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The performance of organic solar cells (OSCs) depends crucially on the morphology in bulk heterojunctions
(BHJs), including the degree of crystallinity of the polymer and the amount of each material phase:
aggregated donor, aggregated acceptor, and molecular mixed donor : acceptor phase. In this paper, we
report the BHJ morphology of as-cast blend films incorporating the polymer PIPCP as the donor and
[6,6]-phenyl-Cg;-butyric acid methyl ester (PCg;BM) as the acceptor. Tracking the scattering intensity of
PCg1BM as a function of PCgBM concentration shows that PCg;BM aggregates into donor-rich domains
and there is little to no phase where the PCg:BM and PIPCP are intimately mixed. We further find that on
blending the scattering peak due to PIPCP ordering along the backbone increases with decreasing PIPCP
fraction, which is attributed to improved ordering of PIPCP due to the presence of PCg;BM. Our results
suggest that the improved ordering of PIPCP along the backbone (consistent with an increased
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1. Introduction

Solution-processed organic solar cells (OSCs) are attractive as
inexpensive renewable energy harvesting materials because of
their low manufacturing costs, roll-to-roll processing, and flex-
ible large-area devices.'™* Steady progress in the development of
conjugated polymers with donor/acceptor structures has resul-
ted in power conversion efficiencies (PCEs) reaching greater
than 13% for single cells and up to 17% for tandem cells™®
based on the bulk heterojunction (BH]J) architecture. The BH]J is
a blend of donor and acceptor semiconductors with partial
phase separation and provides large interfacial area for charge
separation. The phase-separated morphology consists of rela-
tively pure donor and acceptor domains, and a molecularly
mixed donor : acceptor region (i.e., the mixed phase). The
donor- and acceptor-rich phases in the film form an inter-
penetrating network to transport charge carriers after exciton
dissociation; however, in addition to the pure phase, the
interface between the donor and the acceptor phase may not be
molecularly sharp, but gradual. This molecular mixed phase in
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conjugation length) with blending contributes to the observed low open-circuit voltage energy loss.

the BH] film is still not fully understood, although there is some
evidence that the mixed phase enhances generation of
charge carriers.” To date, the relative amounts of pure and
mixed phase only have been reported for some polymer-
: fullerene systems®® and mixed phases demonstrated
for certain well-known polymers such as poly(3-hexylthiophene-
2,5-diyl)  (P3HT), poly[(4,8-bis-(2-ethylhexyloxy)-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)] (PTB7), and poly(di(2-
ethylhexyloxy)benzo[1,2-b:4,5-b']dithiophene-co-octylthieno[3,4-

clpyrrole-4,6-dione) (PBDTTPD)."*** In the case of the PBDTTPD
polymer, X-ray scattering was utilized to quantify the mixed
phase by varying the fullerene concentration in BHJs and deter-
mining the PCqBM diffraction. No PCeBM scattering was
observed until the content of fullerene reached 20 wt%; therefore,
Bartelt et al. concluded that ~20 wt% of fullerene is intimately
mixed with PBDTTPD." On the other hand, no mixed phase was
observed in the high-performing small molecule X2 : PCBM
blend in,'** using a similar method.

While PIPCP:PC¢,BM BH]J blends exhibit a PCE of 6.4%, they
are relevant in the context of their high open-circuit voltage
(Voc) of 0.86 V.* Ran et al. studied the energy 10ss (Ejoss = Eg —
eVoc, where E, is the optical bandgap) for a series of polymer
donors with PCE > 5%. Compared with most polymer BHJs,
PIPCP:PC4;BM blends exhibit an exceptionally low energy loss
of Ejoss = 0.52 eV, while most fullerene-based BHJs have Ejyg >
0.6 eV."”'® Furthermore, the absorption edge of PIPCP is
redshifted after blending with PCs;BM and the Urbach energy
of the neat PIPCP and the blend are both small at ~27 meV.
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Transition electron microscopy (TEM) from PIPCP:PCBM
blends showed well defined PIPCP lattice planes due to crys-
talline regions in the blends, while in the neat PIPCP such
regions were not observed. These results were interpreted as
showing that for the blend film, the optoelectronic behavior was
due to the increase in PIPCP conjugation length with the PIPCP
molecule becoming more planar.* PIPCP and several derivative
polymers have also been investigated with grazing-incidence
wide-angle X-ray scattering (GIWAXS).**>*

