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ABSTRACT: While varying the size and branching of
solubilizing side chains in 7-conjugated polymers impacts
their self-assembling properties in thin-film devices, these
structural changes remain difficult to anticipate. This
report emphasizes the determining role that linear side-
chain substituents play in poly(benzo[1,2-b:4,5-b’]-
dithiophene—thieno[3,4-c]pyrrole-4,6-dione)
(PBDTTPD) polymers for bulk heterojunction (BHJ)
solar cell applications. We show that replacing branched
side chains by linear ones in the BDT motifs induces a
critical change in polymer self-assembly and backbone
orientation in thin films that correlates with a dramatic
drop in solar cell efficiency. In contrast, we show that for
polymers with branched alkyl-substituted BDT motifs,
controlling the number of aliphatic carbons in the linear N-
alkyl-substituted TPD motifs is a major contributor to
improved material performance. With this approach,
PBDTTPD polymers were found to reach power
conversion efficiencies of 8.5% and open-circuit voltages
of 097 V in BHJ devices with PC,;BM, making
PBDTTPD one of the best polymer donors for use in
the high-band-gap cell of tandem solar cells.

lassically induced by alkyl substituents appended to the 7-
conjugated main chain, the solution processability of
polymer donors and their intimate mixing with fullerene
acceptors allow for the preparation of efficient bulk
heterojunction (BHJ) solar cells.' Beyond the film-forming
properties, nanoscale ordering in the BHJ active layer governs
the material and device performance.'*” Ordering aspects
include (i) backbone-to-backbone self-assembly, (ii) prefer-
ential backbone orientation relative to the device substrate (i.e.,
“face on” vs “edge on”), (iii) paracrystalline disorder, (iv)
formation of cocontinuous donor and acceptor domains and
less-ordered mixed phases, and (v) ordering at the mesoscale
(e, extended crystallinity). The degree of structural order
accounts for the density of ordered domains across the BH]J,
while the correlation lengths and domain sizes may vary.”
Both the molecular structure of the motifs in the z-
conjugated main chain® and the pattern of solubilizing side
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chains® are expected to direct the polymer self-assembly in thin
films. Thus, changes in the size and branching of the pendant
groups alter the n—z stacking and the lamellar distances
between polymer backbones, which has a significant effect on
the charge transport properties and in turn the device
performance.*> However, the factors that determine polymer
crystallite orientation in thin films, implying a preferential
backbone orientation relative to the device substrate, remain a
matter of some debate*>® In particular, structural changes
induced by the side-chain pattern are difficult to anticipate,
specifically when several types of substituents are appended
along the polymer backbone. Ultimately, it is expected that the
ability to direct backbone orientation through material design
will provide access to improved efficiencies in thin-film devices.

In this report, we examined the effect of linear side chain
substitutions in poly(benzo[1,2-b:4,5-b"]dithiophene—thieno-
[3,4-c]pyrrole-4,6-dione) (PBDTTPD) polymers (Figure 1) on
both material self-assembly and solar cell performance. Earlier
work showed that some of the highest open-circuit voltages
(Voc) (ca. 0.9 V) and fill factors (FF) (ca. 70%) can be
achieved in conventional BHJ solar cells using PBDTTPD as
the donor and phenyl-C61-butyric acid methyl ester (PCBM)
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Figure 1. Synthesis of PBDTTPD(R,/R,) derivatives bearing alkyl
side chains with various lengths and branching.
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as the acceptor.”™’ In particular, the high Voc and FF of

PBDTTPD make it an outstanding candidate for use in the
high-band-gap solar cell of tandem solar cells.® In this system,
TPD substituents with various sizes and branching impart
distinct molecular packing distances and varying degrees of
nanostructural order in thin films. These structural variations
have been found to correlate with solar cell efficiency, with
power conversion efficiencies (PCEs) ranging from 4% to ca.
7%.* Other TPD-based polymer derivatives have shown PCEs
of >7%° and >8% in inverted devices."®

Since m-conjugated polymers appended with solubilizing
linear n-alkyl solubilizing substituents can show reduced 7—x
stacking distances between backbones and improved nano-
structural order in BHJ solar cells relative to their branched-
alkyl-substituted counterparts,** two PBDTTPD polymers with
comparable number-average molecular weights (M, = 36/38
kDa) and polydispersity indexes (PDI = 2) were synthesized:
one with n-tetradecyl (C14)-substituted BDT and n-octyl (C8)-
substituted TPD motifs [denoted as PBDTTPD(C14/C8)]
and the other with branched 2-ethylhexyl (2EH) and C8
substituents [denoted as PBDTTPD(2EH/C8)]. Synthetic
details and characterization data are given in the Supporting
Information (SI). In earlier work, we showed that for linear
alkyls, a greater number of aliphatic carbons is needed to impart
solubilizing properties comparable to those obtained with
shorter branched alkyl substituents (e.g, linear Cl14 sub-
stituents were shown to be appropriate alternatives to branched
2EH side chains)."'

