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We present highly efficient indoor organic photovoltaic (IOPV) devices based on a series of four wide-
bandgap random copolymers, denoted as B30T70-XCl (X = 0, 2, 4 and 6). The absorption range of these
copolymers efficiently covers the spectral range of indoor light sources, with a systematic decrease in
the HOMO levels based on the number of chlorine atoms (0 > 2 > 4 > 6Cl). The introduction of Cl is an
effective and cost-efficient strategy because of the simplicity of the synthesis. We use PC,BM as the
electron acceptor, which not only effectively absorbs indoor light spectra, but also significantly reduces
production costs compared with state-of-the-art non-fullerene acceptors (NFAs). Among the B30T70-
XCl:PC4BM blends, the B30T70-2Cl-based devices exhibit optimized power conversion efficiencies
(PCEs) with a high Voc, achieving a record-breaking PCE of 25.0% under fluorescent lamp (FL)
illumination, compared with reported fullerene-based IOPVs. Through a comprehensive analysis of the
energy levels, transient absorption dynamics, and blend morphology, we reveal that increasing the Cl
density decreases the HOMO offset between the polymer donors and the PC7,BM acceptor and induces
a phase-separated blend morphology, critically impacting the performance of IOPVs by influencing the
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. these IOPVs based on wide-bandgap random copolymers and the PC;BM acceptor suggests that the
DOI-10.1039/d3ta06624j development of such classical, low-cost photoactive layer blends holds promise for integration into low-
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requires the development of indoor energy harvesting devices
for enhancing the quality of human life.””” Among various
energyharvesting technologies, indoor organic photovoltaics
(IOPVs), which utilize organic semiconductors as photoactive
layers, have gained significant attention due to their light
weight, flexibility, and cost-effectiveness for large-area
manufacturing through solution processing.®***> Notably,
IOPVs offer the advantages of a high photon-to-electricity

1. Introduction

The widespread use of the Internet-of-Things (IoT), enabling
real-time data collection, analysis, and decision-making,
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conversion efficiency under illumination by indoor light sour-
ces, thanks to their high shunt resistance and thin-film nature
with vivid colors, making them appealing for indoor
applications.'®**** Recent advancements in optimizing photo-
active materials, buffer layers, and device architectures have
yielded remarkable power conversion efficiencies (PCEs),
exceeding 30% in IOPVs.'**® However, despite their superior
performance, IOPVs based on non-fullerene acceptors (NFAs)
face challenges in penetrating the mass market primarily due to
the high synthetic complexity (SC) of the photoactive layer
materials, resulting in high manufacturing costs.***** This limits
the suitability of IOPVs for low-power IoT applications that
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operate in low-light conditions, given the typically low power
levels generated from indoor light sources (on the order of pW
Cm72)‘16,17,19,20

In contrast with solar energy, which covers a wide range of
the UV, visible, and infrared (IR) regions with high irradiance
(100 mW cm?), indoor lighting sources such as fluorescent
lamps (FLs) and light-emitting diodes (LEDs) emit light in
a narrow range of the visible region (400-750 nm) with low
intensity (100-1000 Ix, 25-300 uW cm ™ 2).?? To achieve high-
performance IOPVs, two key considerations are crucial.
Firstly, the absorption spectrum of the photoactive layer mate-
rials, consisting of electron donors and acceptors, should be
well-matched with the emission spectrum of the indoor light
source.”*?* Hence, both donors and acceptors need to have
a wide bandgap to efficiently convert the narrow and low-
intensity indoor light into electricity.'”** Secondly, the magni-
tude of the open-circuit voltage (Vo¢) is influenced by the inci-
dent light power (Voc « log(Pi,)), resulting in lower V¢ values
under indoor lighting conditions compared to those under
1-Sun irradiance.”*?® For instance, Vo values are approximately
0.17 V lower under 300 Ix indoor lighting, commonly found in
living rooms.”® Therefore, developing photoactive materials
with a high Vo is crucial, requiring the design of donor/
acceptor combinations with deep highest occupied molecular
orbital (HOMO) levels for donors and shallow lowest unoccu-
pied molecular orbital (LUMO) levels for acceptors.?>**** Our
previous study highlighted the effectiveness of simple-
structured random copolymers, comprising only two conju-
gated moieties, 4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-
b:4,5-b'|dithiophene (BDTT) and thieno[3,4-c]pyrrole-4,6-dione
(TPD), for IOPV applications.”® Despite the typically poor
performance of polymers containing TPD under 1-Sun condi-
tions, TPD was selected due to its relatively low SC (18.3%)
compared to that of other widely-known accepting moieties
such as 1,3-bis(thiophen-2-yl)-5,7-bis(2-ethylhexyl)benzo-[1,2-
c:4,5-c'|dithiophene-4,8-dione  (BDD,  27.9%), dithieno
[3',2":3,4;2",3":5,6]benzo[1,2-c][1,2,5]thiadiazole (DTBT, 49.6%),
fluorinated thieno[3,4-b]thiophene (TT, 55.2%), fluorinated
2,1,3-benzothiadiazole (BT, 35.4%), etc.**** Furthermore, we
used PC,;BM as the electron acceptor, which not only effectively
absorbs indoor light spectra but also significantly reduces
production costs compared to state-of-the-art non-fullerene
acceptors (NFAs). For example, fullerene acceptors exhibit
a remarkably low SC, with PC,,BM standing out at 17.4%, which
ranks among the lowest SC values for electron acceptor mate-
rials (e.g., SC of Y6: 71.0%; SC of ITIC: 54.5%). Thus, the random
copolymer:PC,;BM blends demonstrated efficient light
absorption across the entire spectra of FLs and LEDs, with
a high Vg, leading to good IOPV performance.

