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9.0% power conversion efficiency from ternary
all-polymer solar cells¥

Zhaojun Li,? Xiaofeng Xu, 2 ** Wei Zhang,® Xiangyi Meng,® Zewdneh Genene,
Wei Ma,® Wendimagegn Mammo, {2 ¢ Arkady Yartsev,® Mats R. Andersson,®
René A. J. Janssen ) *" and Ergang Wang () *

Integration of a third component into a single-junction polymer solar cell (PSC) is regarded as an attractive
strategy to enhance the performance of PSCs. Although binary all-polymer solar cells (all-PSCs) have
recently emerged with compelling power conversion efficiencies (PCEs), the PCEs of ternary all-PSCs still
lag behind those of the state-of-the-art binary all-PSCs, and the advantages of ternary systems are not
fully exploited. In this work, we realize high-performance ternary all-PSCs with record-breaking PCEs of
9% and high fill factors (FF) of over 0.7 for both conventional and inverted devices. The improved
photovoltaic performance benefits from the synergistic effects of extended absorption, more efficient
charge generation, optimal polymer orientations and suppressed recombination losses compared to the
binary all-PSCs, as evidenced by a set of experimental techniques. The results provide new insights for
developing high-performance ternary all-PSCs by choosing appropriate donor and acceptor polymers to
overcome limitations in absorption, by affording good miscibility, and by benefiting from charge and
energy transfer mechanisms for efficient charge generation.

All-polymer solar cells (all-PSCs), incorporating an active layer based on a blend of an electron-donor (D) polymer and an electron-acceptor (A) polymer, have
drawn tremendous attention in the past few years. The use of polymer acceptors overcomes some disadvantages of the commonly used fullerene acceptors.
However, the intrinsic narrow absorption widths of polymeric semiconductors make it challenging for single-junction all-PSCs to fully cover the solar
irradiation spectrum. This is one of the key factors that constrain the photocurrent and power conversion efficiencies (PCEs) of all-PSCs. One facile solution is
to employ donor and acceptor polymers with complementary absorption to construct a ternary all-PSC. However, there has been no successful example of
ternary all-PSCs outperforming the state-of-the-art binary all-PSCs to date. In this work, we develop an appropriate combination of donor and acceptor polymers
for high-performance ternary all-PSCs, which attain record-breaking PCEs of 9% for the first time.

Introduction

Polymer solar cells (PSCs) are capable of realizing large-area
solar panels with low cost, light weight and good mechanical
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as one of the next-generation photovoltaic technologies.'?
A typical PSC contains a bulk-heterojunction (BHJ) active layer
with a conjugated polymer as an electron-donor (D) and a

. . 3
 Department of Chemistry, Addis Ababa University, P. O. Box 33658, Addis Ababa, fullerene derivative as an electron—acceptor (A) Over the years,

Ethiopia

the power conversion efficiencies (PCEs) of single-junction
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to the development of high-performing donor polymers,* where
the prevailing electron acceptors are still fullerene derivatives
such as phenyl-C,;-butyric acid-methyl ester (PC,,BM).>°

% Electronic supplementary information (ESI) available. See DOL 10.1039/c7ec01858d ~ Although PC,;BM features high electron mobility and good
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miscibility with most donor materials, it has intrinsic draw-
backs such as high synthetic cost, weak absorption, undesired
band gaps and morphological instability, which have still not
been completely resolved.”® Driven by the need to find alter-
native acceptors for PC,;BM, several material combinations
have been developed to construct non-fullerene organic solar
cells.” " Among them, all-polymer solar cells (all-PSCs), incor-
porating donor and acceptor polymers in BHJ blends, have
received considerable attention due to their unique properties
such as low-cost production, readily tunable absorption and
energy levels, good morphological stability as well as mechanical
durability."*™ So far, growing efforts have been devoted to the
synthesis of new acceptor polymers and to modulating blend
morphology.’®™® In the past five years, PCEs of all-PSCs have
been rapidly improved from 2% to 9%.'% > However, the photo-
currents of all-PSCs have been constrained mainly due to the
intrinsic narrow absorption widths of polymeric semiconductors,
which makes it challenging for single-junction all-PSCs to fully
cover the solar irradiation spectrum.™*?* To circumvent this
constraint, one facile solution is to use a ternary approach by
combining two donor polymers having complementary absorp-
tion spectra with an acceptor to construct a ternary solar cell.**>*
So far, PC,;BM and/or small molecule acceptors (SMAs) have been
primarily used as acceptors for ternary systems,>*” which have
shown great progress in photovoltaic performance and stability as
compared to the corresponding binary PSCs.**>° However, the
synthesis and purification of PC,;BM and some SMAs with
complicated structures are inherently time-consuming with high
synthetic costs.”>" Polymer acceptors, on the other hand, are
generally easy to synthesize and scale up with lower synthetic
costs by using new techniques.""*> Moreover, polymer acceptors
also afford better film-forming properties as well as robust
mechanical and thermal stability of the active layers.'>**
Despite the inspiring advances in binary all-PSCs, there is
no successful example of ternary all-PSCs outperforming the
state-of-the-art binary all-PSCs. One of the key reasons is the
suboptimal morphology generated in the multi-polymer blend
films, since the intimate mixing of polymer chains is energeti-
cally unfavourable due to the interplay between the entropy and
enthalpy of mixing.”® In 2015, Jenekhe et al. developed a ternary
system composed of the high-performing donor polymer
PBDTTT-C-T and two selenophene-based acceptor polymers,
resulting in a PCE of 3.2%.>* Following this, a ternary all-PSC was
constructed by combining a high band gap polymer PCDTBT
with a low band gap PTB7-Th:N2200 blend, where PCDTBT
served as a visible sensitizer and strongly contributed to the
photocurrent and PCEs.”>”° The resulting ternary all-PSCs attained
a high short-circuit current density (Js.) of 14.4 mA cm™ 2 and a
decent PCE of 6.7%.°° Using the same ternary approach, Li et al.
recently realized a ternary all-PSC which achieved a maximum
PCE of 7.2% with an outstanding J. of 15.7 mA cm™ 2" Although
N2200 is the primarily used acceptor polymer in ternary all-PSCs,
its poor morphological tenability tends to suppress the fill
factors (FF) of the resulting all-PSCs.*° So far, only a few binary
all-PSCs have exhibited FF as high as 0.7,"**° and none of the
ternary all-PSCs can register a decent FF of over 0.6, which
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discloses one of the key factors limiting the overall PCEs of
ternary all-PSCs."***

