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Significantly Enhancing the Efficiency of a New Light-
Harvesting Polymer with Alkylthio naphthyl Substituents

Compared to Their Alkoxyl Analogs

Gongyue Huang, Jun Zhang, Nergui Uranbileg, Weichao Chen,* Huanxiang Jiang,

Hua Tan, Weiguo Zhu,* and Rengiang Yang*

In this work, a new benzo[1,2-b:4,5-b’|dithiophene (BDT) building block
containing alkylthio naphthyl as a side chain is designed and synthesized,
and the resulting polymer, namely PBDTNS-BDD, shows a lower HOMO
energy level than that of its alkoxyl naphthyl counterpart PBDTNO-BDD. An
optimized photovoltaic device using PBDTNS-BDD as a donor exhibits power
conversion efficiencies (PCE) of 8.70% and 9.28% with the fullerene deriva-
tive PC7;BM and the fullerene-free small molecule ITIC as acceptors, respec-
tively. Surprisingly, ternary blend devices based on PBDTNS-BDD and two
acceptors, namely PC;;BM and ITIC, shows a PCE of 11.21%, which is much
higher than that of PBDTNO-BDD based ternary devices (7.85%) even under

components with complementary absorp-
tion spectra.”® At present, the design
and synthesis of new solution-processed
polymers with appropriate cascade energy
levels and complementary absorption to
fabricate ternary blend organic solar cells
is a vitally important approach to obtain
high PCEs.

The PCE of polymer solar cells is
determined by three parameters, namely,
the open-circuit voltage (Voc), the short-
circuit current density (Jsc), and the fill
factor (FF). A low-lying highest occupied

optimized conditions.

Polymer solar cells have been widely investigated because of
their flexibility, light weight, low production cost, and suitability
for large-scale production.'™ Recently, the power conversion
efficiencies (PCEs) of state-of-the-art polymer solar cells have
already surpassed 12% for single-junction devices, which can
mainly be ascribed to the innovation of photoactive materials
and device structures, especially, the emergence of fullerene-
free acceptors and ternary blend solar cells based on three active
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molecular orbital (HOMO) energy level

is essential for donor materials to achieve

a high V¢, although the Vy¢ is mainly
dependent on the offset between the HOMO energy level of the
donor and the lowest unoccupied molecular orbital (LUMO)
energy level of the acceptor.*1% On the other hand, appropriate
and matching energy levels of the donor and the acceptor
are indispensable for efficient exciton dissociation to obtain
a higher Jsc. Also indispensable for achieving a higher Jgc is
that the active materials have a broad and strong absorption
within the visible and near-infrared regions in order to harvest
more photons. However, the absorption spectrum of binary
devices tends to exhibit weak absorption in certain regions,
which results in the ineffective use of photons.[''~13] Moreover,
enhancing the inter-molecular m—r stacking could improve
the Jsc and FF because of the increasing charge-carrier trans-
port. Therefore, developing a new strategy to design efficient
materials for high-performance polymer solar cells is still
crucial.

Benzo[1,2-b:4,5-b’|dithiophene (BDT), the most popular
donor building block, has been widely employed to construct
high-efficiency, light-harvesting polymers because of its planar
and symmetrical molecular structure.'*22 In general, conju-
gated polymers based on two-dimensional (2D)-BDT usually
have a superior device performance than their 1D counter-
parts.?l With the incorporation of m-conjugated side chains
like thienyl or phenyl groups, the monomers can extend ver-
tical conjugation and further strengthen the mr stacking,
thus charge-carrier transport could be more efficient and the
photovoltaic performance could be better. Moreover, the 2D
side chain in the BDT unit can be easily modified by the intro-
duction of heteroatoms like O or S.?*28 Especially, the intro-
duction of sulfur can slightly red-shift the absorption of the
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polymer and down-shift the HOMO energy
level, resulting in a deeper HOMO and better
device performance. Currently, the 2D-BDT
monomers containing thiophene, thieno
[3,2-b]thiophene, benzene, biphenyl and their
thio- compounds, are being studied widely
by many groups.?>33l Compared to these
reported side chains, the naphthalene unit
exhibits bigger m-conjugation and better pla-
narity.3* These features ensure that incorpo-
ration of the naphthalene group can extend
conjugation and increase 77 stacking. How-
ever, studies on the fused naphthalene ring SR,
are rare. And to our knowledge, there have
been no reports on the BDT monomer being
substituted by the alkylthio naphthyl side
chain.

