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Revisiting the Classical Wide-Bandgap Homo and Random
Copolymers for Indoor Artificial Light Photovoltaics

Jeonga Kim, Muhammad Ahsan Saeed, Sung Hyun Kim, Dongmin Lee, Yongchan Jang,
Jin Su Park, Donggu Lee, Changyeon Lee, Bumjoon J. Kim, Han Young Woo,

Jae Won Shim,* and Wonho Lee*

Organic indoor photovoltaics (IPVs) are attractive energy harvesting devices
for low-power consumption electronic devices and the Internet of Things
(1oTs) owing to their properties such as being lightweight, semitransparent,
having multicoloring capability, and flexibility. It is important to match the
absorption range of photoactive materials with the emission spectra of indoor
light sources that have a visible range of 400—-700 nm for IPVs to provide
sustainable, high-power density. To this end,
benzo[1,2-b:4,5-b’]dithiophene-based homopolymer (PBDTT) is synthesized
as a polymer donor, which is a classical material that has a wide bandgap with
a deep highest occupied molecular orbitals (HOMO) level, and a series of
random copolymers by incorporating thieno[3,4-c]pyrrole-4,6,-dione (TPD) as
a weak electron acceptor unit in PBDTT. The composition of the TPD unit is
varied to fine tune the absorption range of the polymers; the polymer
containing 70% TPD (B30T70) perfectly covers the entire range of indoor
lamps such as light-emitting diodes (LEDs) and fluorescent lamp (FL).
Consequently, B30T70 shows a dramatic enhancement of the power
conversion efficiency (PCE) from 1-sun (PCE: 6.0%) to the indoor environment
(PCE: 18.3%) when fabricating organic IPVs by blending with PC,;BM. The
simple, easy molecular design guidelines are suggested to develop
photoactive materials for efficient organic IPVs.

1. Introduction

One of the key challenges for realizing
the Internet of Things (IoTs), which con-
nects billions of Internet-enabled smart de-
vices and sensors into the IoT network, is
to develop energy harvesting devices that
can act as alternatives or work in con-
junction with batteries; although the en-
ergy densities of batteries have increased
greatly over the last few decades, they
have a limited lifetime along with the
need for periodic charge and maintenance
(or replacement).['*! Various indoor energy
harvesters with power in the range of 1-100
uW, which includes piezoelectric and tri-
boelectric generators using mechanical en-
ergy, thermoelectric generators using waste
heat, ratchets using radiofrequency, and in-
door light photovoltaics (IPVs) have been
proposed because autonomous IoTs are lo-
cated inside buildings.'>1*) Among them,
IPVs are a promising candidate for address-
ing these challenges; they can supply re-
liable energy inside buildings with good
predictability and controllability.>!1-13] Or-
ganic photovoltaics (OPVs), in which the
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photoactive layers comprise organic conjugated polymers (or
small molecules), establish their superiority because of their cost-
effectiveness, high transparency, facile fabrication processes,
reduced environmental risks, high optical absorption in the
visible region, tunable energy levels, and robust mechanical
endurance.**7] In particular, the very thin film nature of OPVs
with total thicknesses less than 500 nm and the tunable optical
bandgap (E,) of photoactive materials with vivid colors makes
them more attractive for use inside buildings; we believe that
most people may not want to install conventional Si-based pho-
tovoltaics in their own houses.

In the last few decades, OPVs have experienced rapid
progress via the optimization of photoactive donor acceptor
materials and device engineering with an understanding of
device physics.'®2% For designing photoactive materials, ex-
tensive research has focused on synthesizing low-bandgap
donor/acceptor materials that can cover the ultraviolet, visible,
and infrared regions of solar irradiation to maximize photocur-
rent generation.!>~28] However, the scenario changes when con-
sidering the indoor environment. The emission spectra of in-
door lighting sources such as light-emitting diodes (LEDs) and
fluorescent lamps (FL) are restricted to the visible wavelength re-
gion (400-700 nm), and their light levels are significantly reduced
to less than 1000 lx, which requires different molecular design
strategies for efficient organic IPVs.2-311 When bringing OPVs
that are specifically optimized under AM 1.5G illumination into
the indoor environment, which usually have an absorption edge
of 700-900 nm, it is unavoidable to have energy loss (E,,) in-
duced by the absorption behavior beyond 700 nm.[3*32] There-
fore, it is of utmost importance to design photoactive materials
spectrally matched with the indoor lighting sources; otherwise,
we have no chance to reach the theoretical maximum (x57%)
of the power conversion efficiencies (PCEs) of organic IPVs.[*!
Cui et al. successfully demonstrated the importance of spec-
tral matching by designing wide-bandgap nonfullerene acceptors
(NFAs) of 10-4Cl (E, = 1.8 eV).’) The PBDB-TF (polymer):10-
4Cl (NFA) blend has an absorption range of 400-700 nm, and it is
perfectly matched with the LEDs they used; therefore, a high PCE
of 26.1% under LEDs (1000 lx) was achieved with low E, . We
note that the PCE under the standard AM 1.5G conditions was
only 9.80%. Lee et al. also reported highly efficient organic IPVs
using a blend of small molecule donor (BTR) and PC,;BM.['*]
The absorption range of blend film efficiently covers FL (1000 Ix)
they used, and a high PCE of 28.1% was recorded; this blend also
showed moderate PCE of 10.5% under the standard AM 1.5G
conditions. In addition, Ma et al. reported PCE over 30% using
polymer donor PM6 with NFA (Y6-0).1*” They optimized elec-
tron transport layer (ETL) to reduce leakage current and trap-
assisted recombination under low light levels, then PCEs of 29.5,
30.0, and 30.9% were achieved under LEDs of 700, 1200, and
1650 1x, respectively.

