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Alkylthio-substituted thiophene-based benzo[1,2-b:4,5-b']dithiophene (BDT) was used to construct PBDTS-
DTBT, a medium band gap donor-acceptor (D-A) polymer with 5,6-difluoro-4,7-bis[4-(2-octyldodecyl)thio-
phene-2-yl]benzo[c] [1,2,5]thiadiazole (DTBT). The incorporation of sulfur atoms into the side chains not only
lowered the highest occupied molecular orbital (HOMO) energy level but also improved molecular aggregation
and thus afforded lower band gap (1.68 eV) with full width at half maximum (FWHM) of 170 nm in comparison
to that of the analogous polymer (PBDT-DTBT) without sulfur atoms in side chains. Therefore, the bulk het-

erojunction polymer solar cells based on PBDTS-DTBT with 2% diiodooctane (DIO) as processing additive
showed a high power conversion efficiency (PCE) of 9.73% with high open-circuit voltage (Voc, 0.93 V), large
short-circuit current density (Jsc, 14.23 mA/cm?) and high fill factor (FF, 0.735).

1. Introduction

Bulk heterojunction (BHJ) polymer solar cells (PSCs) have been
extensively investigated because of their excellent properties such as
flexibility, light weight and easy to fabricate. Therefore it possess po-
tential applicability to fabricate large-area devices [1-6]. For single-
junction PSCs, the power conversion efficiencies (PCE)s of such solar
cells have been greatly improved and reached over 13% profiting from
low band gap materials (E, < 1.6 eV) and advanced device fabrication
methods [3,7-10]. It is known that PCE is determined by the open-
circuit voltage (Voc), the short-circuit current density (Jsc) and fill
factor (FF). In order to obtain high PCE, a lot of work has been done to
broaden the absorption spectra or lower the highest occupied molecular
orbital (HOMO) energy level of conjugated polymers in order to attain
large Jscand high Voc, respectively. However, very often there is a
trade-off between Jsc and Voc, ie., while Voc is increased, Jsc is

reduced [11-13]. For example, the incorporation of F atoms in the
backbone of a conjugated polymer could reduce the HOMO energy level
resulting in high V¢, but the absorption spectrum is blue-shifted with
subsequent lowering of the Jsc[14-16]. Therefore, it is crucial to lower
the HOMO energy level and widen the absorption spectra simulta-
neously to achieve high Vocand large Jsc. In this regard, side chain
engineering has been found to play as a significant role in tuning the
energy levels and absorption spectra of conjugated polymers [17-20]. It
is notable that the polymers contain sulfur-based side chains, which
usually showed unique photovoltaic characteristics owing to the fact

that the sulfur atoms have both electron-donating and some Tr-acceptor
capability [21-26].

Thus, alkylthio side chains have been paid much attention in recent
years. In homogenous conjugated polymers, compared with alkyl side
chains, the alkylthio side chains could expand the absorption spectra
and lower the HOMO energy levels and as a result the polymers
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Scheme 1. The synthetic routes towards PBDT-DTBT and PBDTS-DTBT.

exhibited high Jsc and Voc values [17,27,28]. Recently, the effect of
alkylthio side chain was further investigated in conjugated copolymers
with electron-donating (D) and electron-accepting (A) units, which re-
sulted in lowering the HOMO energy level [17,27-33]. Li and co-
workers reported alow band-gap polymer named PBDTT-S-TT based on
BDTT with branched alkylthio side chains, which showed high Vocand
good photovoltaic properties, due to a low-lying HOMO energy level
[27]. The PCE was further improved by transforming the branched al-
kylthio side chains into linear alkylthio side chains. Wang and co-
workers also used BDTT with alkylthio side chains to construct a high
band-gap polymer named PBDTTS-FTAZ which demonstrated a high
PCE of 8.3% owing to a high Voc[28]. Notably, the polymers adorned
with alkylthio side chains had lower HOMO energy levels but narrow
red-shifted absorption spectra, compared with the analogous polymers
containing alkyl side chains.

