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Chang Liu," Chao Yi," Kai Wang,T Yali Yang,i Ram S. Bhatta,” Mesfin Tsige,Jr Shuyong Xiao,**

and Xiong Gong*‘Jr

TCollege of Polymer Science and Polymer Engineering, University of Akron, Akron, Ohio 44325, United States
#1-Material Inc., 2290 Chemin St-Francois, Dorval, Quebec H9P 1K2, Canada

ABSTRACT: Recent advances in bulk heterojunction (BHJ)
polymer solar cell (PSC) performance have resulted from
compressing the band gap to enhance the short-circuit current
density (Jsc) while lowering the highest occupied molecular
orbital to increase the open-circuit voltage (Voc) and
consequently enhance the power conversion efficiencies
(PCEs). However, PCEs of PSCs are still constrained by a
low Jsc, small Vi, and low fill factor (FF). In this study, we
report 10.12% PCE from single-junction PSCs based on a
novel two-dimensional (2D) conjugated copolymer. By
introduction of conjugated S-alkylthiophene-2-yl side chains
to substitute nonconjugated alkoxy side chains in one-
dimensional (1D) poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-
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b:4,5-b’ |dithiophene-2,6-diyl] [ 3-fluoro-2-[ (2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7), a novel 2D donor—
acceptor low-band-gap conjugated copolymer, poly[[4,8-bis[(S-ethylhexyl)thienyl]benzo[1,2-b;3,3-b]dithiophene-2,6-diyl][3-
fluoro-2-[ (2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7-DT), is developed. 2D PTB7-DT is further systematically
investigated by absorption spectroscopy, cyclic voltammetry, charge carrier mobility measurement, thin film morphology, and
wide-angle X-ray diffraction and compared with 1D PTB7. In comparison with 1D PTB7, 2D PTB7-DT possesses a narrower
band gap, tighter 7— stacking, and higher charge carrier mobility. These results are consistent with the observation from first-
principle calculations. Consequently, the single-junction PSCs based on 2D PTB7-DT exhibit a PCE of 10.12% with a high Jc,
larger V¢, and high FF in comparison with the PSCs based on 1D PTB7.

KEYWORDS: single-junction polymer solar cells, 10 percent efficiency, two-dimensional conjugated polymer, PTB7 derivative,

extended conjugation, compact w—mn stacking

1. INTRODUCTION

In recent years, bulk heterojunction (BHJ) polymer solar cells
(PSCs) have received great attention from both academic and
industrial sectors as they are flexible and have large-scale
production potential and low-cost grid power generation."”
However, PSCs are still inferior to their inorganic counterparts
in efficiency and stability.> To realize high-efficiency PSCs,
significant work on the design of device structures and
development of conjugated polymers with extended spectral
coverage for wider solar absorption have been reported.*° It
has been proven that utilization of donor—acceptor (D—A)
structures is an efficient strategy to obtain low-band-ga