Thin-film BH]J] solar cells with optimized
PBDTTPD:PC,,BM blend ratios (1:1.5 w/w) were fabricated
from chlorobenzene (CB). The standard device architecture
ITO/PEDOT:PSS/PBDTTPD:PC,BM/Ca/Al was used
throughout the study. Similar device fabrication and opti-
mization procedures were used for all of the PBDTTPD
derivatives (see the SI).

As shown in Table 1, solar cells fabricated from the control
polymer PBDTTPD(2EH/C8) achieved PCEs of ca. 7%,
combining a high FF of 68%, and a large V¢ of 0.96 V. In
parallel, devices cast from blends containing 5% (v/v) of the
processing additive 1-chloronaphthalene (CN) showed im-
proved short-circuit current densities (Jsc = 12.5 mA/cm?) and
reached PCEs of 7.5%. Small-molecule additives such as CN

Table 1. Photovoltaic Performance of the PBDTTPD(R,/
R,) Derivatives in Standard BHJ Devices with PC,;BM“

PCE [%]

R,/R, CNY  Jo [mA/em?] Voo [V]  FF av.  max
2EH/C8 N 10.8 0.96 068 69 70
Y 12,5 0.93 065 73 75

C14/C8 N 9.1 0.90 042 33 34
Y 8.3 0.93 053 38 41

c12/cs N 6.8 0.92 051 31 32
Y 6.5 0.89 045 25 26

2EH/C7 N 10.6 0.97 071 71 73
Y 12.6 0.97 070 83 85

2EH/C6 N 8.7 0.96 057 45 48
Y 111 0.96 062 63 66

“Optimized devices with a polymer:PC,BM ratio of 1:1.5 (w/w) were
used. All of the devices were solution-cast from chlorobenzene (CB).
YDevices were prepared from blends without (N) or with (Y) 5% (v/
v) 1-chloronaphthalene (CN) as a processing additive.

4657

and 1,8-diiodooctane (DIO) have previously been shown to
help optimize the blend morphology in BHJ polymer solar cells
with PCBM."'™'? Here, CN proved more effective than DIO in
blends of PBDTTPD(2EH/C8) with PC,;BM. In contrast,
solar cells made from PBDTTPD(C14/C8) using the same
processing conditions showed dramatic decreases in both Jgc
(9.1 mA/cm?) and FF (42%); the latter could be improved to
53% using CN, albeit at the expense of Jic (8.3 mA/cm?).
Overall, the PCE of the optimized devices did not exceed 4.1%,
corresponding to a nearly 2-fold reduction in solar cell
performance. To explore a possible correlation between the
higher alkyl content in PBDTTPD(C14/C8) and material
performance, a PBDTTPD derivative with n-dodecyl (C12)-
substituted BDT motifs [PBDTTPD(C12/C8)] was synthe-
sized following the same experimental protocol (see the SI).
However, shortening the linear substituents on the BDT motifs
resulted in greatly reduced solubility, thus limiting the polymer
yield. Solar cells made from PBDTTPD(C12/C8) showed
notably reduced Jsc (6.8 mA/cm?), FF (51%), and PCE (av
3.1%), while devices cast from CN-containing blends showed
even lower PCEs (av 2.5%). The current density—voltage (J—
V) curves and external quantum efficiency (EQE) spectra of the
optimized devices are shown in Figure 2a,b. The decreases in
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Figure 2. (a) Characteristic J—V curves of BHJ solar cells fabricated
from PBDTTPD(2EH/C8), PBDTTPD(C14/C8), and PBDTTPD-
(C12/C8) under AM1.5G illumination (100 mW/cm?). (b) EQE
spectra of the BH]J devices. (c) GIXS patterns of (left) PBDTTPD-
(2EH/C8) and (right) PBDTTPD(C14/C8) in optimized BHJs with
PC,,BM. The scattering intensity is plotted on a logarithmic scale and
normalized in each GIXS pattern.

EQE (<50% at 550 nm) are consistent with the dramatic drops
in Jgc observed in the solar cells made from the all-linear-alkyl-
substituted polymers PBDTTPD(C14/C8) and PBDTTPD-
(C12/C8).

Grazing-incidence X-ray scattering (GIXS) data can be used
to correlate polymer side-chain patterns, nanostructural order
in thin films, and device performance effectively.* Using GIXS,
we examined PBDTTPD(2EH/C8) and PBDTTPD(C14/C8)
both as neat polymer films (see the SI) and in optimized BHJs
with PC,,BM (Figure 2c); all of the films were prepared from
CB solutions containing 5% (v/v) CN. The GIXS data show
that the two polymers adopt distinct orientations in thin films.
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The scattering pattern of PBDTTPD(2EH/C8) shows a partial
arc at g & 1.76 A1 characteristic of 7—n stacking, and
corresponding to a spacing of ca. 3.6 A. The peak intensity is
particularly pronounced in the out-of-plane direction (q,, = 0),
indicating that the polymer backbones adopt a preferential “face
on” orientation relative to the substrate (7—7 stacking “out of
plane”). Meanwhile, the partial arc shape of the peak suggests
that a fraction of the polymer aggregates are somewhat
misaligned with respect to the substrate. Predominantly “face-
on” polymer orientations are commonly associated with higher
solar cell performance.***''*'> In contrast, the GIXS pattern
of PBDTTPD(C14/C8) shows a nearly isotropic ring of
scattering intensity at ¢ &~ 1.79 A™', which points to the absence
of a preferential 7—7x stacking orientation relative to the
substrate. These intrinsic differences in backbone self-assembly
and polymer orientation in thin films correlate with the drastic
variations in material performance observed in BHJ solar cells
with PC; BM. In parallel, it should be noted that other
morphological parameters not discussed here, such as the
relative degree of crystallinity of the polymers and the purity of
the domains across the active layers, may also contribute to the
variations in BH]J efficiency.