In this work, we designed and synthesized a medium band gap
(1.68 eV) D-A polymer comprising of BDTT with alkylthio side chains
and fluorinated benzothiadiazole (named PBDTS-DTBT, Scheme 1). The
analogous polymer based on alkyl side chains (named PBDT-DTBT) was
also synthesized for comparison. PBDTS-DTBT showed a lower HOMO
energy level, stronger aggregation and thus a broader absorption
spectrum than PBDT-DTBT. Therefore, the PSCs based on PBDTS-DTBT
displayed a PCE of 9.73% witha Voc of 0.93 V and a Jsc of 14.23 mA/
cm’. On the contrary the PBDT-DTBT-based devices exhibited a lower
PCE of 7.00% with Vocof 0.88 V and Jscof 11.42 mA/ cm?. Tt is worth
noting that the photovoltaic performance of PBDTS-DTBT is high in the
literature for medium band gap donor polymers: PC7BM system with
alkylthio side chains [34,35].

2. Experimental

All raw materials and reagents were obtained from commercial
sources and used directly without further purification. Toluene was
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distilled over sodium/benzophenone and freshly distilled prior to use.
5,6-Difluoro-4,7-bis[4-(2-octyldodecyl)thiophene-2-yl] benzolc]
[1,2,5]thiadiazole (M1) was purchased from Solarmer Materials
(Beijing) Inc., (4,8-Bis(5-((2-ethylhexyl)thio) thiophen-2-yl) benzo[1,2-
b:4,5-b']dithiophene-2,6-diyl)bis(trimethylstannane) was synthesized
accordingtotheliterature, THNMR (600MHz, CDCl3), 8 (ppm):7.64 (t,
2H, J=15Hz), 7.34 (d, 2H, ] =3.6 Hz), 7.25 (d, 2H, ] =3.6 Hz), 2.94
(d, 4H, J = 6.6 Hz), 1.66 (m, 2H), 1.50 (m, 4H), 1.31 (m, 12H), 0.91
(m, 12H), 0.40 (m, 18H).

2.1. Synthesisof PBDTS-DTBT

Compounds M1 (211.1 mg, 0.2 mmol), M3 (193.8 mg, 0.2 mmol),
Pd,(dba)s; (1.8 mg, 0.002 mmol), and P(o-tol); (3.6 mg, 0.012 mmol)
were added into a 25 mL flask. The flask was subjected to three suc-
cessive cycles of vacuum followed by refilling with argon, and then dry
toluene (5 mL) was added. The reaction mixture was heated to 110 °C
for 2 h under argon protection. Then the mixture was cooled to indoor
temperature, and the polymer was precipitated into methanol (100 mL),
filtered, and purified by Soxhlet extraction with methanol, chloroform,
and o-dichlorobenzene (0-DCB), respectively. The 0-DCB solution was
concentrated by evaporation and then precipitated into methanol. The
black-blue solid was filtered to yield the desired polymer (141 mg, 65%
yield). 'H NMR (600 MHz, CDCls) & 7.50-7.30 (br), 3.35-2.88 (br),

1.40-0.83 (br). Elemental analysis caled (%) for CssHizsF2N2So: C
68.64%,H 8.19%,S 18.72%; found: C 66.30%, H 9.55%, S 17.02%.

