT4T-2OD based blends is particularly interesting because 
PffBT4T-2OD shows strong temperature-dependent aggregation 
property in solution, which was utilized to create the near-ideal 
polymer:fullerene morphology containing highly crystalline and 
pure yet reasonably small polymer domains. [ 3 ]  

 To understand the aggregation and morphology properties of 
PffBT4T-2OD in details and fully explore the potential of this 
material, it is important to understand how various processing 
parameters affect the detailed morphology parameters of the 
PffBT4T-2OD-based blends including polymer crystallinity, 
backbone orientation, domain size, domain purity, and mole-
cular orientations at D/A interfaces. Moreover, casting from hot 
solvents remains somewhat of an art and the impact of experi-
mental protocols of hot solutions in general and PffBT4T-OD 
in particular have yet to be delineated carefully. The details of 
the morphology formed from PffBT4T-OD blends when casting 
from different solution temperatures and spin rates remain 
unknown. Furthermore, the impact of the molecular weight 
( M  w ) is considered to be critical on morphology control and 
fi nal device performance. [ 42 ]  The  M  w  impact of PffBT4T-2OD on 
the aggregation properties and temperature sensitivity of mor-
phology formation is also poorly understood and needs to be 
explored. 

 In this paper, we report a detailed study on the infl uence 
of various processing parameters and polymer molecular 
weights on the morphology of PffBT4T-2OD based devices. In 
order to clearly demonstrate the morphological effects of spin 
rate and processing temperatures, we have combined the low 
spin rate with low processing temperature and fast spin rate 
with high processing temperature. It is shown that the high 
spin rate/high temperature condition reduced the polymer 
crystallinity and changes the polymer backbone orientation 
from a preferred face-on to edge-on orientation. Most surpris-
ingly, it was found that the median domain sizes of PffBT4T-
2OD:PC 71 BM blends processed at different temperatures/spin 
rates are nearly identical. This indicates that PffBT4T-2OD has 
a unique ability to form polymer:fullerene blends with sim-
ilar domain sizes even if the processing conditions are dra-
matically different. Such a property helps to create a robust 
polymer:fullerene morphology that is insensitive to the choice 
of fullerene acceptors. In contrast to the consistent domain 
size, the average domain purity and the molecular orientation 
relative to polymer:fullerene interfaces can be signifi cantly 
changed by using different spin rates and processing tem-
peratures. To better illustrate the infl uences of individual pro-
cessing parameters on polymer morphology, additional experi-
ments were also carried out by fi xing all other processing 
parameters and only changing one parameter (processing 
temperature, spin rate, or concentration) in each experi-
ment. The infl uences of processing solvents (chlorobenzene-
CB, dichlorobenzene-DCB, or CB/DCB mixture) were also 
studied. These detailed studies provide important guidance to 
control and optimize various morphological parameters and 

thus electrical properties of PffBT4T-2OD-type materials for 
the application in PSCs.  

  2.     Results and Discussions 

 As the PffBT4T-2OD (chemical structure shown in  Figure    1  a) 
aggregation and subsequent crystallization is presumed to be 
the main phase separation driving force in the blend fi lms, [ 3 ]  
we investigated the effect of spin rate and temperature fi rst 
on pure PffBT4T-2OD fi lms. We have employed grazing 
incident wide-angle X-ray scattering (GIWAXS) to probe 
the molecular packing of pure PffBT4T-2OD fi lms pro-
cessed at two different processing conditions from CB/
DCB with 3% DIO solutions: slow (800 rpm, 80 °C) and fast 
(5000 rpm, 150 °C). The GIWAXS results of pure PffBT4T-
2OD polymer cast at fast and slow spin speeds are shown 
in Figure  1 b (2D GIWAXS pattern shown in Figure S1, Sup-
porting Information). The pronounced PffBT4T-2OD (h00) 
lamellar stacking peak occurs at  q  = 0.28 Å −1 , corresponding 
to a  d -spacing of 22.4 Å. The (010) π–π stacking peaks at  q  = 
1.74 Å −1  (a  d -spacing of 3.61 Å) are also observed. Overall, 
the results indicate that PffBT4T-2OD processed at slow con-
ditions exhibits better molecular ordering, with a particu-
larly strong out-of-plane (OOP) π–π stacking peak and more 
face-on orientation. There are two reasons for this observa-
tion. (a) At higher solution temperature, PffBT4T-2OD is 
poorly aggregated (Figure  1 c). In contrast, at low tempera-
ture, PffBT4T-2OD is aggregated and this preaggregation 
will be preserved when processing with lower temperature 
solution, which yields a highly ordered solid thin fi lm. The 
preaggregation ability of PffBT4T-2OD is strongly and not 
surprisingly molecular weight ( M  w ) and likely polydispersity 
dependent (GPC profi les shown in Figure S5, Supporting 
Information), with low  M  w  PffBT4T-2OD being far less 
aggregated (Figure  1 d). [ 43,44 ]  (b) With the slow spin rate we 
have slow cooling and solvent evaporation and the polymer 
chains have more time to organize than in the fast spin-rate 
process, where chains and texture/morphology are quickly 
quenched. We note that both conditions lead to strong OOP 
(h00) and (010) features, yet at least partially missing corre-
sponding features in the in-plane direction. This pattern can 
arise when the backbone orientation is (partially) constrained 
to be in-plane (“2D powder”). Overall, the PffBT4T-2OD 
molecular packing can be controlled by spin rate and solu-
tion temperature, i.e., slow quenching conditions either give 
more time for the polymer to become better ordered during 
spin-coating or form preaggregation in the solution, while 
the fast quenching conditions yield relatively poor ordering.  