It has been reported that introducing electron-withdrawing
groups (EWGs) such as fluorine (F) and chlorine (Cl) into the
thiophene unit of the side chain of the BDTT moiety is a simple
and effective method that does not require extensive modifica-
tions to the polymer backbone.***” The introduction of these
EWGs into the side chains of polymer donors leads to a down-
shift of the HOMO level, thereby enhancing the Voc under
indoor lighting conditions, while minimally impacting the
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absorption spectra, ensuring that the polymer donors maintain
their optimized absorption range for indoor lighting.’*3%°
Furthermore, non-covalent bonding interactions can enhance
the crystallinity of the polymers, potentially increasing the Jsc
and FF.****"** Among the halogens, ClI exhibits a higher dipole
moment and possesses empty d-orbitals, enabling an efficient
downshift of the HOMO level and enhanced intermolecular
interactions.***»*»¢ Importantly, Cl-attached thienyl side
chains offer a more cost-effective synthesis route compared to F-
attached side chains, requiring four less synthetic steps and
thus reducing manufacturing costs.*»**”-** For example, when
Cl atoms are introduced onto the thienyl side chains of BDTT,
the SC increases from 30.4% (BDTT) to 34.2% (BDTT-CI). In
contrast, upon fluorination, the SC increases significantly to
60.01% (BDTT-F).?>%

In this study, we aim to further enhance the PCE of a B30T70
((BDTT-BDTT]3p-ran-[BDTT-TPD];,) random copolymer by
incorporating electron-withdrawing Cl atoms into the side
chains of the BDTT moiety. Through the synthesis of B30T70,
B30T70-2Cl, B30T70-4Cl, and B30T70-6Cl polymer donors, we
systematically varied the Cl density in the copolymer. As the ClI
density increases, the absorption range changes minimally,
thus preserving the optimized absorption range of the B30T70
copolymers for indoor lighting while gradually downshifting
the HOMO level of the polymer donors: B30T70 (—5.14 eV),
B30T70-2Cl (—5.34 eV), B30T70-4Cl (—5.43 eV), and B30T70-6Cl
(—5.53 eV). Consequently, a remarkable PCE of 25.0% is ach-
ieved for the B30T70-2Cl:PC,,BM-based device under FL illu-
mination at 1000 Ix, setting a new efficiency record for fullerene-
based IOPVs. This achievement is attributed to energy level
optimization and the excellent utilization of FL illumination.
Notably, B30T70-2Cl shows a moderate performance under AM
1.5 G (7.8%) irradiation but exhibits a significant 3.2-fold
increase in efficiency under indoor lighting compared to 1-Sun
conditions. In contrast, devices based on B30T70-4Cl:PC,,BM
(12.5% under FL 1000 Ix) and B30T70-6Cl:PC,;BM (7.5% under
FL 1000 1x) show a substantial decrease in efficiency. Through
comprehensive analysis, including energy levels, transient
absorption dynamics, and blend morphology, and more, we
identified that monomolecular recombination resulting from
an insufficient HOMO offset (AEyomo) is the dominant factor
leading to the decreased performance. Additionally, increasing
the Cl density from B30T70 to B30T70-6Cl induces phase
separation of the blend morphology, hindering charge trans-
port. These findings offer valuable insights into the substantial
impact of incorporating electron-withdrawing Cl atoms into
IOPVs and pave the way for developing highly efficient and cost-
effective devices for low-power IoT applications.

2. Results and discussion

2.1. Synthesis, physical, and optical properties of B30T70-
XCl (X = 0, 2, 4 and 6) random copolymers

Our primary objective is to enhance the PCEs of IOPVs by
precisely modulating the chemical structure of the side chains
in the B30T70 random copolymer. Our previous report
demonstrated that the parent polymer B30T70, synthesized

This journal is © The Royal Society of Chemistry 2024
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through a Stille coupling reaction with 30% BDTT-BDTT and
70% BDTT-TPD units, exhibited excellent IOPV performance
due to its ideal spectral match with both indoor FL and LED
light sources.”® To systematically control the Cl density per
repeating unit and potentially decrease the HOMO level while
maintaining the absorption region of the B30T70 polymer
donor, we synthesized four polymeric donors: B30T70, B30T70-
2Cl, B30T70-4Cl], and B30T70-6Cl by introducing CI into the
thienyl group of the BDTT moiety (Fig. 1a). Briefly, we prepared
Cl-free (BDTT-Br and BDTT-Sn) and chlorinated monomers
(BDTTCI-Br and BDTTCI-Sn). These monomers were then
combined in different combinations: B30T70-2Cl was synthe-
sized using BDTTCI-Br, B30T70-4Cl was synthesized using
BDTTCI-Sn, and B30T70-6Cl was synthesized using both the
BDTTCI-Br and BDTTCI-Sn monomers. For a detailed descrip-
tion of the synthetic procedure, please refer to the Experimental
section, as well as Scheme S1 and Table S1.f Successful
modulation of the Cl density was verified by elemental analysis
(EA). The results clearly showed that the CI density systemati-
cally increased from B30T70 to B30T70-6Cl, and the measured
values were in good agreement with the theoretical values
(Table S271). Additionally, the number average molecular
weights (M,) of the polymers were determined using gel
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permeation chromatography (GPC): the M, values of B30T70,
B30T70-2Cl, B30T70-4Cl, and B30T70-6Cl were 20, 41, 24, and
25 kg mol ', respectively. It's worth noting that while all the
polymers were synthesized using the same catalyst system,
relatively diverse M, values were obtained. GPC analysis of
conjugated polymers can sometimes yield varying results
because the instrument is calibrated using flexible polymer
standards, and the solubility of conjugated polymers in the
mobile phase is relatively poor.>* Nevertheless, it is essential to
emphasize that all the polymers synthesized in this study
exhibited sufficiently high molecular weights for a meaningful
and valid comparison.