In this work, we demonstrate high-performance ternary all-
PSCs by incorporating high band gap poly[[4,8-bis[5-((2-octyl)-
thio)thiophen-2-yl]benzo-[1,2-b:4,5-b"]dithiophene-2,6-diyl]]-alt-
[bis(5-thiophen-2-yl)-5,6-difluoro-2-(2-hexyldecyl)-2H-benzo[d]-
[1,2,3]triazole-4,7-diyl] (PBDTTS-FTAZ) as the second donor
into poly[[4,8-bis[5-(2-ethylhexyl)-2-thienyl |benzo[1,2-b:4,5-b'|dithio-
phene-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene)-2-
carboxylate-2,6-diyl]] (PTB7-Th) and PNDI-T10 blends. Through
optimizing the weight loadings of PBDTTS-FTAZ, the ternary all-
PSCs attain a high J,. of 14.4 mA cm™?, an unprecedented FF of
0.74 and PCEs as high as 9.0% in both conventional and inverted
devices. To our knowledge, this is among the best photovoltaic
performances recorded for ternary all-PSCs to date.

Results and discussion

Polymer design and characterization

The structures of PTB7-Th, PBDTTS-FTAZ and PNDI-T10 are
depicted in Fig. 1a. We recently designed a random acceptor
polymer PNDI-T10, which featured reduced backbone rigidity
and crystallinity, and thus improved solubility and molecular
weight as compared to the widely used acceptor N2200 with
an alternating backbone.?® As a result, the PTB7-Th:PNDI-T10
all-PSCs delivered a high PCE of 7.6% with an extraordinarily
high FF of 0.71, superior to the performance of PTB7-Th:N2200
all-PSCs.*® We also developed a high band gap polymer
PBDTTS-FTAZ with strong absorption in the wavelength region
of 450-650 nm, which attained one of the highest PCEs among
the PC,;BM-based PSCs incorporating donor polymers with
band gaps >1.9 eV.”® Since we notice that the absorption of
the PTB7-Th:PNDI-T10 blend is very weak in the visible region,
it is appropriate to use the ternary approach by introducing
PBDTTS-FTAZ as the second donor into the PTB7-Th:PNDI-T10
blend to complement the absorption in the visible region.
Thus, this ternary system is formed by using PTB7-Th as the
primary donor (D,), PBDTTS-FTAZ as the second donor (D,),
and PNDI-T10 as the acceptor (A). The ratio of PTB7-Th : PNDI-
T10 is fixed to be 1:1, where the content of PBDTTS-FTAZ with
respect to PTB7-Th is varied to optimize the D;:D,:A ratios.
The molecular weights and polydispersity indices of the poly-
mers are listed in Table S1 in the ESIL{

Differential scanning calorimetry (DSC) was employed to inves-
tigate the thermal properties of the polymers and compatibility of
the blends. As depicted in Fig. S1 in the ESL 7 there is no detectable
thermal transition for the neat PTB7-Th and PBDTTS-FTAZ films,
whereas the neat PNDI-T10 film presents a melting transition
temperature of 290 °C upon heating, and a crystallization tempera-
ture of 267 °C upon cooling.*® There is no thermal transition
observed in the 1:0.15: 1 ternary blend, implying that large crystals
in PNDI-T10 are suppressed and the miscibility of the donor and
acceptor polymers should be reasonably good.