In addition, to develop highly efficient
photoactive materials, device optimization
is also crucially important. Recently, ternary-
blend polymer solar cells have been regarded
as a simple and effective strategy to extend
the photo-response and thus improve the
PCE in single-junction devices by several
groups.’>7] Ternary-blend organic solar
cells can be composed of either two donors/
one acceptor (D1:D2:A) or one donor/two
acceptors (D:A1:A2). PC;BM and ITIC
have been widely used as the most popular
acceptor materials. The former shows the advantages of high
electron mobility, large electron affinity and charge trans-
port isotropy. The latter features a high absorptivity and high
LUMO energy level. However, their shortcomings are also
apparent. PC;BM exhibits a weak absorption in the visible
region and a relatively low-lying LUMO energy level which
results in large energy losses. ITIC has a low electron mobility
and bad film morphology due to strong aggregation of the
small molecules. It has been shown to be feasible to integrate
PCyBM and ITIC as an “alloy” acceptor to effectively syner-
gize their advantages and make up for their deficiencies.[?#40
Further research has found that the bimolecular recombina-
tion and the trap assistant recombination in the ternary blend
film could be reduced, which simultaneously improved the
Jse» Vo, and PCE.[*1

In this work, a new 2D-BDT monomer with alkylthio naph-
thyl as a side chain (BDTNS, Scheme S1, Supporting Infor-
mation) was designed and synthesized. The target polymer
named PBDTNS-BDD, was obtained using a Pd-catalyzed
Stille coupling reaction between the 1,3-bis(5-bromothiophen-
2-yl)-5,7-bis(2-ethylhexyl)-4H,8H-benzo[1,2-c:4,5-c"|dithiophene-
4,8-dione (BDD) unit and the monomer BDTNS. Meanwhile,
the analogous polymer with alkoxyl naphthyl as a side chain,
named PBDTNO-BDD, was also synthesized for comparison.
The chemical structures of the polymers and acceptors used in
this work are shown in Figure 1. The detailed synthetic proce-
dure and structural characterization can be found in the Sup-
porting Information.

The two polymers both exhibited a good thermal stability, low
HOMO energy level, and broad absorption. PBDTNS-BDD and

Adv. Energy Mater. 2017, 1702489

1702489 (2 of 6)

www.advenergymat.de

OR,

Figure 1. Chemical structures of the polymers and acceptors.

PBDTNO-BDD showed an onset decomposition temperature
(T3) with 5% weight loss at 379°C and 412°C (Figure S1, Sup-
porting Information), respectively. The absorption of the poly-
mers was examined. PBDTNS-BDD showed similar absorption
profiles both in o-dichlorobenzene solution and in the solid
film (Figure 2 and Figure S2, Supporting Information) to those
of PBDTNO-BDD. This indicated that the alkylthio naphthyl
unit did not lead to a blue-shift in absorption as opposed to the
widely reported alkylthio thiophene system, which would be
conducive to harvest a larger fraction of the solar spectrum.?4%7]
The optical bandgaps of PBDTNS-BDD and PBDTNO-BDD
were around 1.81 eV and 1.83 eV, respectively, which were
estimated from the absorption edge of the films. The UV-vis
spectra of the two polymers in film were both red-shifted by
15 nm compared to that in solution, indicating that they exhib-
ited moderate aggregation behavior. The main peak at 580 nm
could be assigned to the intramolecular charge transfer (ICT)
interaction in D-A systems. Interestingly, the PBDTNS-BDD
polymer showed stronger ICT effects than those of PBDTNO-
BDD (Figure 2a). Together with its slightly wider absorption
spectra, this implies that PBDTNS-BDD would be a more
promising wide-bandgap, light-harvesting polymer and prob-
ably would have a higher photovoltaic performance.