To design wide-bandgap donor materials for organic IPVs,
we revisit classical homopolymers, which have a wide E, be-
cause of the absence of intramolecular charge transfer; thus
far, most researchers do not focus on these materials over
the past decade. Homopolymers have an obvious advantage in
terms of the time and cost-effectiveness for synthesis because
of their simple chemical structures. Among the various ho-
mopolymers reported so far, benzodithiophene-based homopoly-
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mers are promising candidates for polymer donors in organic
IPVs because they have a deep highest occupied molecular or-
bital (HOMO) level affordable to a high open-circuit voltage
(Voc)- In 2015 and 2016, poly(4,8-bis(5-(2-ethylhexyl)thiophene-
2-yl)benzo[1,2-b:4,5-b’|dithiophene) (PBDTT) was reported by
two groups; the polymer has a HOMO level around —5.4 eV, and
the moderate PCE of 6.12% with a high V. over 0.9 V under
the standard AM 1.5G conditions recorded when blended with
PC,,BM.I3*3] The results are interesting because there have been
almost no reports on successful homopolymers that show a com-
parable or higher photovoltaic performance than that of the well-
known poly(3-hexylthiophene) (P3HT) homopolymer. However,
when considering the introduction of PBDTT into organic IPVs,
it has an excessively wide E, (2.13 eV) with an absorption edge
below 600 nm. Therefore, photons of 600-700 nm emitted from
LEDs or FL are transparent to PBDTT, which requires further
chemical engineering for spectral matching with indoor lighting
sources.

We aim to fine tune the absorption range of PBDTT homopoly-
mers while maintaining their high V. via random copolymer-
ization strategies. We simply introduced thieno[3,4-c|pyrrole-4,6-
dione (TPD) as the second monomer into PBDTT to afford
PBDTT-TPD random copolymers for covering the emission spec-
tra of 600-700 nm in LEDs and FL. The TPD has a weak elec-
tron acceptor nature, and therefore, it is possible to red-shift
the absorption range without sacrificing the V.. Absorption
properties were easily controlled by varying the ratios of BDTT
and TPD units; we found that the random copolymer with 30%
BDTT and 70% TPD compositions (B30T70) perfectly covered
the entire range of LEDs and FL, which resulted in a PCE of
18.3% when blended with PC,;BM under FL 1000 Ix. We note
that B30T70:PC,,BM exhibited moderate PCE under AM 1.5G
illumination (only 6.0%), which means that significant incre-
ment over three times was achieved from 1-sun to indoor light
conditions. Our findings suggest that organic IPV communi-
ties should revisit classical wide-bandgap photoactive materials
to produce efficient organic IPVs via a slight chemical modifi-
cation of them, although they may have underperformed under
AM 1.5G conditions.

2. Results and Discussion

2.1. Synthesis of Indoor Light Matched Donor Polymers Based
on the PBDTT Homopolymer

Figure 1a presents the chemical structure and absorption spec-
trum of the wide-bandgap homopolymer (PBDTT), wherein the
normalized spectra of AM 1.5G and the most commonly used
indoor light sources (LED and FL) are included. The PBDTT ho-
mopolymer has obvious advantages of easy synthesis and a deep
HOMO level; therefore, it holds the potential for applications in
indoor photovoltaics as donor polymers considering time- and
cost-effectiveness. However, the absorption range of PBDTT is
not perfectly matched with the LED and FL spectra; a large num-
ber of photons (600-700 nm) are transparent to PBDTT (Fig-
ure 1a). In this regard, we introduce a second TPD moiety that
can possibly extend the absorption range to ~700 nm to match
the indoor light spectra of both LED and FL.[36-38]

© 2022 Wiley-VCH GmbH
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Figure 1. a) Chemical structure and absorption spectrum of homopolymer (PBDTT) with a spectra of AM 1.5G and the most common indoor light
sources (light-emitting diode [LED] and fluorescent lamp [FL]); green and orange area indicate the absorption ranges of homopolymer (PBDTT) and the
additional absorption of random copolymer (B30T70), respectively. b) Synthetic routes of five different polymers.

Table 1. Molecular weights, thermal, electrochemical, and optical properties of the polymers.

Polymerdonors M, [kg mol-"]? B (M, /M,) 7, °q” Jreat (] © et fnm] 9 £, [ev]”
PBDTT 16.6 1.92 418 500, 542 600 2.07
B70T30 16.1 433 407 507, 547 636 1.94
B50T50 16.2 2.65 417 547 653 1.90
B30T70 16.9 3.87 437 547,590 670 185
PBDTT-TPD 14.8 3.18 430 557,613 677 183

? determined by size exclusion chromatography (SEC) with polystyrene standard;34]
) calculated from the absorption edge in the film state.

glass substrates by spin casting from a chloroform solution at 1000 rpm for 60 s;

Figure 1b shows the synthetic routes to five different poly-
mers, which includes the PBDTT homopolymer, PBDTT-TPD
alternating copolymer, and random copolymers. We varied the
contents of the TPD moiety from 30% (B70T30), 50% (B50T50),
and 70% (B30T70) to examine the effect of adding a TPD moi-
ety to the PBDTT homopolymer on the performance of indoor
photovoltaics; change in the absorption range is the main prop-
erty by introducing TPD moiety as shown in green (absorption
of PBDTT) and orange area (the additional absorption of ran-
dom copolymer B30T70) of Figure 1a, which will be discussed
in detail. All polymers were synthesized via the Stille coupling
reaction using stannylated BDTT with brominated BDTT and/or
TPD monomers in a microwave reactor.>*33] Detailed synthe-
sis procedures and yields are stated in Experimental Section.
The number average molecular weights (M,)) and dispersity (D)
of polymers were estimated by size exclusion chromatography
(SEC) with o-dichlorobenzene as the eluent. As summarized
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determined by thermogravimetric analysis (TGA; 5% weight loss); 9 polymer films on

in Table 1, all polymers exhibited similar M, values of 14.0-
17.0 kg mol™! but having different dispersity (P). The chemi-
cal structures of polymers were confirmed by 'H NMR spec-
troscopy in 1,2-dichlorobenzene-d, solution at 75 °C (Figures S1—
S5, Supporting Information). We also calculated the actual ra-
tios between BDTT and TPP in random copolymers by elemental
analysis (Table S1, Supporting Information). Overall, all random
copolymers exhibited slightly lower TPD contents than those of
monomer feed ratios, but the difference is not significant.
Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were used to evaluate the thermal properties
of the polymers. As shown in Figure S6 (Supporting Information)
of the TGA curves, all polymers are highly stable with a decom-
position temperature (T;) above 400 °C (Table 1). Introducing a
TPD moiety into PBDTT homopolymers does not adversely affect
the thermal stability of the polymers. Figure S7 (Supporting In-
formation) presents the second heating and cooling curves of the

