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1. INTRODUCTION

ABSTRACT: For many high-performance photovoltaic materials in polymer solar cells (PSCs), the active layers usually need to
be spin-coated at high temperature due to the strong intermolecular aggregation of donor polymers, which is unfavorable in
device repeatability and large-scale PSC printing. In this work, we adopted a ternary copolymerization strategy to regulate
polymer solubility and molecular aggregation. A series of D—A;—D—A, random polymers based on different acceptors, strong
electron-withdrawing unit ester substituted thieno[3,4-b]thiophene (T'T-E), and highly planar dithiazole linked TT-E (DTZTT)
were constructed to realize the regulation of molecular aggregation and simplification of device fabrication. The results showed
that as the relative proportion of TT-E segment in the backbone increased, the absorption evidently red-shifted with a gradually
decreased aggregation in solution, eventually leading to the active layers that can be fabricated at low temperature. Furthermore,
due to the excellent phase separation and low recombination, the optimized solar cells based on the terpolymer P1 containing
30% of TT-E segment exhibit high power conversion efficiency (PCE) of 9.09% with a significantly enhanced fill factor up to
72.86%. Encouragingly, the photovoltaic performance is insensitive to the fabrication temperature of the active layer, and it still
could maintain high PCE of 8.82%, even at room temperature. This work not only develops the highly efficient photovoltaic
materials for low temperature processed PSCs through ternary copolymerization strategy but also preliminarily constructs the
relationship between aggregation and photovoltaic performance.

KEYWORDS: polymer solar cells, ternary copolymerization, random terpolymer, temperature-dependent aggregation,
low-temperature fabrication

Polymer solar cells (PSCs) are becoming a promising
renewable energy technology with the particular features of
solution processing to fabricate large-scale flexible modules and
low energy payback time. " Over the past few years, the power
conversion efficiencies (PCEs) of the single-junction fullerene
PSCs has been over 11% through comprehensive development
of the novel donor—acceptor (D—A) copolymers design and

device engineering. However, most of the high-performance
photovoltaic materials usually exhibit strong intermolecular
aggregation, resulting in the ITO substrate that needs to be
preheated, and the blend solution of active layer must be spin-
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coated at high temperature (70—160 °C) during the device
fabrication process, which is not appropriate for device
repeatability and large-scale PSC printing.m_B Therefore, it
is very important to develop alternative efficient donor
polymers for the active layers that can be fabricated under
mild processing conditions. The ternary random copolymeriza-
tion could be an effective strategy to realize the excellent
solubility and low aggregation degree of the responding
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polymers as well as the broad absorption region and suitable
molecular orbital energy levels. So far, the remarkable PCE of
10.3% has been realized among the random terpolymers (D —
A;—D—A,; type) based on PBDT-TT system through the side
chain engineering of A unit.”* However, most work mainly
focused on the regulation of the absorption and energy
levels,”” " and very limited work referred to the regulation of
intermolecular aggregation for decreasing the fabrication
temperature of the devices.” ™ Thus, it is necessary to
develop further investigation of the relationship between the
aggregation and structure of terpolymers for producing easily
processed high-performance materials.

Previously, we reported a high-performance polymer PTBTz-
2 with high PCE of 9.72% in solar cells, benefited from the
deeper highest occupied molecular orbital (HOMO) energy
level and larger dipole moment caused by the introduction of
thiazole (see chemical structure in Scheme 1)."" However,

Scheme 1. Chemical Structures and Synthetic Route of the
Terpolymers
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PTBTz-2 exhibits strong aggregation, leading to the fabrication
of the active layers at high temperature (100 °C), which can be
ascribed to the high planarity of thiazole (2-postion) linked
thieno[3,4-b]thiophene (DTZT'T) segment. In contrast, the
copolymer PBDTTT-E-T without a TI-bridge exhibits broad
absorption range and good solubility but relatively low PCE of
6.21%.”" Thus, in this work, we adopted ternary copolymeriza-