 For comparison, the molecular packing properties of 
PffBT4T-2OD:PC 71 BM blend fi lms were also examined using 
GIWAXS and the results are shown in  Figure    2  a. We have 
previously reported based on 1D X-ray diffraction (XRD) that 
the out-of-plane π–π stacking intensity can be signifi cantly 
modifi ed by spin rate during spin-coating for the blend fi lms. [ 3 ]  
GIWAXS can provide the molecular packing information in 
the both in- and out-of-plane direction as well as the texture 
and mosaicity. The blend fi lms were spun-cast on silicon sub-
strates using the following combinations: 600 rpm, 90 °C; 
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800 rpm, 100 °C; 1000 rpm, 110 °C; 3000 rpm, 137 °C; and 
5000 rpm, 150 °C. In Figure  2 a, all the blend fi lms with dif-
ferent processing conditions show peaks indicative of similar 
lamellar spacings ( q  = 0.28 Å −1 ) and π–π stacking spacings 
( q  = 1.74 Å −1 ). These spacings are identical to those of the 
pure PffBT4T-2OD fi lms. The broad peaks at  q  = 1.4 Å −1  are 
characteristic of PC 71 BM aggregation. [ 40 ]  The lamellar stacking 
peaks (h00) in the in-plane direction disappear gradually from 
600 to 5000 rpm, while the (h00) peaks in the out-of-plane 
direction emerge. Meanwhile, the intensity of the π–π stacking 
(010) peaks shows the opposite trend, that is, the intensity in 
the out-of-plane direction progressively decreases from 600 to 
5000 rpm, but the (010) peaks in the in-plane direction grad-
ually increase. This is in contrast to the more random “2D 
powder” situation of the pure fi lm (see Figure  1 b) and signifi es 
that the polymer texture has a more preferential distribution in 
the blends. The (010) coherence lengths measuring cumulative 
lattice distortions in the out-of-plane direction (obtained using 
the Scherrer equation [ 45–47 ]  are 9.8, 8.1, 5.6, 3.1, and 2.0 nm 
and in the in-plane direction 0.2, 0.3, 1.5, 2.1, and 3.2 nm, 
respectively (also displayed in  Table    1  ). To clearly illustrate the 
effect of the varying processing conditions on π–π stacking, the 
regions of the GIWAXS profi les between  q  = 1.5 and 2.1 Å −1  are 
shown in Figure  2 b,c in the out-of-plane and in-plane direction, 
respectively. The behavior of the (h00) and (010) peaks under 
different processing conditions strongly indicates that the orien-
tation of PffBT4T-2OD is switched from more “face-on” to more 
“edge-on” in the blend fi lm with increasing spin speed or solu-
tion temperature. The hole mobilities of PffBT4T-2OD:PC 71 BM 
blend fi lms processed at 800 rpm, 100 °C; 1000 rpm, 
110 °C; 3000 rpm, 137 °C; and 5000 rpm, 150 °C were obtained 

via space charge limited current (SCLC) measurements (the 
mobility is not obtained for 600 rpm, 90 °C because the slow 
spin rate induced an inhomogeneous, rough fi lm). The results 
are listed in Table  1 . The improved charge transport for slow 
casting is correlated with the increased face-on orientation sim-
ilar to prior results. [ 11,17,31,46 ]  In addition, the gradual increase in 
hole mobility with decreasing spin speed is correlated with an 
increase in out-of-plane (010) coherence length, which is likely 
an additional causative factor due to improved charge transport 
over longer distances.   