We investigated the thermal properties of the random
copolymers. All the polymers exhibited high stability, with
a decomposition temperature (7p) above 400 °C, as evaluated
through thermogravimetric analysis (TGA) (Fig. Slat). More-
over, our previous study confirmed that the B30T70 random
copolymer has an amorphous structure.”® Chlorination of the
side chains in the random copolymers did not induce any
crystalline properties. Differential scanning calorimetry (DSC)
analysis revealed no melting (7,,) and crystallization tempera-
tures (T.) within a wide temperature range of 50-300 °C (Fig.-
S1bt).2>** These findings validate the successful synthesis and
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Fig. 1 (a) Chemical structures of B30T70-XCl (X = 0, 2, 4 and 6), (b) absorption spectra of pristine polymer donors, acceptor PC,,BM, and
illumination spectra of indoor light sources (LED and FL), and (c) absorption spectra of blend films.
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thermal properties of the B30T70-XCl random copolymers,
providing a solid basis for further investigation of their opto-
electronic properties and device performance.

Achieving an absorption band suitable for indoor light
sources is crucial for producing high-performance IOPVs. The
effect of varying the density of Cl in the side chains of the
random copolymers on the absorption characteristics was
evaluated using UV-vis absorption spectroscopy. The absorption
spectra of the pristine donor and acceptor in the film state are
presented in Fig. 1b. The detailed values of parameters such as
the absorption edge (Aeqge) and maxima (Amax) are provided in
Table S3.1 The introduction of Cl had no significant effect on
the absorption region, suggesting that all polymers efficiently
absorbed the emission range of FL and LED sources used in this
study. Upon closer examination of the absorption spectra, we
observed a slight increase in the bandgap from B30T70 (1.88 eV)
and B30T70-2Cl (1.88 eV) to B30T70-4Cl (1.92 eV) and B30T70-
6Cl (1.91 eV), accompanied by a very slight blue-shift in the
Aedge Of approximately 12 nm. For B30T70-4Cl and B30T70-6Cl,
we speculate that the substitution of the electron-withdrawing
Cl substituent on the electron-donating moiety of BDTT some-
what suppresses the intramolecular charge transfer (ICT)
interaction from the BDTT to TPD units. Unlike B30T70-4Cl and
B30T70-6Cl, the absorption spectrum of B30T70-2Cl was similar
to that of B30T70 because of the relatively low Cl density of
B30T70-2Cl (Table S17). Upon examining the absorption spectra
of the B30T70-XCl (X = 0, 2, 4 and 6):PC,,BM blend films shown
in Fig. 1c, it is evident that all blend films exhibit sufficient
absorption across a broad range in the visible region, with
PC,;BM complementing the insufficient absorption of the
polymer donors at shorter wavelength. Although the longer-
wavelength absorption of the pristine films of B30T70-4Cl and

View Article Online
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B30T70-6Cl was slightly blue-shifted, the A.qze Was the same for
all the blend films due to the ability of PC,;BM to absorb light
up to 720 nm. In summary, although chlorination of the side
chains induced a slight blue-shift in the absorption of the
B30T70-4Cl and 6Cl polymers, all the blend films exhibited
almost identical absorption profiles that effectively cover the
range of indoor light sources owing to the complementary
absorption of the B30T70-XCl polymer donors and the PC,;BM
acceptor.

2.2. Device performance under 1-Sun and indoor light
sources

To investigate the effect of precise modulation of chlorination
process within the B30T70 polymer donors on the perfor-
mance of OPVs, we fabricated devices with an inverted
structure of the ITO/ZnO/PEIE/polymers:PC,;BM/MoOXx/Ag.
All polymers exhibited excellent solubility in chlorobenzene
(CB) up to 50 mg mL™~'. Consequently, the photoactive layers
were deposited by dissolving the donor and acceptor mixture
in CB with a weight ratio of 1: 2 (D : A) at a total concentration
of 25 mg mL ", Fig. 2a shows the J-V curves of the OPVs under
AM 1.5 G; the photovoltaic parameters are summarized in
Table 1. The device fabrication conditions are described in
detail in the experimental section.

The device based on the non-chlorinated B30T70 polymer
donor exhibited a PCE,,, of 7.2%, with a V¢ of 914 mV, a Js¢ of
10.9 mA cm 2, and an FF of 71.2%. As the Cl density increased,
a clear increasing trend in the Vo was observed: 914, 927, 979,
and 991 mV for B30T70, B30T70-2Cl, B30T70-4Cl, and B30T70-
6Cl, respectively. The B30T70- and B30T70-2Cl-based devices
yielded similar Jsc values of 10.9 and 11.0 mA ¢cm >, respec-
tively. However, we observed a sudden decrease in the Js¢ for the
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(@ and d) J-V curves of B30T70-XCL (X =0, 2, 4 and 6):PC,;BM devices under illumination of 1-Sun and FL 1000 lx, respectively, and (b)

corresponding EQE spectra of B30T70-XCl (X = 0, 2, 4 and 6):PC7;BM. (c) Emission power density and integrated power density of FL 1000 Ix
illumination. (e) Comparison of PCE and increase in PCE of IOPVs under FL illumination.