tion strategy to construct a series of D—A;—D— A, random

polymers (P1—P3), utilizing the ester substituted TT-E and
high planar DTZTT as two acceptors and benzodithiophene
(2D-BDT) as donor unit, and further realized low temperature
processed high-performance photovoltaic devices. The influ-
ence of relative proportions between these two acceptors on
optical, electronic, and photovoltaic properties was systemati-
cally investigated. Under the comprehensive effect of two A
segments, the newly synthesized terpolymers exhibit better
solubility and obviously decreased aggregation in comparison
with PTBTz-2, leading to the active layer fabricated at room
temperature. Meanwhile, with the electron-withdrawing unit
DT~ZTT increased, the HOMO energy levels of the terpolymers
decreased, which account for the enhanced V¢ values. More
importantly, the optimized devices based on P1 containing 30%
of TT-E segment show high fill factor (FF) of 72.86% and
promising efficiency of 9.09%, which benefits from the low
recombination, excellent phase separation, and good miscibility
with PC7BM. Moreover, it still can reach 8.82% under the
fabrication of active layer at room temperature. This work
provides meaningful insight into the development of highly
efficient photovoltaic materials for low temperature processed
PSCs by a ternary copolymerization strategy.

2. RESULT AND DISCUSSION

The synthetic methods of the monomers and copolymers can
be found in previous literature.”””" The three terpolymers
(P1—P3) were prepared through Stille coupling reaction shown
in Scheme 1. In addition, the homopolymer P4 (reported as
PBDTTT-E-T) was synthesized as reference. All three
terpolymers exhibit good solubility in chlorobenzene (CB)
under ambient conditions, while PTBT2-2 can dissolve onlyin
hot CB and presents a gelatinous state upon cooling to room
temperature (as shown in Figure S1), which makes low
temperature processed device fabrication difficult. In addition,
the number-average molecular weights (M,,) of the terpolymers
can be easily tested by gel permeation chromatography (GPC)
using tetrahydrofuran (THF) as eluent at 40 °C, which also
confirmed the excellent solubility of the random polymers. The
four polymers have similar molecular weights which guarantee
their comparability (Table S1). From thermogravimetric
analysis (TGA) curves shown in Figure S2, the decomposition
temperatures (5% weight loss) of three terpolymers are at 325,
335, and 346 °C for P3, P2, and P1, respectively, indicating
excellent thermal stabilities.
As seen in the ultraviolet—visible (UV —vis) absorption

spectra of the polymers (Figure 1a), they exhibit the wide
absorption region from 300 to 750 nm. The A, values of
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Figure 1. (a) UV —vis absorption spectra of P1—P4 and PTBT2-2 as films; (b) energy levels diagram of P1—P4.
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Table 1. Optical and Electrochemical Data for P1—P4

Annax (nm) Aonser (nm)
polymer solution film solution film E°P (eV) HOMO' (eV) LUMO" (eV)
P1 623, 660 621, 672 727 741 1.67 —5.36 —3.69
P2 623, 660 625, 675 728 747 1.65 —5.32 —3.67
P3 623, 673 633, 680 735 761 1.62 —5.24 —3.62
P4 631, 692 645, 704 772 794 1.56 —5.22 —3.66

“Calculated from the empirical equation E(;Pt = 1240/ N opser-
Egrt,

"Estimated from the cyclic voltammetry curve. “Calculated from LUMO = HOMO +
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Figure 2. UV —vis absorption spectra of P1—P4 in diluted CB solution at different temperatures.

these polymers are 727, 741, 747, 761, and 794 nm,
corresponding to the optical bandgaps of 1.70, 1.67, 1.65,
1.62, and 1.56 eV for PTBTz-2 and P1—P4, respectively.
Cleatly, the absorption region of the polymers is broadened,
and the absorption maxima evidently red-shifted with the
increased composition of TT-E. Meanwhile, the shoulder peaks
for the four polymers imply the existence of the intermolecular
interaction, which were deeply investigated in diluted solutions
later. The cyclic voltammetry (CV) data of P1—P4 polymers
are shown in Figure S3 and Table 1. For calibration, the
ferrocene/ferrocenium ion (Fc/Fc") couple exhibits the redox
potential of 0.40 V against Ag/Ag" potential and an absolute
energy level of —4.80 eV to vacuum. The oxidation onset
potentials are 0.96, 0.92, 0.84, and 0.82 V for P1—P4
corresponding to the HOMO level of —5.36, —5.32, —5.24,
and —5.22 eV, respectively (calculated by the empirical

equation: Epono= —e(Eog + 4.4) V). The HOMO  energy
levels of the terpolymers efficiently decreased owing to the

strong electron-withdrawing effect of DTZTT unit, which are
beneficial to larger Ve values in PSCs.