(3 of 11) © 2022 Wiley-VCH GmbH
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DSC, which shows no thermal transition from 50 °C to 300 °C.
All polymers had an amorphous nature.

2.2. Optical and Electrochemical Properties

The optical and electrochemical properties of polymer donors are
important for improving their photovoltaic performance under
AM 1.5G and indoor light. We measured the UV-vis absorption
spectra of polymers in the solution and film states to investigate
how different TPD contents affect the absorption behavior of the
polymers (Figure S8, Supporting Information and Figure 2). As
shown in Figure 2a of UV-vis absorption spectra in films, the ab-
sorption ranges are broadened and red-shifted with an increase in
TPD contents. This is because the electron-deficient TPD moiety
enhances the pull-push effects, which reduce the optical bandgap
(E,") of the polymers.*l We summarize E,°*" of the polymers
in Table 1, which are estimated from the absorption onsets of the
polymers, and it decreased from 2.07 eV of PBDTT homopolymer
to 1.94-1.85 eV of random copolymers (B70T30 — B30T70). Inter-
estingly, introducing the TPD moiety to the PBDTT homopoly-
mer solves the weak point of the PBDTT homopolymer that does
not absorb the main irradiance peak of FL (611 nm). When a
small amount of TPD moiety (30%) was introduced, it started
to cover 611 nm of the FL. Then, the B30T70 random copoly-
mer perfectly absorbs the entire range of FL because the TPD
content further increased to 70%; PBDTT-TPD also covers the
FL. Further, we measured the UV-vis absorption spectra of the
blend films of polymer:PC,,BM (Figure 2b). The main absorp-
tion of PC,,BM is located at 400-600 nm, and it has comple-
mentary absorption with donor polymers located in the range of
500-700 nm. Therefore, the blend films of B30T70 and PBDTT-
TPD effectively absorb the entire range of the FL indoor light, of
which the blends can exhibit high-performance IPVs; this will be
discussed later. The absorption spectra in dilute chlorobenzene
solution were also measured under different temperature to in-
vestigate macromolecular aggregation behavior. As shown in Fig-
ure S8b—f (Supporting Information), all polymers have similar
absorption behavior: absorption intensities at the longer wave-
length were slightly decreased as increasing the temperature of
polymer solutions. It seems that B30T70 and PBDTT-TPD ex-
hibit more decreased absorption intensities compared to other
polymers, but the difference is not significant. Therefore, all poly-
mers have similar aggregation behavior in dilute solution state.
The HOMO energy levels were measured by cyclic voltamme-
try (CV) (Figure S9, Supporting Information). Figure 2c¢ depicts
the HOMO and lowest unoccupied molecular orbital (LUMO) en-
ergy levels of polymers and PC,;BM. The PBDTT homopolymer
already has a deep HOMO energy level of —5.44 eV. Notably, the
values get deeper when only 30% TPD was introduced, which
is almost similar to that of PBDTT-TPD: —5.61 eV (B70T30),
~5.62 eV (BS0T50), —5.64 eV (B30T70), and —5.62 eV (PBDTT-
TPD). This is because the frontier energy levels of push-pull poly-
mers can be saturated at relatively short repeating units.[*! All
random copolymers can show high open-circuit voltage (V)
comparable to the alternating copolymer of PBDTT-TPD.[*?] Fur-
ther, deeper HOMO energy levels and a wider absorption of poly-
mers containing the TPD moiety are beneficial for reducing en-
ergy loss.3%321 All polymers have sufficient LUMO offsets of more
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Figure 2. a) UV-vis absorption spectra of pristine polymer films with
the emission spectra of fluorescent lamp (FL) and b) donor:acceptor
blend film. c) Energy levels of PBDTT, PBDTT based random copolymers,
PBDTT-TPD, and PC;;BM.

than 0.3 eV with PC,, BM, which is suitable for the photoinduced
charge transfer between donors and acceptors.[**]

2.3. Photovoltaic Performance Under AM 1.5G

The effect of the random copolymer strategy on the photo-
voltaic performance of the devices was examined by fabricat-
ing OPVs in an inverted structure with the configuration of
ITO/ZnO/PEIE/polymer blend/MoO,/Ag. The employment of

© 2022 Wiley-VCH GmbH
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Figure 3. Photovoltaic performance of devices under AM 1.5G. a) J-V curves and b) external quantum efficiency (EQE) spectra. Variation in c) Jsc and

(d) Voc dependencies of light intensity for photovoltaics.

Table 2. Photovoltaic properties under AM 1.5G, SCLC mobilities, and series/shunt resistance.