UV-vis-NIR absorption of the pristine polymers and ternary
blends was measured to study the variations in absorption

Energy Environ. Sci., 2017, 10, 2212-2221 | 2213
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Fig. 1
(d) Energy level diagram of the polymers.

as a function of different loadings of PBDTTS-FTAZ in the
ternary blends. As depicted in Fig. 1b, the absorption spectra
of PTB7-Th and PNDI-T10 are mostly overlapped in the wave-
length region of 550-850 nm. In the thin film, the maximal
absorption coefficient of PTB7-Th is around 9 x 10* ecm * at
707 nm, much higher than that of PNDI-T10 at the same
wavelength. PBDTTS-FTAZ, the second donor, presents strong
absorption in the visible region of 450-650 nm with a higher
absorption coefficient of 11 x 10* em™' at 600 nm, which
is well complementary with the absorption of PTB7-Th and
PNDI-T10. Fig. 1c illustrates that the absorption spectra of the
ternary blends are gradually broadened when the content of
PBDTTS-FTAZ is increased, which is in congruence with our
expectation that inclusion of PBDTTS-FTAZ could improve the
absorption of the ternary blends in the visible region.

To illustrate the charge/energy transfer pathways in the
ternary system, the HOMO and LUMO levels of the three
polymers were measured by using square wave voltammetry
(SWV) (Fig. S2, ESI%).>® As depicted in Fig. 1d, the LUMO levels
of the three polymers provide a cascade alignment for electron
transfer, while the HOMO levels do not align in a cascade
fashion for hole transfer. The HOMO and LUMO levels of
PTB7-Th fall in between those of PBDTTS-FTAZ. The slightly
up-shifted HOMO level of PTB7-Th indicates that the majority
of holes generated in PBDTTS-FTAZ may finally be transferred
to the HOMO of PTB7-Th before extraction. The HOMO-HOMO
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and LUMO-LUMO energy offsets of each donor and acceptor
pair are large enough (> 0.3 eV) to guarantee sufficient driving
force for efficient exciton dissociation.®

Photovoltaic device characterization

The ternary all-PSCs, with both conventional and inverted
device structures, were investigated by using PBDTTS-FTAZ
and PTB7-Th as donors and PNDI-T10 as the acceptor. The
J-V characteristics of the all-PSCs under an illumination of AM
1.5G simulated solar light at 100 mW cm 2 are shown in Fig. 2a, c
and Fig. S3a, ¢ in the ESL. ¥ As summarized in Fig. S4 and Table S4
in the ESI,f the device performance was optimized by varying the
solvent annealing time of the active layers. The corresponding
device parameters are summarized in Table 1 and Tables S2 and
S3 in the ESLf It is worth noting that, the PTB7-Th:PNDI-T10
binary all-PSCs exhibit PCEs of over 7% with an open-circuit
voltage (V,,) of around 0.8 V, a . of around 12.8 mA cm > and a
FF of around 0.7, which agree well with our previous report.?® On
the other hand, the PBDTTS-FTAZ:PNDI-T10 binary all-PSCs
exhibit a higher V,. of around 0.9 V due to the deeper HOMO
level of PBDTTS-FTAZ, but lower J,. and FF which lead to PCEs
of 6-7%.%" Fig. 2e illustrates the variations of the device para-
meters as a function of the content of PBDTTS-FTAZ, where
both the conventional and inverted devices present the same
trend. The J,., FF and PCEs are gradually improved as the content
of PBDTTS-FTAZ is increased from 0 to 15%. Then, these

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a and b) J-V characteristics and corresponding EQE spectra of conventional all-PSCs; (c and d) J-V characteristics and corresponding EQE

spectra of inverted all-PSCs; (e) variations in V¢, Jsc, FF and PCEs of the binary and ternary all-PSCs as a function of the content of PBDTTS-FTAZ.

Table 1 Photovoltaic parameters of the conventional and inverted all-PSCs

Conventional® Inverted?
Dy:D,:A° Voe (V) Jse (MA cm™?) FF PCE (%) Voe (V) Jse (MA cm™?) FF PCE (%)
1:0:1 0.83 12.9 (12.5)¢ 0.71 7 6° (7.4)" 0.82 12.8 (12.5)¢ 0.69 7.2° (7.0}
1:0.05:1 0.83 13.2 (13.0) 0.72 9 (7.5) 0.83 13.6 (13.3) 0.71 8.0 (7.6)
1:0.10:1 0.83 13.5 (13.4) 0.72 1(7.8) 0.83 14.2 (13.6) 0.71 8.4 (8.0)
1:0.15:1 0.84 14.4 (14.5) 0.74 .0 (8.6) 0.84 14.6 (14.1) 0.73 9.0 (8.5)
1:0.20:1 0.84 13.9 (14.2) 0.73 .6 (8.2) 0.84 14.1 (13.4) 0.73 8.6 (8.1)
1:0.25:1 0.84 13.2 (12.8) 0.68 5(7.2) 0.83 13.1 (12.9) 0.67 7.3 (6.9)
1:0.30:1 0.83 12.4 (12.1) 0.66 8 (6.2) 0.83 12.0 (10.8) 0.66 6.6 (6.2)
0:2:1 0.90 11.6 (12.2) 0.57 6 0 (5.8) 0.89 12.3 (12.2) 0.63 6.9 (6.6)