2688 | J Mater. Chem. A, 2024, 12, 2685-2696

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3ta06624j

Published on 22 Aralk 2023. Downloaded on 28.06.2024 14:29:47.

Paper

View Article Online

Journal of Materials Chemistry A

Table 1 Photovoltaic parameters under illumination of 1-Sun and FL 1000 Ix

Jsc (outdoor: mA em ™2,

Polymer Condition Voc (mV)  indoor: pA cm™?) Jeal (MA cm™?)  FF (%) PCE,y” (PCEmax) (%)
B30T70 AM15G 914 + 7 10.9 + 0.3 10.97 71.2 + 1.8 7.2+0.1 (7.4)
B30T70-2Cl 927 + 10 11.0 £ 0.2 11.18 73.0 £ 1.2 7.5+ 0.2 (7.8)
B30T70-4Cl 979 £ 6 6.7 £ 0.2 6.50 52.6 £ 1.2 3.4+0.2(3.6)
B30T70-6Cl 991 + 2 3.6 £0.2 3.12 61.1 + 1.3 2.2+ 0.1 (2.4)
B30T70 FL 1000 Ix (irradiance 0.30 mW cm’z) 778 £ 15 117.2 + 3.7 — 72.2 +1.8 224405 (22.9)
B30T70-2Cl 797 £13  120.7 £ 1.0 — 749 £1.7 24.0 + 1.0 (25.0)
B30T70-4Cl 811 £ 8 75.1 £ 1.7 — 60.7 £ 0.8 12.3 + 0.2 (12.5)
B30T70-6Cl 814 + 4 41.2 £ 1.2 — 64.6 + 1.2 7.2 + 0.2 (7.5)

“ Average PCE values obtained from 5 different devices.

B30T70-4Cl- and B30T70-6Cl-based devices, with values of
6.7 and 3.6 mA cm >, respectively. Similarly, the FF value of
the B30T70-4Cl devices (52.6%) was lower than that of
the B30T70-2Cl-based devices (73%). Therefore, among the
B30T70-XCl:PC;1BM devices, the B30T70-2Cl-based device
exhibited the highest PCE,,, of 7.5%, whereas the B30T70-4Cl-
and B30T70-6Cl-based devices had a poor PCE,, of 3.4% and
2.2%, respectively. The reason for the poor performance of the
B30T70-4Cl and B30T70-6Cl blends, despite their high Vo, is
discussed hereinafter. The external quantum efficiency (EQE)
data are presented in Fig. 2b, and the calculated Jsc values (Jcar)
are summarized in Table 1. The EQEs of the B30T70-4Cl- and
B30T70-6Cl-based devices decreased noticeably across the
entire area compared to those of the B30T70- and B30T70-2Cl-
based devices. In addition, the low-intensity peak in the
650-720 nm range is attributed to the photocurrent generated
by PC,;BM absorption, which was confirmed by PC,;BM
absorption spectrum in Fig. 1b. In this region, B30T70 and
B30T70-2Cl exhibited similar EQE spectra, however, the peak
intensities weakened with increasing Cl density. Consequently,
for B30T70-6Cl, no EQE response was recorded in the range of
650-720 nm range. Comprehensive explanations of these
phenomena are provided in the following sections.

The OPV performance under indoor light conditions using
FL with an irradiance of 0.30 mW cm > was evaluated (Fig. 2c).
The J-V curves and corresponding photovoltaic parameters are
presented in Fig. 2d and Table 1, respectively. Overall, the trend
was similar to that observed under 1-Sun illumination. The
B30T70-2Cl-based device yielded a higher PCE,, of 24.0%
compared to that of the B30T70-based device (22.4%), whereas
the B30T70-4Cl (12.3%) and B30T70-6Cl (7.2%)-based devices
exhibited considerably lower PCEs. The remarkable perfor-
mance of the B30T70-2Cl-based device can be attributed to its
perfect spectral match (Fig. 1c), as the blend effectively absor-
bed the illumination maxima of FL, and the deep HOMO level of
the polymer. Notably, our IOPVs show a dramatic increase in
PCE, approximately 3.2-fold, upon transitioning from 1-Sun to
FL illumination; the moderate PCE,,,x of 7.8% for the B30T70-
2Cl devices under 1-Sun increased to 25.0% under FL illumi-
nation (Table S4t). To quantify the efficiency of the B30T70-2Cl-
based device, we compared its IOPV performance with that of
previously reported devices evaluated under FL illumination

