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A new random terpolymer, coded LGC-D013, based on N-alkylthieno[3,4-clpyrrole-4,6-dione (TPD) as the
acceptor and benzodithiophene (BDT) and terthiophene as the donor units, has been synthesized and
characterized as a donor material in bulk-heterojunction (BHJ) organic photovoltaic (OPV) applications.
The thermal, optical, and electrochemical properties of the LGC-D013 were characterized. The polymer
has a deep highest occupied molecular orbital (HOMO) level of —5.56 eV and an optical band gap of
1.84 eV in film. The OPV based on LGC-D013:PC;BM blend film demonstrated a power conversion
efficiency (PCE) of 6.09%, with a relatively high fill factor (FF) of 72.55%. After 1,8-diiodooctane (DIO)
treatment with a 3% volume ratio, the short circuit current density (Jsc) was improved from 9.48 to 11.29
mA cm~2, and FF was improved from 72.55 to 73.13%, resulting in PCE improvement from 6.09 to 7.22%.
The BHJ OPV using LGC-D013 as the donor polymer based on TPD and BDT with terthiophene showed
an improved fill factor as high as 72%, which is higher than those of conventional TPD-BDT based polymers.
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Introduction

The interest in bulk-heterojunction (BHJ) organic photovoltaic
devices (OPV) continues to increase due to their many advan-
tages, such as flexibility, visible transparency, pleasing
aesthetics, and light-weight." In addition, they can be easily
fabricated to be processed in solution such as roll-to-roll
printing, which makes them attractive for large-scale produc-
tion with low cost.*> To attain high performance BHJ OPV,
intense research effort has focused on the development of novel
materials, such as electron-donors and electron-acceptors,
discovery of processing technology, and utilization of new
device architectures. For the donor materials, conjugated
molecules composed of alternating electron donating (D) and
accepting (A) moieties, (D-A), show impressively high perfor-
mance.* D-A type conjugated polymers have shown rapid
progress in power conversion efficiency (PCE) by over 10% in
the last decade, by actively utilizing various D and A building
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blocks, such as thiophene, carbazole, cyclopentadithiophene,
and benzodithiophene (BDT) as donor and quinoxaline, dike-
topyrrolopyrrole, benzothiadiazole, thieno[3,4-b]thiophene,
and N-alkylthieno[3,4-c]pyrrole-4,6-dione (TPD) as acceptor.>*

One of the most studied acceptor units in D-A copolymers is
TPD, which is a strong electron-withdrawing unit stemming
from its diimide moiety, and making its polymer band-gap
lower by stabilizing its lowest unoccupied molecular orbital
(LUMO) level, with relatively high open-circuit voltage (V,.).* In
addition, the non-covalent intramolecular interaction between
oxygen from TPD and the sulfur at proximate thiophene
enhances the backbone co-planarity, to improve m-m stacking
and charge carrier mobility.® Due to these reasons, various D-A
copolymers were synthesized by various alkyl substituted TPD
with electron donating moieties, such as thiophene, cyclo-
pentadithiophene, and BDT.>”*° In particular, copolymers
based on TPD with various BDT derivatives were reported, since
BDT induces tight and regular stacking due to its planar
molecular structure, thus resulting in high hole mobility."* Most
copolymers through the combination of BDT and TPD have
shown high V,., but a low or moderate fill-factor (FF). For
instance, copolymer composed of 4,8-bis[(5-(2-ethylhexyl)thio-
phen-2yl)benzo[1,2-b:4,5-b']dithiophene ~ and  linked-TPD
synthesized by Xia et al. recorded PCE of 7.59%, but the FF of
its device is merely 52%."> Meanwhile, TPD with thiophene
based polymers exhibited improved FF. Guo et al. reported
a BHJ OPV with a high FF of up to 78.7% using polymer con-
taining TPD as an acceptor with alkyl-terthiophene as a donor,
PTPD3T, due to the highly ordered, closely packed properties of
this polymer.*
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Herein, a new copolymer, coded LGC-D013, has been
designed and synthesized by incorporating TPD as the acceptor,
and BDT and terthiophene as the donor units, to improve
FF, due to the hybridization of intrinsic high FF of terthio-
phene-TPD polymer, as shown in Scheme 1."* The random-
copolymerization with more than three different monomers
can readily adjust the energy level, solubility, molecular packing,
charge-carrier mobility, and absorption range through control-
ling the selection of monomers or the ratio of composition. In
addition, the preparation of the monomers for random copoly-
mers is easier than that of alternated copolymers. Furthermore,
the hybridization of the intrinsic properties of monomers can be
simply realized. After optimizing the LGC-D013-based device,
the OPVs exhibit a FF of 73.13%, a V. of 0.87 V, and a J,. of 11.29
mA cm 2, resulting in a PCE of 7.22%. These results show that
the newly synthesized random terpolymer can be a useful donor
material for high efficiency OPV applications.