¢ Device structure: ITO/PEDOT:PSS (40 nm)/active layer/LiF (1 nm)/Al (100 nm). ©
4 Photocurrent calculated by integrating the EQE spectra with the AM 1.5G solar

(100 nm). © D, is PTB7-Th; D, is PBDTTS-FTAZ; A is PNDI-T10.
spectrum. © Maximal PCE. g Average PCE of ten devices.

parameters dramatically decrease when the PBDTTS-FTAZ con-
tent is further increased from 15% to 30%. Thus, the 1:0.15: 1
ternary all-PSCs attain the maximal PCEs of 9.0%, with an
unvaried V. of 0.84 V, a clearly enhanced J,. of 14.5 mA cm 2,
and a slightly improved FF of 0.74. The PCEs are improved by
18% as compared to the PTB7-Th:PNDI-T10 binary all-PSCs
(9.0% vs. 7.6%), which are mainly due to the 10% increase in
Jse. The nearly constant V,. is pinned to that of the PTB7-
Th:PNDT-T10 solar cells rather than staying between the two
extremes. We attribute this to the mechanism that the majority
of holes are transferred to the HOMO of PTB7-Th before
extraction. Holes may rarely have the chance to be extracted
from the HOMO of PBDTTS-FTAZ to the anode, otherwise a
dependence of V,. on the loading of PBDTTS-FTAZ should be
observed. Similar phenomena were observed in several ternary
systems featuring comparable energy level alignments to this
work.>®*1¢ 5o far, the device stability of all-PSCs has not been
widely investigated.">'®°" A preliminary stability study is con-
ducted in this work. As shown in Fig. S5, S6 and Tables S5, S6
in the ESI,¥ undesired fast decay in PCEs is observed when

This journal is © The Royal Society of Chemistry 2017

Device structure: ITO/ZnO (40 nm)/active layer/MoOj; (10 nm)/Ag

the devices are stored at 20 °C or undergo thermal annealing at
80 °C in a glovebox.

According to our previous report, the PTB7-Th:PNDI-T10
blends presented clearly higher hole and electron mobilities
than those of the PBDTTS-FTAZ:PNDI-T10 blends.*”*" Inclusion
of 5-30% of PBDTTS-FTAZ in the ternary blends still retains
similar charge mobilities to those of the PTB7-Th:PNDI-T10
binary blends (Fig. S7 and Table S7, ESIt). The hole and electron
mobilities on the order of 10™* em® V™' 57" are relatively high
and well balanced in this ternary system, indicating that mobility
is not a limiting factor for the photovoltaic performance.®* This
partially explains the comparatively high FF (>0.7) in both the
PTB7-Th:PNDI-T10 binary and the ternary all-PSCs.

It would be interesting to verify the actual composition in
the ternary blend by using the facile method developed in our
previous work.®" The actual compositions in the ternary blend
can be calculated by using the simulated absorption of the
individual polymers in the blend films (Fig. S8 and Table S8,
ESIf) and the measured absorption coefficients of the neat
polymer films (Fig. 1b). Thus, the actual compositions of the

Energy Environ. Sci., 2017, 10, 2212-2221 | 2215
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1:0.05:1,1:0.15:1 and 1:0.3:1 ternary blends are calculated
to be 1:0.03:0.96, 1:0.16:0.99 and 1:0.27:1.03 by volume,
respectively. Assuming that the three polymers have the same
density and ignoring the influences of chain orientations on absorp-
tion coefficients, the actual compositions are in good agreement
with the feed ratios of the polymer solutions for spin-coating.

To study the spectral response of the all-PSCs and the accuracy
of the measured J, external quantum efficiency (EQE) spectra of
the binary and ternary all-PSCs were measured (Fig. 2b, d and
Fig. S3b, d, ESIf). Compared to the PTB7-Th:PNDI-T10 binary
all-PSCs, the EQE response of the 1:0.15:1 ternary all-PSCs
shows substantial improvement in the wavelength region of
450-800 nm, where the maximal EQEs surpass 65% in both the
conventional and inverted devices. The enhanced EQE profiles
in the wavelength region of 450-650 nm, where PBDTTS-FTAZ
features the prominent absorption, indicate that the increase in
Jsc for the 1:0.15:1 ternary all-PSCs can be ascribed to the
enhanced light absorption of PBDTTS-FTAZ. Since PBDTTS-
FTAZ can only improve the absorption in the visible region, the
increased EQEs in the longer wavelength of 650-800 nm imply that
either the photon conversion efficiency of the PTB7-Th:PNDI-T10
junction is slightly enhanced, or more free charges are generated
and collected due to the charge and/or energy transfer from
PBDTTS-FTAZ to PTB7-Th. On the other hand, the 1:0.05:1
and 1:0.30: 1 ternary all-PSCs show lower EQE profiles compared
with the 1:0.15: 1 ternary all-PSCs probably due to the suboptimal
morphology. For all the devices, the Js. values calculated by
integrating the EQE spectra with the AM 1.5G solar spectrum
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are in good agreement with the measured J,. values from
the J-V curves, exhibiting small mismatches of less than 5%.
Compared with the PTB7-Th:PNDI-T10 binary all-PSCs, the
clearly higher Ji. calculated from EQE attests to the fact that
the inclusion of PBDTTS-FTAZ can boost the J. in this ternary
system. To clarify the effects of PBDTTS-FTAZ on this ternary
system, we choose to investigate three PBDTTS-FTAZ loadings
(5%, 15% and 30%) as described below.