This journal is © The Royal Society of Chemistry 2024

(Fig. 2e and Table S5%). The B30T70-2Cl-based device achieved
the second-highest efficiency among all types of IOPVs. Many
recently reported high-efficiency solar cells are based on NFAs,
which are not suitable for low-power IOPVs because of their
high SC. A glance at the summary of the SC values in Table S67
shows that most NFAs have very high SC values; notable
examples include Y6, ITIC, and IT-4F, with SC values of 71.0%,
54.5%, and 64.1%, respectively.">*" In contrast, the fullerene
acceptors PC¢;BM and PC,;BM have much lower SC values of
only 17.4%, making them far more suitable for IOPV applica-
tions. When considering only the fullerene acceptor-based
devices, our B30T70-2Cl:PC,,BM devices achieved the highest
PCE under FL illumination (Fig. 2e). Moreover, our IOPVs
demonstrated one of the most significant increases in the PCE
(3.2-fold increase from 1-Sun to indoor conditions), ranking
third in this aspect. We also conducted the same experiment
with a commonly used LED light source (0.254 mW cm ?)
(Fig. S2 and Table S71). Similar to the results obtained under FL
illumination, the B30T70-2Cl-based device achieved the highest
efficiency (22.0%) among all analyzed devices. We also collected
previous reports evaluated under LEDs and plotted them in
Fig. S2c and Table S8.1 Compared to that of devices based on all
types of small-molecule acceptors, the PCE of the B30T70-
2Cl:PC,;BM devices demonstrated moderate efficiency.
However, within the realm of fullerene-based devices, our
device exhibited superior performance, ranking 2nd after the
PDTBTBz-2F,i:PC,1BM device.?

Long-term stability of IOPVs under continuous illumination
is crucial for practical applications, particularly when integrated
into low-power I0T devices.”*” To evaluate the stability of our
devices, we conducted long-term lifetime tests under contin-
uous LED illumination at 2000 Ix (Fig. S3at). The B30T70-
2Cl:PC,;BM-based devices exhibited no critical performance
degradation for more than 300 h under these accelerated aging
conditions, demonstrating their robustness and suitability for
real-world applications. Moreover, to assess the feasibility of
large-scale production, we fabricated and evaluated the perfor-
mance of large-area devices with active areas of 1 cm? (Fig. S3b,
¢ and Table S9f). The B30T70-2Cl:PC,;BM-based large-area
devices achieved a high PCE of 21.5%, confirming the scal-
ability and potential of these devices for practical imple-
mentation in indoor energy-harvesting applications.
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2.3. Effects of Cl density on energy levels and blend
morphology

Increasing the Cl density gradually down-shifted the HOMO
levels of the polymer donors, leading to a higher Vo in the
devices. However, a sharp decrease in the PCE was observed for
the B30T70-4Cl- and B30T70-6Cl-based devices because of the
severe decrease in the Jsc and FF. Therefore, B30T70-2Cl
showed the optimal efficiency, with a high Vo, Jsc, and FF.
Two factors plausibly contributed to the sudden decrease in the
PCEs of B30T70-4Cl and B30T70-6Cl: (1) energy level mismatch
between the polymer donors and PC,;BM acceptor, and (2)
unfavorable blend morphology.

To examine the energy level alignment between the polymer
donors and PC,;BM acceptor for efficient exciton dissociation
and charge separation, the frontier molecular orbital energy
levels (HOMO and LUMO) of the polymer donors and PC,;BM
acceptor were measured using photoelectron spectroscopy in
air (PESA) and cyclic voltammetry (CV).***° Fig. 3a shows the
PESA results, where the ionization energy (IE) of the polymers
gradually increased with increasing Cl density owing to the
electron-withdrawing nature of the Cl atom. Based on the PESA
measurements, the HOMO/LUMO of the polymer donors and
the PC,,BM acceptor were calculated (Fig. 3b); the EgP* values

(a)
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were used to estimate the LUMO levels. With an increase in the
EWG density (Cl), the HOMO levels of the polymer donors were
gradually down-shifted. The HOMO levels for B30T70, B30T70-
2Cl, B30T70-4Cl, and B30T70-6Cl were —5.14, —5.34, —5.43, and
—5.53 €V, respectively. This trend corresponds to the Voc
observations in photovoltaic devices. In NFA-based OPVs, it has
been reported that energy level offsets close to 0 do not signif-
icantly impact charge separation.®**® However, in fullerene
acceptor-based OPVs, an energy level offset of 0.3 eV or more is
required for efficient charge separation.®”-* For our blend
systems, AEpymo decreased in the following order: 0.67 eV
(B30T70), 0.47 eV (B30T70-2Cl), 0.42 eV (B30T70-4Cl), and
0.31 eV (B30T70-6Cl). This indicates that all the blends have
a sufficient driving force for the excitons generated from the
polymers to dissociate into the PC,;BM acceptor, as further
supported by photoluminescence (PL) experiments. In contrast
with AE;ymo, @ distinct transition point was observed for
AEyomo- The AEgomo values for B30T70 and B30T70-2Cl were
0.51 eV and 0.31 eV, respectively, whereas the AEyomo values for
B30T70-4Cl was only 0.22 eV and further decreased to 0.12 eV
for B30T70-6Cl. These trends were also confirmed by CV
measurements (Fig. S47). The PESA and CV measurements
indicate that the low AEgomo for B30T70-4Cl and B30T70-6Cl

(b)
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Fig. 3 (a) PESA measurements of B30T70-XCl(X =0, 2, 4 and 6) and PC,;BM, along with (b) corresponding energy level diagram. (c) Schematics
showing different populations of charge-separated states in B30T70 (or 2Cl) and B30T70-4Cl (or 6Cl) devices.
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may not provide enough driving force for generating a charge-
separated state, leading to a sharp drop in Jsc and FF
(Fig. 3c)..t%7%972 As the HOMO levels of polymer donors
decrease, the free energy difference between the singlet exciton
and the charge-separated state, AG¢s, also increases, resulting
in insufficient excess thermal energy to overcome the binding
energy of the exciton or charge transfer (CT) state.®® The
decrease in AEyomo may also hinder exciton dissociation
through hole transfer from excitons generated by PC,;BM
absorption. These findings are supported by the EQE data
(Fig. 2b), which show a significant drop in the intensity in the
longer-wavelength region (650-720 nm), particularly for
B30T70-6Cl, where the EQE nearly converges to 0. This suggests
that excitons in PC;;BM do not effectively form CT states or
charge-separated states through hole transfer and are more
prone to monomolecular recombination.