Active

blend

Voc Jsc FF PCE Mhpmme Hn blend He Hn/He R Reh
layer I\ [mA cm™2] [%] [%] [em?V'sT [em?VTlsT] [em? VvTsT) [Q cm?] [Q cm?]
PBDTT 0.84 +0.01 6.1+0.2 574+ 1.7 3.0+0.1 1.38 x 1074 1.10 x 10-3 1.85 % 1075 0.595 3.16 2069
B70T30 0.89 +0.01 10.0 +0.2 71.9 + 0.4 6.4+0.1 3.93x 1074 2.36 x 1076 2.68 x 1076 0.881 4.21 2045
B50T50 0.90 + 0.01 9.6 +0.1 70.7 + 0.9 6.1+0.1 242 x 1074 1.33 x 10°¢ 4.98 x 1076 0.267 3.89 1730
B30T70 0.91+0.01 9.9+0.2 67.0+0.8 6.0+0.1 4.56 x 1074 2.40 x 107¢ 4.54x 107® 0.529 5.98 2195
PBDTT-TPD 0.91+0.01 9.4+0.2 58.1+2.1 49403 1.70 x 1073 1.58 x 1076 1.51x 1073 0.105 6.94 504

the inverted structure with the MoO,/Ag top charge collecting
electrodes (CCEs) enhances device stability in comparison to that
of the conventional structure with Ca/Al CCEs.[**] The current
density versus voltage (J-V) characteristic curves of OPV devices
under AM 1.5G illumination at an intensity of 100 mW ¢cm~2 are
illustrated in Figure 3a and in the dark in Figure S10 (Support-
ing Information). Photovoltaic parameters of devices are summa-
rized in Table 2. The PCEs of our blend systems are not impres-
sive as compared to state-of-the-art OPVs; the aim of our study
is not the development of photoactive materials for high perfor-
mance OPVs. We want to highlight the importance of spectral
match for producing efficient IPVs by revisiting classical wide
bandgap materials.

OPV devices with the PBDTT polymer showed the lowest PCE
of 3.0% with a Vo 0f 0.84 V, Ji of 6.1 mA cm~2, and fill factor
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(FF) 0of 57.0%. The significantly low values of short-circuit current
density (Jsc) can be attributed to the narrow absorption window
of PBDTT (Figure 2). Further, PBDTT homopolymers have poor
solubility compared to others, which contributes to the perfor-
mance degradation of PBDTT-based OPVs. Random copolymers
exhibited PCEs of 6.4%, 6.1%, and 6.0% (twofolds higher than
PBDTT homopolymer) with corresponding V. values of 0.89,
0.90, and 0.91 V, Js values of 10.0, 9.6, 9.9 mA cm~2, and FF
values of 71.9%, 70.7%, and 67.0% for B70T30-, B50T50-, and
B30T70-based devices, respectively. The better performance of
random copolymer devices can be attributed to the substantial
improvement in the ;. and FF values. Although PBDTT-TPD
possesses good absorption properties such as random copoly-
mers, devices with the PBDTT-TPD polymer resulted in a rela-
tively low PCE of 4.9% with a Vi, 0f 0.91V, Jsc of 9.4 mA cm™2,

© 2022 Wiley-VCH GmbH
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and FF of 58.1%. The FF values of PBDTT-TPD polymer signif-
icantly decrease because of the higher series resistance (R;) and
lower shunt resistance (Rg,) than other polymers (Table 2). A de-
tailed discussion will be provided in the section on the charge car-
rier and morphological properties. The relatively high V. values
of PBDTT-TPD and random copolymers ranging from approxi-
mately 0.89 t0 0.91 V can be attributed to their deep HOMO levels
(=5.6 eV) because the V. is linearly proportional to the energy
level difference between polymer donor (HOMO) and acceptor
(LUMO). The V, values of PBDTT are slightly low (~0.84 V)
because of its high HOMO level (~5.4 eV). The difference in
the Js. values of the devices was further evaluated by measuring
the external quantum efficiency (EQE) spectra (Figure 3b). The
Jsc improvement in the random copolymer devices matches well
with the modification in their spectral response in the EQE spec-
tra. The significantly low value of the measured Js. in PBDTT is
consistent with the poor EQE curve. The EQE values of random
copolymers were considerably higher than those of PBDTT-TPD
and PBDTT over the entire visible wavelength range. The maxi-
mum EQE values of the B30T70 and B70T30 polymers were mea-
sured to be as high as ~#65% and ~63% at wavelengths of 490 and
500 nm, respectively. In addition, different molecular weights of
polymers can affect photovoltaic performance. It is considered
that high molecular weight polymers usually produce excellent
photovoltaic performances.***8] In our series of polymers, M,
values were almost similar, but D values greatly varied: 1.92, 4.33,
2.65, 3.87, and 3.18 for PBDTT, B70T30, B50T50, B30T70, and
PBDTT-TPD, respectively (Table 1). We speculate that different
D values do not play significant role in our system since there is
no correlation between D and photovoltaic performance. For ex-
ample, all random copolymers that have huge different D values
exhibit similar PCEs above 6.0%. However, in the case of PBDTT,
poor photovoltaic performance might be attributed to low D.

We evaluated the charge carrier transport and recombination
properties to investigate why random copolymers show better
photovoltaic performance than PBDT-TPD. First, we measured
the space charge limited current (SCLC) of hole-only devices
(HODs) and electron-only devices (EODs) for pristine and blend
films. The zero-field mobilities of electrons () and holes (uy)
are extracted from the J-V curves of the devices,[*! and the val-
ues are summarized in Table 2. The J-V curves are shown in
Figure S11 (Supporting Information). The highest u;, of 1.70 X
1073 cm? V! 57! was obtained from PBDTT-TPD, and PBDTT
and all random copolymers exhibited moderate, similar g, of
~10~* cm? V! s71. This is because conjugated polymers con-
sisting of random sequence usually have poor charge transport
ability compared to regular structured polymers. In the case of
HODs and EODs of blend films, g, values of all blend films de-
creased compared to pristine films, and all random copolymer
blends exhibit similar mobilities: . = 2.68 X 107¢, 4.98 x 1076,
4.54x10°%cm? V157! and p;, 0£2.36 x 107%,1.33 x 107°, 2.40 X
107¢ cm? V=1 s71 for B70T30, B50T50, and B30T?70, respectively.
However, the PBDTT-TPD blend has imbalanced charge carrier
transport properties: u, is an order of magnitude higher than g, .
This might be one of the reasons why PBDTT-TPD blend has
poor photovoltaic performance.