Photophysical characterization

To study the exciton dissociation process in the ternary
system, we conducted steady-state photoluminescence (PL),
time-resolved photoluminescence (TRPL) and absolute fluores-
cence quantum yield measurements. As depicted in Fig. 3a, the
PBDTTS-FTAZ:PNDI-T10 and PTB7-Th:PNDI-T10 binary blends
show tiny PL peaks at 725 nm and 830 nm, respectively,
whereas the PL of each polymer is completely quenched in
the 1:0.15:1 ternary blend. This suggests that the inclusion of
PBDTTS-FTAZ promotes exciton dissociation in the ternary
blend as compared to the binary blends. Since PBDTTS-FTAZ
and PTB7-Th present distinct PL spectra, the TRPL decay of the
1:0.15:1 ternary blend was probed at two wavelengths to study
the different exciton dissociation dynamics induced by the two
donor polymers (Fig. 3b). When the ternary blend is probed at
690 nm, where PBDTTS-FTAZ has the predominant emission,
the TRPL kinetics shows a single-exponential behavior with a
very fast decay within 3 ps. When it is probed at 805 nm, where
the emission is dominated by PTB7-Th and PNDI-T10, a much
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slower PL decay with a lifetime of over 20 ps is observed, which
combines a bi-exponential behavior with a fast and a slow
component.'®?%%* The TRPL results reveal that, in the 1:0.15:1
ternary blend, the generated excitons in PBDTTS-FTAZ can be
efficiently dissociated via charge and/or energy transfer, whereas
the generated excitons in PTB7-Th and PNDI-T10 may not be
equally dissociated with the same efficiency."®®"

To study the energy transfer mechanism in this ternary
system, Fig. 3¢ depicts that the absorption spectra of PTB7-Th
and PNDI-T10 overlap well with the PL spectrum of PBDTTS-
FTAZ. This is a spectral indication of Forster resonant energy
transfer (FRET) from PBDTTS-FTAZ to PTB7-Th and PNDI-T10.
Since FRET is a non-radiative energy transfer through a long-
range dipole-dipole coupling, it requires spectral overlap
between the emission of the energy donor and the absorption
of the energy acceptor. In order to gain insights into the FRET
between the two donor polymers, the PBDTTS-FTAZ:PTB7-Th
blend was excited at two wavelengths. When excited at 500 nm,
the PBDTTS-FTAZ:PTB7-Th blend shows a clearly higher PL
intensity compared to the neat PTB7-Th film, while the PL of
PBDTTS-FTAZ completely disappears in the blend (Fig. 3d). In
contrast, when excited at 700 nm, very similar PL spectra are
observed in the neat PTB7-Th and PBDTTS-FTAZ:PTB7-Th
blend films (Fig. S9, ESIt). This distinct PL response at different
excitation wavelengths reveals that energy transfer from PBDTTS-
FTAZ to PTB7-Th occurs, but not the other way round. We should
point out that there is a competition between the energy transfer
from PBDTTS-FTAZ to PTB7-Th and the charge transfer from
PBDTTS-FTAZ to PNDI-T10 in the ternary blends. As reported in
many ternary systems, the energy and charge transfer processes
are often intertwined.*

Associated with the energy level diagram, device performance
and photophysical study, we can gain a clear insight into the
energy and charge transfer pathways in this ternary system. The
energy transfer from PBDTTS-FTAZ to PTB7-Th contributes extra
excitons to PTB7-Th, which can be efficiently dissociated at the
interface of PTB7-Th:PNDI-T10. For the charge transfer, all the
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Fig. 4 GIWAXS 2D patterns and scattering profiles of the binary and ternary blend films.
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holes are energetically favoured to be transferred to PTB7-Th
due to its highest HOMO level, which well explains that the
measured V,. values of the ternary all-PSCs are pinned to that of
the PTB7-Th:PNDI-T10 all-PSCs.>**"%® Because of the desired
LUMO levels and sufficient LUMO-LUMO offset in this ternary
system, electrons can be efficiently generated at the interface of
each donor and PNDI-T10, and then transferred and collected at
the cathode.