copolymers with modulated photoelectronic properties.”” '
PSCs based on D—A copolymers have demonstrated the
potential for high efficiency. Among these D—A low-band-gap
conjugated copolymers, one-dimensional (1D) poly[[4,8-bis-
[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b"]dithiophene-2,6-diyl] [3-
fluoro-2-[ (2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]]
(PTB7) stands out as one of the most efficient conjugated
polymer systems in production today."' However, the band gap
of PTB7 is 1.68 eV, which is larger than the ideal band gap of
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the electron donor polymers for PSCs.'> Moreover, the
integrated photon flux using a band gap of 1.68 eV is ~58%,
which is much less than that of Si.'* In addition, the hole
mobility of PTB7 is smaller than that of fullerene
derivatives,"*"> which creates an unbalanced charge carrier
transport in the BHJ composite, resulting in a low short-circuit
current (Jsc) and low fill factor (FF) for BHJ PSCs.'
Two-dimensional (2D) conjugated polymers exhibit very
interesting properties and promising photovoltaic performance
as they possess two main absorption peaks: associated with
conjugated main and side chains.'”~"* Moreover, they have a
larger conjugated plane and higher interchain 7— overlap than
their 1D conjugated counterparts.'® As a result, a broad and
strong absorption band and high charge carrier mobility can be
realized in 2D conjugated polymers.1 —20 Recently, Liao et al.
reported over 10% efficiency from an inverted PSC fabricated
by a BHJ active layer composed of 2D conjugated polymers as
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Scheme 1. (a) Synthetic Routes for PTB7-DT and (b) Molecular Structure of PTB7
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the electron donor and [6,6]-phenyl C71 butyric acid methyl
ester (PC;;BM) as the electron acceptor and utilizing fullerene
derivative doped ZnO as the electron extraction layer.”"**
However, their work was mainly focused on the interface
engineering, which has been previously reported.”*~*° To boost
the efficiency of single-junction PSCs, herein, we report a novel
2D D—A low-band-gap conjugated copolymer. By substitution
of nonconjugated alkoxy side chains (in 1D PTB7) with
conjugated S-alkylthiophene-2-yl side chains, 2D poly[[4,8-
bis[ (S-ethylhexyl)thienyl]benzo[1,2-b;3,3-b]dithiophene-2,6-
diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]-
thiophenediyl]] (PTB7-DT) is clevc=.loped.27—29 The two
electron-rich conjugated S-alkylthiophene-2-yl side chains
make the electron-donating property of benzo[1,2-b:4,5-
b’]dithiophene (BDT) stronger compared with that of the
nonconjugated alkoxy side chains, resulting in an extended
absorption coverage in PTB7-DT.*® Moreover, the extended
conjugation in thiophene units in 2D PTB7-DT facilitates the
intermolecular 77—z interaction, which benefits the charge
carrier mobility and absorption extension as well>**" In
addition, the introduction of two conjugated S-alkylthiophene-
2-yl side chains would lower the highest occupied molecular
orbital (HOMO) energy level of PTB7-DT, resulting in an
enlarged open-circuit voltage (Voc) in PTB7-DT-based
PSCs.”” Consequently, 2D PTB7-DT-based PSCs exhibit a
high Jsc, large V¢, and high FF, with 10.12% efliciency from
single-junction PSCs.

2. EXPERIMENTAL SECTION

2.1. Synthesis of PTB7-DT. PTB7-DT was synthesized through
Stille coupling polymerization of a thieno[3,4-b]thiophenediyl
derivative and S-alkylthiophene-2-yl-substituted benzo[1,2-b:4,5-b']-
dithiophene derivative.”® The detailed synthetic routes are described in
Scheme 1a. The molecular structure of PTB7 is also shown in Scheme
1b for comparison.
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2.2. UV-Vis Absorption Spectra and Cyclic Voltammetry
Measurement. The thin films of PTB7 and PTB7-DT were cast from
1,2-dichlorobenzene (0-DCB) solutions onto quartz glass. UV—vis
absorption spectra of these thin films were measured using an HP
8453 spectrophotometer.

Cyclic voltammetry (CV) measurements were carried out on a BAS
C3-voltammetry cell stand equipped with a graphite electrode as the
working electrode, a Ag/Ag" electrode as the reference electrode, and
a Pt sheet as the counter electrode. The measurements were
performed in the supporting electrolyte consisting of anhydrous
acetonitrile (CH;CN) mixed with tetrabutylammonium hexafluor-
ophosphate ((C4H,),N(PF)) under an argon atmosphere with a scan
rate of 100 mV/s.

2.3. First-Principle Calculations. Ground-state density functional
theory (DFT)** and time-dependent density functional theory
(TDDFT)*® calculations were performed using Becke’s three-
parameter Lee—Yang—Parr exchange-correlation functional
(B3LYP)** with NWChem 6.1.>° The dispersion correction was
implemented using the Grimme approach.*® All DFT and TDDFT
calculations were performed at the NSF Teragrid supercomputer
facility (Kraken at Oak Ridge National Laboratory).

Ground-state geometries of PTB7 and PTB7-DT oligomers were
optimized at the B3LYP-D/3-21G* level, which has been proven to
produce accurate conformational and electronic properties.>”** We
assume a planar backbone, as might be imposed by the delocalization
of p-electrons and crystal packing in the films. To obtain the energies
of the frontier molecular orbitals, single-point calculations were
performed at the B3LYP-D/6-31G* level starting from the optimized
geometry. From ground-state calculations, the HOMO-LUMO
(lowest unoccupied molecular orbital) gap was estimated from the
HOMO and LUMO energies. TDDFT calculations of the vertical
excitation energies of each PTB7 and PTB7-DT oligomer were
performed at B3LYP/6-31G* starting from optimized geometries.