The dependence of J-V characteristics on the light intensity
was examined to obtain better insight into the charge carrier
recombination of the devices.**%!] Initially, the relationship be-

Macromol. Rapid Commun. 2022, 2200279

2200279 (6 of 11)

www.mrc-journal.de

tween Js. and light intensity can be described as [ o« IS. The Jqc
was plotted against the light intensity on a logarithmic scale with
the slope S of curves, as displayed in Figure 3c. A value of S close
to unity represents the reduced bimolecular charge recombina-
tion. In addition, imbalanced charge carrier mobility also affects
the S values by the build-up of space-charge in the devices.>?!
Therefore, it is difficult to analyze the bimolecular recombina-
tion behavior from Jsc o I when the devices show imbalanced
charge carrier mobility. In our polymer blends, the calculated S
values were similar: 0.95 for PBDTT and B70T30; 0.96, B50T50;
0.97, B30T70; and 0.96, PBDTT-TPD, respectively. Therefore, we
conclude that all devices exhibit similar bimolecular recombina-
tion behaviors. Next, the dependence of V. on the light inten-
sity was measured to assess the trap-assisted charge recombi-
nation processes.I>>l The V. values logarithmically depend on
light intensity with a slope of 1-2 with units of k; T q~!, where
the slope close to 2 represents strong trap-assisted recombina-
tion in the OPV devices. In addition, if the surface recombina-
tion at active layers/contact interface exists, the slope can be re-
duced below 1 k; T q~'.53] Therefore, the slope is determined
by the combination of trap-assisted and surface recombination.
The PBDTT, B70T30, B50T50, B30T70, and PBDTT-TPD devices
yield values of 1.20, 1.16, 1.18,1.09, and 1.31 k; T g™, respectively
(Figure 3d). All random copolymers have similar slope, while the
highest slope is obtained from the PBDTT-TPD blend. This in-
dicates that the PBDTT-TPD blend has the highest trap-assisted
recombination by assuming that similar densities of surface re-
combination presentin all devices. Thelow FF and ;- of PBDTT-
TPD can be attributed to high trap-assisted charge recombination
gnd imbalanced u;, ., although the polymer has a wide absorp-
tion range.

2.4. Structural and Morphological Properties

We performed grazing incidence X-ray scattering (GIXS) of the
blends to analyze the polymer packing structures (Figure S12,
Supporting Information). All polymer blends exhibited weak
scattering peaks because the designed polymers have an amor-
phous nature, as discussed in the DSC. In accordance with a
previous report, we did not obtain distinct z—z stacking peaks
from PBDTT blend.”*) Random copolymers (B70T30-B30T70)
and PBDTT-TPD containing TPD moiety also did not show no-
ticeable 7—z stacking peaks, which is in contrast to the previ-
ous literature: broad z—z stacking peaks were observed from
PBDTT-TPD blend.* This might be due to the use of different
acceptor materials and processing condition. Our system uses
PC,;BM as an acceptor and chlorobenzene for preparing blend
solution, however in the literature, the PBDTT-TPD devices were
optimized with PCg; BM and chloroform solution. We guess that
larger size of PC,;BM may hinder the molecular organization of
PBDTT-TPD during spin-coating process, and also different pro-
cessing solvents can produce different packing structures and
bulk heterojunction morphology. In this regard, all blend films
showed similar scattering characteristics, i.e., (i) a prominent
(100) peak from the lamellar stackings of polymer donors in the
low g range (q = 0.25-0.35 A~") and (ii) a broad amorphous halo
from PCBM domains in the high g range (g = 1.2-1.5 A~'). The
only noticeable change is a monotonic shift of the (100) lamel-
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Figure 4. Tapping mode surface topographic atomic force microscopy (AFM) images of the donor:PC;,BM blend films. The scale bar in the AFM images

is Tum.

lar peaks toward the lower g from 0.35 A~' (PBDTT) to 0.28 A"
(PBDTT-TPD), which indicates a gradual increase in the lamel-
lar spacings from 1.8 to 2.2 nm as an increasing fraction of TPD
backbones in polymer donors. This result is consistent with our
material design, given that the TPD building block has a long
alkyl chain (octyl) compared to the PBDTT building block (2-
ethylhexyl). PBDTT-based homo and random copolymers can be
good model materials to investigate the importance of absorption
properties for producing efficient IPVs by minimizing nanostruc-
tural and electrical properties.

Morphological changes in the donor:PC,; BM blend films were
measured using atomic force microscopy (AFM) (Figure 4). PB-
DTT blends show a very smooth film with distinct pinholes,
which is the main reason for the decreased FF. Phase separa-
tion begins with increasing TPD content, and a coarse surface
is observed in the PBDTT-TPD blend. The root-mean-squared
(RMS) values of the PBDTT-TPD blend are significantly higher
(4.052 nm) than those of PBDTT: 0.965 nm, B70T30: 2.667 nm,
B50T50: 2.247 nm, and B30T70: 2.226 nm. From the GIXS study,
we can conclude that nanostructures do not significantly influ-
ence the charge carrier transport and recombination properties
of polymer blends. However, from the AFM analysis, the macro-
scopic morphology changes with or without the TPD unit. All
random copolymers have similar morphologies with low RMS
values; however, the PBDTT-TPD alternating copolymer has a
high RMS value of 4.052 nm, which gives rise to poor [ and
FF. We speculate that random sequence of BDTT and TPD in
random copolymers hinders polymer assemblies during spin-
coating process, resulting in enhanced miscibility with PC,,BM.
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2.5. Photovoltaic Performance Under Indoor Light Sources