Morphology study

It is known that device performance is highly dependent on the
morphology of the active layers. Therefore, a detailed analysis
of the nanostructure variations induced by the second donor in
the ternary blends was performed using atomic force micro-
scopy (AFM) and grazing incidence wide angle X-ray scattering
(GIWAXS). All the blend films were prepared under optimized
device conditions. The AFM images reveal that the 1:0.05:1
and 1:0.15:1 ternary blend films form smooth surfaces with
small root-mean-square (RMS) roughness values of 1.0 nm
and 1.6 nm, respectively, which are similar to the RMS of the
PTB7-Th:PNDT-T10 binary blend.>® On the other hand, inclu-
sion of 30% PBDTTS-FTAZ causes the RMS roughness to
increase to 2.5 nm (Fig. S10, ESIt). The morphological stability
of the 1:0.15:1 ternary blend was studied by varying the
solvent annealing time, thermal annealing time and storage
time, to have a better understanding of the stability of device
performance. As depicted in the AFM images in Fig. S11 in the
ESI,} visible morphology changes can be found when solvent
annealing was performed with different times, which correlates
with the varied device performance as summarized in Fig. S4
and Table S4 in the ESL{ On the other hand, there is no clear
change observed for the 1:0.15:1 ternary blends along the
thermal annealing time and storage time as shown in Fig. S12
and S13 in the ESI.{ Fig. 4 depicts the 2D GIWAXS images and
the line-cuts of GIWAXS patterns of the binary and ternary
blend films. According to previous reports, the three neat
polymer films (PTB7-Th, PBDTTS-FTAZ and PNDI-T10) showed

T
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a distinct (100) lamellae distance of around 2.3 nm with (100)
peaks located at g, ~ 0.26-0.27 A™'. Along the out-of-plane
direction, the neat PTB7-Th and PNDI-T10 films showed a
similar n-n stacking distance of 0.39 nm with (010) peaks at
g, ~ 1.60 A'. A slightly shorter n-n stacking distance of
0.36 nm was found in the neat PBDTTS-FTAZ film, with (010)
peaks at g, ~ 1.75 A~1.29°%%* A5 summarized in Tables S9 and
S10 in the ESL7 each of the ternary blend films shows one
broad (100) peak at g,, ~ 0.27 A~" along the in-plane direction
and one broad (010) peak at g, ~ 1.60 A~" along the out-of-
plane direction. This suggests that all the blend films have
preferred face-on orientations with respect to the substrate.
According to the line-cuts along the in-plane direction, the
corresponding (100) d-spacing and (100) coherence lengths (CL)
of the individual PTB7-Th and PNDI-T10 polymers have very
little variations in the ternary blends, as the content of PBDTTS-
FTAZ increases. Since the (010) peaks of the three polymers
tend to fully overlap in all the ternary blends, it is difficult to
distinguish the individual contribution of each polymer to the
crystals. In this case, the domains in the blends should contain
a mixture of crystallites from the three polymers. A similar (010)
d-spacing of around 0.39 nm is observed in each of the blends,
whereas the (010) CL values decreased slightly from 1.84 nm to
1.45 nm as the content of PBDTTS-FTAZ increases from 0 to
30%. The GIWAXS results reveal that the ternary blends present
good miscibility and mostly retain the polymer orientations in
the PTB7-Th:PNDI-T10 blend. As the content of PBDTTS-FTAZ
increases, a slight decrease in crystallinity along the (010)
direction is inevitable. Several reports revealed that the third
component can act as a disordered phase and decrease the
crystallinity of the polymers in the ternary blend as compared
to the binary blend.*”**> This increased disorder of polymer
packing is also evidenced by the gradually reduced absorption
coefficients of the ternary blends when the content of PBDTTS-
FTAZ is increased. As the loading of PBDTTS-FTAZ is increased
from 0 to 15%, increases in J,. and PCEs are observed which
can mainly be attributed to the enhanced light absorption from
PBDTTS-FTAZ. As the loading of PBDTTS-FTAZ increases from
15% to 30%, it strengthens the interference on the n-r stacking
of the PTB7-Th:PNDI-T10 blend, which seems to counteract the
positive effects from the enhanced absorption. As we discuss in

100

>
o
7]
o
=
. o
S 3
o °
& 3
=
S
| ——PTB7-Th:PNDI-T10 (1:1) L o
40 ——1:0.15:1 ternary 40 §
==-= PTB7-Th:PNDI-T10 (1:1) =~

-=--1:0.15:1 ternary

20

T T T T T T
450 500 550 600 650 700 750

Wavelength (nm)

Fig. 5

2218 | Energy Environ. Sci, 2017, 10, 2212-2221

View Article Online

Paper

the recombination section below, when the content of PBDTTS-
FTAZ exceeds 15%, it serves as a recombination centre in the
ternary blend, which leads to a gradual decrease of the overall
Jses FF and PCEs in the ternary all-PSCs.

