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DOI: 20.1039/x0xx00000X This study presents the structural characterizations of a 5,6-difluorobenzo-2,1,3-thiadiazole

(FBT) — quaterthiophene (Th,) alternating copolymer (PTh,;FBT) and how the crystalline
nature of PThyFBT affects the PThy;FBT/PC;;BM morphology and the device performances.
The single crystal structure of 5,6-difluoro-4,7-di(thiophen-2-yl)benzothiadiazole (Th,FBT)
first confirms the low conformational preference of the FBT containing molecule. Since
crystallization process does not assist to unify the conformation of Th,FBT, both intrachain
conformation and interchain c-shifts in the crystalline state of PThyFBT have to be scrutinized.
Through comparing the 2D WAXS pattern of PThyFBT, and the simulated patterns generated
from Cerius? molecular modeling, it was found that the diffration pattern generated from the
lattice containing PThyFBT with anti-conformation and limited interchain c-shift matches best
with the experimental one. The face-to-face interchain stacking of PThyFBT renders the strong
crystalline nature to the polymer and caused large segregation in the PTh,FBT/PC,;;BM blend
system, which was indicated by the TEM and GI WAXS morphological studies. The
aggregation size was reduced via the use of the 1-chloronaphthalene additive. The optimized
morphology led to the improved J, and FF. The single-junction PThyFBT/PC; BM based
polymer solar cells deliver a high PCE of 7.75 % with V. of 0.76 V, a J. of 14.36 mA/cm?,
and a FF of 71.0 %.

www.rsc.org/

structures, and in most cases, have much bulkier branch alkyl
side chains. These molecular characteristics increase the

Introduction

The developments of donor (D)-acceptor (A) conjugated
copolymers brought significant
performances of bulk-heterojunction (BHJ) polymer solar cells
(PSCs) and organic field-effect transistors (OFETs).'” In these
applications, the molecular properties of polymers, including the
highest occupied molecular orbital level (Epomo), the lowest
unoccupied molecular orbital level (Epymp), and the intrinsic
bandgap (E,), together with the solid state morphology determine the

have enhancements in the

output performances.

Main structural units in conjugated polymers, such as
thiophene, cyclopentadithiophene (CDT), dithienosilole (DTS),
benzothiadiazole (BT), thienopyrrole-dione (TPD), etc...,
possess two-fold rotational symmetry perpendicular to the
polymer backbone, but lack symmetry along the backbone.
Consequently, the rotation of the structural units will change
the conformations and the spatial arrangements of the
polymers,'® and allow the polymers to switch between different
physical states. Compared to poly(3-hexylthiophene), D-A
conjugated copolymers possess more complex main-chain

This journal is © The Royal Society of Chemistry 2013

difficulty for the polymers to interact intermolecularly, and to
pack orderly. However, many D-A conjugated polymers
actually formed highly order lamellar structures and show
higher phase stability than poly(3-hexylthiophene).”'""?
Therefore, the origins of the highly crystalline nature of the D-
A copolymers are intriguing and worthwhile to be explored.
Parameters in the solid-state structures of a conjugated
polymer largely include backbone conformations, interchain z-
stacking distances, and degrees of longitudinal shifts (c-shift).'®
These parameters strongly affect the backbone geometries,'” >
electronic structures,'® and intermolecular transfer integrals®* of
the D-A copolymers, which subsequently influence the device
performances.”>? Currently, these solid-state parameters have
been studied in only limited cases, including the CDT-BT,”>'¢
DTS-BT,* naphthalene diimide (NDI)-bithiophene®'
copolymers. 5,6-difluorobenzo-2,1,3-thiadiazole (FBT)
containing D-A copolymers, such as poly(5,6-difluorobenzo-
2,1,3-thiadiazole-4,7-diyl)-alt-(3’,4”-di-(2-octyldodecyl)-
2,2°;5°,27;57°,2”"’-quaterthiophene-5,5""-diyl)} (PTh,FBT)
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Scheme 1. Three possible conformations of the repeat unit of
PTh,FBT: (a) synl, (b) syn2, and (c) anti conformation, and (d)
the illustration of the degree of c-shift.

