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Polymer Acceptor Based on BN Units with Enhanced Electron
Mobility for Efficient All-Polymer Solar Cells

Ruyan Zhao, Chuandong Dou,* Zhiyuan Xie,* Jun Liu,* and Lixiang Wang

Abstract: We demonstrate that polymer electron acceptors
with excellent all-polymer solar-cell (all-PSC) device perfor-
mance can be developed from polymer electron donors by
using B«—N units. By alleviating the steric hindrance effect of
the bulky pendant moieties on the conjugated polymers that
contain BN units, the m—m stacking distance of polymer
backbones is decreased and the electron mobility is conse-
quently enhanced by nearly two orders of magnitude. As
a result, the power conversion efficiency of all-PSCs with the
polymer acting as the electron acceptor is greatly improved
from 0.12 % to 5.04 %. This PCE value is comparable to that of
the best all-PSCs with state-of-the-art polymer acceptors.

All-polymer solar cells (all-PSCs), which use conjugated
polymers as both the electron donor and electron acceptor,
have attracted much attention because of their advantages
over conventional polymer/fullerene solar cells, including
enhanced light absorption and improved stability of the
morphology.! Great progress has recently been made in
developing all-PSCs by selecting polymer donors/acceptors
with matched absorption spectra or crystallinity, and by
optimizing film-forming conditions.”) Li and co-workers have
demonstrated all-PSCs with a power conversion efficiency
(PCE) exceeding 8.0%, which is comparable to that of
polymer/fullerene solar cells.?® On the other hand, further
development of all-PSCs is severely limited because of the
lack of polymer electron acceptors. Efficient polymer electron
acceptors must possess both low-lying LUMO and HOMO
energy levels (E; ymomomo) as well as high electron mobilities
(u).P! To date, only a few specific polymers based on
naphthalene diimide (NDI) units, perylene diimide (PDI)
units, or double B«N bridged bipyridine (BNBP) units show
these essential properties and can work as promising polymer
electron acceptors for all-PSC devices.”™

There are many more polymer electron donors than
polymer electron acceptors.”) Yamaguchi and co-workers
have developed a novel thienylthiazole skeleton containing
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BN units to design electron-transporting small molecules
with high electron mobilities.”) We recently disclosed a strat-
egy to develop polymer electron acceptors from typical
polymer electron donors by replacing a C—C unit with a BN

unit.”¥  Although the resulting polymer P-BN-TPD
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Figure 1. a) Schematic illustration of the approach to decrease the -
stacking distance of polymer backbones by extending the length of
repeating units; b) chemical structures of P-BN-IID, P-BN-DPP, and P-
BN-TPD; c) the optimized molecular configurations and the lengths of
their repeating units. Note that the chemical structures should be
regiorandom because of the unsymmetric BNTT unit.

(Figure 1) exhibits a low-lying E;yyomomo its all-PSC
device performance is poor because of its low electron
mobility.”! This is attributed to the steric hindrance of the
bulky pendant phenyl groups on the B atom, which are
necessary for stabilization of tetracoordinated boron com-
pounds but prevent close m stacking of the conjugated
polymer backbones.*!"

Herein, we extend the lengths of the repeating units of
polymer electron acceptors to alleviate the steric hindrance
effect of the pendant phenyl groups (Figure 1). The resulting
polymer exhibits a decreased m-stacking distance, and con-
sequently shows dramatically enhanced electron mobility and
greatly improved all-PSC device performance. Isoindigo
(IID) units and dithienyldiketopyrrolopyrrole (DPP) units
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have been widely used in highly efficient polymer electron
donors and are much longer than the previously used
thienopyrrolodione (TPD) unit."!! As shown in Figure 1 two
novel polymer electron acceptors, P-BN-IID and P-BN-DPP,
have been developed based on the B «+N strategy and using
IID units and DPP units. The all-PSC device with P-BN-IID
as the acceptor and poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-
yl)benzo[1,2-b:4,5-b'] dithiophene-co-3-fluorothieno[3,4-
b]thiophene-2-carboxylate] (PTB7-Th) as the donor shows
a power conversion efficiency of 5.04 %, which is compa-
rable to that of the best all-PSCs with polymer acceptors
based on NDI or PDI units.*™ These results indicate that
polymer electron acceptors with excellent all-PSC devices
performance can be developed from polymer electron donors
by using B <N units.