2.4. Thin Film Characterization. Tapping-mode atomic force
microscopy (AFM) images were obtained by using a NanoScope
NS3A system (Digital Instruments) to observe the surface
morphologies of PTB7:PC;;BM and PTB7-DT:PC,;BM thin films.
Transmission electron microscopy (TEM) experiments were carried
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out with a JEOL transmission electron microscope using an
accelerating voltage of 120 kV. Wide-angle X-ray diffraction performed
on a GE X-ray model XRD-6 was used to characterize the crystal
orderings of PTB7-DT.

2.5. Mobility Measurement. The space charge limited current
(SCLC) method was used to estimate the hole mobility of PTB7-DT
and PTB7 thin films.**** The mobility was determined by fitting the
dark current observed from the hole-only diode according to the
model of a single-carrier SCLC. The structure of the hole-only diode is
ITO/PEDOT:PSS/PTB7-DT/Mo0O;/Ag/Al, where ITO is indium tin
oxide, PEDOT:PSS is poly(2,3-dihydrothieno-1,4-dioxin)—poly-
(styrenesulfonate), Ag is silver, and Al is aluminum, respectively. An
approximately 230 nm thickness of PTB7-DT thin film was cast from
an 0-DCB solution. About 10 nm of MoO; and S nm of Ag (coated
with 100 nm of Al) were sequentially deposited on top of the PTB7-
DT layer in a vacuum system.

2.6. PSC Fabrication and Characterization. The PSC devices
were fabricated using the conventional structure of ITO/
PEDOT:PSS/PTB7-DT:PC,BM/AL The fabrication steps are as
follows: Patterned ITO substrates were sequentially cleaned in an
ultrasonic bath of detergent, deionized water, acetone, and 2-propanol.
Subsequently, ITO substrates were dried in an oven overnight before
treatment by UV-ozone for 20 min. A ~40 nm layer of PEDOT:PSS
was cast on top of the ITO substrates. Then the PTB7-DT:PC,BM
BHJ composite was spin-coated onto ITO/PEDOT:PSS from an o-
DCB solution mixed with 3% (by volume) 1,8-diiodoctane (DIO).
The device fabrication was completed by thermal evaporation of 100
nm of Al as the cathode under vacuum at a base pressure of 2 X 107
Pa. The device area was 0.045 cm’.

PSCs were measured under an AM1.5G calibrated solar simulator
(Newport model 91160-1000). The light intensity was 100 mW/cm?,
which was calibrated by utilizing a monosilicon detector (with a KG-S
visible color filter) of the National Renewable Energy Laboratory
(NREL) to reduce spectral mismatch. The current density—voltage
(J-V) characteristics were recorded using a Keithley 2400 source
meter.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of PTB7-DT.
Scheme 1 presents the synthetic routes for PTB7-DT. The
details are as follows: A 1.03 g (2.18 mmol) mass of M-I
(commercially available from 1-Material Inc,, Canada), 1.97 g
(2.18 mmol) of M-III (commercially available from 1-Material
Inc.), 40 mL of toluene, and 40 mL of N,N-dimethylformamide
(DMF) were charged into a S00 mL flask in an argon
atmosphere to give a uniform solution. The obtained solution
was bubbled with argon for 30 min and then mixed with 50 mg
of tetrakis(triphenylphosphine)palladium. The mixed solution
was stirred at 100 °C for 48 h. After 1 mL of phenyl bromide
was added to the above solution, the resultant solution was
further stirred for S h and then cooled to room temperature.
Afterward, the mixture was poured into 2000 mL of methanol.
The precipitated polymer was collected by filtration. The
collected polymer was subjected to Soxhlet extraction in a
sequence of acetone, hexane, and chloroform. The chloroform
extraction was concentrated and then poured into acetone to
cause the polymer to precipitate. The precipitated polymer was
collected again by filtration and dried under vacuum overnight.
A 1.77 g mass of purified polymer with a purple-black shine was
yielded.