The indoor illumination conditions deviate substantially from
those under AM 1.5G illumination conditions. Thus, the pho-
tovoltaic performance of the organic IPV device was evaluated
under FL and LED light sources. Interestingly, organic IPVs with
the random copolymer show a notable improvement in the pho-
tovoltaic performance under FL illumination conditions, as de-
picted in Figure 5a; the parameters are summarized in Table 3
and Table S1 (Supporting Information). The best organic IPV de-
vices with B30T70 exhibited the maximum PCE value of 18.3%
with a Vo 0of 0.74 V, Jsc of 112.3 pA cm2, and FF of 72.3% un-
der FL 1000 Ix illumination. In contrast, devices with PBDTT
showed a considerably poor performance with a V. of 0.56 V,
Jsc of 72.2 pA cm™?, and FF of 53.1%, which results in a PCE
of 6.6%. Similarly, devices with PBDTT-TPD exhibited a rela-
tively low PCE of 14.6% under the same illumination conditions.
The excellent photovoltaic performance of random copolymer de-
vices can be attributed to the perfect spectral match of the ab-
sorption spectrum of the random copolymer with the irradiation
spectrum of FL (Figure 2a). The absorption profile of B30T70
matches well with the emission of FL, and it justifies its excel-
lent performance with high PCE and J. values under FL illu-
mination. According to the equivalent-circuit diode model,
and V. are linearly and logarithmically proportional to the light
intensity, respectively.>!] Therefore, a linear decrease in J val-
ues (from mA cm™ to pA cm™2) was expected as light intensities
were varied from 100 mW c¢m™ (AM 1.5G) to 0.33 mW cm ™2
(FL 1000 lx). Similarly, a V. drop of 100-200 mV was estimated

© 2022 Wiley-VCH GmbH
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Figure 5. a) Jsc and power conversion efficiency (PCE) of devices under fluorescent lamp (FL) illumination. b) Comparison of PCE and increase in the

PCE of indoor photovoltaics (IPVs) under FL illumination.

Table 3. Photovoltaic properties of BHJ photovoltaic cells under fluorescent lamp (FL) illuminations (500 Ix: 0.19 uW cm~2 and 1000 Ix: 0.33 uW cm~2).

Active layer Light source Voc Jsc FF PCE R, R
V] WA cm™] 9] (%) [ cm?] [kQ cm?]
PBDTT FL 500 Ix 0.44 + 0.04 33.7+£2.1 482+ 12 3.7+03 8.90 335
FL 1000 Ix 0.56 + 0.01 722 +0.2 53.1+0.8 6.6 +0.2 3.70 57.5
B70T30 FL 500 Ix 0.70 + 0.01 55.4+06 706+ 1.5 143 +0.2 9.26 2473
FL 1000 Ix 0.73 £ 0.01 108.7 + 1.0 70.4 +0.2 16.6 + 0.2 8.59 173.9
B50T50 FL 500 Ix 0.71+0.02 526 +2.1 69.9+ 1.7 13.7+0.2 9.09 486.5
FL 1000 Ix 0.74 +0.02 106.3 +2.0 729+ 0.4 175+ 0.1 7.57 124.9
B30T70 FL 500 Ix 0.73 +£0.01 56.8+0.5 714 +09 15.4 + 0.1 9.10 165.3
FL 1000 Ix 0.74 +0.02 1123 +0.9 723+ 1.2 18.3 +0.1 9.17 118.9
PBDTT-TPD FL 500 Ix 0.73 +£0.02 488 + 1.1 56.7+£2.0 10.6 + 0.1 11.01 290.8
FL 1000 Ix 0.77 £ 0.01 94.6 + 0.5 66.7 + 1.4 14.6 + 0.4 12.15 77.8

under the same altered light conditions, and the reduction in V-
values was as follows: PBDTT, 0.84 to 0.56 V; B70T30, 0.89 to
0.73 V; B50T50, 0.90 to 0.74 V; B30T70, 0.91 to 0.74; and PBDTT-
TPD, 0.91 to 0.77V. The PBDTT devices observe a relatively sig-
nificant drop in the V. that can be ascribed to the presence of
high charge recombination that dominates under low-intensity
light conditions.

The indoor performance of devices can be further validated
by calculating the parasitic resistance values (R, and Ry) from
the equivalent-circuit diode model.’**¢ Under indoor light con-
ditions, which secure a large value of R, is essential, whereas
the effect of R, is insignificant because of extremely low-intensity
light conditions.l*®5”] The R, and R, values of devices under FL
1000 1x were calculated as PBDTT: ~57.5 kQ cm? and ~3.70 Q
cm?; B70T30: ~#174 kQ cm? and ~8.6 Q cm?; B50T50: ~125 kQ
cm? and 7.6 Q cm?; B30T70: ~119 kQ cm? and ~9.17 Q cm?;
and PBDTT-TPD: ~78 kQ c¢m? and ~12.2 Q cm?. The signifi-
cantly large R, values of the random copolymer over PBDTT and
PBDTT-TPD devices justified their excellent performance under
FL 1000 Ix. However, the R, value of PBDTT devices was smaller
than that of the other devices. The effect of R, does not criti-
cally affect indoor performance, as expected (Table 3). The J-V
curves in the dark (Figure S10, Supporting Information) demon-
strate that a small leakage current is associated with large R, val-
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ues that contribute to enhancing the random copolymer organic
IPV performance. For universal applicability, the device perfor-
mance was examined under LED illumination conditions. The
photovoltaic parameters under LED and FL follow a similar trend
because the light intensities and spectra of indoor light sources
(LED and FL) are considerably similar. The highest PCE of ap-
proximately 16.9% was achieved with B30T70 organic IPVs un-
der 1000 Ix LED, whereas the PBDTT and PBDTT-TPD exhibited
PCE values of 7.1% and 11.2%, respectively. The photovoltaic per-
formance of devices under LED illumination (500 and 1000 Ix)
is shown in Figure S13 (Supporting Information) and Table S2
(Supporting Information).