Figure 1b shows the chemical structures of the three
polymers, P-BN-IID, P-BN-DPP, and P-BN-TPD. They have
alternating B<—N bridged thienylthiazole (BNTT) and IID/
DPP/TPD units in the conjugated polymer backbones. The
BNTT was prepared by the same procedure as used by
Yamaguchi and co-workers for its dimesitylboryl analogue.
The three polymers were synthesized by Stille polymerization
(see the Supporting Information). As the BNTT unit is
unsymmetric, these polymers should be regiorandom because
both head-to-head and head-to-tail connections of the BNTT
unit and the IID/DPP/TPD unit may exist. Gel permeation
chromotography (GPC) with 1,2 4-trichlorobenzene as the
eluent at 150°C gave a number-average molecular weight
(M,) and polydispersity (PDI) of 18.0 kDa and 2.56 for P-BN-
IID, 17.0 kDa and 2.35 for P-BN-DPP, and 10.1 kDa and 1.88
for P-BN-TPD, respectively. All three polymers show good
thermal stability, with thermal decomposition temperatures
(Ty) of over 280°C.

Geometry optimizations were performed at the B3LYP/6-
31G* level of theory to elucidate the configurations of the
repeating units in the three polymers (see the Supporting
Information).) As shown in Figure 1c, the two phenyl
groups on the B atom of the BNTT unit adopt a dihedral
angle of 75° with the thienylthiazole skeleton, thereby
suggesting that the steric bulk of the two phenyl groups
prevents stacking of the polymer backbones in the solid state.
The lengths of the repeating units of P-BN-IID, P-BN-DPP,
and P-BN-TPD are 1.95 nm, 2.10 nm, and 1.24 nm, respec-
tively. The longer repeating units of P-BN-IID and P-BN-
DPP compared to that of P-BN-TPD are expected to reduce
the steric effect of the pendant phenyl groups. Although the
backbones of the repeating units of P-BN-DPP and P-BN-
TPD have fully planar conformations, a twisted conformation
is observed for that of P-BN-IID, with an optimized twist
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Figure 2. GI-XRD patterns of the drop-cast films of P-BN-11D, P-BN-
DPP, and P-BN-TPD.

angle of 24° between the IID and BNTT units. The slightly
twisted conformation of P-BN-IID is expected to improve the
interactions of the polymer backbones despite the presence of
bulky groups.

Figure 2 shows the grazing incident X-ray diffraction (GI-
XRD) patterns of drop-cast films of the three polymers. P-
BN-TPD shows a broad diffraction band at 19.3°, which
corresponds to an average n—m stacking distance (d,.;) of the
polymer backbones of 0.46 nm. In comparison, P-BN-IID and
P-BN-DPP exhibit diffraction peaks at 23.2° and 22.2°, which
correspond to d,_,values of 0.38 nm and 0.40 nm, respec-
tively. Compared with P-BN-TPD, P-BN-IID and P-BN-DPP
have smaller d,_; values because of their longer repeating
units, which significantly alleviates the steric hindrance effect
of the pendent phenyl groups. The small d,_, value facilitates
electron hopping between the polymer backbones, and thus
leads to enhanced electron mobility. The electron mobilities
of the three polymers were estimated using the space-charge-
limited current (SCLC) method together with the current
density/voltage (J-V) curves of the electron-only devices. The
electron mobilities of P-BN-IID, P-BN-DPP, and P-BN-TPD
are 2.80x 10 ecm?V~is7!, 8.48x10°ecm?V s}, and 3.40 x
107 ecm?V's™!, respectively (Table 1). The electron mobility
of P-BN-IID is higher than that of P-BN-TPD by nearly two
orders of magnitude because of the smaller m—m stacking
distance.

The absorption spectra of the three polymers in o-
dichlorobenzene (0-DCB) solutions and in thin films are
shown in Figure 3a. The absorption spectrum of P-BN-TPD
in solution shows a narrow band with maxima at 588/557 nm,
while the absorption bands of P-BN-IID and P-BN-DPP in
solution are broad and red-shifted with maxima at 690/638 nm
and 755 nm, respectively. The absorption spectra of thin films

Table 1: Molecular weights, photophysical and electrochemical properties, and electron mobilities of the three polymers.