2.2. Fabrication and characterization of devices

Polymer solar cells were prepared with the device structure ITO/
PEDOT: PSS/ Polymer: PC;1BM/PEN/ Al. Patterned ITO-coated glasses
were ultrasonically cleaned sequentially with ITO detergent, deionized
water, acetone and isopropanol for 20 min each time, and then treated
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with oxygen plasma for 6 min. ITO-coated glass substrates were covered
with PEDOT: PSS (Baytron PVP Al4083) upto about 35 nm thickness by
spin coating, and then annealed at 160 °C for 30 min. Subsequently, the
substrates were transferred to a glove box filled with N,. Different ratios
of PBDT-DTBT/PBDTS-DTBT and PC7BM (10 mg/mL, polymer) were
dissolved in 0-DCB and stirred overnight at room temperature because
of the good solubility in 0-DCB and CB. Likewise, the CB solutions
(8 mg/mL, polymer) of different ratios of PBDT-DTBT/PBDTS-DTBT
and PC7BM were prepared and stirred overnight at room temperature.
In a glove box, the solutions were spin-coated on PEDOT: PSS-modified
ITO coated glass at 1250 rpm for 90s to prepare the active layers (ca.
100 nm) and then PFN solutions were spin-coated on top of the active
layers at a speed of 2000 rpm. Finally, after the samples were trans-
ferred to a vacuum environment, Al (100 nm) were deposited at high
vacuum via a mask to define the active area of 0.10 cm”. More than 10
devices were fabricated under the same condition [36].

The charge carrier mobilities of the two polymers were investigated
by employing OFETs with bottom-gate/top-contact architecture. The
polymers were deposited by spin-coating 0-DCB solutions (5 mg/mL) on
octadecyltrichlorosilane (OTS)-modified SiO,/Si  substrates at
3000 rpm. Cleaning of Si wafers and modification of OTS were per-
formed according to reported procedures [37]._ENREF_36 Finally, gold
source and drain contacts (30 nm thick) were deposited on the organic
layer by vacuum evaporation through a shadow mask, affording OFETs
with bottom-gate/top-contact configuration. The channel length (L)

and width (W) were 31 and 273 um, respectively. The mobilities were
determined in the saturation region using the equation IDS = (WWC;/
2L) (Ve — Vi), where C; is the capacitance per unit area of the gate
dielectric layer (10 nF/cm?). More than 5 devices were fabricated per
polymer and tested in ambient conditions.

Thermogravimetric analysis (TGA) was conducted on a Perkin
Elmer Pyris instrument under nitrogen atmosphere at a heating rate of
10 °C/min.

AFM measurements of film morphologies were imaged by an
Agilent 5400 with tapping mode. TEM images were obtained on a
Hitachi H-7650 transmission electron microscope at an accelerating
voltage of 100 kV. A Hitachi U-4100 UV-vis-NIR scanning spectro-
photometer was employed to measure absorption scope. A
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concentration of about 0.02 mg/mL was used to measure the UV-vis
spectra.

PCEs were obtained from current density-voltage (J-V) curves re-
corded by a Keithley 2420 source meter under illumination with an
intensity of 100 mW/cm? (AM 1.5G). The light intensity was calibrated
by a standard silicon photodiode. External quantum efficiencies (EQEs)
of solar cells were analyzed by a certified Newport incident photon
conversion efficiency (IPCE) measurement system.

3. Results and discussion

PBDT-DTBT and PBDTS-DTBT were synthesized by the Stille cou-
pling reaction as depicted in Scheme 1. 2-Octyldodecyl side chains were
incorporated on the thiophene moieties in DTBT to achieve good
polymers solubility. Thus, both of the polymers could be dissolved ex-
cellently in common organic solvents such as chlorobenzene (CB) and o-
dichlorobenzene (0-DCB). The molecular weights of the polymers were
obtained by high temperature gel permeation chromatography (GPC)
which using monodisperse polystyrene as the standard and 1,2 4-tri-
chlorobenzene as the eluent at 150 °C. The number-average molecular
weights (Mn) of PBDT-DTBT and PBDTS-DTBT were 22.7 kDa and
19.3 kDa separately with the corresponding polydispersity indices of
1.70 and 1.84.

Thermogravimetric analysis (TGA) (Fig. S1(a)) demonstrated that
both PBDT-DTBT and PBDTS-DTBT exhibited good thermal stabilities
for 375 °C and 433 °C respectively, with a weight-loss of 5% under N,
atmosphere [38]. The higher decomposition temperature of PBDTS-
DTBT indicated that the combination of sulfur atoms in the side chains
could improve the thermal stability of the polymer [28].