Next, to investigate the effect of the blend morphology on the
photovoltaic performance, we analyzed the atomic force
microscopy (AFM) of the blend films. Fig. 4a shows that
increasing Cl density induced phase-separated blend
morphology, where a smooth morphology was observed for
B30T70 and severe phase separation occurred in B30T70-6Cl.
Accordingly, the root-mean-square (RMS) roughness increased
gradually from B30T70 to B30T70-4Cl and then increased
sharply for B30T70-6Cl. Severe phase separation typically
reduces the donor/acceptor interface area, hindering exciton
dissociation and charge transport.

View Article Online
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The different phase separation behaviors of the blend films
can significantly affect the exciton dissociation efficiency. To
confirm this, we measured the PL quenching efficiency of the
B30T70-XCl:PC;;BM blend films by comparing the PL intensi-
ties of the pristine and blend films (Fig. 4b).”>”* Generally,
fullerene acceptors exhibit a notably low photoluminescence
quantum yield (PLQY); therefore, PL quenching experiments
can confirm the efficiency of exciton dissociation generated
from absorption in the polymer donor.”®”” All pristine films
exhibited Stokes-shifted PL spectra between 650 nm and
850 nm when excited at 600 nm. Interestingly, all of the blend
films exhibited almost quenched spectra, with a PL quenching

PLpristine — PLpjend

efficiency (APL = ) of over 98% for all four

PLpristine
blends. This suggests that the phase separation that occurs with
increasing Cl density does not adversely affect the exciton
dissociation efficiency on the scale observed in this study.
Therefore, the sharp decrease in the PCE observed for B30T70-
4Cl (and 6Cl) is mainly due to the low driving force for gener-
ating charge-separated states from the CT state by the low
energy level offset, while the highest PCE is achieved for
B30T70-2Cl. Note that bimolecular recombination due to phase
separation cannot be ruled out, as discussed hereinafter.

The degree of phase separation with different Cl densities
can be attributed to two factors: (1) pre-aggregation of the
random copolymers in the solution state prior to film-casting,
induced by the Cl atoms and (2) different molecular

Fig. 4

(a) B30T70:PC,BM  B30T70-2CI:PC;BM B30T70-4CI:PC;BM B30T70-6CL:PC,BM o
. . 5 - e - -
P o s ,_"a - P{ e £
4
| b h e Ty ol N
RMS roughness:1.92 nm RMS roughness:2.91 nm RMS roughness: 3.66 nm RMS roughness:6.78 nm
(b) B30T70 B30T70-2CI B30T70-4CI B30T70-6CI
pristine pristine pristine| pristine
blend blend blend blend
2z
=
= 98.8% 98.9% 98.8% 99.7%
600 650 700 750 800 850 600 650 700 750 800 850 600 650 700 750 800 850 600 650 700 750 800 850
Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)
50 eV

(c)

B30T70

Pibe 4ibe e doe

(@) AFM surface topographic images of B30T70-XCl:PC;;BM blends (the scale bar in the AFM images is 500 um), (b) PL quenching
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efficiency of B30T70-XCL:PC,BM blend films, and (c) ESP map of B30T70-XCl units.

This journal is © The Royal Society of Chemistry 2024

B30T70-6ClI

J. Mater. Chem. A, 2024, 12, 2685-2696 | 2691

=
-50 eV


https://doi.org/10.1039/d3ta06624j

Published on 22 Aralk 2023. Downloaded on 28.06.2024 14:29:47.

Journal of Materials Chemistry A

interactions between the polymer donors and the PC,;BM
acceptor. Firstly, to determine the degree of the pre-aggregation
of random copolymers, we measured the temperature-
dependent absorption spectra of a dilute polymer solution in
CB.”*” Fig. S5t displays the temperature-dependent UV-vis
absorption spectra of the random copolymers at temperatures
from 30 to 110 °C. Overall, for all random copolymers, the 0-0
peak intensity decreased gradually as the temperature
increased, indicating reduced intermolecular interactions of
the polymer chains at higher temperatures. The decreasing
trend of the 0-0 peak intensity depends on the presence or
absence of Cl. Chlorinated polymers, B30T70-2Cl, 4Cl, and 6Cl,
almost retained their 0-0 peak up to 110 °C, whereas for
B30T70, the peak intensity decreased significantly. This differ-
ence suggests that the chlorinated polymers exhibit strong
intermolecular aggregation induced by strong noncovalent
interactions arising from the vacant d-orbitals of Cl.3%3%3%4
However, these results cannot fully explain the distinct phase
separation observed among the B30T70-2Cl, 4Cl, and 6Cl poly-
mers, as their temperature-dependent absorption spectra are
very similar. Electrostatic potential (ESP) calculations were
performed to further understand the weakening of the donor/
acceptor molecular interactions with increasing Cl ratio in the
polymer donor.**** By examining the ESP distributions on the
molecular surfaces, we can assess the strength of the intermo-
lecular interactions. We selected the BDTT-BDTT-BDTT-TPD
units with methyl chains for easy calculation. Fig. 4c and S67
show the ESP maps of the random copolymers and PC,;BM,
respectively. It is clearly observed that the main backbone of the
BDTT-BDTT units became positive with increasing Cl density
because the Cl group attached to the side chains effectively
withdraws electrons from the main backbone. Consequently,
the molecular interactions with PC,;BM, which tends to be
positive overall as shown in Fig. S6,7 gradually decreased with
increasing Cl density, indicating that B30T70-6Cl:PC,,BM can
exhibit the most severely phase-separated morphology.
Furthermore, the ESP results suggest that the increase in the CI
density causes the BDTT-BDTT backbone to become more
positively charged, weakening its electron-donating ability to
TPD. This interpretation is consistent with the blue-shifts in the
absorption spectra of B30T70-4Cl and B30T70-6Cl (Fig. 1b). In
summary, phase separation was larger in the blends with higher
Cl density in the polymer donors. This is due to two factors: (1)
solution phase pre-aggregation, which is more pronounced in
the B30T70-2Cl, 4Cl, and 6Cl polymers, affecting the phase
separation to some extent, and more majorly, (2) a decrease in
the molecular interaction with PC,;BM with increasing Cl
density, inducing gradual phase separation.