Figure 1 shows the '"H NMR (CDCl,) spectrum of PTB7-
DT: 6 —0.97 to +1.72 (br), 2.90 (br), 425 (br), 6.85—7.40
(br). GPC (elute in CHCl,, polystyrene as standard): number-
average molecular mass (M,,) of 45 000 Da and weight-average
molecular mass (M,,) of 108 000 Da with a polydispersity (PD)
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Figure 1. '"H NMR (CDCl;) spectrum of PTB7-DT.

of 24. The relatively low PD value for the electron donor
polymer is favorable for approaching high-efficiency PSCs.*!
3.2. Absorption Spectra of PTB7 and PTB7-DT Thin
Films. Since PTB7 and PTB7-DT have similar molecular
structures (Scheme 1), the comparison between them will
provide useful information on the study of the influence of 2D
conjugated structures on the photophysical and photovoltaic
properties of D—A polymers. The UV—vis absorption spectra
of PTB7-DT and PTB7 thin films are shown in Figure 2. The
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Figure 2. Absorption spectra of PTB7-DT and PTB7 thin films.

thin film of PTB7-DT shows a broadened absorption from 350
to 800 nm with a maximum peak at 704 nm, which coincides
with the corresponding maximum photon flux region in the
solar spectra (~700 nm).*° In comparison with PTB7, PTB7-
DT exhibits an obvious red-shifted absorption spectrum which
is likely attributed to the enhanced planarity of the new
polymer chains by two conjugated S-alkylthiophene-2-yl side
chains.** Moreover, by incorporation of two conjugated 5-
alkylthiophene-2-yl units in the side chain of BDT, PTB7-DT
possesses two absorption peaks located at 325 and 708 nm. The
first peak at 325 nm originates from the interaction between 5-
alkylthiophene-2-yl side chains and the BDT unit along the
vertical direction; the second peak at 708 nm originates from
the intramolecular charge transfer absorption band.** The
optical band gap of PTB7-DT (estimated from the onset of the
thin film absorption) is decreased to 1.59 eV from 1.68 €V for
PTB7. The 1.59 eV band gap is closer to the ideal band gap of
donor polymers for PSCs."> In addition, two S-alkylthiophene-
2-yl units in the side chain of BDT could offer extended
conjugation for conjugated polymers with 2D structure, which
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facilitates intermolecular 7—7 interaction, resulting in enhanced
hole mobility of polymers (Figure 8).>

3.3. HOMO and LUMO Energy Levels of PTB7 and
PTB7-DT. Enhanced conjugation in PTB7-DT can be
visualized in terms of HOMO and LUMO energy level images.
Figure 3 illustrates the well-delocalized HOMO and LUMO for

HOMO

LUMO

PTB7-DT

PTB7

Figure 3. Images of the HOMO and LUMO orbitals for PTB7 and
PTB7-DT dimers. Red and blue colors represent the negative and
positive phases of the orbitals, respectively.

repeat units of both PTB7 and PTB7-DT. As is evident from
Figure 3, the HOMO and LUMO wave functions in PTB7 are
distributed along the backbone direction, which is 1D.
Importantly, the presence of two S-alkylthiophene-2-yl units
in the BDT of PTB7-DT allows the HOMO and LUMO wave
functions to be distributed in two dimensions. As a result, the
electronic delocalization per monomer is increased by ~40% in
PTB7-DT compared to PTB7. The presence of the S-
alkylthiophene-2-yl unit slightly lowered the HOMO level,
lowered the LUMO level, and stabilized delocalization of
electrons in a large area.

Parts a and b of Figure 4 present the CV curves of PTB7-DT
and PTB7. The HOMO and LUMO energy levels are
estimated from CV measurements following the equations
Eyomo = —(Eoy + 4.8 V) and E; jp0 = —(Ejeq + 4.8 €V), where
E, is 0.69 and 0.35 eV for PBT7-DT and PTB7 and E, 4 is
—1.06 and —1.49 eV for PTB7-DT and PTB7, respectively. The
HOMO energy levels of PTB7-DT and PTB7 are —5.49 and
—5.15 eV, respectively. The LUMO energy levels of PTB7-DT
and PTB7 are —3.74 and —3.31 eV, respectively. The HOMO
and LUMO energy levels of PTB7 are consistent with the
reported values."' Interestingly, it was found that both the
LUMO and HOMO energy levels of PTB7-DT are
simultaneously lowered by substitution of nonconjugated
alkoxy side chains (in 1D PTB7) with conjugated S-
alkylthiophene-2-yl side chains (in 2D PTB7-DT), resulting
in a narrower band gap of PTB7-DT with respect to that of 1D
PTB7."" Figure 4c displays the HOMO and LUMO energy
levels of PTB7-DT, PTB7, and PC,;BM, work functions of
ITO, PEDOT:PSS, and Al Since V¢ is proportional to the
energy offset (AE, Figure 4c) between the HOMO energy level
of donor polymers (PTB7-DT and PTB7) and the LUMO
energy level of PC,;BM,** the lower lying HOMO energy level
of PTB7-DT predicts a larger V¢ in PSCs made with PTB7-
DT:PC,;;BM compared to PTB7:PC, BM.