have been recently reported as a class of conjugated polymers
that form highly ordered solid-state structure and delivered
excellent device performances.'® *> However, studies about the
solid-state parameters of the FBT copolymers remains absent,
due to the high structural complexity of the conjugated
copolymers. The non-fused and extended donor unit,
quaterthiophene (Thy) of PTh,FBT results in an easier disturbed
conjugated backbone, and gives more possible conformation
isomers to the repeat units (Scheme 1a-1c). Moreover,
suggested that the intramolecular
not lock the
which also increase the comformational

theoretical evaluations
CH...F
conformation
ambiguity in the solid-state. Additionally, both the electrostatic
interactions between the D and A units,lﬁ’ 3 and the

3 $can act as the driving

interaction is
10, 33

strong enough to

intermolecular A-A interactions
forces for the m-m stacking, making the degree of c-shift
(Scheme 1d) in the packing of PTh,FBT uncertain.

Herein, to address the above issues, crystal structures of 5,6-
difluoro-4,7-di(thiophen-2-yl)benzo-2,1,3-thiadiazole (Th,FBT)
and PThyFBT were investigated. The single crystal structure of
Th,FBT confirmed the presence of conformational disorder in
the crystalline state (Figure 1). When viewing along the =-
stacking direction (Figure 2), the FBT units stack parallel with
a c-shift of 3.38 A. The conformational disorder of Th,FBT
makes it necessary to consider the conformational isomers of
PTh,FBT. Therefore, three possible conformations - syn-1, syn-
2 and anti, showing in Scheme 1 were considered in the
structural characterizations of PThyFBT. The two-dimensional
wide angle X-ray scattering (2D WAXS) pattern of PTh,FBT
revealed that PTh;FBT adopts the anti conformation.
Furthermore, the FBT units stack cofacially with zero c-shift,
possibly due to the preferable intermolecular A-A interactions.

For BHJ PSCs, morphological optimization of the
polymer/PCBM blend thin films is critical in reaching high
performances.’® In general, the formation of large segregation
domains was mainly attributed to the PCBM crystallization.”"

2| J. Name., 2012, 00, 1-3

37-39 Processing additives, such as 1,8-diiodooctane (DIO), 1-
chloronaphthalene (1-CN) were thus required to, on the one
hand, inhibit the PCBM crystallization, and on the other,
enhance the polymer crystallinity. PTh,FBT has strong
crystallization tendency. An interesting question raised with the
enhanced crystallization tendency is that whether or not the
polymer crystallization will overwhelm the PCBM
crystallization, and dominate the phase separation in the
polymer/PCBM thin film. In previous studies, although CDT-
BT, DTS-BT, and NDI-Th, D-A copolymers also show strong
crystalline and packed into highly ordered
structures, the segregation phenomenon of these
polymers in the polymer/PCBM thin film was less investigated.
The grazing incidence wide-angle X-ray scattering (GI WAXS)
and transmission electron microscopy (TEM) observations of
the PTh,FBT/PC;BM thin films revealed that instead of
PC, BM, PTh;FBT crystallized and segregated into large
domain in the PTh,FBT/PC;;BM thin films. Thus,
morphological optimization was reached via diminishing the
crystallization of the PTh,FBT via the addition of 8 v% 1-CN.
The optimized morphology led to the elevated J,. and FF, and
pushed up the PCE to 7.75 % in the single junction
PTh,FBT:PC;,BM inverted PSCs.

nature
9,16,30,31

Figure 1. (a) ac plane and (b) bc plane projections of the
molecular packing of Th,FBT molecules in the unit cell; (¢)
side view and (d) top view of the individual Th,FBT in the unit
cell.

(a) T — — ot
shift 3.37 A
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Figure 2. (a) Side view and (b) top view of the m-stacking of
four Th,FBT molecules.