The UV-vis absorption spectra of PBDT-DTBT and PBDTS-DTBT in
0-DCB solutions and as thin films are shown in Fig. 1(a). In solution,
PBDT-DTBT showed an evident absorption maximum at 582 nm and a
shoulder at ca. 625 nm in long wavelength region. However, two
marked absorption maxima were found at 585 and 635 nm in the
spectrum of PBDTS-DTBT. Compared with PBDT-DTBT, PBDTS-DTBT
showed a red-shifted absorption spectrum (ca. 10 nm). The observed
difference in the absorption spectra of the two polymers could have
been caused by molecular aggregation, and therefore, the temperature
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Table 1

The optimal device parameters for PBDT-DTBT- and PBDTS-DTBT-based solar cells.
Devices Voc (V) Jsc (mA/cm2) FF PCEave (%)" PCEmax (%)
PBDT-DTBT 0.88 ( + 0.005) 11.26 (% 0.16) 0.688 (% 0.008) 6.86 (+ 0.14) 7.00
PBDTS-DTBT 0.93 (= 0.005) 14.06 (% 0.17) 0.728 (= 0.007) 9.58 (= 0.15) 9.73

* The average PCE was obtained from more than 10 devices.
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Fig. 2. (a) The -V curves and (b) EQE spectra of optimal PBDTS-DTBT/PBDT-
DTBT: PC71BM polymer solar cells.

dependence of the absorption spectra was investigated and the results
are in Fig. 1(b) and (c) for PBDT-DTBT and PBDTS-DTBT, respectively
[3,39,40]. The absorption range of the polymers had different char-
acteristics but both showed significant temperature dependence. In
both cases, an obvious blue-shift was observed with the increasing of
temperature. However, the absorption spectra of PBDTS-DTBT showed
stronger temperature dependence compared with that of PBDT-DTBT.
At elevated temperature, the absorption maximum at 635 nm in the
spectrum of PBDTS-DTBT, which presumably originated from the
strong intermolecular lamellar, which gradually became weak and fi-
nally completely disappeared at ca. 80 °C. The similar absorption
maximum at 625 nm in the spectrum of PBDT-DTBT disappeared en-
tirely at ca. 40 °C. In addition, with the temperature range from 30 °C to
80 °C, PBDTS-DTBT showed different absorption ability, but PBDT-
DTBT almost showed same absorption ability with temperature higher
than 40 °C. All of these evidences suggested that PBDTS-DTBT showed a
stronger ability to aggregate in solution than PBDT-DTBT. Therefore, it
is evident that the aggregation of PBDTS-DTBT could be enhanced

Y

because of the incorporation of sulfur atoms on the side chains. In solid
film, PBDTS-DTBT had a broader absorption than PBDT-DTBT as shown
in Fig. 1(a). The main absorption region of PBDTS-DTBT is red-shifted
by 20 nm with full width at half maximum (FWHM) of 170 nm in
comparison to that of PBDT-DTBT (FWHM, 150 nm). It might have
benefited from stronger aggregation of PBDTS-DTBT, which was at-
tributed to the stronger electron-donating ability of the alkylthio group
[27,41]. The optical band gaps were calculated to be 1.73 eV and
1.68 eV for PBDT-DTBT and PBDTS-DTBT, respectively, from the ab-
sorption onsets in the spectra of the thin solid films.

Cyclic voltammetry (CV) was employed to evaluate the frontier
orbitalenergy levels of the polymers. The HOMO energy levels PBDT-
DTBT and PBDTS-DTBT were calculated to be -5.46 eV and -5.54 eV,
respectively, from the onsets of oxidation as shown in Fig. 1(d). Com-
pared with PBDT-DTBT (see Fig. S1(b)), the HOMO level of PBDTS-
DTBT was decreased by 0.08 eV approximately on account of the al-
kylthiosidechains on BDTT moieties. Thisis consistent with thereport
by Cui et al. And higher Voccould be expected from PBDTS-DTBT-
based BH]J solar cells [27,41].

The LUMO energy levels PBDT-DTBT and PBDTS-DTBT were
-3.73 eV and -3.86 eV according to the optical band gaps (1.73 eV
v5.1.68), respectively.