3.4. First-Principle Calculations. The observed energy
gaps of PTB7 and PTB7-DT are supported by first-principle
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Figure 4. Cyclic voltammetry curves of (a) PTB7-DT and (b) PTB7
and (c) HOMO and LUMO energy levels of PTB7-DT, PTB7, and
PC,,BM, work functions of ITO, PEDOT:PSS, and Al.

calculations shown in Figure S. Both the HOMO—-LUMO gap
and optical gaps were extrapolated to the polymer limit using

H ™ T "™ 17 "™ 17T ™ 17T '6-
3.0-O PTB7 (HOMO-LUMO gap) "]
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Figure S. Energy gap as a function of the reciprocal of the number of
monomer units (1/n) for PTB7 and PTB7-DT oligomers. Solid and
dotted lines represent the extrapolation to the long-chain limit.

the Kuhn extrapolation technique, E = Ey[1 + 2(k"/k,) cos(x/
N + 1)]V23 where E, = (ko/4muo)"? is the frequency of an
isolated oscillator with k"/k, ~ —0.46. N is the number of
double bonds along the shortest backbone distance. The
computed vertical excitation energies (optical band gaps) from
the ground state (S,) to the first excited state (S;) of PTB7-DT
oligomers are consistently lower compared to those of PTB7
oligomers. This trend is directly correlated to the ground-state
HOMO-LUMO gaps because HOMO-LUMO gaps are
higher than optical band gaps by the electrostatic binding
energies of holes in Sy and electrons in S;. The computed
optical band gap of PTB7 is higher than that of PTB7-DT,
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indicating that the introduction of the S-alkylthiophene-2-yl
side chain red shifts the optical band gap by ~0.07 eV.
Similarly, the computed HOMO—-LUMO gap of PTB7-DT is
red-shifted by ~0.06 eV compared to the HOMO—-LUMO gap
of PTB7. These computed values of red shifts confirm the role
of conjugated S-alkylthiophene-2-yl side chains in lowerin the
optical band gap and HOMO-LUMO gap as observed
experimentally.

3.5. Crystal Ordering of PTB7 and PTB7-DT. Figure 6
shows AFM images of PTB7:PC,;BM and PTB7-DT:PC, BM

| || |

0 2um 0 2 um
Figure 6. Atomic force microscopy images of PTB7:PC,;BM (a,
height image; b, phase image) and PTB7-DT:PC,BM (c, height

image; d, phase image).

thin films. The thin film morphology of the BHJ active layer
was significantly influenced by the incorporation of $-
alkylthiophene-2-yl side chains into PTB7. The PTB7-
DT:PC,,BM BHJ thin film exhibits a relatively larger root
mean squared (RMS) roughness of 3.2 nm than that of
PTB7:PC,,BM (1.7 nm), suggesting a better ordering of PTB7-
DT chains in the BHJ film and thus a high crystallinity of the
BHJ composite.*’ To confirm these assumptions, wide-angle X-
ray diffraction (WAXD) was carried out to inspect the
macromolecular accumulation.** The WAXD patterns of
PTB7-DT and PTB7 thin films are shown in Figure 7. The
peak at 21° reveals a short z— distance of 3.5 A for PTB7-DT,
which is smaller than the 7—z distance of PTB7 (3.8 A).** The
shorter 7—r distance of PTB7-DT indicates that polymer main
chains are more likely to form a planar conformation in a solid
film, resulting in a red-shifted absorption spectrum, which is in
good agreement with the absorption of PTB7-DT (Figure 2).
The planarity of the main chain and the short 7—z distance
would facilitate charge transport, resulting in high hole mobility
for PTB7-DT."

3.6. Hole Mobilities of PTB7 and PTB7-DT. Hole
mobility is estimated by the SCLC method based on current
density—voltage (J—V) characterization from hole-only diodes.
The J—V characterizations of the hole-only diode with a
structure of ITO/PEDOT:PSS/PTB7-DT (or PTB7)/MoQ,/

4932

1.5
PTB7
PTB7-DT

1

3

8

2

7]

c

Q

£

£ 05

0
0 5 10 15 20 25 30 35

2-Theta (degree)

Figure 7. Wide-angle X-ray diffraction patterns of PTB7 and PTB7-
DT thin films.