To further understand the difference of aggregation degree
for these 4 polymers, the temperature-dependent UV —vis
absorption spectra were measured from 30 to 100 °C (Figure
2), and the detailed data are summarized in Figure S4 and
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Table S2. At room temperature, the terpolymers P1 and P2
exhibit 0—0 peaks (Ag_p) mote obvious than those of P3,
indicating stronger interaction. Furthermore, it is widely
considered that the intensity ratio (R.,) between Ag_y and
Ao—1 peak can be employed to estimate the aggregation degree
of polymers."””*"** Obviously, all the four polymers exhibited
typical J-aggregates charactetistic that the R, values almost
linearly decreased as the temperature increased,” indicating the
broken process of interchain aggregation. In detail, P1 and P2
showed strong intermolecular aggregation deduced from the
high Iy_o/Iy—; values of >1 at low ternperamre.54 When the

temperature increased to 90 °C, the Aj_y peak gradually
blurred, and for P3 and P4, the shoulder peaks even
disappeared at 60—70 °C. This result indicates that the
existence of DTZTT segment could significantly enhance the
intermolecular interaction due to its excellent planarity, and the
ternaty copolymetization strategy could effectively reduce the
aggregation degree in comparison with that of the copolymer
PTBTz2-2. Furthermore, the crystalline characteristics of the
neat polymers were investigated by the grazing-incidence wide-
angle X-ray scattering (GIWAXS) (Figure S5). From the out-
of-plane profiles, the P1 and P2 films show similar (010) peaks

at ~q = 1.74 A™!, corresponding to the TT—1T stacking spacing of

3.61 A, while almost no peaks appear for P3 or P4 film, which
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Figure 3. (a) =V curves of polymer/PCBM-based solar cells at optimal conditions and (b) the corresponding EQE  spectra.

Table 2. Detailed Photovoltaic Parameters under Different Conditions

polymer DIO (%) Voc (V) Jsc (mA/ sz) FF (%) PCEmax (PCEuve)" (%0) thickness (nm)
P1 0 0.82 £ 0.02 7.00 £ 0.64 55.96 £ 2.4 3.23 (3.01) 95
2.5 0.78 £ 0.02 15.98 £ 0.65 72.86 £ 1.5 9.09 (8.78) 98
P2 0 0.81 £ 0.01 8.01 £ 0.56 52.83 £ 2.7 3.44 (3.29) 101
2 0.76 £ 0.02 15.69 £ 0.62 70.36 £ 1.1 8.49 (8.32) 99
P3 0 0.78 £ 0.02 7.63 £ 0.72 5549 £ 2.9 3.32 (3.11) 99
3 0.73 £ 0.01 13.81 £ 0.54 67.27+ 23 6.82 (6.70) 103
P4 0 0.75 £ 0.01 8.53 £ 0.69 5132+ 32 3.29 (3.18) 100
2.5 0.71 £ 0.01 10.75 £ 0.58 60.87 £ 2.3 4.67 (4.64) 102
PBDTTT-E-T* 3 0.68 14.59 62.6 6.21
“The average values in parentheses are obtained from over 15 devices.
implies relatively weaker crystallinity in the P3 or P4 films, in 0.90 18
accordance with the result from the temperature-dependent el [ 16
UV —vis absorption spectra. In addition, the in-plane profiles of
all films exhibit only the (100) peaks, confirming the face-on 0.80+ Kl
otientation in the pure film state. 0.751 L12
To verify whether there is enough driving force to realize [ 10
efficient charge transfer in fullerene-based solar cells, the 0.704
photoluminescence (PL) spectra of the neat and polymer/ 0.654 S
PCBM blend films were obtained and are shown in Figure S6. -6
The pure P1, P2, and P3 films exhibit strong PL response . — o
ranging from 720 to 800 nm with the main peaks at 750, 756, 0.55 ; : *P?E : ;
and 771 nm, respectively. When blended with PCBM, the PL (PTgTz " 30 50 70 100

emission peaks of the terpolymers were obviously quenched,
indicating efficient charge transfer occurred. Thus, the full-
erene-based PSCs with the conventional device structure of