Organic field-effect transistors (OFETs) and vertical diodes were
employed to analyse the effects of alkylthio side chains on the charge
transport characteristics. Both of the polymers displayed p-channel
characteristics and OFETs based on PBDTS-DTBT showed higher field-
effect mobility (Mper) of 4.5 =< 107 2cm?V~—'s™! than that of PBDT-
DTBT (8.5 < 10™2cm? V" s™1). The typical output and transfer curves
of the devices are shown in Fig. S2 (a, b) for PBDT-DTBT and Figs. S2(c
and d)forPBDTS-DTBT.Inthevertical direction,a vertical diodebased
on PBDTS-DTBT also showed higher mobility (1.09 >< 10™*cm?V—*
s than that of PBDT-DTBT (7.49 > 10~ >cm*V !
s7') calculated using a space-charge-limited current model
according to the current density-voltage (J-V) curves as shown in Fig.
S3.

The effects of the alkylthio side chains on the photovoltaic proper-
ties were investigated with a conventional device structure of ITO/
PEDOT: PSS/ Polymer: PC;1BM/PEN/ Al. It was found that the devices
based on PBDTS-DTBT: PC7;BM showed a PCE of 5.42% with high Voc
of 0.96 V, Jscof 9.63 mA/cm?and FF of 0.586 in the optimal ration (1:1.5,
Fig. S4 (a)). When adding 2% DIO (Fig. S4 (b)) as processing additive,
the PCE of 8.59% was achieved, with the Jscand FF improved to 13.57
mA/cm? and 0.680, respectively. However, the PBDT-DTBT- based
organic solar cells showed a very low PCE of 1.8%. When
chlorobenzene was used to dissolve the polymers for further optimi-
zation, organic solar cells based on PBDT-DTBT: PC7;BM displayed high
a PCE of 5.46% (Fig. S5 (a)). The performance was further improved to
7.00% upon addition of a little DIO (only 0.5%) (Fig. S5 (b)). For
PBDTS-DTBT, the higher PCE of 9.73% was obtained through using CB
and 2% DIO as solvent and additive, respectively. The optimal device
parameters of the two polymers are listed in Table 1, and the typical
current density-voltage (J-V) curves are displayed in Fig. 2(a). The
PBDTS-DTBT-based devices showed higher PCE than PBDT-DTBT-based
devices in both solvents, which benefitted from the higher Vo, Jscand
FF.

The photoresponses of the optimized devices based on the two
polymers were examined by measuring the external quantum
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Fig. 3. (a) Photocurrent density (Jpn) versus effective voltage (Ver) character-
istics of the optimal devices. (b) Plots of current density versus the incident light
intensity. (c) J-V curves of vertical diodes with the device structures of ITO/
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fitting curves.

efficiencies (EQE)s. As shown in Fig. 2 (b), the PBDTS-DTBT-based
devices showed broader photoresponses (350-730 nm) than the PBDT-
DTBT-based devices (350-710 nm), which profited from the wider ab-
sorption spectra of PBDTS-DTBT (Fig. 1(a)). Moreover, higher EQE
values with a peak over 70% were obtained in the -based devices, while