 It is also interesting to observe that the samples processed 
from high spin rates and high temperature (5000 rpm/150 °C) 
yield PSCs with slightly higher  V  oc  than the best cell (Table  1 ). 
During the high spin speed and temperature condition, a dis-
ordered polymer morphology and slightly twisted polymer back-
bone is quenched when the fi lm dries, leading to the blue shift 
in the UV–vis absorption spectrum, which indicates that the 
polymer fi lm has a larger optical band gap than that processed at 
low speed rate/temperature. A larger optical band gap is probably 
correlated to lower HOMO and higher LUMO levels, resulting 
in higher  V  oc . Another important point regarding the PSC per-
formance of the samples spun at higher rates/higher tempera-
ture typically exhibit smaller fi lm thickness, which may cause 
lower  J  sc  and performance. To rule out that the thickness effect, 
we intentionally fabricated some high temperature/high spin 
rate samples using signifi cantly more concentrated solutions to 
obtain devices with a similar thickness, which also exhibits poor 
PSC performance (Table S1, Supporting Information). 

 For the data shown in Figure  2 , the spin rate and tempera-
ture were varied at the same time for the samples. To fully 
disentangle the effects of these two processing parameters, 
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 Figure 1.    a) Chemical structure of PffBT4T-2OD, b) in-plane and out-of-plane line scan of GIWAXS results of “less-aggregate” (fast-cast) and “more-
aggregate” (slow-cast) PffBT4T-2OD pure fi lm (intensities offset for clarity), UV–vis absorption spectra of c) high and d) low molecular weight solution 
(0.02 mg mL −1  in DCB) at temperatures as indicated.
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additional experiments were carried out by fi xing all other pro-
cessing parameters and only changing the spin rates, solution 
temperature, or solution concentration in each experiment. As 
PffBT4T-2OD:PC 71 BM samples show out-of-plane diffraction 
features that can be clearly seen by standard XRD characteriza-
tion, we have carried out extensive XRD experiments to charac-
terize the crystallinity of PffBT4T-2OD:PC 71 BM fi lms processed 
by only changing one parameter at a time.  Figure    3  a showed 
(010) diffraction peaks (by XRD) of PffBT4T-2OD:PC 71 BM fi lms 
processed at different temperatures and with all other para-
meters fi xed (spin rate at 1000 rpm and solution concentration 
9 mg mL −1 ). It is clear that the samples show signifi cantly reduced 
(010) diffraction peaks with increasing processing tempera-
ture. This result is consistent with the temperature-dependent 
aggregation properties of the polymer solution. The calculated 
(010) coherence length based on the XRD data is also gradually 
decreased with increasing solution temperatures. The second 
experiment was done by only changing the spin rates and with 

the temperature ≈110 °C and solution concentration 9 mg mL −1 , 
shown in Figure  3 b. The samples showed signifi cantly reduced 
(010) diffraction peak intensity and (010) CL with increasing 
spin rates. This result is also reasonable, as the fast spin rate 
(e.g., 5000 rpm) leads to a very short fi lm drying time (e.g., a 
few seconds) during which the polymer does not have suffi cient 
time to fully aggregate or to create highly crystalline polymer 
domains in the fi lm. Finally, PffBT4T-2OD:PC 71 BM fi lms were 
processed at the same spin rate and temperature but from solu-
tions at different concentrations, shown in Figure  3 c. It is clear 
that higher concentration solutions led to more intense (010) 
peaks and larger (010) CL. Apparently, higher concentrations 
make the aggregation of the polymer much faster, which leads 
to more crystalline fi lms. These combined results show that the 
kinetics of polymer aggregation can be affected by processing 
temperature, spin rates (which can change fi lm drying time 
and extent of cooling during the coating process), and solution 
concentrations.  
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  Table 1.    Device characteristics and structural parameters of PffBT4T-2OD:PC 71 BM blends.  