Experimental Section

Single Crystal X-ray Diffraction and Structure Analysis of
Th,FBT. Th,FBT was dissolved in solvent (0.5 mg mL") with
dichloromethane and methanol (Volume % 1:2). The single crystal
of Th,FBT was obtained by slow evaporation of dichloromethane

This journal is © The Royal Society of Chemistry 2012
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and methanol solution (Volume % 1:2) at a room temperature. The
diffraction measurements were carried out using Oxford Gemini Duo
system single-crystal X-ray diffractometer equipped with Cryojet
with wave length 1.54 A at 200 K. Unit cell parameters were
determined by least-squares refinement of the three-dimensional
centroids of several thousand reflections. The structure was solved
by direct method with SHELXS-97 and refined using full-matrix
least-squares on F?,

2-D fiber X-ray diffraction Measurements. PTh,FBT fiber sample
was prepared by extruding the sample from a homemade stainless
steel extruder at ca. 210 °C. The 2D WAXS pattern of PTh,FBT
fiber was collected at the BL17A1 beamline of the National
Synchrotron Radiation Research Center (NSRRC) in Taiwan. The
wavelength of the incident X-rays was 1.33 A, delivered from the
superconducting wavelength-shifting magnet, and a Si (111) double-
crystal monochromator. The diffraction pattern was recorded at
room temperature with a Mar345 imaging plate detector
approximately 300 mm from sample positions and typical exposure
duration 5 minutes. The pixel size of Mar345 is 100 pm. The pattern
was taken at room temperature with the x-ray incident beam
perpendicular to the shear direction.

Molecular Packing and Crystallographic Simulation.
Molecular packings of PThyFBT and simulated fiber diffraction
patterns were performed by using the software package Cerius®.
Basic unit cell parameters determined by analysis of 2D WAXS
pattern of PThyFBT were used to build the unit cell. The basic
structures and conformations of the PTh,FBT repeat unit were
constructed based on the coplanar geometry of Th,FBT solved
from the single crystal diffraction result. The built lattices
containing controlled variables including: conformations (synl,
syn2, and anti) and the degree of c-shift. By comparing the
simulated diffractions with the experimental one, the best
fitting lattice model was determined.

BHJ PSC Fabrication and Characterization. The device structure
of the inverted PSC is ITO/ZnO/PTh,FBT: PC;BM /MoO3/Ag. The
ITO glass substrates were cleaned with detergent, deionized water,
acetone, and isopropyl alcohol in an ultrasonic bath and then dried
overnight in an oven at >100 °C. Zinc acetylacetonate hydrate
(purchased from Aldrich) dissolved in methanol (20 mg mL™") was
spin-casted on pre-cleaned ITO substrates and baked at 130 °C for
10 minutes in the air to form the ZnO layer with thickness of 30 nm.
10 mg PTh,FBT were dissolved in solution of 920 uL. ODCB and 80
uL 1-chloronaphthalene (Volume % = 92:8), and then 10 mg
PC;BM (purchased from Nano-C) was added into the solution. The
solution was stirred at 100 °C in glove box for overnight, filtrated
through a 0.45 um filter, and then spin-coated onto the ZnO layer at
600 rpm for 40 sec. After spin-coating, the sample was solvent
annealed in the ODCB atmosphere for 2 hours and then annealed at
80 °C for 15 minutes. The anode made of MoO; (6 nm) and Ag (150
nm) was evaporated through a shadow mask under vacuum (<107
Torr). Each sample consists of four independent pixels defined by an
active area of 0.04 cm® The devices were encapsulated and
characterized in air under 100 mW/cm? AM 1.5 simulated light
measurement (Yamashita Denso solar simulator). Current—voltage
(J—V) characteristics of PSC devices were obtained by a Keithley
2400 SMU. Solar illumination conforming the JIS Class AAA was
provided by a SAN-EI 300W solar simulator equipped with an AM
1.5G filter. The light intensity was calibrated with a Hamamatsu
S1336-5BK silicon photodiode.