the EQE values were only nearly 60% in the PBDT-DTBT-based devices.
The current density obtained by integrating the EQE curve of the
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PBDTS-DTBT devices with the standard AM 1.5G solar spectrum is
about 13.89 mA/cm?, which is slightly smaller than the measured value
(14.23 mA /cm?) with an error of < 5%. This means that the PBDTS-
DTBT-based devices have stronger light absorption and therefore could
harvest more photons and generate more excitons. Theseresults prove
that the introduction of alkylthio side chains could enhance light con-
version efficiency and broaden the scope of absorption, thus obtained a
higher Jsc, which was also proved by the saturation photocurrent
density (Ju). st values were obtained by fitting the curves of photo-
current density (J,) versus effective voltage (V.r). The curves of pho-
tocurrent density (J,i) versus effective voltage (V) are plotted in
Fig. 3(a). Here, J,,= J.— Jp, where J and Jpstand for the current
density under AM 1.5G illumination and in the dark, respectively,
Vai= Vye V, Vystands for the voltage at which J,,= 0and Vs the
applied voltage [20,32]. The figure clearly shows that the PBDTS-
DTBT-based PSCshaveahigher J.,;(15.46 mA/ cmz) than PBDT-DTBT-
based PSCs (13.30 mA /cm?), which illustrates that the PBDTS-DTBT-
based PSCs have a higher maximum exciton generation rate (Gmax,
given by [t = eGnL, where L is the thickness of the photoactive
layer, which reflects the maximum photon absorption) than that of
PBDT-DTBT-based PSCs. Under short-circuit condition, the higher ratio
of Jpn/ st in PBDTS-DTBT: PC7BM devices than in PBDT-DTBT:
PC7BM devices (92% vs. 86%) suggested that the photo-generated
excitons were more efficiently when it separated into free holes and
electronsand thenthey werecollected freeholesand electronsand then
they were collected substantially at the electrodes with less re-
combination in the PBDTS-DTBT:PC7BM devices. Therefore, sulfur
atoms play an crutial role in broadening the absorption spectra and
increasing Jsc. The power-law dependence of Jscon the light intensity
(D), i.e., Jscvs. P is shown in inset of Fig. 3(b). Consequently, PBDTS-
DTBT-based devices have o value of 0.97 vs. 0.91 in PBDT-DTBT-based
devices. An & value close to 1 revealed little bimolecular recombination
in the PBDTS-DTBT-based devices [7,42].

The charge carrier transport characteristics in the blend films were
investigated by employing space-charge-limited current model to
measure the hole and electron mobilities [43]. As shown in Fig. 3 (c),
the mobilities can be obtained by fitting the J-V curves of the diodes
and the hole (uy) and electron (M) mobilities for PBDTS-DTBT:PC7BM
and PBDT-DTBT:PC7:BM blend films are about 7.84 < 10— °cm*V "
s, 1.75%<10*cm?V~'s™! and 4.94 <10 °em?V_lsT},
1.42 < 107 *em?V~ s~ ! with a y./pn ratio of 2.23 vs. 2.87, respec-
tively. A relatively more balanced carrier transport was achieved in
PBDTS-DTBT-based devices, which could be an important reason for
the higher FF [8,44].

The morphologies of the blend films were characterized by atomic
force microscopy (AFM) and transmission electron microscopy (TEM).
As shown in Fig. 4(a and b), the two polymers showed different surface
morphologies, and the surfaces of the PBDT-DTBT films were relatively
non-uniform with high root-mean-square (RMS) value of ca. 5.79 nm
because of the large grains. However, the PBDTS-DTBT films showed
relatively uniform surface with RMS value of ca. 412 nm. Thus, the
PBDTS-DTBT: PC7BM blend films had better interpenetrating network
morphology than those of PBDT-DTBT: PC7;BM blend films as shown in
Fig. 4(c and d). Therefore, the incorporation of sulfur atoms on the side
chains could modify the surface morphology and bulk interpenetrating
network, which might have been caused by the enhanced miscibility
between polymers and PC7:BM.

4. Conclusions

A new medium band-gap conjugated polymer PBDTS-DTBT with
alkylthio side chains was designed and synthesized. Compared with the
analogous polymer PBDT-DTBT containing alkyl side chains, solar cell
devices constructed from PBDTS-DTBT showed higher PCE of 9.73%

. . 2 .
with ahigherp\ocof QY aradian spimsd Jscof 123 mAGGR RIS,
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Fig. 4. (a) AFM and (c) TEM images of the PBDT-DTBT: PC71BM blend films with 1:2 ratio, (b) AFM and (d) TEM images of the PBDTS-DTBT: PC71BM blend films

with 1:1.5 ratio.

which did not only lower the HOMO energy level but also broadened
the absorption spectrum. In addition, good interpenetrating networks
could be formed in the PBDTS-DTBT and PC7BM blend films.
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