2.4. Charge recombination analysis with varying Cl density

The results of the energy level and morphology studies indicate
that an increase in the CI density leads to a decrease in AEyomo
and induces a phase-separated blend morphology. We specu-
late that the excitons efficiently dissociate, regardless of the
degree of phase separation, to form CT states. Nevertheless, the
population of the charge-separated states varies depending on
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the Cl density in the random copolymers. The B30T70-4Cl and
6Cl blends, with the deep HOMO levels, may have a low driving
force for producing charge-separated states from CT state.
Additionally, the excitons in PC,;BM did not effectively form CT
states through hole transfer from PC,;BM. Consequently, the
B30T70-4Cl and 6Cl blends may exhibit high monomolecular
recombination, thereby reducing the Jsc and FF.*>* To provide
clear evidence for this hypothesis, we conducted a comprehen-
sive study on the charge carrier dynamics in the active layers of
photovoltaic devices using transient absorption (TA) spectros-
copy. Here, we focused on the time-resolved behavior of the
photoinduced charge carriers in the donor:acceptor blends.
Specifically, we examined the charge separation yield resulting
from four series of B30T70-XCl:PC,;BM blend films, covering
the time range from a few nanoseconds to 3 ps. The blend films
were excited using 355 nm pump pulse and the relative optical
density (AOD) was subsequently probed using white light after
a specific delay time. Considering that the exciton lifetime is
known to be within 1 ns, we monitored the CT state dynamics
that arise from exciton dissociation.** Understanding the
kinetics of the CT state is crucial for optimizing the device
performance, as the kinetics of the CT state directly affect the
recombination kinetics of the free charge carriers and their
efficient separation into free charges.*>*® Fig. 5a-d presents the
TA spectra of the B30T70-XCl:PC,,BM blends, focusing on the
carrier dynamics of the long-lived CT state with a ground state
bleaching (GSB) at 620 nm, with the aim of elucidating the
influence of CT state on the material energetics and charge
separation. The B30T70-2Cl:PC,;BM blend exhibited the high-
est charge generation yield within a few nanoseconds, indica-
tive of favorable charge separation due to its sufficient AEyzomo
(Fig. 5e). This can be attributed to the presence of long-lived
carriers that mitigate monomolecular recombination in the
CT state and facilitate effective charge separation. Conversely,
we observed fast decay kinetics of the GSB at 620 nm for
B30T70-4Cl:PC,;BM and B30T70-6Cl:PC,;BM, indicating severe
CT state recombination and a poor charge separation yield. This
behavior is primarily attributed to the deep HOMO levels of the
B30T70-4Cl and 6ClI polymers, which are close to the HOMO of
PC,;BM, hampering effective charge separation.

The TA spectra suggest that charge-separated states were not
well formed in the B30T70-4Cl and 6Cl blends, and mono-
molecular recombination was dominant. To confirm this
conjecture, the exciton dissociation probabilities (Pgiss, Jsc/Jsat)
were calculated by measuring the dependence of the photo-
current (J,,) on the effective voltage (Veg) (Fig. 6a).5*® The
calculated Jsc, Jsat, and Pgiss values are summarized in Table
$10.7 The j,, of both B30T70- and B30T70-2Cl-based devices
reached saturation at Vg = 1 V, resulting in Py;ss values of 0.98
and 0.94, respectively. This indicates that the excitons were
effectively separated in these devices, leading to favorable
charge transport and collection. On the other hand, for B30T70-
4Cl and B30T70-6Cl, J,, did not saturate even when Vg was
increased to 2 V, suggesting severe monomolecular recombi-
nation in these devices, resulting in a significantly lower Jsc and
FF.>”%¢ Based on the Py;ss data, the effect of the CI density on the
recombination was investigated by evaluating the dependence

This journal is © The Royal Society of Chemistry 2024
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of Voc and Jsc on the light intensity (Fig. 6b and c). The degree
of monomolecular recombination can be inferred from the light
intensity-Voc measurement, where a value of n close to 2 indi-
cates increased monomolecular recombination.*>*° The n
values for the devices employing B30T70 (1.088) and B30T70-
2Cl (1.040) were close to unity, whereas those of the devices
with B30T70-4Cl and B30T70-6Cl were higher at 1.132 and
1.161, respectively. This is attributed to significant CT state
recombination in the B30T70-4Cl- and B30T70-6Cl-based
devices owing to the inadequate energy level offset, which
correlated with the trend of the Pyiss calculations. The light
dependence of Jsc was determined to estimate the degree of
bimolecular recombination, where a S value below 1 indicates
increased bimolecular recombination.***® The S values for
B30T70, B30T70-2Cl, B30T70-4Cl, and B30T70-6Cl were 0.933,
0.927, 0.915, and 0.913, respectively, showing a slight decrease