This journal is © The Royal Society of Chemistry 2012
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Grazing incidence wide-angle X-ray scattering (GI WAXS). Si
(100) wafers were cleaned by sonication in acetone and isopropyl
alcohol before a 20 min UV-ozone treatment, and it was used as the
substrates for the GI WAXS measurements. Solution 1 was prepared
by dissolving 10 mg PThyFBT and 10 mg PC;;BM (wt % 1:1) in 920
puL of ODCB and 80 pL of 1-chloronaphthalene (Volume % =
92:8)); solution 2 was prepared by dissolving 10 mg PTh,FBT and
10 mg PC7BM in 1ml ODCB. Both solutions were stirred at 100 °C
for overnight. The thin film with and without 1-CN were prepared by
spin-casting solution 1 and 2 onto the Si substrate at 600 rpm for 40
sec. Then, samples of the thin film were solvent annealed in the
ODCB atmosphere for 2 hours and then annealed at 80 °C for 15
minutes. GI WAXS measurements were performed at BLO1C2
beamline in NSRRC. The wavelength of the incident X-rays is
1.03A, which was delivered from the superconducting wavelength-
shifting magnet, and monochromized a Si (111) double-crystal. The
diffraction pattern was recorded at room temperature with a Mar345
imaging plate detector approximately 454.9 mm from sample
positions. The angle between the film surface and the incident beam
was fixed at 0.18".

Transmission Electron Microscopy (TEM).The thin-film
samples for TEM were first spin-coated onto an ITO substrate
covered with PEDOT: PSS from solution 1 and 2 at 600 rpm
for 40sec and were solvent annealed in the ODCB atmosphere
for 2 hours, and then thermal annealed at 80 ° C for 15 minutes.
The samples were then immersed into water to dissolve the
PEDOT:PSS layer and separate the thin films from the ITO
substrate. Thin films floated on a water surface were picked up
by copper grids coated with amorphous carbon layer, dried
under vacuum six hours, and used in the TEM observations.
TEM observations were performed in bright-field mode on a
JEOL JEM-2010 transmission electron microscope with an
accelerating voltage of 160 kV equipped with a Gatan-831
CCD camera.

Result and Discussion
Single Crystal Structure of Th,FBT

The low conformational preference of FBT containing
molecules although have been theoretically predicted.'® have
not been experimentally proven yet. Thus, the conformational
disorder and the intermolecular arrangements of the FBT
containing molecule was first studied from the single crystal
structure of Th,FBT. Detailed crystallographic data can be
found in Table S1. Figure 1a and 1b are the ac plane and bc
plane projections of the unit cell. The packing structure shown
in Figure 1b indicated that both the =m...m and CH...n
interactions contribute to the packing of Th,FBT. In the unit
cell, the FBT core of ThyFBT is nearly coplanar to the flanking
2-thienyl groups (Figure 1c). Most importantly, the
coexistence of the synl, syn2 and anti conformations (Scheme
S1) is evidently shown in Figure 1d, because the flanking 2-
thienyl groups have equal probability pointing toward or
opposite to the fluorine substitutions of the FBT core.
Therefore, the conformational disorder is present in the
crystalline phase of ThyFBT. Although the intramolecular S...F

J. Name., 2012, 00, 1-3 | 3
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interaction in the syn/ conformation,® and the CH...F

™

interaction in the syn2
Figure 3. 2D WAXS pattern of oriented PThyFBT. The shear
direction is on the meridian.

conformation were considered as conformational lockers,*! the
crystal structure of Th,FBT shows that these intramolecular
interactions are not sufficient to suppress the conformational
disorder. Figure 2 shows the side view and top view of the n-
stacking, the Th,FBT molecules stack parallel with an
intermolecular c-shift of 3.38 A. The 3.38 A c-shift allows the
neighboring Th,FBT molecules to interact not only through the
m...7w interaction, but also through the CH...w interaction. In
addition, it also reduces the steric hindrance among the parallel
aligned thiadiazole groups of the FBT cores. The cooperative
n...mw and CH...w interactions resulted in the final herringbone
assembling of the Th,FBT molecules in the crystalline state as
shown in Figure 1b.