The electrochemical properties of PBDTNS-BDD and
PBDTNO-BDD were measured by cyclic voltammetry (CV). As
shown in Figure S3 (Supporting Information), the onset oxi-
dation potentials of PBDTNS-BDD and PBDTNO-BDD were
1.01 V and 0.93 V, respectively, corresponding to a HOMO
energy level of —5.35 eV and —5.27 eV, respectively. The LUMO
energy levels derived from the HOMO levels and the optical
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only 6.64% (Voc=0.85V, Jsc=12.06 mA cm™?,
and FF = 64.81%).

r

3 | oJreomomD 344 -3.54 Recently the fullerene-free acceptor ITIC
< T eeme - N a -3.85 has attracted great attention and some break-
g 0.8 = g g throughs in efficiency have been obtained,
o6l % 3 ) which could be mainly ascribed to the higher
£ —~ Z. %) Voc of the devices based on ITIC than that
3 044 = E E 9 of the devices based on fullerene. Moreover,
= - b =) a = ITIC shows a strong absorption in the near-
E T R E infrared region, which can generate a larger
Z 0.0 e . Sy, Jsc- As expected, with ITIC as the acceptor,
400 500 600 700 800 -5.27 the PBDTNS-BDD-based devices showed a
s 335 551 higher Voc (0.94 V) and Jsc (14.86 mA cm?)

Figure 2. a) UV-vis absorption spectra in film. b) Energy diagram of PBDTNS-BDD, PBDTNO-

BDD, and ITIC.

bandgap were about —3.54 eV and —-3.44 eV. And, as expected,
the HOMO level of PBDTNS-BDD was 0.08 eV lower compared
to that of PBDTNO-BDD, confirming that the alkylthio naph-
thyl side chain in 2D-conjugated copolymers can significantly
influence the electronic properties of polymers. According to
the absorption and lowered HOMO level, it can be inferred that
PBDTNS-BDD would show a superior performance in PSCs
compared to its alkoxyl analogue PBDTNO-BDD.

The photovoltaic properties of the two polymers were
investigated. Two types of binary bulk heterojunction devices
based on either of the polymers as the donor and PC;BM
or ITIC as acceptor were constructed. The device was opti-
mized by changing the weight ratio of the donor to acceptor
(D/A, w/w) in the active layer with a conventional struc-
ture of ITO/PEDOT:PSS/donor:acceptor/PFN/AL. The cur-
rent density (J) versus voltage (V) curves of all the devices
with different D/A ratios are shown in Figure S4 (Supporting
Information). The optimal photovoltaic parameters are sum-
marized in Table 1 and the corresponding -V curves are
shown in Figure 3. It can be seen that the PBDTNS-BDD
based devices showed a better performance than that of the
PBDTNO-BDD based devices. With the typical fullerene
derivative PC;;BM as an acceptor, the PBDTNS-BDD based
devices showed an optimal PCE of 8.70%, at a V¢ of 0.91 YV,
a Jsc of 12.89 mA cm™2, and a FF of 74.23%, which are all higher
than those of the PBDTNO-BDD based devices with a PCE of

Table 1. The photovoltaic parameters of the devices.

Device Voc [Vl Jsc [MAcm™2?)  FF [%] PCE [%]?
PBDTNO-BDD:PC;,BM 0.85  12.06 (11.46)  64.81 6.64(6.50)
PBDTNO-BDD:ITIC 0.87  13.49(13.12)  60.05 7.05(6.89)
PBDTNO-BDD: Ternary 0.85 1536 (14.96)  60.13 7.85(7.73)
PBDTNS-BDD:PC;,BM 0.91 12.89 (11.83)  74.23 8.70(8.61)
PBDTNS-BDD:ITIC 0.94  14.86 (14.02)  66.47 9.28(9.18)
PBDTNS-BDD: Ternary 093  17.77(17.12)  67.81  11.21(11.13)