[d] d]

Po')/mer Mn PDI }'abs[a] [nm] gmax[a] }'abs[b] [nm] Egopt[b] EonsetOX[C] Eonsetred[‘:] EHOMO ELUMO[ He

[kDa] M~ em™] [eV] V] v [eV] [eV] [em?V-'s7]
P-BN-1ID 18.0 2.56 690/638 64000 695/642 1.63 +1.04 -1.0 —5.84 —3.80 2.80x107°
P-BN-DPP 17.0 2.35 755 76000 761 1.37 +0.52 -1.23 —5.32 —3.57 8.48x107°
P-BN-TPD 10.1 1.88 588/557 64000 609/566 1.88 +1.05 —1.07 —5.85 -3.73 3.40x1077

[a] Measured in 0-DCB solution. [b] Measured in thin film. [c] Onset potential versus Fc/Fc™. [d] Calculated from: E,iomojumo = — (4-80 + Eqneer™/

red
Eonset ) eVv.
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Figure 3. a) UV/Vis absorption spectra of P-BN-1ID, P-BN-DPP, and P-
BN-TPD in solution and in films; b) schematic representation of the
LUMO/HOMO energy level alignments of the polymer donors and the
acceptors.

are slightly red-shifted relative to the counterparts in
solutions. From the onset absorption wavelength in films,
the optical band gaps (E,) of P-BN-1ID, P-BN-DPP, and P-
BN-TPD are estimated to be 1.63 eV, 1.37 ¢V, and 1.88 ¢V,
respectively.

Cyclic voltammetry (CV) measurements were carried out
on films of the three polymers to estimate the LUMO/
HOMO energy levels of the three polymers (see the
Supporting Information). The E;yyomomo Values of the
three polymers were estimated from the onsets of the
reduction and oxidation potentials in the cyclic voltammo-
grams (Table 1). As shown in Figure 3b, the E| ypomomo vVal-
ues of P-BN-IID and P-BN-TPD are —3.80 eV/—5.84 eV and
—3.73 eV/-5.85 eV, respectively, which are comparable to
those of [6,6]-phenyl-C71-butyric acid methyl ester
(PC;;BM). The E| ymomowmo Values of P-BN-IID and P-BN-
TPD match well with those of widely used polymer donors,
such as PTB7-Th and poly({4,8-bis[(2-ethylhexyl)oxy]-
benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl}{3-fluoro-2-[ (2-ethyl-
hexyl)carbonyl]thieno[3,4-b]thiophenediyl}) (PTB7).!'”) The
Enonmo value for P-BN-DPP is very close to those of PTB7-Th

Table 2: Summary of the performance of the all-PSC devices.
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Figure 4. a) J-V curves and b) EQE spectra of the all-PSC devices with
P-BN-IID/P-BN-TPD as the electron acceptor and PTB7-Th/PTB7 as
the electron donor.

and PTB7,7" thus suggesting unfavorable photoinduced
hole transfer. In view of the energy level alignments, P-BN-
IID and P-BN-TPD can be used as polymer electron accept-
ors for all-PSCs.

All-PSC devices were fabricated using P-BN-IID/P-BN-
TPD as the electron acceptor and PTB7-Th/PTB7 as the
electron donor. The configuration of the device was ITO/
PEDOT:PSS/active layer/Ca/Al. The active layer was spin-
coated from a blend of polymer donor and polymer acceptor
in 0-DCB solution without any additive (see the Supporting
Information). Figure 4 shows the J-V curves under AM 1.5G
illumination (100 mW cm %) and the external quantum effi-
ciency (EQE) spectra of the devices. The photovoltaic
parameters are summarized in Table 2. The PTB7:P-BN-IID
device has a PCE of 3.80 %, which is higher than that of the
PTB7:P-BN-TPD device (PCE=0.70%). Whereas the
PTB7-Th:P-BN-TPD device shows a low PCE of only
0.12%, the device based on the PTB7-Th:P-BN-IID blend
exhibits a much enhanced device performance with a PCE of
5.04 %, an open-circuit voltage (V,.) of 0.92 V, a short-circuit

Active layer Ve

FF

PCE,,."