Molecular modeling of PTh,FBT

The single crystal structure of Th,FBT molecule confirmed
the low conformational preference of Th,FBT and the 3.38 A
intermolecular c-shift in the crystalline state. The question
followed would be whether or not the conformational disorder
and c-shift remain as the assembling principle in PThy;FBT
where Th,FBT acts as a structural unit. To know that, the lattice
parameters of PThy,FBT were first deduced from its 2D WAXS
pattern, and the molecular packing of PThyFBT in the lattice
was further investigated through the simulated lattice models
and 2D WAXS patterns generated in Cerius® software package.
As shown in Scheme 1, the possible conformations (syni, syn2,
and anti) of the PThyFBT repeat unit and the degree of c-shift
were carefully analyzed in this section.

Figure 3 shows the 2D WAXS pattern of an extruded
PThFBT sample. The chain axis (c-axis) of PTh,FBT is
aligned along the shear direction. Therefore, the Bragg
diffractions along the meridian were used to identify the c-
dimension, and those along the equator are used to identify the
a- and b-dimensions. In Figure 3, the first four equatorial
reflections are equally spaced, and at ¢ = 3.08, 6.15, 9.23 and
12.3 nm’', respectively, indicating the presence of a long-range
ordered lamellar structure with d-spacing of 2.02 nm. The a-
dimension was thus assigned to be 2.02 nm and the four
diffractions were indexed as the (100), (200), (300) and (400)

4| J. Name., 2012, 00, 1-3
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diffractions. The fifth equatorial diffraction arc is at ¢ = 17.0
nm” (d-spacing of 0.37 nm), representing the periodic n-
stacking of PTh,;FBT. To investigate the structural variables
shown in Scheme 1, the h-dimension was set to be twice of the
drr (2 x 0.37 nm = 0.74 nm), so that a unit cell will contain 2
repeat units, and the structural variables can be incorporated
into the simulated lattice (Figure 4-5, vide infra).

.p
D
D

Figure 4. The ac and bc projections of the models with (a) anti
synl and (c) syn2
conformation. Left panels of (d)-(f): corresponding simulated
2D WAXS patterns of model (a)-(c).

(@) .

>

(b)

conformation, (b) conformation,

5

exp
(d) \

(b) R

Figure 5. The ac and bc projections of the models with (a) 0.20
nm c-shift and (b) 0.40 nm c-shift. Left panels in (c) and (d):
simulated 2D WAXS patterns of model (a) and (b).

This journal is © The Royal Society of Chemistry 2012
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The meridional arc at ¢ = 15.7 nm™ (d-spacing of 0.40 nm)
representing the periodicity along the c-axis. The length of a
PTh FBT repeat unit is around 2 nm, and the repeat unit
contains five aromatic units (1 FBT and 4 thienyl units). Since
this length is around five times of 0.40 nm, it is reasonable to
index the meridional arc as the (005) diffraction, and set the c-
dimension as 0.40 x 5 = 2.00 nm, which represents the length
of one PThyFBT repeat unit. The 0.40 nm d-spacing of the
(005) diffraction can therefore be regarded as the average
distance between the aromatic units along the chain axis.
Finally, because the angles between the equatorial (£00), (0k0)
diffractions and the meridional (00/) diffraction are both 90°,
the a and f angles can be determined as 90°. Due to the lack of
the (hk0) diffraction, the y angle cannot be directly deduced
from the the 2D WAXS pattern. To give the best assumptiom to
the y angle, the density of the PTh,FBT was measured. The
measured density of the sheared sample was 1.11 g cm °. By
assuming y = 90°, the ordered phase of PTh,FBT gave a
theoretical density 1.14 g cm °. Because as shown in Figure
S1, deviating the y angel from 90° will increase the theoretical
densities, which further enlarge the differences between the
experimental and theoretical densities, the y was set at 90° to
give the closest match between the experimental and theoretical
densities. Since reaching 100% crystallinity is difficult for
polydispersed long-chain molecules, the lower experimental
density suggested the presence of amorphous regions in the
samples. The lattice parameters of PTh,FBT are thus a = 2.02
nm, b = 0.74 nm, ¢ = 2.00 nm, and a = f = y = 90°. The
experimental and calculated diffraction d-spacing values of the
crystal lattice are listed in Table S3.