The IPV performance of random copolymer devices was com-
pared with that of previously reported organic IPVs. For proper
comparison, we collected the data measured under FL light
source since different light sources significantly affect the per-
formance of IPVs (Figure 5b and Table S3,).11-313:143158-61] Oy
device is not the best, but only three reports (CD1:PBN-10,
PCDTBT:PDTSTPD:PC,,BM, and BTR:PC,;BM) show higher
PCEs under FL than that of B30T70; among binary blend sys-
tems of polymer donor and fullerene-based IPVs, B30T70 blend
has the best PCE. In addition, efficiency increments of B30T70
from 1-sun to indoor light conditions are very high compared
with other high performance IPVs. This indicates that classical
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wide bandgap polymers have a strong potential for indoor light
energy harvesting applications, although they have poor perfor-
mance under 1-sun conditions.

3. Conclusions

We successfully maximized the photovoltaic performance of or-
ganic IPVs by revisiting the classical PBDTT homopolymer and
by straightforward random copolymerization using a TPD unit.
The ratio of the TPD component in the random copolymer was
varied to examine its effect on the optoelectrical, electrochemi-
cal, and morphological properties of organic IPVs. The optimized
random copolymer (B30T70) exhibited a large PCE enhancement
from 6.0% (AM 1.5G) to 18.3% (indoor light, FL 1000 lx). We
mainly attribute the excellent IPV performance to the perfect
spectral response of the B30T70 random copolymer with deep
HOMO energy levels. Further, we found that the random copoly-
mer showed balanced charge mobilities with suppressed trap-
assisted recombination, which led to improved FF and Jg.. The
proposed design strategies provide simple and easy molecular de-
sign guidelines for applications in organic IPVs by surveying and
modifying classical photoactive materials that have a low profile
because of their poor performance under 1-sun conditions.

4. Experimental Section

Materials:  2,6-Bis (trimethyltin)-4,8-bis (5-ethylhexyl-2-
thienyl)benzo[1,2-b:4,5-b’]-dithiophene  and  1,3-dibromo-5-octyl-4H-
thieno[3,4-c]pyrrole-4,6(5H)-dione were purchased from Solarmer.
2,6- Dibromo-4,8-bis (5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-
b'|dithiophene was purchased from SunaTech, Inc. PC;;BM was
purchased from Brilliant Matter; all monomers were used without further
purification.

Synthesis:  Poly(4,8-bis (5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-
b:4,5-b’]dithiophene) (PBDTT): The polymer was synthesized by stille
polycondensation based on a literature procedure.3433391 In brief,
2,6-bis (trimethyltin)-4,8-bis (5-ethylhexyl-2-thienyl)benzo[1,2-b:4,5-b"]-
dithiophene (0.98 eq, 0.1960 g, 0.217 mmol) and 2,6-dibromo-4,8-
bis (5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b’|dithiophene (1 eq,
0.1629 g, 0.221 mmol) were dissolved in 10 mL degassed toluene.
Pd,(dba); (0.02 eq) and tri(o-tolyl)phosphine (0.08 eq) were added
to the mixture and stirred overnight at 100 °C. The resulting solution
was precipitated into methanol. The Soxhlet extraction was performed
successively with acetone, hexane, dichloromethane, and chlorobenzene
to purify the polymer. The chlorobenzene fraction was collected for
further characterization and device fabrication. Yield: 198 mg (77%); M,,
= 16.6 kg mol~'; and ® = 1.92. Elem. Anal. Caled: C, 71.24; H, 7.15; S,
22.19%. Found: C, 70.0; H, 7.3; S, 21.8%.

Random copolymers (B70T30, B50T50, and B30T70) and PBDTT-
TPD were synthesized by the Stille polycondensation described above.
However, a toluene + DMF mixture was used as a solvent to ob-
tain high-molecular weight polymers; the reaction was performed in
a microwave reactor. In brief, 2,6-bis(trimethyltin)-4,8-bis (5-ethylhexyl-
2-thienyl)benzo[1,2-b:4,5-b’]-dithiophene (1 eq), 2,6- dibromo-4,8-bis(5-
(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b"|dithiophene (X eq), 1,3-
dibromo-5-octyl-4H-thieno[3,4-c]pyrrole-4,6 (5H)-dione (Y eq), Pd,(dba),
(0.02 eq), and tri(o-tolyl)phosphine (0.08 eq) were dissolved in degassed
toluene (0.04 m) and DMF (0.01 m). The solution was reacted at 100 °C
for 5 h in a microwave reactor; the resulting solution was precipitated
into methanol. The polymer was purified by Soxhlet extraction using ace-
tone, hexane, and chloroform successively. The chloroform fraction was
collected for further characterization and device fabrication.
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Random copolymer B70T30: X=0.7, Y=0.3, Yield: 278 mg, (79%); M,,
= 16.1 kg mol™'; and D = 4.33. Elem. Anal. Calcd: C, 70.66; H, 7.12; S,
21.24; N, 0.15; O, 1.14%. Found: C, 68.9; H, 7.2; S, 20.9; N, 0.4; O, 1.8%.

Random copolymer B50T50: X=10.5, Y =0.5, Yield: 245 mg, (74%); M,
= 16.9 kg mol™'; and B = 2.65. Elem. Anal. Calcd: C, 69.56; H, 7.11; S,
20.67; N, 0.83; O, 1.9%. Found: C, 69.4; H, 7.5; S, 19.4; N, 0.7; O, 2.1%.

Random copolymer B30T70: X=10.3, Y =0.7, Yield: 291 mg, (94%); M,
= 16.9 kg mol~'; and D = 3.87. Elem. Anal. Calcd: C, 69.17; H, 7.09; S,
19.98; N, 1.16; O, 2.66%. Found: C, 67.9; H, 7.0; S, 19.8; N, 1.0; O, 3.0%.