This journal is © The Royal Society of Chemistry 2024

with increasing Cl density. This suggests that bimolecular
recombination increased slightly with increasing Cl density,
which can be explained by the phase separation observed in the
AFM images. As the Cl density of the polymers increases, phase
separation gradually occurs, resulting in the production of dead
points in the donor/acceptor network, leading to the recombi-
nation of free holes in the donor phase and free electrons in the
acceptor phase. However, it is difficult to consider the above
described degree of bimolecular recombination as a significant
difference that causes a drastic decrease in the efficiency of the
B30T70-4Cl and B30T70-6Cl systems.

2.5. Analysis of nanostructure and charge mobility

The crystallinity and mobility of the blend can also affect the
photovoltaic ~ performance; therefore, the nano-scale
morphology of the blend films was investigated using two
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dimensional grazing incidence wide angle X-ray scattering (2D-
GIWAXS). 2D-GIWAXS images of the blend film and the corre-
sponding in-plane (IP) and out-of-plane (OOP) graphs are
shown in Fig. S7.7 As indicated by DSC, our random copolymer
system has an amorphous state, which was also evident in the
2D-GIWAXS images. We observed the presence of lamellar (100)
and broad w7 stacking (010) peaks of the polymer, indicating
an overall highly disordered state.>** Hence, it is reasonable to
conclude that charge transport in the blends predominantly
occurs through local hopping in the amorphous regions, and
the crystallinity of the polymer has limited impact on the PCEs.
However, an interesting trend was observed when examining
the line cut profile of the (100) peak. As the Cl density increased,
the intensity of the (100) peak in the OOP direction also
increased. This indicates that the local edge-on orientation
becomes more pronounced with increasing Cl density, partic-
ularly in the B30T70-4Cl and B30T70-6Cl blend films. To eval-
uate the influence of this orientation change on the carrier
mobility, the mobility of the pristine and blend films was
measured using organic field-effect transistors (OFETSs). The
transfer curves are presented in Fig. S8,1 and the corresponding
mobilities are listed in Table S11.1 The mobility values were not
correlated with the face-on/edge-on orientation observed in the
2D-GIWAXS analysis. All devices exhibited mobilities in the
range of 10 ° to 10 * em® V' 57, and in some devices, clear
mobility values could not be determined. This is due to the
highly disordered nature of all the B30T70-XCl polymers, where
the majority of the material exists in an amorphous state with
only localized regions of crystallinity. Therefore, it is speculated
that the edge-on orientation in the localized regions observed by
2D-GIWAXS does not significantly affect the mobility. Based on
the comprehensive analysis conducted thus far, the photovol-
taic performance of the B30T0-XCl:PC,;BM devices is primarily
influenced by the energy level, which is linked to CT state
recombination. The insufficient energy level offset in B30T70-
4Cl and B30T70-6Cl leads to monomolecular recombination,
ultimately causing a decrease in Jsc. Moreover, the phase-
separated blend morphology, driven by the increasing Cl
density, affects the charge transport behavior and promotes
bimolecular recombination rather than influencing the exciton
dissociation efficiency through monomolecular recombination.

3. Conclusions

We have achieved highly efficient IOPVs by synthesizing wide
bandgap random copolymers of B30T70-XCl and systematically
controlling the CI density. The result demonstrated the signif-
icant impact of Cl substitution on the photovoltaic perfor-
mance, achieved by controlling the Cl density in the random
copolymers. Our blend system, B30T70-XCl:PC,;BM, is well-
suited for the illumination range of indoor light sources, such
as FLs and LEDs. Among the different blend systems, the
B30T70-2Cl-based devices exhibited optimized PCEs with a high
Voc, and achieved the highest PCEs of 25.0% under FL 1000 Ix
conditions, surpassing those of other fullerene-based IOPVs.
Importantly, these devices showed a substantial improvement
of approximately 3.2-fold in PCE compared to that under 1 Sun
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irradiance. This remarkable enhancement is attributed to the
wide bandgap nature of the random copolymers, which enables
efficient light absorption and a high Voc. Furthermore, our
comprehensive investigation of the effect of the CI density on
the photovoltaic performance sheds light on the underlying
mechanisms. We found that increasing the Cl density in the
polymer donors led to a decrease in the energy level offset
(AEyomo) between the donor and acceptor, resulting in
a reduction in the driving force for charge separation.
Furthermore, a high CI density induced phase-separated blend
morphology, adversely affecting charge transport and leading to
bimolecular recombination. Consequently, these factors
contributed to a lower Jsc and FF, ultimately resulting in a sharp
drop in the PCEs of the B30T70-4Cl and B30T70-6Cl devices
compared with those of the B30T70 and B30T70-2Cl devices.
Taken together, our study presents a highly efficient and cost-
effective JOPV system based on random copolymers blended
with PC,;BM, which provides an ideal combination for indoor
light harvesting. The present findings highlight the delicate
balance between maximizing the PCE with a high Vo and the
potential decrease in the PCEs owing to a diminished driving
force for charge separation. These insights deepen our under-
standing of the structure-property relationships in IOPVs,
offering valuable guidance for the design and optimization of
high-performance, cost-effective devices.
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