Internal quantum efficiency and recombination

To evaluate the fraction of collected charge carriers per incident
absorbed photon, the internal quantum efficiency (IQE) was
calculated from the measured EQE of the all-PSCs, and the
simulated absorptance spectra of the active layers. As shown in
Fig. 5a, both the absorptance and IQE profiles of the 1:0.15:1
ternary all-PSC are clearly higher than those of the PTB7-
Th:PNDI-T10 binary all-PSC throughout the whole absorption
wavelength of 450-750 nm, which should stem from the syner-
gistic effects of extra free charges contributed by PBDTTS-FTAZ,
and the reduced charge recombination in the 1:0.15:1 ternary
all-PSC. Associated with the EQE response, it can be claimed that
the inclusion of small amounts of PBDTTS-FTAZ indeed leads to
the enhanced J. in this ternary system. As discussed below, the
saturated photocurrent vs. theoretical maximum photocurrent
reveals that around 89% of the absorbed photons can be con-
verted into free charges in the 1:0.15:1 ternary all-PSCs, which
agrees well with the average IQE of ~85% in the 1:0.15:1
ternary all-PSC.

To estimate the recombination losses, we calculated the
theoretical maximum photocurrent density (Jimax) of the con-
ventional binary and ternary all-PSCs by integrating the simu-
lated absorption of the active layers with the AM 1.5G solar
spectrum, by assuming that all the absorbed photons by the
active layer can be converted to a photocurrent (IQE = 100%).
With the optimised active layer thickness of around 95 nm,
the conventional PTB7-Th:PNDI-T10 all-PSC shows a Jjax Of
16.5 mA cm™ %, while a higher Ji,., of 17.0 mA cm™? is recorded
from the conventional 1:0.15: 1 ternary all-PSC, clearly suggest-
ing the contribution of the second donor to the enhanced
photocurrent of the ternary all-PSC. Furthermore, the saturated
photocurrent density (Js,) of the all-PSCs was measured at high
bias voltage (Fig. S14, ESIt). In principle, the inverted bias
voltage can sweep out all the free charges in the active layers to
the electrodes. When it approaches -1.5 V, the J-V curves of the
1:0.15:1 ternary all-PSCs show slow saturation with a higher
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(a) IQE curves of the PTB7-Th:PNDI-T10 binary and ternary all-PSCs. (b) Average EQEpias/ EQEopias Values of the all-PSCs with and without bias light.
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Jsat of 15.1 mA ecm >, as compared to 13.5 mA cm > for the
conventional PTB7-Th:PNDI-T10 binary all-PSC. The geminate
recombination loss (1) in the conventional 1:0.15: 1 all-PSC is
calculated to be x~12%, which is inferred from the equation
6 =1 — (Jsat!max),’ " by using a J,c of 15.1 mA cm™ > and a Jipax Of
17.0 mA cm 2. In contrast, the PTB7-Th:PNDI-T10 binary all-PSC
features a higher 5 of ~19%, by using a J of 13.5 mA cm™>
and a Jyax of 16.5 mA ecm™2.2° This reveals that the optimized
ternary all-PSC can suppress the geminate recombination.

To quantify the bimolecular recombination, EQEs were mea-
sured with or without the illumination of bias light for both the
conventional and inverted devices (Fig. S15, ESIT). Since bimole-
cular recombination is strongly correlated with the charge carrier
density, additional illumination can increase the charge carrier
density in the film and stimulate bimolecular recombination
under short-circuit conditions. Due to the agitated bimolecular
recombination under the bias light, the corresponding EQE
profile decreases as compared to the EQE without the bias light.
The average ratio of the measured EQEs with and without the bias
light (EQEp;as/EQEnobias) in the whole EQE wavelength can quan-
titatively evaluate the bimolecular recombination of solar cells.®®
Fig. 5b illustrates the average values of EQEp;.s/EQEopias in the
conventional and inverted ternary all-PSCs. The average bimole-
cular recombination efficiency (rgg) is denoted by 7gr = EQEpopias/
EQELss — 1.2° The 1:0.15: 1 ternary all-PSCs show the lowest 1jzx
of only 1-2% for both the conventional and inverted devices,
implying that the bimolecular recombination in these all-PSCs
is negligible. Impressively, the conventional 1:0.15:1 ternary all-
PSC shows an even lower #pr as compared with the reported #1gg
in the conventional PTB7-Th:PNDI-T10 all-PSC.?° Slightly higher
ngr is observed in the 1:0.05:1 and 1:0.30:1 ternary all-PSCs,
which indicates that bimolecular recombination is aggravated in
these two ternary all-PCSs. A comparison of the efficiencies of the
geminate recombination (s &~ 12%) and the bimolecular recom-
bination (gr & 2%) in the conventional 1:0.15: 1 ternary all-PSC
reveals that geminate recombination is still the primary loss
under the short-circuit condition, but we should point out that
the bimolecular recombination would gradually accumulate in
the maximum power point of solar cells.®® For the conventional
1:0.15:1 ternary all-PSC, the sum of 7g and #1zg (~14%) agrees
well with the total recombination loss of ~15%, which can be
inferred from eqn (1) = (Joc/Jmax)," " by using J,. = 14.4 mA cm > and
Jmax = 17.0 mA cm > On the other hand, a much larger total
recombination loss of ~22% (Jy. = 12.9 mA cm > and Jpay =
16.5 mA cm?) is obtained from the conventional PTB7-Th:PNDI-
T10 binary all-PSC.>° The recombination study reveals that
the optimized ternary all-PSC can reduce the geminate and
bimolecular recombination as compared to the PTB7-Th:PNDI-
T10 binary all-PSC, which spontaneously suppresses the overall
recombination losses.