Ag are shown in Figure 8, where MoOj; is molybdenum trioxide
and Ag is silver. The hole mobilities are estimated to be 8.0 X
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Figure 8. Current—voltage characteristics of a hole-only device with an
architecture of ITO/PEDOT/PTB7 (or PTB7-DT)/MoO,/AL

10~ em?/(V s) for PTB7-DT and 1.9 X 107* cm?/(V s) for
PTB7."* Thus, high PCEs are anticipated from PTB7-
DT:PC,,BM-based PSCs.*

3.7. Film Morphologies of BHJ Composite Thin Films.
Figure 9 presents TEM images of the phase separation in
PTB7-DT:PC,;BM and PTB7:PC,;BM thin films. Obviously,
larger domains are observed in PTB7:PC,;BM thin films than
in PTB7-DT:PC,BM thin films. These larger domains
certainly hinder the exciton migration to the interfaces between
PTB7 and PC,;BM, resulting in unfavorable charge separation.
However, there is no large phase separation within PTB7-
DT:PC,;BM thin films, which suggests a much better
miscibility formed between PTB7-DT and PC,BM, resulting
in a preferable interpenetrating network. As a result, an
enhan;:ged PCE is expected from PTB7-DT:PC, BM-based
PSCs.
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Figure 9. Transmission electronic microscopy images of (a)
PTB7:PC,;BM and (b) PTB7-DT:PC,,BM thin films.

3.8. Device Performance of Single-Junction PSCs. The
photovoltaic properties of PTB7-DT are studied in BH] PSCs
with a device structure of ITO/PEDOT:PSS/PTB7-
DT:PC,BM/AL The PSC performance was first optimized
by processing a PTB7-DT:PC,BM (1:1 by weight) BH]J thin
film from an 0-DCB solution mixed with 3% DIO. Similar to
that of PSCs fabricated by the PTB7:PC, BM BH]
composite,'! PSCs fabricated by PTB7-DT:PC,,BM show
dramatically increased Jg¢, FF, and PCE. Jq reaches 17.8 mA/
cm?® from 14.6 mA/cm? FF reaches 60% from 58%, and the
corresponding PCE reaches 8.50% from 6.80% for the PSCs
processed with an 0-DCB solution with DIO as compared with
those processed without DIO. The device performance of PSCs
was optimized by tuning the weight ratio of PTB7-DT to
PC,,BM. With a thickness of the BHJ active layer of ~85 nm,
the best PCEs were observed from PSCs fabricated by PTB7-
DT:PC,BM with a 1:1.5 weight ratio. Under this condition, a
Jsc of 18.7 mA/cm? a V¢ of 0.79 V, an FF of 64.0%, and a
corresponding PCE of 9.50% were observed. To further boost
the PCE of PSCs, the thicknesses of the BHJ composite active
layer were optimized. Table 1 summarizes the device
performance parameters. The PCEs dependent on the film
thickness of the PTB7-DT:PC,;BM BHJ composite are shown
in Figure 10a. As shown in Figure 10a, the highest PCE is
obtained from the PSCs with a BH]J film thickness of ca. 100
nm. As the BHJ film thicknesses are further increased, the PCEs
are decreased. The J—V characterizations of PSCs based on
PTB7-DT:PC, BM and PTB7-DT:PC,BM are shown in
Figure 10b. The PSCs fabricated by PTB7:PC,;BM with a
thickness of 100 nm exhibit a J5c of 15.8 mA/cm? a V¢ of 0.76
V, an FF of 62%, and a corresponding PCE of 7.40%. These
device performance parameters are consistent with the reported
values from Yu's group.'"' Under the same conditions, the
PTB7-DT-based PSCs exhibit a Jc of 19.78 mA/cm?, a Vg of
0.79 V, an FF of 65.0%, and a corresponding PCE of 10.12%.
More than 60 devices are fabricated and characterized; the

deviation in PCE is less than 6%. The PCEs from PTB7-
DT:PC,BM-based PSCs are enhanced more than 36% as
compared to those from PTB7:PC, BM-based PSCs.