Processing condition a)  V  OC  
[V]

 J  SC  
[mA cm −2 ]

FF PCE b)  
[%]

OOP π–π CL 
[nm]

IP π–π CL 
[nm]

Average domain 
purity [%]

Anisotropy Hole mobility 
[cm 2  V −1  s −1 ]

Thickness 
[nm]

600 rpm, 80 °C 0.76 17.3 0.60 7.9 9.8 0.2 100 0.17 N/A 350

800 rpm, 100 °C 0.79 18.5 0.71 10.3 8.1 0.3 74 0.19 0.0121 300

1000 rpm, 110 °C 0.76 17.8 0.61 8.3 5.6 1.5 68 0.21 0.0058 240

3000 rpm, 137 °C 0.78 12.4 0.60 5.8 3.1 2.1 64 0.41 0.0031 200

5000 rpm, 150 °C 0.81 7.57 0.59 3.5 2.0 3.2 62 0.42 0.0011 180

Low  M  W  800 rpm, 100 °C 0.72 16.7 0.63 7.7 4.5 0.9 61 N/A 0.0067 298

    a) The acceleration of the substrate toward the fi nal spin speed also affects fi nal fi lm properties and thus we keep it identical as 1000 rpm in fi rst 40 s and then 2000 rpm for 
the remaining 6 s;  b) The PCE values are averages from over ten devices.   

 Figure 2.    a) The in-plane and out-of-plane GIWAXS profi les for PffBT4T-2OD:PCBM blend fi lms processed at different spin speed and temperature as 
indicated (intensities offset for clarity), b) the out-of-plane (010) profi les, and c) the in-plane (010) profi les.
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 In addition to the crystalline properties of the BHJs, the 
domain size, average purity, and multilength scale phase 
separation of PffBT4T-2OD:PC 71 BM processed with different 
quenching rates were investigated by resonant soft X-ray scat-
tering (R-SoXS). [ 9,10,16,31,48 ]  The R-SoXS scattering profi les are 
displayed in  Figure    4  a. Profi les were acquired at 283 eV to 
avoid K-shell absorption, which can induce fl uorescence back-
ground and cause beam damage. [ 49 ]  It is interesting to note that 
all the blend fi lms show a similar median domain spacing of 
≈60–80 nm. AFM and TEM images of PffBT4T-2OD:PC 71 BM-
based fi lms (processed with 800 rpm, 110 °C) are also pro-
vided in Figure S4 (Supporting Information). The feature size 
shown in the AFM and TEM images are generally smaller than 
40 nm, which is consistent with the R-SoXS data. These similar 
R-SoXS profi les demonstrate that the phase separation pro-
cess is relatively insensitive to the quenching rate. The average 
composition variation (and relative average domain purity) can 
also be revealed by R-SoXS via integration of the scattering 
profi les. [ 10,21 ]  Completely mixed domains result in no scat-
tering over the  q -range probed. A two-phase morphology with 
pure phases will yield maximum scattering. Intermediate scat-
tering intensity refl ects the average composition of all domains 
of a two or likely three-phase morphology. The composition 
variations of the fi lms relative to the one processed at 600 rpm 
are 74%, 68%, 64%, and 62% for the fi lms processed at 800, 

1000, 3000, and 5000 rpm, respectively. Two factors account 
for this variation. First, highly aggregated polymers form purer 
polymer-rich aggregates in low temperature solutions, which 
are preserved in the solid thin fi lm. Second, during the spin-
coating process, slow quenching conditions give more time 
for polymers and fullerene to aggregate/crystallize which will 
induce purer domains as well. The trend of relative domain 
purity versus processing conditions is the same as that which 
is observed for the π–π stacking coherence length. In all cases, 
the length scale of the phase separation is largely quenched in, 
but the average purity and ordering of the domains is improved 
with slower casting.  