ntegrated Jsc from EQE spectra of the best device in brackets, ®The average PCE
in parentheses were obtained from 15 devices.
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than those of the PBDTNS-BDD/PC; BM
devices, resulting in a better PCE of 9.28%
(Figure 3a and Table 1). The PBDTNO-BDD
devices with ITIC as the acceptor exhibited
a similar enhancement (Voc = 0.87 V, Jsc =
13.49 mA cm™, and PCE = 7.05%) compared to the devices
with PC;;BM as acceptor. The photo-response properties of all
devices were examined. The corresponding external quantum
efficiency (EQE) spectra are shown in Figure 3b. It can be
clearly seen that when ITIC was employed as the acceptor, the
binary blend devices exhibited a much broader photo-response
range, extending from 700 nm to 800 nm, than that of the
PC;BM-based devices. As a result, a larger Jsc was obtained
(Table 1, Figure S4, Supporting Information). It is clear that the
enhancement of Jsc was due to the ITIC, as this has a strong
absorption between 700-800 nm (Figure 2a).

Compared to PBDTNO-BDD, the better performance of the
PBDTNS-BDD-based devices mainly benefitted from the higher
Voc (0.91 V vs. 0.85 V for PC,BM, and 0.94 V vs. 0.87 V for
ITIC). And the lower HOMO level of the PBDTNS-BDD con-
tributed to the higher Vi of these devices. This indicated that
the alkylthio naphthyl substituent played an important role in
decreasing the HOMO level and therefore increasing the Vi
of the devices compared to the alkoxyl naphthyl analogue.
The high FF also made a substantial contribution to the high
performance of the PBDTNS-BDD-based devices, which may
result from the relatively balanced charge-carrier transport.
The transport characteristics were investigated using a space
charge-limited current model to measure the hole and elec-
tron mobilities in the blend films. The J-V curves are shown in
Figure S5 in the Supporting Information. In both binary blend
films, PBDTNS-BDD displayed relatively higher hole mobilities
than those in the PBDTNO-BDD film, as shown in Table S1
(Supporting Information). Smaller ratios of the electron to hole
mobility (U./uy,) of 0.90 and 1.58 (closer to 1) were obtained
for PBDTNS-BDD:PC;;BM and PBDTNS-BDD:ITIC blends,
respectively, compared to those of the PBDTNO-BDD blends
(2.44 and 6.46 for PC;;BM and ITIC, respectively). Therefore,
a more balanced charge-carrier transport in the PBDTNS-BDD
blends may be one of the reasons for the higher FF.[*

Considering the exactly complementary absorption spectra
and appropriate energy levels (Figure 2), ternary blend organic
solar cells were fabricated employing one of the polymers as
donor and PCy;BM and ITIC as the two acceptors. The cells
were optimized by changing the ratio of ITIC to PC;;BM. The
J-V curves of the ternary blend devices with different ratios
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Figure 3. a) J-V curves of the optimal binary devices. b) EQE spectra of the corresponding binary devices.

of ITIC to PC;;BM are shown in Figure S7 (Supporting Infor-
mation), and the corresponding photovoltaic parameters are
summarized in Table S2 in the Supporting Information. As
shown in Table S2, the ternary devices can retain a relative
stable performance even when the ratios of the two accep-
tors vary in a large range. It suggests that this ternary system
can be very robust without the need for precise control of the
blending ratio and would have a wide range of potential appli-
cations. For the PBDTNS-BDD-based devices, an optimal
PCE of 11.21% was achieved with a Vo of 0.93 V, a Js¢ of
17.77 mA cm™2, and a FF of 67.81% for a blend ratio of 1:1.2:0.3
(PBDTNS-BDD:ITIC:PC;;BM) as shown in Figure 4 and Table 1.
This was much higher than that of the PBDTNO-BDD-based
ternary devices (PCE only 7.85%). Compared to the two
PBDTNS-BDD-based binary blend devices, the performance of
the ternary devices showed a surprising improvement, which
was mainly due to the higher Jsc. As show in Figure 3b, the
PBDTNS-BDD:ITIC binary device exhibited a broader photo-
response in the long wavelength range but lower EQE values
in the short wavelength range than the PBDTNS-BDD:PC;;BM
binary device. Interestingly, the addition of a small amount of
PC;BM into the PBDTNS-BDD: ITIC blend as the third com-
ponent effectively improved the photo-response intensity at a
wavelength of around 500 nm. A calculated current density of
17.12 mA cm2 was obtained by integrating the EQE curve with
the standard solar spectrum (AM 1.5G), which was consistent
with the measured Jsc with an error of <5%. The saturation
current density (J,,;) was about 18.53 mA cm™2, which was