ITO/PEDOT:PSS/polymer:PC,BM/PFN-Bt/Al  were fabti-

cated. Different from that based gn PTBT2-2, which must be
heated at high temperature (100 °C), the active layer can be

spin-coated at 50 °C from the P1—P3/PC;;BM blend solution.
The photovoltaic performances were optimized under different
conditions, including vatious D /A ratios and additive amounts
(Tables S3 and S4 and Figure S8). The current density—voltage

(J—V) cutves of PSC devices at optimal conditions are shown
in Figure 3a and Figure S7, and the corresponding data are
listed in Table 2. Without solvent additive, the solar cells for all
polymers only exhibit poor photovoltaic performance with
relatively low PCEs of <3.5%, which can be ascribed to the
unfavorable phase separation discussed later. After 1,8-
diiodooctane (DIO) was added, the Jsc values and FFs were
significantly enhanced for all devices, with slightly decreased
Voc values. As a result, the best PCE for P1, P2, P3, and P4
could reach 9.09, 8.69, 6.82, and 4.67%, respectively. More
specifically, as shown in Figure 4, there is a positive correlation

32129

TT-E Composition (%)

Figure 4. Dependence of Vi, Jsc, FF, and PCE on the content of TT-
E unit.

between the Ve values and the content of DTZTT building

block, in ,ccordance With the HOMO energy level order.
Meanwhile, Jsc values also present the same trend. Apart from
the phase separation, energy transfer, and geminate recombi-
nation discussed below, here, we also proposed that it may be
closely related with ground-to-excited state dipole moment
(Ap,) of the polymer. The large calculated Ap, can effectively
stabilize the charge, which is in favor of fast charge separation
kinetics and low recombination.”" In the previous work, one
main reason for PTBT%-2 with excellent photovoltaic perform-
ance was the significantly increased AWy caused by the
introduction of DTZTT segment. As a result, the photovoltaic
performance of three terpolymers enhanced with the increase
of DTZTT segment. Encouragingly, P1 and P2 exhibited FFF
(72.86 and 70.36%) higher than that of the copolymer PTBTz-
2 (69.5%), which may be due to the introduction of TT-E
segment that adjusted the intermolecular aggregation and

DOI: 10.1021/acsami.7b09565
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Figure 5. TEM images of P1/PC;BM (a and €), P2/PC7BM (b and f), P3/PC;;BM (c and g), and P4/PC;;BM (d and h) blend films without (up)

and with (down) DIO.
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Figure 6. AFM phase images of P1/PCBM (a and ¢), P2/PC7BM (b and f), P3/PC;;BM (c and g) and P4/PCBM (d and h) blend films

without (up) and with (down) additive (the size is 4 X 4 um).

enhanced the miscibility with PC7BM.” More importantly,
there is still a large space to improve the photovoltaic
petformance by the choice of various donor units, the side-
chain engineering, and device structure.

External quantum efficiencies (EQEs) of the devices at the
optimal conditions were measured and are shown in Figure 3b.
All the devices show good photo response ranged from 300 to
750 nm, which is in accordance with the polymer/PC;BM
blend films (Figure S9). Especially, the Pl-based solar cell
exhibits values from 450 to 700 nm, obviously higher than
those of the others, which could account for the higher Jsc of
P1. The hole mobility of the active layers at optimal condition
were investigated by space charge limited current (SCLC)
method shown in Figure $10.% The hole mobilities for the P1—
P3/PC7BM blend films are 1.22 X 107%,1.35 X 107, and 1.33
X 10"*em®V™'S™, respectively, which are in between those of
P4 (7.47 X 10> ecm? V'S and PTBT2-2 (2.30 X 10™*cm?
V~'S™Y. Furthermore, the relationship between V¢ and light
intensity could be described as Vo o¢ Sln(l), and the slope S is
closely related with recombination.’’ As shown in Figure S11,
the slopes of 1.350, 1.443, and 1.496 kT/q were calculated for
P1, P2, and P3, respectively, indicating the geminate
recombination was more suppressed in the P1-based devices.”
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To further investigate the influence of the backbone structure
and solvent additive, the morphology of the active layer was
measured by the bright field transmission electron microscopy
(TEM) and tapping-mode atom force microscopy (AFM).