Experimental
Materials and characterization

Materials. All starting materials and reagents were purchased
from commercial supplies, and used without further purifica-
tion. (4,8-Bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b']
dithiophene-2,6-diyl)bis(trimethylstannane), 1,3-dibromo-5-
dodecyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione, and (3',4’-dioc-
tyl-[2,2":5',2"-terthiophene]-5,5"-diyl)bis(trimethylstannane)
were purchased from commercial source.

Synthesis of LGC-D013. To a microwave vial of (4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene-2,6-diyl)
bis(trimethylstannane) (0.317 g, 0.35 mmol), 1,3-dibromo-5-
dodecyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (0.336 g, 0.7 mmol),
(3',4'-dioctyl-[2,2":5',2"-terthiophene]-5,5"-diyl)bis(trimethyl-
stannane) (0.279 g, 0.35 mmol), tris(dibenzylideneacetone)
dipalladium(0) (2 mol%), and tri(o-tolyl)phosphine (8 mol%)
were added into degassed chlorobenzene (5 ml), and the solu-
tion was stirred until all the starting materials dissolved. The
reaction mixture was heated at 120 °C for 10 min, at 150 °C for
20 min, at 170 °C for 30 min, and at 180 °C for 10 min in
a microwave reactor. After the polymerization, the polymer was
end-capped with 2,5-bis(trimethylstannyl)thiophene and 4-bro-
mobenzotrifluoride at 150 °C for 15 min, respectively. After
polymerization, the reaction mixture was poured into 300 ml of
methanol. The Soxhlet extraction with the precipitate was per-
formed with a solvent sequence of methanol, hexane,
dichloromethane, and chloroform. The chloroform portion was
passed through a short silica pad, and concentrated. The ob-
tained compound was dissolved in a warm chlorobenzene (ca. 7
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Scheme 1 Synthetic route for LGC-D013. Reagents and conditions: (i)
Pd,(dba)z, P(o-tol)z, chlorobenzene, microwave reactor.
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ml), precipitated with methanol (400 ml), then filtered and
dried. Yield = 69%, number average molecular weight (M,,) =
49.1 kDa, and polydispersity index (PDI) = 1.25.

Characterization and measurements. A microwave reactor
(Biotage Initiator™) was used to synthesize the polymers. UV-
vis spectra were obtained by Mecasys Optizen Pop spectropho-
tometry. The number- and weight-average molecular weights of
the polymers were determined by gel-permeation chromatog-
raphy (GPC) with chlorobenzene as an eluent at 80 °C on Waters
1515 system, relative to polystyrene standards. Cyclic voltam-
metry (CV) experiments were performed by AutoLab analyzer.
The CV measurements were carried out in 0.1 M tetrabuty-
lammoniumtetrafluoroborate (Bu,NBF,) in acetonitrile with
platinum as a counter electrode, 3 mm glassy carbon electrode
coated with a thin polymer film as a working electrode, and Ag/
Ag" electrode as a reference electrode. Surface examinations of
the samples were detected by atomic force microscopy (AFM,
XE7, Park System, Korea). GIWAXS measurements were carried
out at the PLS-II 9A U-SAXS beam line of Pohang Accelerator
Laboratory. X-ray coming from the in-vacuum undulator (IVU)
was monochromated (E, = 11.055 keV, A = 1.121 A) using a Si
(111) double crystal monochromator, and focused horizontally
and vertically at the sample position (450 (H) x 60 (V) um? in
FWHM) using a K-B-type focusing mirror system. The GIWAXS
sample stage was equipped with a 7-axis motorized stage for
fine alignment of the thin sample, and the incidence angle of X-
rays was adjusted to 0.12°. GIWAXS patterns were recorded with
a 2D CCD detector (Rayonix SX165, USA), and the X-ray irradi-
ation time was 1 s, depending on the saturation level of the
detector. The diffraction angle was calibrated with a sucrose
standard (monoclinic, P21, a = 10.8631 A b =18.7044 A, ¢ =
7.7624 A, 8 = 102.938°), and the sample-to-detector distance
was approximately 221.56 mm. Samples for GIWAXS measure-
ments were prepared by spin-coating polymer:PC,;BM blended
solutions (1,2-dichlorobenzene) without, or with DIO of 3% on
top of the Si substrates. The GIWAXS images from the films
were analyzed based on the relationship between the scattering
vector (g) and d spacing, (g = 2m/d).