In stark contrast, in PBDTTPD derivatives with branched-
alkyl-substituted BDTs, such as PBDTTPD(2EH/C8), replac-
ing branched side chains by linear ones on the TPD motifs does
not significantly affect the preferential “face on” orientation of
the polymers in thin films.* In our effort to improve the
material performance further while maintaining the same
preferential polymer orientation and overall degree of structural
order, we hypothesized that a fine modulation of the number of
aliphatic carbons in the N-alkyl-substituted TPD motifs may be
one of the remaining keys to improving the device PCE. It is
worth noting that each methylene in the solubilizing substituent
appended to TPD affects the ratio of insulating material versus
active conjugated units and that reducing their number may be
beneficial. On this basis, derivatives with n-heptyl (C7)- and n-
hexyl (C6)-substituted TPD motifs [PBDTTPD(2EH/C7) and
PBDTTPD(2EH/C6), respectively] were synthesized using the
same experimental protocol (see the SI). As shown in Table 1,
BHJ solar cells fabricated from PBDTTPD(2EH/C7) achieved
a PCE of 7.3% (av 7.1%), combining a high Jc (10.6 mA/cm?),
a slightly higher Voc (097 V), and a high FF (71%).
Importantly, devices cast from blends containing 5% (v/v)
CN showed an even higher Joc (12.6 mA/cm®) while
maintaining a high V¢ and FF, with PCEs as high as 8.5%
(av 8.3%). The several batches of PBDTTPD(2EH/C7) made
for the purpose of this demonstration all showed average PCEs
of >7.5%, which are consistently higher than the maximum
PCEs obtained with the control polymer PBDTTPD(2EH/
C8). However, further shortening of the n-alkyl chain on TPD
led to greatly reduced polymer solubility, and solution
processing of PBDTTPD(2EH/C6) proved to be difficult.
Optimized BHJ solar cells cast from CN-containing blends
showed lower Joc (11.1 mA/cm?), FE (62%), and PCE (av
6.3%). Significantly reduced Jsc (8.7 mA/cm?), FF (57%), and
PCE (av 4.5%) were obtained without processing additives,
pointing to inherent solution-processing limitations of the
polymer. The J—V curves and EQE spectra of optimized
devices are shown in Figure 3a,b. The comparably broad and
efficient EQE responses for PBDTTPD(2EH/C8) and
PBDTTPD(2EH/C7) (>60% over the range 370—630 nm
and peaking at ca. 70% at S50 nm) are in agreement with the
high Jsc of the solar cell devices. The EQE losses observed in
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Figure 3. (a) Characteristic J—V curves of BHJ solar cells fabricated
from PBDTTPD(2EH/C8), PBDTTPD(2EH/C7), and PBDTTPD-
(2EH/C6) under AM1.5G illumination (100 mW/cm?). (b) EQE
spectra of the BHJ devices.

the range 450—630 nm for PBDTTPD(2EH/C6) are
consistent with the reduced Jsc and PCE (av 6.3%) of the
optimized BHJ solar cells. At a first level of analysis,
PBDTTPD(2EH/C8), PBDTTPD(2EH/C7), and
PBDTTPD(2EH/C6) showed comparable GIXS patterns
both in neat polymer films and optimized BHJs with
PC,BM (see the SI). Quantitative X-ray analyses may
provide further insight into the subtle variations of structural
order across the BHJs of these polymer donors with PCBM as
the acceptor.

In summary, we have shown that substitutions of linear side
chains in PBDTTPD polymers can greatly impact the polymer
self-assembling properties and solar cell device efliciency. On
the one hand, n-alkyl substitutions on the BDT motifs trigger a
critical change of preferential polymer orientation in thin films,
resulting in a dramatic drop in BHJ device PCE (<4.2%). On
the other hand, in polymers with branched-alkyl-substituted
BDTs, a fine modulation of the number of aliphatic carbons in
the linear N-alkyl-substituted TPD motifs does not significantly
affect the preferential backbone orientation, yet this approach
shows to be a main key to improving the device performance.
Thus, N-heptyl-substituted TPD-based polymers were found to
reach PCEs of 8.5% in standard BH]J devices with PC,,BM, a
significant improvement over their N-octyl-substituted counter-
parts, for which PCEs of ca. 7.5% can be achieved. This
substantial increase in device performance makes PBDTTPD
one of the best polymer donors for use in the high-band-gap
cell of tandem solar cells.
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