 R-SoXS can also reveal the presence of multilength scale 
phase separations of PffBT4T-2OD:PC 71 BM by fi tting scat-
tering profi les with log-normal distributions as reported previ-
ously. [ 16,48 ]  The fi tted results are shown in Figure S2 (Supporting 
Information). It is interesting to note that for high quenching 
rates (3000 and 5000 rpm), the scattering profi les only require 
a single log-normal distribution to obtain a good fi t, which sug-
gests a single length scale phase separation. Log-normal prob-
ability distributions occur frequently in nature and refl ect pro-
cesses when the outcome is the product of several randomly 
distributed variables. In contrast, for the slow quenching rates 
(600, 800, and 1000 rpm), the scattering needs to be fi t by 
three log-normal distributions, indicating the presence of three 
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 Figure 3.    The (010) diffraction peaks (by XRD) of PffBT4T-2OD:PC 71 BM fi lms processed at a) different temperatures, b) different spin rates, and 
c) different concentrations, with all other parameters fi xed.
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length scales in the blends that might correspond to different 
mechanisms and time scales of formation. The relatively weak 
high  q -peaks (peak 3, Supporting Information) corresponding to 
the smallest length are related to the polymer crystallization as 
revealed previously for other systems, [ 16,48 ]  when face-on crystals 
are separated by small amounts of fullerene and thus detectable 
by R-SoXS. These morphological features cannot be formed 
during the faster quench at high spin speed with limited time 
for domain purifi cation and preferential face-on reorientation. 
Low  q -peaks (peak 1 and 2) correspond to polymer:fullerene 
phase separation at length scales larger than the coherence 
length as revealed by WAXS. The contribution of large domains 
is highest for the slowest quenching rate (600 rpm). A hierar-
chical structure has previously been reported and considered 
to be a favorable structure for device performance, which could 
explain why devices with blends processed with relatively slow 
quenching rates show higher performance (Table  1 ). The device 
processed with the slowest spin rate of 600 rpm yields a thick 
fi lm (350 nm) with high domain purity. While the thicker fi lms 
lead to lower average extraction fi elds that can lead to enhanced 
recombination and thus low FF, the higher average purity 
should be conducive to achieving low recombination rates. 
Additional work and use of characterization methods such as 
time delayed collection fi eld (TDCF) that disentangles these two 
parameters is required to understand the reduced  J  sc  and FF at 

this processing condition. [ 7,50 ]  The diffi culty to produce smooth 
fi lms at 600 rpm indicates that this represents the processing 
limit of PffBT4T-2OD, which will make it diffi cult to explore the 
details reliably. 

 Although less studied, molecular orientation relative to the 
D/A interface is a parameter in (BHJ) organic solar cells that 
has been shown to be capable of being the bottleneck in the 
performance of organic solar cells. [ 9,17,20 ]  As the quenching 
rate impacts the kinetics of thin fi lm deposition, this may 
also affect the average molecular orientation relative to the 
D/A interface. To investigate such molecular orientation in 
PffBT4T-2OD:PC 71 BM blend fi lms, polarized resonant soft 
X-ray scattering (P-SoXS) was employed. [ 9,17,20 ]  Figure  4 b 
shows the 2D P-SoXS scattering patterns and profi les with 
horizontally polarized X-rays at 285.2 eV for blend fi lms pro-
cessed at the two extreme conditions (600 and 5000 rpm). A 
complete set of results is shown in Figure S3 (Supporting 
Information). It is noted that the scattering intensity is aniso-
tropic, i.e., the scattering perpendicular to the plane of polar-
ization is higher than in the parallel direction. This has been 
previously reported and interpreted in polymer:fullerene 
blends as preferential face-on orientation of the polymer 
relative to the polymer/fullerene interface. [ 9,20 ]  We further 
note that the difference between scattering intensity in the 
perpendicular and parallel directions is higher for 5000 rpm 
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 Figure 4.    a) R-SoXS scattering profi les at 283 eV for blend fi lm PffBT4T-2OD:PC 71 BM processed at different spin speed and temperature as indicated, 
b) P-SoXS profi les at 285.2 eV at vertical and horizontal direction relative to the electric fi eld; the inset images are 2D P-SoXS scattering of blend fi lms 
processed at 600 and 5000 rpm (intensities offset for clarity), and c) scattering anisotropy as a function of the spin speed.
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than 600 rpm. To analyze the anisotropy more quantitatively, 
we defi ne an experimental scattering anisotropy parameter 
as the difference of sector scattering intensity (SSI) perpen-
dicular and parallel to the electric fi eld direction over their 
sum

    
Anisotropy

SSI SSI
SSI SSI

vertical horizontal

vertical horizontal

= −
+   

(1)
   

 The scattering anisotropy is shown in Figure  4 c, where 
we fi nd the anisotropy saturates exponentially with the spin 
rate. These results demonstrate that the PffBT4T-2OD back-
bone is on average partially aligned face-on with respect to 
the D/A interface. The degree of this ordering appears to 
be higher when spin speed is higher, but a complete even-
tual quantitative analysis would have to take into considera-
tion the differences in face-on/edge population as P-SoXS 
anisotropy only arises from the edge-on population. Overall, 
the observed face-on orientation relative to the D/A interface 
is favorable for charge dissociation and thus supports the 
overall high performance. [ 9,17,20 ]  Although no clear correla-
tion of the molecular orientation with device performance is 
observed for this specifi c system, this emphasizes that other 
morphological parameters, such as domain purity and crystal-
line coherence length, are limiting the device performance in 
these thick fi lms through their signifi cant impact on FF and 
mobility. 