Photovoltaic device fabrication and characterization

The photovoltaic devices were fabricated with a typical OPV-
configuration of ITO/PEDOT:PSS/LGC-D013:PC,;BM/Ca/
Al (ITO, Indium Tin Oxide; PEDOT:PSS, poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate; PC,;BM, [6,6]-
phenyl C,; butyric acid methyl ester). The glass-substrates, pre-
patterned with ITO (Samsung Corning Co, Ltd.) with a sheet
resistivity of around 10 ohm sq ', were sequentially cleaned with
acetone, deionized water, and isopropyl alcohol under an ultra
sonic bath for 10 min, and dried in an oven. The substrates were
then exposed in UV-ozone for 30 min. PEDOT:PSS, a standard
hole transport layer, was spin-coated on ITO-coated glass at
5000 rpm for 40 s, and then dried at 120 °C for 10 min in air.
Then, for device optimization, various blend solutions of LGC-
D013:PC,;BM (Nano-C) in the 1,2-dichlorobenzene with
different blend ratios, conjugated polymer concentration, and
1,8-diiodooctane (Tokyo Chemical Industry Co. Ltd.)

This journal is © The Royal Society of Chemistry 2017
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concentration were spin-coated onto the ITO/PEDOT:PSS
substrates in an N, glove box. Next, the Ca/Al electrode to have
an active area of 4.64 mm” was thermally deposited on the active
layer at a vacuum of 10~ °® Torr. The photocurrent density-voltage
(J-V) characteristics were measured by Keithley 2400 source
measurement under AM 1.5 G illumination (100 mW cm™?) from
a solar simulator, and the external quantum efficiency (EQE) of
solar cells was analyzed using a certified IPCE measurement
system (IQE-200, Oriel Instruments, USA). In order to analyze the
hole and electron mobilities of the LGC-D013:PC,;BM blend
film, hole-only devices with ITO/PEDOT:PSS/LGC-DO13:PC;;-
BM/Au configurations and electron-only devices with Al/LGC-
D013:PC,;BM/Al configurations were prepared, and mobilities
were obtained by using the space charge limited current (SCLC)
theory, which can be measured by J = 9/8 x eoeu(V?/L?), where J
is the current density, ¢, is the free-space permittivity (8.85 x
10" F em ™), ¢ is the relative dielectric constant of the material,
u is the mobility of the charge carriers, V is the effective voltage,
and L is the thickness of the active layer."*

Results and discussion
Synthesis and characterization

Synthesis of LGC-D013 was carried out by the procedure shown
in Scheme 1. Each monomer was purchased from commercial
supplies. The LGC-D013 was readily synthesized via Stille-
coupling polymerization using three monomers in a yield of
69%. The synthetic procedures are described in detail in the
Experimental section. After polymerization, the polymer was
purified by Soxhlet extraction with methanol, hexane,
dichloromethane, and chloroform, and then the chloroform
fraction was recovered. The polymer possesses good solubility in
common organic solvents, such as chlorobenzene and
o-dichlorobenzene. The number-average molecular weights (M)
and polydispersity index (PDI, M,/M,) of the LGC-D013 were
determined by carrying out gel permeation chromatography
(GPC) at 80 °C in chlorobenzene as an eluent, relative to poly-
styrene standards. The M, value of LGC-D013 is 49.1 kDa with
a PDI of 1.25. The decomposition temperature (Ty, 5% weight
loss) occurs at 422 °C analysed from thermogravimetric analysis
(TGA), as shown in Fig. 1a, indicating the synthesized polymer
shows good thermal stability adequate for the fabrication of
OPV devices. Differential scanning calorimetry (DSC)
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Fig. 1 (a) Thermal gravimetric analysis (TGA) curve and (b) the UV-vis
absorption spectra of LGC-D013 in chlorobenzene (dashed) and thin
film (solid line).
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measurements for LGC-D013 did not shown any endothermic or
exothermic peaks in the temperature range 35 to 350 °C, indi-
cating a stable film morphology over a wide temperature range.