The shunt (Rgy) and series (Rg) resistances are estimated
from J—V curves as shown in Figure 10b. Rgy; and Rg for PTB7-
DT:PC,;BM-based PSCs are ~1500 and ~2 Q cm?
respectively. Rgy and Rg for PTB7:PC,; BM-based PSCs are
~1000 and ~10 Q cm?, respectively. The smaller R indicates
that there is a favorable charge carrier transport within PSCs.
On the other hand, the larger Ry indicates that the reverse
current densities are smaller, resulting in an enlarged FF. Thus,
an enhanced PCE is anticipated from PSCs made with PTB7-
DT:PC,,BM rather than PTB7:PC,,BM.

Increased Ve (0.79 V) for PTB7-DT:PC,;BM-based PSCs
was observed, in comparison with that (0.76 V) of
PTB7:PC, BM-based PSCs. The origin of the enhancement
is the introduction of S-alkylthiophene-2-yl units into the BDT
units, which leads to enhanced planarity of the polymer chains
(as evidenced in Figure 3) and consequently gives rise to the
lowered HOMO energy level of PTB7-DT. Since Vi is
proportional to the energy level offset between the HOMO
energy level of the electron donor polymer and the LUMO
energy level of the electron acceptor, the augmented energy
offset between PTB7-DT and PC,;BM leads to an enhanced
Voc observed from the PSC device. This observation is
consistent with the band alignment shown in Figure 4c.

Figure 10c shows the external quantum efficiency (EQE)
spectra of PTB7-DT:PC;;BM- and PTB7:PC,;BM-based PSCs.
The PTB7-DT:PC,;;BM-based PSCs exhibit a broad and high
response range, covering from 350 to 800 nm, with a maximum
EQE of 86% at 697 nm, while the PTB7:PC,,BM-based PSCs
exhibit a relatively narrower and lower response, covering from
350 to 750 nm. Moreover, in the range from 350 to 400 nm,
PTB7-DT:PC, BM-based PSCs show a much higher EQE
value than the PTB7:PC, BM-based PSCs, which is in good
agreement with the UV—vis absorption spectra of PTB7-DT
and PTB7 shown in Figure 2. Jsc values estimated from the
integration of the EQE spectra with an AM1.5G reference
spectrum are 18.95 and 14.76 mA/cm? for PTB7-DT:PC.,,BM-
based PSCs and PTB7:PC,BM-based PSCs, respectively.
These values are consistent with those obtained from the J—
V characteristics under a standard one-solar simulator (Figure

10b).

4. CONCLUSIONS

A novel 2D D—A low-band-gap conjugated copolymer, PTB7-
DT, was developed for polymer photovoltaic application.
Compared with 1D PTB7, 2D PTB7-DT shows a more
pronounced red-shifted absorption spectrum, higher hole
mobility, and deeper HOMO energy level. These observations

Table 1. Device Performance of PSCs”

BH]J layer thickness (nm) Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
1:1 ~85 0.79 17.8 (17.0 + 0.9) 61 (59 + 3) 8.57 (8.23 + 0.4)
1:1.5 ~60 0.79 16.9 (16.9 + 0.4) 62 (62 + 2) 8.20 (820 + 0.1)
~85 0.79 18.7 (183 + 0.5) 64 (62 + 3) 9.50 (9.30 + 0.3)
~100 0.79 19.6 (19.6 + 0.3) 65 (65 + 1) 10.12 (10.12 + 0.2)
~120 0.79 17.9 (17.9 + 0.4) 63 (63 +2) 8.80 (8.80 + 0.2)
~150 0.78 16.6 (16.6 + 0.5) 62 (62 + 3) 7.90 (7.90 + 0.3)
1:2 ~85 0.79 18.3 (17.8 + 0.6) 62 (60 + 4) 8.92 (8.60 + 0.4)

“Device average values are based on more than 60 devices. The average values and deviations are given in parentheses.
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Figure 10. (a) PCEs of PSCs with different film thicknesses of the
PTB7-DT:PC,,BM BH]J active layer. (b) J—V characterization of
PTB7-DT:PC,BM- and PTB7:PCBM-based PSCs under white light
illumination. (c) External quantum efficiencies of PSCs fabricated by
PTB7:PC,;;BM and PTB7-DT:PC,;BM with a BHJ layer thickness of
100 nm.

are consistent with first-principle calculations. As a result,
PTB7-DT exhibits efficiency over 10% from single-junction
polymer solar cells.
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