Ran et al. recently investigated the blend morphology of
PIPCP:PC4;BM BHJ film using resonant soft X-ray scattering
(RS0XS)" and a number of optoelectronic measurements. They
showed that the as-cast PIPCP:PCs;BM blend film forms phase-
separated donor and acceptor domains with a size of =30 nm
but that annealed films were mixed and not phase separated.
This was inferred to suggest that PIPCP and PC¢;BM were highly
miscible, consistent with calculations of the Flory-Huggins chi
parameter. Ran et al.’” further comprehensively investigated the
recombination and loss mechanisms and concluded that the
mixed morphology caused the observed non-geminate recom-
bination and low fill factor (FF) in devices. It is important to
note here that the much less pronounced phase separation was
only observed in annealed films and that the length scale of the
RSoXS measurements was limited to a minimum of about 4-
6 nm in diameter (set by the maximum scattering vector of 0.8
nm~'). Under these conditions, the RSoXS will not resolve
mixing below about 4-6 nm, corresponding to between 30 and
100 fullerenes within the volume of a pure PC¢,BM cluster. The
grazing-incidence wide-angle X-ray scattering (GIWAXS)
method we adopt'*** is, in contrast, sensitive at a smaller length
scale of polymers and fullerene mixing. Thus, the accurate
characterization, and thus our understanding, of
donor : acceptor mixing is still limited.

In this work, we report the blend morphology of the
PIPCP:PCs;BM BH]J system with a varying ratio of components.
GIWAXS is employed to investigate the BHJ morphology, using
the methodology that we previously reported to elucidate the
mixed phase.” We find that there is a negligible amount of
molecularly mixed phase in as-cast PIPCP:PCsBM BHJs.
However, the PIPCP phase may contain isolated PCsBM clus-
ters that lead to high charge recombination and low FF. The
presence of aggregated PCq;BM improves the order of PIPCP
polymers and surprisingly a scattering peak along the in-plane
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direction at g, = 0.25 A™' significantly increases with
increasing PCs;BM content, showing a strengthening of the
order along the backbone chain. These results provide insight
into the morphology in BHJs and help developing a new class of
high Vo materials for OSCs.

2. Experimental
2.1 Materials

The synthesis of PIPCP, used as the donor material, has been
described previously.’® PCsBM was purchased from Nano-C.
Chloroform (CF) and chlorobenzene (CB) were purchased
from Sigma-Aldrich. The chemical structures of PIPCP and
PC¢;BM are displayed in Fig. 1. All chemicals were received and
used without further purification.

2.2 Preparation of PIPCP:PC¢;BM blend films

The solution of PIPCP:PC4BM blend was prepared in the
CF:CB (3:2 v/v%) co-solvent. To investigate the effect of
PC¢;BM concentration on the morphology, the total solids
concentration of active layer solution was maintained at 20 mg
ml~" while varying the composition of PCs;BM (0-100 wt%).
Prior to sample preparation, the Si substrates were cleaned in
detergent, DI water, acetone, and isopropyl alcohol. After
routine solvent cleaning, the Si substrates were treated with UV
ozone for 15 min. The active layer solution (PIPCP:PC¢,BM) was
spin-coated in a nitrogen glovebox (2000 rpm, 60 s) onto the Si
substrate at room temperature and the films were not annealed.
A Bruker Dektak XT-S Stylus profilometer (stylus force: 1-15 mg
with LIS 3 sensor and scan length range: 55 mm (2 in.); 200 mm
(8 in.) with scan stitching capability) was used to measure the
film thickness of the active layer.

2.3 Grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurement

GIWAXS was measured at the Stanford Synchrotron Radiation
Lightsource (SSRL) beamline 11-3 in a helium-filled chamber
with an X-ray wavelength of 0.9752 A and sample-to-detector
distance of 25 cm at an incident angle of 0.12°. For the in situ
thermal measurement, a GIWAXS image was taken initially at
room temperature before any thermal treatment. The samples
were then heated to the annealing temperature (50, 100, 150,

PIPCP

Fig. 1 The chemical structure of (a) PIPCP and (b) PCgBM.
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Fig.2 The GIWAXS pattern of PIPCP:PCg;BM BHJ blends with various blend ratio. The labeled weight percentage corresponds to the content of
PCs:BM in the active layer: (a) 0% (or neat PIPCP), (b) 10%, (c) 30%, (d) 50%, (e) 70%, and (f) 100% (or neat PCg1BM).