From the TEM and AFM phase images (Figures 5a—d and

Figures 6a—d, respectively), one can obviously observe that all
blend films exhibit strong aggregation with the domain sizes of

>200 nm, which is not beneficial to exciton separation.'"’

Moreover, as the TT-E segment content increased, the domain
size gradually dectreased, and the difference for morphology can
be attributed to the aggregation properties of the four polymers
originated from the composition engineering in the backbone.
After the addition of DIO, the domain size significantly
decreased to give more desirable morphology, accompanied
with the root-mean-square (RMS) roughness of <5 nm (Figure
S12), which leads to a great improvement in Jsc values and FFs.
Especially, the blend films based on P1 or P2 exhibit more

favorable fibril-like structures and excellent bicontinuous
interpenetrating network between the polymer and the electron
acceptot, which would be the main reason for high Jsc values in
P1 and P2-based solar cells. Overall, the above results strongly
confirm that the proposed ternaty copolymerization strategy
can adjust the intermolecular aggregation well, and the solvent

DOI: 10.1021/acsami.7b09565
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Table 3. Photovoltaic Parameters of P1-Based PSCs at Different Processing Temperature

temperature (°C) Voc (V) Jsc (mA/cm?)
30 0.77 £ 0.01 16.36 £ 0.17
50 0.77 £ 0.01 16.12 £ 0.38
70 0.77 £ 0.02 16.29 £ 0.36
90 0.78 £ 0.01 15.19 £ 0.26

"The average values in parentheses are obtained from over 15 devices.

FF (%) PCEnax (PCE,0)" (%) thickness (nm)
69.7 £ 1.8 8.82 (8.80) 100
69.6 £ 1.5 8.78 (8.74) 103
70.8 £ 2.0 8.96 (8.90) 97
70.7 £ 1.3 8.40 (8.28) 98

additive plays a crucial role in morphology and miscibility with
PC,BM. In addition, from GIWAXS profiles of the blend films
in Figure S13, in comparison with PTBTz-2-based blend film
with multireflections (100), it only presents weak (100)
reflections in the in-plane direction, indicating distinctly
weakened crystallinity. Meanwhile, the blend films based on
three terpolymers P1—P3 show the similar peaks at g = ~0.281

-1 corresponding to interchain distances of 22.3 A, which are
in between those of the P4-based film (21.6 A) and PTBTz-2-
based film (22.7 A) because the lamellar distance mainly
depended on the side chains length of DTZTT moiety.

On the basis of the above comprehensive analysis, we further
investigated the influence of different spin-coated temperatures
for the active layer on the efficiency of P1-based photovoltaic
devices without ITO substrate preheated. As shown in Table 3
and Figure S14, the spin-coated temperature has little influence
on the photovoltaic properties, and even when fabricated at 30
°C, the PCE still can reach at 8.82% with V¢ of 0.77 V, Jsc of
16.36 mA/cm?, and FF of 69.7%. The above results confirmed
that the ternary copolymerization strategy could effectively
simplify the fabrication condition of the device via regulating
the aggregation degtree of the photovoltaic material.