calculated by fitting the curve of the net photocurrent and the
effective applied voltage as shown in Figure 4c. A ratio Jyn/Jeu
of 94% under short-circuit conditions indicates that the photo-
generated excitons were efficiently dissociated into free holes
and electrons, and then collected substantially at the electrodes
with little recombination.*}l The power-law dependence of Jg¢
on the light intensity (P), Jsc versus P, is shown in the inset
of Figure 4c. It clearly shows that the value of o approaches
1, which means that little bimolecular recombination occurred
in the ternary system. On the other hand, the hole and elec-
tron mobilities were about 1.99 X 10™* cm? V! 57! and 8.99 x
107 cm? V7! s7' with a w,/ue of 2.21 as shown in Figure S8
(Supporting Information), which partly suggests that the low
recombination rate may come from the relatively balanced
charge-carrier transport.

The morphology of the active layer usually plays a signifi-
cant role in the device performance. The morphologies of the
blend films at optimized conditions were investigated by
atomic force microscopy (AFM) and transmission electron
microscopy (TEM). The two polymers blended with PC,BM
showed a smooth surface (root-mean-square (RMS) rough-
ness of <2 nm) and a uniform fabric-like microstructure
(Figure S6a,b,e,f), indicating that the polymers exhibited a good
miscibility with PC;;BM. However, when blending with ITIC,
both exhibited a fairly rough surface (RMS = 6.4 nm and 5.7 nm
for PBDTINS-BDD and PBDTNO-BDD blends, respectively)
and obvious aggregated micro-domains (Figure S6c,d,gh),
implying that the excitons may not be efficiently separated
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Figure 4. a) J-V curves of the optimal ternary devices. b) EQE spectra of the corresponding ternary devices. c) Photocurrent density (/) versus effective
voltage (V.¢) characteristics of the ternary devices (Inset: current density versus incident light intensity curves).
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Figure 5. a) AFM height image, b) AFM phase image, and c¢) TEM image of PBDTNS-BDD ternary blend films. d) AFM height image, €) AFM phase

image, and f) TEM image of PBDTNO-BDD ternary blend films.

and transported, and that there was room for further improve-
ment in the current density. Interestingly, when adding a small
amount of PC7BM into the polymer/ITIC system, the blended
films dramatically changed. The RMS dropped down to 1.8 nm
and 3.7 nm for PBDTNS-BDD and PBDTNO-BDD, respectively,
and the films showed fibrillar interpenetrating network struc-
tures (Figure 5), which can be ascribed to the improvement of
the miscibility, which induced a rearrangement by adding the
third component PC;;BM. This favorable morphology is more
strong evidence to support the remarkably high Jsc for ternary
devices.

In this work, a new monomer containing alkylthio naphthyl
was first designed and then synthesized. The resulting polymer
PBDTNS-BDD showed a lower HOMO energy level than that of
its alkoxyl naphthyl counterpart, PBDTNO-BDD. Surprisingly,
ternary blend devices based on PBDTNS-BDD:PC;BM:ITIC
exhibited a PCE of 11.21%, which was significantly higher than
that of the alkoxyl-substituted analogue-based ternary device
(7.85%). Using these results an appropriate model to investi-
gate the devices could be used to obtain useful insights. More-
over, alkylthio naphthyl holds promise as a powerful regulating
unit to design desirable and highly efficient light-harvesting
polymers.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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