Optical and electrochemical properties

Fig. 1b shows the normalized UV-vis absorption spectra of LGC-
D013 in chlorobenzene solution and spin-coated film on glass
substrate, while Table 1 summarizes the optical properties of
the copolymer. The LGC-D013 shows a broad absorption from
300 to 700 nm. Unlike absorption in chlorobenzene solution,
absorption in film exhibited a distinct shoulder peak next to the
absorption maximum, which is typical for BDT-based copoly-
mers."* The optical band-gap was determined from the onset of
the absorption edge in solid-state, and found to be 1.84 eV. To
investigate the electrochemical characteristics of the polymer,
and to estimate the highest occupied molecular orbital (HOMO)
level of the polymer, cyclic voltammetry (CV) measurement was
performed with 0.1 M Bu,NBF, as the supporting electrolyte at
a scan rate of 100 mV s~ . To estimate the energy levels of the
polymer from the vacuum energy level, we used the ferrocene/
ferrocenium (Fc/Fc') redox couple as a calibration reference.
The half-wave potential for oxidation of the Fe/Fc' redox couple
is 4.8 eV, below the vacuum level. The HOMO energy level of
LGC-D013 was estimated to be —5.56 eV (Fig. S1t).

Organic photovoltaics performance

To directly demonstrate the potential applications of the newly
synthesized electron donor polymer, LGC-D013, its photo-
voltaic properties were evaluated in a simple conven-
tional device-configuration consisting of ITO/PEDOT:PSS/LGC-
D013:PC,;BM/Ca/Al, as depicted in Fig. 2a. The BHJ OPV-
optimization was systemically performed with adjusting major
factors, such as the blend ratio of the donor and acceptor, solu-
tion concentration, and ratio of the processing-additive as shown
in Fig. 2 and S2f plotted with 24 cells from 6 batches.
Throughout the optimization experiment shown in Fig. S2,} the
blend ratio of LGC-D013 : PC;;BM of 1:2 and donor-polymer
concentration of 15 mg ml™" were selected. On the basis of
a 1:2 blend ratio and a 15 mg ml™" donor-polymer, LGC-
D013:PC,;BM solar cells showed high average power conversion
efficiencies (PCEs) of 6.03% without any annealing and additive
treatments. According to many former reports that a small
concentration of 1,8-dilodooctane (DIO) can significantly
improve the nanoscale morphology, thus enhancing the PCE of
OPVs based on polymer/fullerene systems,"**¢ different concen-
trations of DIO were added into the active solutions to further
enhance the PCE of the devices. Fig. 2b shows the j-V data of the
LGC-D013:PC-;BM-based device with different DIO concentra-
tions, while Fig. 2c shows the average PCEs. Fig. 2b and ¢ show
that adding DIO into an active solution improved the solar cell
performance, and the incorporation of 3% DIO additive showed
the highest device-performance, having an average PCE of 6.99%.

Fig. 3a and Table 2 show representative j~V curves and the
corresponding photovoltaic parameters, respectively, for the
optimized LGC-DO13-based solar cells with LGC-D013 (~58
nm) and LGC-D013 with DIO (~61.6 nm). The pristine LGC-

RSC Adv., 2017, 7, 1975-1980 | 1977
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Table 1 Summary of polymerization, thermal, optical, and electrochemical properties of LGC-D013

Polymer M,* [kDa] PDI* T4 [°C] Amax (sol)’ [nm] Amax (film)? [nm] E, (opt)° [eV] HOMO' [eV]
LGC-D013 49.1 1.25 422 615 575 (615) 1.84 —5.56

@ Number average molecular weight (My) and PDI of the polymers were determined by GPC at 80 °C in chlorobenzene as an eluent. * 5% weight-loss
temperature determined by TGA. © Measurements in chlorobenzene solution. ¢ Measurements in films were spin-casted on the glass. ¢ Optical band
gap was determined from onset of the absorption in film./ The HOMO level was estimated from cyclic voltammetry measurement.
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Fig. 2

(a) Schematic image of the normal OPV structure with random terpolymer:PC7;BM. (b) Current density versus voltage (J-V) curves of

LGC-D013:PC;BM-based OPVs without additive and with different additive concentrations. (c) Average PCEs of LGC-D013-based OPVs with

different DIO concentrations.