 In addition to the processing parameters discussed above, 
the more minor changes of processing parameters (such 
as solvent CB or DCB) are discussed in the Supporting 
Information. 

 Because it has been shown that molecular weight has a 
signifi cant impact on macromolecular entanglement/aggre-
gation and device performance, [ 37,42–44,51,52 ]  the sensitivity of 
PffBT4T-2OD to this parameter needs to be understood. We 
have thus investigated the impact of molecular weight on the 
aggregation state in solution and the structure in the solid 
thin fi lms. The temperature dependent UV–vis absorption of 
low molecular weight ( M  n  = 16.6 kDa,  M  w  = 29.5 kDa) and 
high molecular weight ( M  n  = 47.5 kDa,  M  w  = 93.7 kDa) is 
shown in Figure  1 b,c. We found that aggregation of high 
 M  w  PffBT4T-2OD is stronger and more strongly dependent 
on typical processing temperatures than low  M  w  PffBT4T-
2OD. As demonstrated in the previous section, aggregation 
behavior will signifi cantly impact the morphology in thin 
fi lms. In order to probe the impact of molecular weight on 
the crystallinity of PffBT4T-2OD:PC 71 BM blend fi lms, we 
used GIWAXS to characterize blends processed with iden-
tical conditions (800 rpm, 100 °C) but varying  M  w . The 
GIWAXS results are displayed in  Figure    5  a. We found that 
both high and low  M  w  PffBT4T-2OD exhibit high crystal-
linity, with strong (100), (200), and even (300) diffraction 
peaks. The (010) π–π stacking peaks of both blends are in 
the out-of-plane direction, which indicates that the orienta-
tion of crystalline regions with respect to the substrate is 
insensitive to the molecular weight. The in-plane (100) and 
out-of-plane (010) coherence lengths were also calculated 
via the Scherrer equation. [ 45 ]  Coherence lengths of 12.6 and 
23.5 nm in the (100) direction and 7.9 and 4.5 nm in the 

(010) direction were obtained for high and low  M  w , respec-
tively. This indicates that low  M  w  PffBT4T-2OD has stronger 
lamellar packing but weaker π–π stacking than high  M  w  
PffBT4T-2OD. The poor π–π stacking impacts the charge 
transport pathway (the SCLC mobility of 0.0067 cm 2  V −1  s −1 , 
shown in Table  1 ), [ 7,53 ]  which might be an important reason 
in itself, compounding the lack of tie chains required to con-
nect aggregated regions with each other in order to obtain 
proper charge transport. [ 47 ]  The poor transport property con-
tributes to the lower performance, i.e., FF, of devices based 
on low  M  w  PffBT4T-2OD (PCE = 7.7%).  

 The phase separation of PffBT4T-2OD:PC 71 BM blends 
with different molecular weight polymer was probed by 
R-SoXS (shown in Figure  5 b). The median domain spacing 
is ≈100 and 60–80 nm for the blend fi lms based on low and 
high  M  w  PffBT4T-2OD, respectively. The average relative 
domain purity of the low  M  w  polymer based blend is 83% 
that of the high  M  w  polymer based blend, as calculated from 
R-SoXS with the method mentioned above. These results 
demonstrate that the low  M  w  based blend has larger, yet 
more mixed domains. Because low  M  w  PffBT4T-2OD aggre-
gates less in the solution, this leads to larger, more mixed 
phases and worse π–π stacking ordering, thus yielding a less 
effi cient device. [ 17,21 ]   
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 Figure 5.    a) The GIWAXS profi les (offset for clarity) and b) R-SoXS pro-
fi les at 283 eV for high  M  w  PffBT4T-2OD:PC 71 BM and low  M  w  PffBT4T-
2OD:PC 71 BM blend fi lms.
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  3.     Conclusions 