200 and 225 °C) and allowed to equilibrate at each temperature
for 20 min before the data collection (at these elevated
temperatures). The spectra were recorded on a 2D X-ray detector
(MX225, Rayonix, L.L.C.) with a pixel size of 73 pm (3072 x 3072
pixels) and analyzed using the Nika and WAXStools package for
Igor software (WaveMetrics, Inc.).'** In this work, the polar
angle (x) is defined as the angle of the observed diffraction from
the normal to the substrate, with x = 0° defined as perpendic-
ular to the substrate and x = 90° parallel to the substrate. The
out-of-plane sector is considered at 0-20° and an in-plane sector
is 70-90°.

3. Results & discussion

Fig. 1(a) and (b) display the chemical structure of PIPCP and
PCg;BM. PIPCP contains a backbone comprised of IDT-PT-CPDT-
PT repeat subunits where IDT = indacenodithiophene, PT =
pyridyl[2,1,3]thiadiazole and CPDT = cyclopentadithiophene.

3.1 GIWAXS of PIPCP:PC¢;BM blend films

GIWAXS was employed to quantify the mixed phase in BH]J films
by tracking the PCgBM scattering intensity as outlined above.
Fig. 2 shows the GIWAXS pattern of PIPCP:PC4;BM BH]J blends
incorporating 0, 10, 30, 50, 70 and 100 wt% of PCs;BM. The
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Fig. 3

complete GIWAXS patterns incorporating the different PCys;BM
ratios are provided in Fig. s1.f The pristine PIPCP film scat-
tering pattern has peaks from lamellar stacking at ¢ = 0.4 A™*
(=17 A d-spacing) and from 7t—7 stacking at ¢ = 1.43 A~ (4.4 A
d-spacing),’® with a rather broad polar angle distribution. The
scattering from -7 stacking appears generally isotropic with
slight preference in the out-of-plane direction which shows
some preferred face-on orientation with respect to the Si
substrate. As the ratio of PCs;BM increases to 30 and 50 wt%,
the PIPCP lamellar stacking becomes more angularly isotropic
and the m-m stacking begins to overlap with the scattering of
PC¢;BM. Further increasing PC4;BM to more than 70 wt%, the
scattering from PCq;BM were observed at ¢ = 0.68 and 1.35 A"
and the scattering peaks attributed to PIPCP become weaker.
By studying the PC¢;BM intensity as a function of PC4;BM
concentration, the behavior of PCs;BM (aggregated vs. molec-
ularly mixed with PIPCP) in the BH]J can be determined, similar
to the method reported by Bartelt et al.*>'*** The intensity vs.
scattering vector profiles (integrated over all polar angles) of
PIPCP:PC4;BM blends are summarized in Fig. 3(a). These
profiles are normalized at ¢ = 1.0 A~*, since scattering at this
location is mostly due to diffuse background. The dependence
of the PC¢;BM intensity at ¢ = 0.68 A~* with concentration in
this normalized plot shows that PCs;BM contributes to the

T
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(a) Polar angle integrated intensity from GIWAXS pattern of PIPCP:PCgBM blends varying from 0 to 100 wt% of PCg;BM. The data are

normalized at g = 1.0 A% (b) The intensity of PIPCP (g = 0.4 A™1) and PCg,BM (g = 0.68 A™Y) scattering with different PCg;BM content. The

dashed line is a linear fit to the data.
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scattering even with as little as 10% PCq;BM content. Fig. 3(b)
shows a plot of the intensity at ¢ = 0.68 A~ vs. PC¢;BM fraction
and displays a linear dependence with no onset. The PCs;BM
scattering at ¢ = 1.35 A" displays a similar tendency as shown
in Fig. s2.7 These observations show that PC¢;BM is aggregated
even at low weight fractions and little PCs;BM exists in an
intimately mixed phase (clusters less than about 2 nm) for the
PIPCP:PCg;BM BH] system. The low FF for PIPCP:PC4;BM BH]Js
may then be due to poorly connected donor or acceptor
domains and/or shallow traps that lead to severe charge
recombination.