PBDTT-TPD: X =0, Y =1, Yield: 176 mg, (95%); M,, = 14.8 kg mol~1;
and D = 3.18. Elem. Anal. Calcd: C, 68.45; H, 7.06; S, 19.03; N, 1.66; O,
3.80%. Found: C, 68.6; H, 7.0; S, 19.7; N, 1.6; O, 3.9%.

Characterization: '"H NMR (Bruker, AVANCE Il 400 MHz) spectra
were acquired with o-dichlorobenzene-d4 as the solvent and tetramethyl-
silane (TMS) as the internal standard. The M,, and D of polymers were
determined based on a previous report.[3*] The compositions of polymers
were determined by elemental analysis with a Thermo Scientific Flash 2000
Series instrument. Decomposition temperatures were obtained from the
TGA using TA Instruments Q500 under a nitrogen atmosphere at a heat-
ing rate of 10 °C min~! from 30 °C to 600 °C. The DSC measurements
were performed using a TA Instruments model NETZSCH at a heating
and cooling rate of 10 °C min~! under a nitrogen atmosphere. UV-vis
absorption spectra were measured using a UV-1900 (Shimadzu). Electro-
chemical CV was conducted using WisEIS-1200Premium (Wizmac), and
the detailed procedure is described in a previous report.[2] The HOMO
and LUMO energy levels of polymers were estimated using empirical
equation: Eyjopp = (—4.80 + Eypp (ferrocene) — Egpeet) €V and E\yyo =
Enomo + Eg°". AFM images were obtained using the Park SYSTEMS
model XE-100 in the tapping mode. GIXS experiments were conducted
at the dual source and environmental X-ray scattering (DEXS) facility op-
erated by the Laboratory for Research on the Structure of Matter at the
University of Pennsylvania (a Xeuss 2.0 system (Xenocs) using GeniX3D).
A Cu source (A = 1.54 A) was used, and the sample-to-detector distance
was 182 mm. The critical angle measured for the blended films was 0.2°.
The hole and electron mobilities were measured by the SCLC model using
ITO/MoOx/polymer blends/MoOx/Ag and ITO/ZnO/polymer blend/Al
devices, respectively.[*?] Current-voltage measurements in the range of
0-10 V were obtained, and the results were fitted to a space-charge lim-
ited function. The SCLC is described by

9 % v
Jscie = gecon 3 - exp <0-39J’ I) (M

where €y, €, i, V, L, and y represent the permittivity of free space (8.85 X
1071 F cm™), relative dielectric constant of the active layer (=3), mobility
of charge carriers, potential across the device (V = V,yjied = Vbi = Vi),
active layer thickness, and field-activation factor, respectively. The active
area of the SCLC devices was 0.168 cm?.

Device Fabrication: For device fabrication, ITO-patterned glass (AMG,
Korea) substrates were washed with a detergent (Liqui-Nox Phosphate-
Free Liquid Detergent, Alconox, Inc., White Plains, NY, USA) in an ultra-
sonicator for 20 min and rinsed with deionized (DI) water. The substrates
were cleaned with DI water, acetone, and isopropyl alcohol (IPA) sequen-
tially on a sonicator bath for 20 min each and then dried with a nitrogen
air blower. The ZnO layer was deposited by spin coating at 5000 rpm for
60 s, followed by thermal annealing at 200 °C for 30 min. The PEIE layer
was then deposited using a 0.2-um-thick PTFE filter at a spin speed of
5000 rpm for 60 s, which is followed by annealing at 110 °C for 10 min in
the ambient air. The samples were loaded into a nitrogen-filled glove box
for the photoactive layer. A solution of photoactive layer materials with a
total concentration of 25 mg mL™" was prepared in chlorobenzene with 3
vol% 1,8-diiodooctane (DIO) with a weight ratio of 1:2 (D:A) and stirred at
a temperature of 45 °C for 1 h. Then, the photoactive layer was deposited
at a spin speed of 1000 rpm for 60 s using a 0.45 um PTFE filter. No ther-
mal treatment was applied to the photoactive layer. Finally, a hole trans-
port layer (HTL) MoOy (10 nm) and top electrode, Ag (150 nm), were
deposited using a shadow mask at a base pressure of ~5.1 x 1078 Torr
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in a thermal evaporator system (Daedong High Tech, Republic of Korea)
connected to a nitrogen-filled glove box.

Device Characterization: The J-V characteristic curves under simu-
lated 1-sun illumination (AM 1.5G, McScience, Suwon, Republic of Korea)
were measured using a source meter (2401; Keithley Instruments, Cleve-
land, OH, USA) controlled by a K730 program (McScience, Republic of
Korea). For the indoor light characterizations of organic IPV devices, three
artificial indoor light sources were used: an LED lamp (McScience, Su-
won, Republic of Korea) with an irradiance of 0.17 mW cm~2 at 500 Ix and
0.28 mW cm~2 at 1000 Ix; an FL with an irradiance of 0.19 mW cm™2 at
500 Ix, and 0.33 mW cm~2 at 1000 Ix. A Slidac voltage regulator (SD-1000;
DSELECTRON, Republic of Korea) was employed to regulate the light in-
tensities of the indoor light sources. The irradiance values of the indoor
light sources were measured experimentally using equipment (PMD100D,
THORLABS). For that, lux meter was put below the light source and con-
nected to the equipment (TES 1330A). Then, related illuminance and ir-
radiance values were recorded. The EQEs of the devices were measured
using an incident photon-to-current efficiency (IPCE) system (ORIEL IQE
200 System,; Irvine Newport, CA, USA). The active area of the OPV devices
was measured to be approximately 0.1 cm? using an optical microscope.
The thickness of the photoactive layers was estimated to be 80, 95, 100,
85, and 95 nm for PBDTT, B70T30, B50T50, B30T70, and PBDTT-TPD, re-
spectively.

Supporting Information

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