 In conclusion, we have characterized various aspects of mole-
cular packing, domain size, average domain purity, molecular 
orientation with respect to the substrate, and D/A interface of 
PffBT4T-2OD pure fi lm and PffBT4T-2OD:fullerene blend fi lms. 
As PffBT4T-2OD shows strong temperature-dependent aggrega-
tion, the molecular packing and orientation of pure polymer 
and phase separation of the blend can be readily controlled. The 
molecular orientation and molecular packing can be effectively 
tuned by tuning spin rate during spin-coating and solution tem-
perature for blend fi lms, i.e., slow and low temperature induces 
highly ordered face-on polymer packing, while the fast and 
high temperature causes poorly ordered edge-on packing. The 
polymer:fullerene phase separation is also highly quenching 
rate sensitive. A fast quenching rate yields mixed, single length 
scale domains and more face-on orientation with respect to 
the D/A interface, while a slower quenching rate causes pure 
domains at multiple length scales and less face-on molecular 
orientation at the D/A interface. We also found the temperature 
dependence of aggregation properties is also highly molecular 
weight dependent. Low  M  w  PffBT4T-2OD yields less ordered 
molecular packing and large, impure domains, which result in 
poor device effi ciencies. The relatively thick fi lms of ≈300 nm 
are particularly sensitive to charge extraction and bimolecular 
recombination. Suffi cient mobility via large π–π coherence 
length (combination of in- and out-of-plane contribution) and 
high purity are required for optimum performance. The best 
performance is achieved near the processing limit of PffBT4T-
2OD and is governed by the balance of suffi cient aggregation 
to yield a favorable morphology and too much aggregation 
that yields rough, low performing fi lms. Optimal fi lms were 
achieved casting warm and spinning slow, starting with a disag-
gregated solution and cooling the most one can. The translation 
to more isothermal and thus controlled processing methods 
such as blade-coating is thus an important future experiment 
required to further detail aggregation and structure–function 
relations in PffBT4T-2OD based PSCs and assess the material’s 
suitability for mass production of PSC.  

  4.     Experimental Section 
  GIWAXS Characterization : GIWAXS measurements were performed 

at beamline 7.3.3 [ 54 ]  at the Advanced Light Source (ALS). Samples were 
prepared on Si substrates using identical blend solutions as those used 
in devices. The 10 keV X-ray beam was incident at a grazing angle of 
0.12°–0.16°, selected to maximize the scattering intensity from the 
samples. The scattered X-rays were detected using a Dectris Pilatus 2M 
photon counting detector. 

  Resonant Soft X-Ray Scattering : R-SoXS transmission measurements 
were performed at beamline 11.0.1.2 [ 55 ]  at the ALS. Samples for R-SoXS 
measurements were prepared on a PSS modifi ed Si substrate under 
the same conditions as those used for device fabrication, and then 
transferred by fl oating in water to a 1.5 mm × 1.5 mm, 100 nm thick 
Si 3 N 4  membrane supported by a 5 mm × 5 mm, 200 µm thick Si frame 
(Norcada Inc.). 2D scattering patterns were collected on an in-vacuum 
CCD camera (Princeton Instrument PI-MTE). The sample detector 
distance was calibrated from diffraction peaks of a triblock copolymer 
poly(isoprene- b -styrene- b -2-vinyl pyridine), which has a known spacing 
of 391 Å. The beam size at the sample was ≈100 µm × 200 µm. 

  Solar Cells Fabrication and Testing : Prepatterned ITO-coated glass with 
a sheet resistance of ≈15 Ω square −1  was used as the substrate. It was 
cleaned by sequential sonications in soap DI water, DI water, acetone, 
and isopropanol for 15 min at each step. After ultraviolet–ozone 
treatment for 60 min, a ZnO electron transport layer was prepared 
by spin-coating at 5000 rpm from a ZnO precursor solution (diethyl 
zinc). Active layer solutions (D/A ratio 1:1.2) were prepared in CB/DCB 
(1:1 volume ratio) with 3% of DIO (polymer concentration: 9 mg mL −1 ). 
To completely dissolve the polymer, the active layer solution should be 
stirred on a hot plate at 110 °C for at least 3 h. Before spin-coating, 
both the polymer solution and ITO substrate were preheated on a hot 
plate at ≈110 °C. Active layers were spin-coated from the warm polymer 
solution on the preheated substrate in an N 2  glovebox at different spin 
rate. The preheated substrates were transferred to the spinning chuck 
and casting of fi lms completed within 10 s. The blend was annealed 
5 min at 85 °C.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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