Conclusion

We have demonstrated that the photovoltaic performance of
the PTB7-Th:PNDI-T10 all-PSC is improved by incorporating a

This journal is © The Royal Society of Chemistry 2017
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high band gap polymer PBDTTS-FTAZ as the second donor. The
optimized 1:0.15: 1 ternary all-PSCs attain outstanding PCEs of
9.0% in both the conventional and inverted devices, achieving
one of the highest PCEs for ternary all-PSCs and exhibiting
18% improvement as compared to the binary all-PSCs. PBDTTS-
FTAZ, serving as a sensitizer in the visible region, broadens the
absorption and generates more free charges by simultaneous
charge and energy transfer. The optimized ternary blend pre-
sents extended absorption, optimal morphology and reduced
recombination losses, all of which synergistically lead to the
enhanced J,., unprecedented FF of 0.74 and high PCEs. Our
work laid credence to the ternary approach as a facile and
robust strategy to improve the performance of all-PSCs. It also
highlights that PNDI-T10 is a promising acceptor polymer with
good applicability in both binary and ternary all-PSCs.

Experimental section
PSC fabrication and characterization

Conventional all-PSCs were fabricated using the configuration
of indium tin oxide (ITO)/PEDOT:PSS/active layer/LiF/Al. As a
buffer layer, PEDOT:PSS (Baytron P VP Al 4083) was spin-coated
onto ITO at a spin-coating rate of 3000 rpm for 60 s, followed
by annealing at 150 °C for 10 minutes. The thickness of the
PEDOT:PSS layer was around 40 nm, as determined using a
Dektak 6 M surface profilometer. Different weight ratios of the
donor and acceptor polymers were dissolved in chlorobenzene
(CB) at 70 °C overnight. The active layer was spin-coated from
the warm CB solution onto the PEDOT:PSS layer in a glove box.
The total concentration of PTB7-Th, PBDTTS-FTAZ and PNDI-
T10 was fixed as 11 mg mL . After spin-coating, the films were
transferred to a vapor deposition system inside a glove box. LiF
(1 nm) and Al (100 nm) were sequentially deposited onto the
active layers via a mask under 3 x 10~ * Pa vacuum. Inverted all-
PSCs were fabricated using an indium tin oxide (ITO)/ZnO
(40 nm)/Active layer/MoO; (10 nm)/Ag (100 nm) structure.
Sol-gel ZnO was prepared by mixing zinc acetate dehydrate
(0.5 M) and ethanolamine (0.5 M) in 2-methoxy ethanol for 1 h
at room temperature. Sol-gel ZnO (thickness of around 40 nm,
determined using a Dektak 6 M surface profilometer) was spin-
coated onto an ITO-coated glass substrate at a spinning rate
of 4000 rpm for 60 s, followed by annealing at 150 °C for
5 minutes. The active layer was then spin-coated on top of the
ZnO layer in a glove box. After spin-coating, the films were
transferred to a vapor deposition system inside a glove box.
MoO; (10 nm) and Ag (100 nm) were deposited via a mask
under 3 x 10~ Pa vacuum onto the active layer. The active area
of the device was 9 mm? or 16 mm?®, which was defined by the
overlap of the ITO and Al electrode and was measured carefully
using a microscope. For all the conventional and inverted
ternary all-PSCs, the active layers were solvent annealed under
a CB atmosphere for 1.5 h.

All the devices were tested in the glove box at 20 °C. The J-V
curves were recorded in the backward scan direction and the
efficiency was calculated from the J-V characteristics recorded
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using a Keithley 2400 source meter under illumination from a
tungsten-halogen lamp filtered using a Hoya LB120 daylight
filter at an intensity of 100 mW cm ™2, which was checked with a
calibrated Si photodiode. Accurate J,. values were determined
under AM 1.5G conditions by integrating the EQE with the AM
1.5G solar spectrum.

EQE measurements were performed in a home-built setup.
All devices were kept in a nitrogen-filled box with a quartz
window, and illuminated through a circular aperture with
2 mm diameter. The white light of a 50 W tungsten halogen
lamp (Osram 64610) was modulated with a mechanical chopper
(Stanford Research, SR 540) and passed through a monochro-
mator (Oriel, Cornerstone 130). For the EQE under bias light, a
530 nm high power LED (Thorlabs) was used to illuminate the
solar cell simultaneously under the mechanically modulated
monochromatic light and the unmodulated LED light. For both
unbiased and biased EQE measurements, the differential
photocurrent density was picked up by a lock-in amplifier.
The current was recorded as the voltage over a 50 Q resistance,
and was converted to the EQE profile by comparing the data
with a calibrated silicon reference cell.
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