3. CONCLUSION

To develop low-temperature processed high-performance

photovoltaic materials, three D—A;—D—A,; terpolymers P1,
P2, and P3 were constructed, utilizing the strong acceptor ester
substituted TT-E unit and high planar DTZTT moiety as two A
building blocks. The solubility, intermolecular aggregation,
optical absorption, and energy levels were well-tuned with the
change of TT-E segment ratios in the polymer backbones. As
the TT-E segment increased, the optical absorption of the
corresponding polymer obviously red-shifted with a gradually
decreasing intermolecular aggregation. Consequently, the solar
cells based the above terpolymers can be processed at low
temperature as well as to obtain more desirable phase
separation and good miscibility with fullerene acceptors in
active layers. Finally, the photovoltaic device-based terpolymer
P1 containing 30% of TT-E segment exhibits a high PCE of
9.09% with a Ve of 0.78 V, Jsc of 15.98 mA/cm? and an
enhanced FF of 72.86%, and it still can reach 8.82% under the
conditions of active layer spin-coated at room temperature
without annealing or substrate preheating. More importantly,
the photovoltaic performance can be further improved by
optimizing the side chains, donor units, and device structure.
Overall, this work employed a ternary copolymerization
strategy to achieve the regulation of intermolecular aggregation
of the polymers and, in turn, efficient PSCs under mild
processing conditions, which may be a promising characteristic
in industrial application.

4. EXPERIMENTAL METHODS

4.1. Synthesis of Polymers. Bis(trimethyltin) monomer 2D-BDT
(0.15 mmol) and dibromo monomer DTZTT and TT-E (in total 0.15

32131

mmol) with different ratios wete dissolved in the mixed solvent of
toluene (4 mL) and DMF (1 mL). After the mixture was bubbled with
argon for 15 min, the catalyst Pd (PPhj), (5%) was added into the
mixture, which was subsequently bubbled with argon for another 40
min. After the mixture refluxed for 24 h, the crude polymer was
collected from the precipitation in stirring methanol. Furthermore,
Soxhlet purification was adopted by sequential extractions with
methanol, hexane, and chloroform, and finally, the target polymer
was obtained from the chloroform fraction by precipitation with
methanol.

P1: TT-E/DTZTT ratio 1/2. black solid, yield: 80%. "H NMR (600
MHz, CDCly) & 821—6.25 (br), 4.64—3.94 (br), 3.43—2.60 (br),
2.45—0.31 (br).

P2: TT-E/DTZTT ratio 1/1. black solid, yield: 85%. 'H NMR (600
MHz, CDCly) & 8.10—6.48 (br), 4.61—3.91 (br), 3.43—2.63 (br),
2.43—0.33 (br).

P3: TT-E/DTZTT ratio 2/1. black solid, yield: 83%. "H NMR (600
MHz, CDCly) & 8.10—6.34 (br), 4.64—3.91 (br), 3.43—2.68 (br),
2.35—0.39 (br).

P4: Black solid, yield: 87%. 'H NMR (600 MHz, CDCly) & 8.10—

6.48 (bt),4.69—3.91 (br), 3.43—2.60 (br),2.29—0.45 (br).
4.2. Photovoltaic Device Fabrication. The PSC devices were

fabricated with a configuration of ITO/PEDOT:PSS/poly-
mer:PC7BM/PEN-Br/AL*” The ITO glasses (R, = 15 Q /square)
were ultrasonically cleaned with cleaning agent, acetone, isopropyl
alcohol, and distilled water, and after the oxygen-plasma treatment,
PEDOT:PSS solution was spin-coated on ITO glasses to form the hole
transport layer (about 30 nm) and then heated at 150 °C for 15 min.
Further, ITO glasses need be preheated at 50 °C for 2—4 min just
before spin-coating of the active layer. The polymer/PC;BM blend
solutions (8 mg/mL for polymer, CB as the solvent) were stirred for 1
hat 70 °C. The active layers from the above blend solution were spin-
coated at different speeds (optimal thickness of 90—105 nm). The
effects of additive concentrations and blend ratios on device
performance were also examined. In addition, for the P1-based
devices at different temperatures, the blend solution was first heated
under different temperatures and then spin-coated to give the active
layers, just as in the aforementioned fabrication process but without
ITO glass preheating. Subsequently, an ultrathin layer of PFN-Br (0.2
mg mL " in methanol) was spin-coated on the active layer under 2600
rpm for 20 s. Finally, the aluminum layer (100 nm) was vacuum
evaporated on the electron transport layer as cathode.
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