The molecular packing of PThy;FBT were studied via lattice
models of PThyFBT built by using Cerius® software package.
The lattice parameters determined in the previous section were
used to construct the unit cell, and the structural variables
including the conformations (synl, syn2, and anti) and the
degree of c-shift, were built into the lattice models. Simulated
2D fiber WAXS pattern generated from each lattice model was
then compared to the experimental one to identify the most
plausible packing structure. Figure 4a-4c show the lattice
models containing repeating units with anti, synl, and syn2
conformations, respectively. The simulated 2D WAXS patterns
of the three models are shown in the left panels of Figure 4d-
4f. The model with anti conformation gives a simulated pattern
(Figure 4d) matches well with the experimental one, while the
models with syn/ and syn2 conformations provide extra
diffractions that cannot be found in the experimental pattern.
Increase of the degree of c-shift to 0.20 nm (Figure 5a) and
0.40 nm (Figure Sb) also generated extra diffraction arcs in the
quadrants, and weakened the (005) diffraction on the meridian,
as shown in the left panels of Figure 5¢ and 5d. Therefore, the
results suggested that the most probable comforamtion of
PTh,FBT in the solid-state structure is the anti conformation.
Moreover, the PThyFBT chains are stacked cofacially with very
small c-shift. It is interesting to find that PTh,;FBT polymer
packs differently from that of Th,FBT molecule, which contain

This journal is © The Royal Society of Chemistry 2012
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conformational isomers and stacked with c-shift of 3.38 A. It is
speculated that the long-chain structure of PTh,;FBT reduce the
contribution of the chain-end CH...m interactions, and the
intermolecular FBT-FBT along the
PTh FBT chains may dominate the assembling and resulted in
the zero c-shift packing.

mutliple interactions

BHJ PSC
Optimization

The PCE of the PTh,FBT:PC,;;BM (1:1, w/w) inverted PSCs
was 6.82% with device architecture of ITO/ZnO (30
nm)/PTh,;FBT:PC,;;BM (95 nm)/MoO; (6 nm)/Ag (150 nm) in
our previous work.'? The phase morphology and the phase
segregation mechanism of the blend were unclear, and made the
morphological optimization difficult. To optimize the
morphology, the PTh,FBT:PC;BM (1:1, w/w) thin film was
studied by TEM and GI WAXS. As shown in Figure 6a, the
TEM image of the PTh,FBT:PC,;;BM thin film prepared from
the o-dichlorobenzene (ODCB) solution clearly show the large
dark domains with diameters between 50—140 nm. GI WAXS
pattern of the thin film on a silicon wafer prepared in the same
condition is shown in Figure 7a. The diffractions at ¢, = 3.08
and 6.15 nm™' corresponds to the (100) and (200) reflections of
PTh,FBT. No reflection from PC;BM was observed. The
results indicate that in the blend thin film, PTh,FBT are
crystalline and are predominantly oriented edge-on to the
substrate, but the PC;,BM is in the amorphous state. In the
blend film, the diffractions for the lamellar structure ((300) and
(400) peaks), for the n-n stacking and for the c-direction order
became very weak; suggesting the presence of PC;BM
suppressed the crystallization of PThyFBT. Because crystalline
areas provide high diffraction contrast under the TEM
observation,** the large and darker domains in the TEM image
shown in Figure 6a were assigned as the crystalline PThyFBT
domains. These large segregated polymer domains was not
observed in the non-fluorinated analogues of PThyFBT studied
by Chen and coworkers.*> Moreover, the order along the c-
direction was also absent in these non-fluorinated analogues at
their pristine state. Thus, the cause of the strong segregation in
the PThy,FBT:PC;;BM thin film can be attributed to the strong
crystalline nature, and the more ordered solid-state packing of
PTh,FBT.