DO013-based device exhibited a good PCE of 6.09% with a V,. of
0.88 V, J. of 9.48 mA cm 2, and FF of 72.55%, indicating that
this random terpolymer approach can be quite feasible for high-
efficiency OPV applications.””™ DIO addition further enhanced
these photovoltaic properties, and after addition of 3% (v/v)
DIO, the best PCE of 7.22% with a V,. of 0.87 V, J,. of 11.29
mA cm 2, and FF of 73.13% was obtained under the 1 sun
illumination of AM 1.5 G (100 mW c¢m™?). The improved PCE
arose mainly from the large /. contribution, and the relatively
small FF enhancement. These J-V results could be well matched
with the external quantum efficiencies (EQE) of the LGC-D013-
based OPVs; Fig. 3b shows that the pristine LGC-D013 device
revealed a broad photo-response from 350 to 750 nm, and
a high EQE (greater than 50%); and with DIO, the photo-
response was more enhanced (EQE > 60%), supporting effi-
cient conversion of incident photons to photocurrent. As
summarized in Table 2, the J,. values measured with integration
of the EQE curve are within ~1% error, compared to those from
the J-V power curves, indicating the reliability of the photovol-
taic measurements. In particular, the EQE was increased up to
1.26 times for LGC-D013 with DIO relative to LGC-D013; and
similarly, the internal quantum efficiency (IQE) shown in Fig. 3c
was increased up to 1.25 times for LGC-D013 with DIO relative
to LGC-D013. Considering that the EQE-enhancement degree is
quite close to the IQE-enhancement degree, it was believed that
the improved EQE and J,. shown in LGC-D013-based devices
with DIO could mainly be due to the improved charge extraction
efficiency caused by the use of the small amounts of addi-
tive.**?%2> More significantly, from these device performances, it
could be noted that high PCEs of ~7% (after DIO treatment)
and ~6% (with no treatment) can be achieved with the newly

1978 | RSC Adv., 2017, 7, 1975-1980

synthesized LGC-D013 random terpolymer, and that the ob-
tained PCE values are among the highest efficiencies so far for
normal OPVs based on random or BDT-TPD polymers.*” %7

Surface morphology analysis of the blend films

The nanoscale morphology of the LGC-D013:PC,;BM blend
films, which can largely influence the device performances, has
also been studied using atomic force microscopy (AFM). Fig. 4
shows that the as-cast LGC-D013:PC,,BM film revealed a rela-
tively smooth surface, having a root-mean-square (rms) surface
roughness of 2.01 nm, suggesting a limited phase separation to
induce a worse J., FF, and PCE.?*>> On the other hand, the LGC-
D013:PC,;BM film with DIO exhibited a rougher surface with
a rms value of 2.87 nm, and improved phase separation with
more surface-corrugation, which are also found in the phase
images. From these results, the morphological changes shown in
AFM data, probably beneficial to improving bicontinuous inter-
penetrating blend networks to enhance charge transport/
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Fig. 3 (a) The representative J-V characteristics of LGC-

D013:PC,BM-based devices with and without additive. (b) External
quantum efficiency (EQE) spectra and (c) internal quantum efficiency
(IQE) spectra of LGC-D013:PC,,BM-based OPVs.
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Table 2 Device characteristics of LGC-D013:PC,,BM based OPVs
without and with DIO

PCE (%)
Voc .]sc FF .]sc -
LGC-D013 (V) (mAcm %) (%) (cal.)* (mAcm ) Best Ave.
Without — 0.88  9.48 72.55  9.17 6.09 6.03
DIO
With 0.87 11.29 73.13 11.48 7.22  6.99
DIO3%

¢ Jsc (cal.), calculated Ji. from a EQE curve.
| . .