.Isc PCEmax EQE HUn He /uh//'{e a
M [mAcm 7] [%] [%] [em*V s [em*V s
PTB7-Th:P-BN-IID 0.92 11.37 0.48 5.04 4.95 0.53 1.88x10°* 2.09x10°° 9:1 0.97
PTB7:P-BN-1ID 0.93 9.05 0.45 3.80 3.71 0.42 5.09%x10°* 1.41x10° 36:1 0.96
PTB7-Th:P-BN-TPD 1.08 0.51 0.22 0.12 0.10 0.15 2.66x10°° 7.50x10°% 35:1 0.92
PTB7:P-BN-TPD 1.00 2.48 0.30 0.70 0.63 0.03 1.25x10°* 6.80x1077 181:1 0.91

[a] The average PCE value is calculated from eight devices.
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current density (/) of 11.37 mA cm 2, and a fill factor (FF) of
0.48. This PCE is comparable to that of the best all-PSCs,
which use polymer acceptors based on NDI or PDI units.*™!
P-BN-IID with good all-PSC device performance represents
a novel strategy to develop promising polymer acceptors
based on the B«N unit. The four all-PSC devices all show
broad EQE responses from 300 nm to 750 nm. The PTB7-
Th:P-BN-IID blend has a maximum EQE of 0.53 and the
PTB7:P-BN-IID blend shows a maximum EQE of 0.42. The
calculated J,. values from the integrations of the EQE spectra
and the AM 1.5G spectrum agree well with the J,. values
obtained from the J-V curves, within an error of 5%.

The much higher /. and FF values of the devices based on
P-BN-IID compared to those of P-BN-TPD are attributed
mainly to the enhanced electron mobility of the polymer
acceptor. The electron and hole mobilities of the four blends
were evaluated using the SCLC method (Table2). The
electron mobility («.) and hole mobility (u,) for the PTB7-
Th:P-BN-IID blend are 2.09x10°cm*V's™' and 1.88x
10*ecm?V's™!, respectively. In comparison, the u, and
uy values of the PTB7-Th:P-BN-TPD blend are 7.50x
10 em?V s and 2.66x 10® cm?V's™!, respectively. The
charge carrier mobilities are higher and more balanced for the
PTB7-Th:P-BN-IID blend than for the PTB7-Th:P-BN-TPD
blend. A similar trend is observed for the PTB7:P-BN-IID
and PTB7:P-BN-TPD blends. We then studied the charge
recombination in the all-PSC devices by measuring the
dependence of the J-V characteristics on the light intensity.
The J, value follows a power-law dependence on the illumi-
nation intensity (/. o Py, ), Where Py, is the light intensity
and a is the calculated power-law exponent. a should be unity
when the bimolecular recombination is negligible.**
Whereas the a value is 0.92 for the PTB7-Th:P-BN-TPD
device and 0.91 for the PTB7:P-BN-TPD device, the a value
is 0.97 for the PTB7-Th:P-BN-IID device and 0.96 for the
PTB7:P-BN-IID device, respectively. The results clearly
indicate that bimolecular charge recombination is efficiently
suppressed in the P-BN-IID-based devices. The enhanced
electron mobility of P-BN-IID leads to balanced charge
transport and suppressed charge recombination in the active
layer, and consequently results in the improved performance
of the all-PSC device.

The nanoscale phase-separation morphology also plays an
important role on the performance of the all-PSC device. The
PTB7-Th:P-BN-IID blend shows a fibrillar nanostructure and
fine phase-separated domains. In contrast, the PTB7-Th:P-
BN-TPD blend exhibits a large-size phase-separation mor-
phology without a fibrillar structure. These results are in
accordance with the much better performance of the PTB7-
Th:P-BN-IID device. A similar trend is also observed for the
PTB7:P-BN-IID and PTB7:P-BN-TPD blends (Figure S9
shows the atomic force microscopy (AFM) topographical
and phase images of the four active layers).

In summary, we have developed a series of promising
polymer electron acceptors containing B«N units. By
extending the length of the repeating units of the conjugated
polymers, the effect of steric hindrance from the pendant
phenyl groups is alleviated and the m—m stacking of the
polymer backbones is promoted. The resulting polymer
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exhibits dramatically enhanced electron mobility and greatly
improved all-PSC device performance. A PCE as high as
5.04 % was demonstrated for all-PSCs using P-BN-IID as the
electron acceptor. These results suggest that polymer electron
acceptors with excellent all-PSC device performance can be
developed from polymer electron donors by using B—N
units.
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