Characterizations and  Morphological

; o
Figure 6. TEM images of PTh,;FBT:PC, BM thin films
peprepared (a) without 1-CN, and (b) with 8 v% 1-CN.

J. Name., 2012, 00, 1-3 | 5
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Figure 7. GI WAXS patterns of PThyFBT:PC;;BM thin films
peprepared (a) without 1-CN, and (b) with 8 v% 1-CN. (c) out-
of-plane and (d) in-plane scans of the GI WAXS patterns.

Addition of 8 v% of 1-CN as a process additive further
reduced the diffraction intensity and crystallinity of PTh,FBT,
as shown in Figure 7b and 7d. In addition, in Figure 6b, the
large dark domains were not observed in the films prepared
with 1-CN, suggesting the PTh,;FBT
crystallinity was accompanied with the shrinkage of the darker
crystalline PThyFBT domains. Thus, the addition of 1-CN
reduces the crystallinity of PThyFBT and suppresses the phase
separation in the blend thin film. The morphological change
caused by the 1-CN additive significantly improved the device
performance. The inverted BHJ PSCs of PThyFBT:PC;;BM
prepared with 8 v% of 1-CN delivered an averaged PCE of 7.75
% with V,. of 0.76 V, a J,. of 14.36 mA/cm?, and a FF of 71.0
% under 100 mW/cm? AM 1.5 illumination (Figure 8, Table
1). Compared to the device fabricated without 1-CN, the
reduced aggregation domain sizes, improved the J,,, FF and
therefore the PCE of the device.

the decrease in

Conclusions

In this study, the crystal structure of Th,FBT and molecular
model PThyFBT was analyzed. The conformational disorder in
the crystalline phase of Th,FBT confirmed that Th,FBT has
low conformational preference, and neither the inter-aryl S...F
nor the CH...F interactions is sufficient to lock the
conformation. In the <case of PThyFBT, structural
characterizations indicated that the diffraction pattern generated
from the lattice containing PTh,FBT with anti-conformation
and zero interchain c-shift match best with the experimental 2D
WAXS pattern. TEM and GI WAXD results showed that the
strong crystalline nature of PThyFBT causes large aggregation
domains in the PThyFBT/PC;,BM thin film. Addition of 8 v%
1-CN additive decreased the aggregation size, and improved the
Js. and FF of the PThyFBT:PC,;BM PSCs. The single-junction

6 | J. Name., 2012, 00, 1-3
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PTh,FBT/PC;BM inverted PSCs delivered a high PCE of 7.75
% with V,.of 0.76 V, a J, of 14.36 mA/cm?, and a FF of 71.0
%.

2
< I
£ 0
3] —=—without 1-CN
< 2t —&— with 8% 1-CN
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&
2
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o -8
[=]
g -10
2 12
=)
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O po—o

-8 L 1 1

0.0 0.2 04 0.6 0.8

Voltage (V)

Figure 8. Current density-voltage characteristics of the
PThyFBT:PC;;BM based inverted BHJ PSCs processed with
and without 8 v% of 1-CN under illumination of AM 1.5 G at
100 mW/cm®.

Table 1. The device characteristics of PThy;FBT:PC,;;BM BHIJ
PSCs. The values in parenthesis are the averaged values of
eight devices.

PTh,FBT:PC;,BM Vie Jee FF PCE
(1:1) [Vl [mA/cm?] [%] [%]
without 1-CN® 0.77 13.51 66 6.82
0.76 14.36 71 7.75
ith 1-CN
with 1-C 0.76)  (14.38) 67) (731

YValues from reference.?
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Structural analysis of PThsFBT suggested the high crystalline nature of PTh4sFBT
relates to its zero c-shift co-facially packing.
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