Fig. 4 AFM topography (a and c) and phase images (b and d) of the
LGC-D013:PC#BM film: (a) without DIO, (c) with DIO, (b) without DIO,
and (d) with DIO (scan size: 5 um x 5 um).

collection,*** could be responsible for the improved OPV-
performance shown in the LGC-D013-based device after DIO
treatments.

To further understand the film morphology of the LGC-D013,
grazing incidence wide-angle X-ray scattering (GIWAXS) analysis

View Article Online

RSC Advances

has been performed on the LGC-D013:PC,;BM blend films
before and after DIO addition, as shown in Fig. 5a-d. Table S17
summarizes the packing parameters derived from GIWAXS
measurements. Fig. 5a and b show GIWAXS imagery of the LGC-
D013:PC,;BM blend films without, and with DIO. The GIWAXS
images of the blend films without and with DIO showed clear X-
ray reflections at g,, = 0.24 A, corresponding to vertically
stacked crystal layers on the substrate, face-on lamellar orien-
tation, with a layer spacing, d(;00) of 25.69 A. Additional X-ray
reflections of both films without and with DIO were clearly
observed at g, = 0.24 A", corresponding to edge-on lamellar
orientation with a layer spacing, d(;¢0) of 25.76 and 25.34 A,
respectively. These results clearly indicate that the blend films
without/with DIO adopt both face-on and edge-on orientations.
Although Fig. 5¢ and d show mixed X-ray reflection peaks of
face-on and edge-on orientations, stronger crystalline peaks
were observed for the LGC-D013:PC,,BM blend film with DIO in
both face-on and edge-on orientations. Accordingly, the LGC-
D013:PC,,BM blend film with DIO possessed more enhanced
crystallinity, in comparison with LGC-D013:PC,;BM blend film
without DIO. This result verifies that LGC-D013:PC,,BM blend
film with DIO is highly favorable for effective charge transport,
leading to increased J. and FF in photovoltaic devices."”*

For better studies, the charge carrier mobilities (hole (up)
and electron (u.) mobilities) of the LGC-D013:PC,;BM films
were also analyzed through the space charge limited current
(SCLC) approach.?** Fig. 5e shows that the u;, and u. mobilities
in the as-cast LGC-D013 blend film were 2.73 x 10~ ° and 8.87 x
1077 em® V' 57!, respectively. In contrast, with DIO addition,
the LGC-D013 blend film all showed improved u; and u. with
~1-2 orders higher mobilities than those of the as-cast films;
the blend film with DIO had a u, 0f 1.14 x 10 > cm® V™' s™ ' and
e of 1.46 x 107® em?® V' s, which could be attributed to the
favorable nanoscale-morphological variations and more
enhanced crystallinity shown in AFM and GIWAXS. This higher
carrier mobility to facilitate charge transport could also be
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Fig. 5 Grazing incidence wide angle X-ray scattering (GIWAXS) images of the LGC-D013:PCBM blend films (a) without DIO, (b) with DIO and
GIWAXS (c) in-plane and (d) out-of-plane profile of LGC-D013:PC7,BM blend films without/with DIO. (e) Hole and electron mobility charac-

teristics of LGC-D013:PC+BM films without and with additives.
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responsible for the improved PCE and J,. observed in LGC-
D013-based OPVs with DIO.>*%¢

Conclusions

We have developed and synthesized a new conjugated polymer
based TPD as the acceptor, and BDT and terthiophene as the
donor units, to improve the FF for OPV applications. In order to
fabricate the BHJ polymer solar cells, LGC-D013 terpolymer was
used as an electron donor in combination with PC,;BM as an
electron acceptor. Our LGC-D013:PC,;BM based solar cells
produced a PCE of 6.09% with high V,. of 0.88V, J;. of 9.17 mA
cm 2, and FF of 72.55%. More significantly, it could be noted
that the high PCEs of 7.22% with FF of 73.13% can be achieved
with the newly synthesized LGC-D013 random terpolymer after
DIO treatment. These results support that the newly synthesized
LGC-D013 polymer based on the TPD and BDT with terthio-
phene can provide an improved fill factor as high as 72%, thus
indicating LGC-D013 can be a useful donor material for polymer
solar cell applications.
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