On the other hand, the scattering intensity of PIPCP at g =
0.4 A increases as the PCq;BM content increases (PIPCP
fraction decreases) to 20%, implying that the extent of ordering
of PIPCP crystal is enhanced by the introduction of PC4;BM,
then decreases with higher PC¢;BM content (>30%) in the film.
This suggests that the ordering of PIPCP is improved in the
presence of PCsBM in BHJs, consistent with TEM of
PIPCP:PCg;BM blends showing crystalline regions.*®

Careful inspection of the GIWAXS for small g shows a scat-
tering peak along the in plane direction at g,, = 0.25 A" as can
be seen by the enlarged GIWAXS pattern in Fig. 4(a). (Note that
the asymmetry of the X-ray window only allows observation of the
left side of the image.) This corresponds to a d-spacing of =25 A,
close to that estimated for a monomer unit. This, together with
the in-plane (g,,) orientation of this peak, shows that the 0.25 A
peak results from order along the PIPCP backbone. To gain more
insight into the PIPCP morphological changes upon blending, we
plot the GIWAXS in-plane line profiles of the left side of the
images in Fig. 4(b). This shows how the PIPCP scattering varies
on blending and remarkably illustrates that the backbone
reflection at ¢ = 0.25 A~" significantly increases with increasing
PCs;BM content. In addition, the lamellar stacking diffraction
shifts to slightly higher g values with increasing PCs;BM content,
indicating a decrease in lamella d-spacing. To extract quantitative
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information of the lamella and backbone scattering, the line cuts
in Fig. 4(b) are fit to a small background term (accounting for
scattering from the substrate and sample cell) and three peaks
due to the 0.25 A~! peak, the lamella peak and the PCy;BM
scattering, as shown in Fig. s3.7

Fig. 4(c) plots the PIPCP lamellar d-spacing and the peak full-
width at half maximum (FWHM) upon increasing the PC4;BM
fraction. The d-spacing (16.8 A) of PIPCP lamellar stacking
remains constant for samples with PCgBM content up to
20 wt% but starts to decrease after incorporating =30 wt% of
PCs;BM. The FWHM of the lamellar peak here provides insight
into the regularity of the lamellar packing. FWHM decreases
slightly on initial blending, showing that the lamellar stacking
becomes somewhat more ordered. Above about 30% PCs;BM,
the lamellae FWHM increases slightly with increasing PCq;BM
content. Importantly, as shown in Fig. 4(d), the backbone
scattering peak intensity of PIPCP at 0.25 A~! increases signif-
icantly (more than 3x) upon increasing the PCq;BM fraction
from 0 to 30%, showing that the order along the PIPCP back-
bone is markedly increased. The similar tendency can be
observed when the scattering intensity is normalized by the
corresponding content of PIPCP (Fig. s41). The improved
backbone order of PIPCP that we observe is consistent with an
increased effective conjugation length of polymer after blending
of PC¢;BM and the observed red shift in the blend absorption.

3.2 Temperature dependence of PIPCP:PCs;,BM blend films

We used in situ GIWAXS measurements to monitor the thin film
morphology evolution with thermal annealing, in order to
understand any thermally induced changes and to verify our
hypothesis that the ¢ = 0.25 A~* peak is due to the ordering
along the polymer backbone. We note that Wang et al. previ-
ously reported that no thermal transitions were observed for the
neat PIPCP polymer up to a temperature of 280 °C.'* The
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(a) The enlarged GIWAXS pattern of PIPCP:PCg;BM BHJ blends incorporating 30 wt% PCgBM. Red rectangle (dashed line) is the X-ray

window and arrow points to the backbone peak at 0.25 A™2. (b) The in-plane line profiles from the GIWAXS pattern for different PIPCP:PCg;BM
blend ratio. (c) The lamellae d-spacing and FWHM at g = 0.40 A~! with different PCg;BM content. (d) The d-spacing along the polymer backbone
and peak intensity at g = 0.25 A~ with different PCg;BM content. (c and d) are taken from peak fits; peaks were not resolvable for PCg;BM

contents larger than 70%.
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PIPCP:PC4;BM film incorporating 30 wt% PCs;BM shows the
highest intensity in PIPCP scattering peaks, and therefore, this
blend ratio was selected for our annealing study. Fig. 5(a) and
(b) display the GIWAXS pattern of the BH]J film with 30 wt% of
PCs:BM held at the annealing temperature of 200 and 225 °C.
The remaining GIWAXS patterns with varying annealing
temperature are provided in Fig. s5.7 The GIWAXS of unan-
nealed PIPCP:PC¢;BM film featured the backbone stacking,
lamellar stacking, and m-m stacking peaks. In Fig. s5(a)-(d),t
this pattern persisted with annealing to 150 °C. Further
increasing the annealing temperature to 200 and 225 °C
[Fig. 5(a) and (b), respectively] caused the lamellar stacking to
shift to lower g values. The integrated in-plane line profiles with
varying annealing temperature are shown in Fig. 5(c). The
backbone scattering peak at about 0.25 A~* is unaffected with
increasing temperature, corresponding to a nearly constant d-
spacing of 25 A (Fig. 5(d)). This behavior is expected, since the
strong bonds within the backbone result in weak thermal
expansion. This observation supports our assignment of this
peak to backbone periodicity.

Fig. 5(d) also displays the d-spacing of the in-plane (IP) and
out-of-plane (OOP) components of lamellar stacking with
varying annealing temperature. Refraction of the X-rays can
slightly increase the observed g position of scattering peaks in
the out-of-plane direction.”® To account for refraction, we
calculated the peak shift following the methodology in the
literature,”® and found that refraction will result in a shift of
0.007 A~'. Thus, we subtracted this from our results before
calculating the d-spacing. When the annealing temperature is
below 150 °C, the IP d-spacing is nearly constant but then slowly
increases up to 225 °C. In contrast, the d-spacing of OOP
lamellar stacking is smaller than for the IP and increases
slightly non-linearly, with temperature. These observations
suggest that the BHJ film is laterally constrained by the
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substrate below about 225 °C, but becomes unconstrained
above this temperature. From the lamellar d-spacing in Fig. 5(d)
we can estimate the linear coefficient of thermal expansion
(CTE).** The slightly nonlinear behavior in Fig. 5(d) complicates
this calculation and hence we simply estimate the CTE of
lamellar stacking by a line through the OOP d-spacing data and
obtain (10 & 5) x 10~* °C~". This is close, but somewhat larger
than, the CTE of the P3HT lamella spacing (~4.8 x 10~* °C™)
and the CTE of the PTB7 7v—m stacking (~3.5 x 10~ * °C™1).24?

The presence of a molecular mixed phase in the BHJ films has
been reported in several polymer : fullerene systems. The mixed
phase is observed for P3HT:PCy;BM,’ poly(2,5-bis(3-tetradecylth-
iophen-2-yl)thieno[3,2-b]thiophene) (pBTTT):PC,;BM,* poly[[2,6'-
4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,3-b]dithiophene]3-fluoro-2
[(2-ethylhexyl)carbonyl|thieno[3,4-b]thiophenediyl] (PTB7-
Th):PC,;BM,*” and PBDTTPD:PCs;BM." In contrast, the absence of
the mixed phase is observed for poly[(5,6-difluoro-2,1,3-benzo-
thiadiazol-4,7-diyl)-ait-(3,3"-di(2-octyldodecyl)-2,2';5',2";5" 2" -qua-
terthiophen-5,5"-diyl)[(PffBT4T-20D or PCE11):PCs,BM* which is
similar to our observation, as well as for some small molecule-
: fullerene OSCs." These results show that the mixed phase is
varied in the reported systems, relying on the formation of pref-
erable morphology that facilitates electron-hole separation. We
also note that there are several methods to improve the order of
polymers in BHJs such as solvent additives* and thermal treat-
ment.***" In the case of PIPCP, the ordering is improved by
incorporating PCy;BM. We speculate that the improved crystal-
linity of PIPCP:PCs;BM blends is due to the interactions between
the PIPCP branched sidechains and the PCq;BM. Similar behavior
was reported for a series of anthracene containing poly(p-arylene-
ethynylene)-alt-poly(p-arylene-vinylene)s polymers, abbreviated
AnE-PV. Here, the crystallinity of AnE-PVstat is enhanced after
blending with PCs;BM, and was ascribed interactions of the
sidechains,** consistent with recent work.**
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Fig.5 The GIWAXS pattern of PIPCP:PCg,BM BHJ film incorporating 30 wt% of PCg1BM with holding the annealing temperature at (a) 200 and (b)
225°C. (c) The in-plane line profiles integrated from the GIWAXS pattern with holding the annealing temperature at 50, 100, 150, 200 and 225 °C.
(d) The d-spacing of lamellar and repeat unit stacking with varying the annealing temperature.
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4. Conclusion

We have investigated the blend morphology of PIPCP:PCs;BM
BH]Js by varying the PCq;BM composition within the BH]J.
GIWAXS shows that PCs;BM not only prefers to aggregate in the
film, resulting in no mixed phase in the BH]J, but remarkably
improves the order of the PIPCP polymer along the backbone,
consistent with an increased conjugation length of the polymer.
This behavior is unusual since most often, blending conjugated
polymers with PCBM decreases the order in the polymer. We
speculate that the improved backbone order (or increased
conjugation length) due to PCs;BM incorporation into the BHJ
results to the low energy loss (Ejoss) of the OSC device.
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