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Cross-Linked Sulfur–Selenium Polymers as Hole-
Transporting Materials in Dye-Sensitized Solar Cells and
Perovskite Solar Cells
Peng Liu, Lars Kloo, and James M. Gardner*[a]

1. Introduction

The transition from a fossil-fuel-based energy system to
a solar-energy-based energy system is dependent on reducing
the overall cost of making, using, and replacing photovoltaics.
Possible means to reduce overall costs include increasing
energy conversion efficiency, decreasing the cost of fabrication,
as well as decreasing the inherent cost of materials for the pro-
duction of the solar cells. Thus, the design and identification of
abundant and inexpensive materials represents a major scien-
tific challenge. Solid-state photovoltaics, such as solid-state
dye-sensitized solar cells (ssDSSCs) and organic–inorganic
metal halide perovskite solar cells (PSCs), are promising alter-
natives for replacing traditional silicon-based solar technolo-
gies.[1, 2] In general, those devices consist of two electrodes in
electrical contact through a solid electrolyte system. In the
above systems, the hole-transporting material (HTM) plays the
essential role of hole-selective charge transport to the counter
electrode. An ideal HTM should be easy to process (high solu-
bility in organic solvents), be synthesized from inexpensive
and abundant starting materials, display a high hole conductiv-
ity, and exhibit good thermal and photochemical stability.
When producing relatively efficient solar cells, the most com-
monly used HTM (Spiro-OMeTAD) costs roughly 250 thousand

dollars per kilogram on the current market. In response to the
high cost of Spiro-OMeTAD, significant effort has been recently
put into the design of low-cost alternative hole-transport ma-
terials for ssDSSCs and PSCs. Kim and co-workers introduced
in situ solid-state polymerization of conducting polymers for
highly efficient ssDSSCs.[3] Xu et al. developed a triphenyla-
mine-based oligomer hole-transport material for ssDSSCs[4] and
carbazole-based HTMs for PSCs.[5] Recently, a comparatively
low-cost spiro[fluorene-9,9’-xanthene] (SFX) based organic
hole-transport material (HTM) termed X60 has been applied in
ssDSSCs and PSCs with efficiencies of 7.30 % and 19.84 %, re-
spectively.[6] Hua et al. have designed fluorene-based HTMs
and achieved efficiencies of 6.35 % for ssDSSCs and 18.04 % for
PSCs, respectively, with HT2 as the HTM.[7] Recently, Zhang,
et al. studied the effect of alkyl chains of organic HTMs for effi-
cient perovskite solar cells with reported efficiencies up to
17.33 %.[8] On the other hand, inorganic hole-transport materi-
als for solid-state photovoltaics have also been developed.
Copper-based p-type inorganic semiconductors have been re-
ported as hole-transport materials for ssDSSCs[9, 10] and
PSCs.[11, 12] The element of sulfur is an abundant and inexpen-
sive material. Due to its unique electrochemical properties and
high natural abundance, sulfur or polysulfides have become
widely utilized in efficient lithium batteries[13–16] and in thin-film
photovoltaic devices.[17–19] Initially, Pyun and co-workers de-
signed co-polymerization strategies to synthesize novel solu-
tion-processable sulfur-based polymers by co-polymerization
with divinylic co-monomers.[20] Recently, we demonstrated the
use of polymeric sulfur in a stable, cross-linked material as
a hole-transport material in ssDSSCs.[21] However, one of the
drawbacks of polymeric sulfur is the low hole conductivity. In
our present studies, we have successfully introduced selenium

Novel inverse-vulcanized polymeric sulfur–selenium materials
(SeS2:S:DIB, where DIB = 1,3-diisopropenylbenzene) have been
prepared and utilized for solid-state dye-sensitized solar cells
and perovskite solar cells. Under standard AM 1.5G illumination
(1000 W m�2), a power conversion efficiency of 1.70 % was re-
corded for polymeric sulfur–selenium–based (SeS2 :S:DIB) solid-
state solar cells, which is higher than that of polymeric sulfur-
based (S:DIB) devices (1.09 %). For perovskite solar cells, a rela-
tively high efficiency has been achieved for polymeric sulfur–
selenium-based (SeS2 :S:DIB) solar cells (10.21 %) and polymeric

sulfur-based (S:DIB; 7.32 %) solar cells, respectively. The con-
ductivity of the polymeric SeS material has been determined
to 2.24 � 10�4 S cm�1, which is higher than for the polymeric
sulfur material under the same doping conditions. Photoin-
duced absorption and steady-state photoluminescence meas-
urements were performed to investigate the charge-transfer
properties relevant for the solar cells. The results in the present
study qualify the new polymeric sulfur–selenium materials as
candidates for low-cost hole-transport materials for photovol-
taic devices.

[a] P. Liu, Prof. L. Kloo, Dr. J. M. Gardner
Division of Applied Physical Chemistry
Department of Chemistry
KTH-Royal Institute of Technology
Teknikringen 30
10044 Stockholm (Sweden)
E-mail : jgardner@kth.se

Supporting Information and the ORCID identification number(s) for the
author(s) of this article can be found under:
https://doi.org/10.1002/cptc.201700037.

ChemPhotoChem 2017, 1, 1 – 7 � 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1 &

These are not the final page numbers! ��These are not the final page numbers! ��

ArticlesDOI: 10.1002/cptc.201700037

http://orcid.org/0000-0002-4782-4969
http://orcid.org/0000-0002-4782-4969
http://orcid.org/0000-0002-4782-4969
https://doi.org/10.1002/cptc.201700037


into cross-linked polymeric sulfur in order to increase the elec-
trical conductivity, thus enhancing the performance of the
solar cell devices. Similar materials were just recently prepared
by Boyd and co-workers, although their focus was on thermal
stability and infrared spectroscopy.[22]

Experimental Section

Synthesis of Cross-Linked Polymeric Sulfur and Cross-Linked
Selenium-Doped Polymeric Sulfur

All chemicals were purchased from Sigma–Aldrich unless otherwise
indicated. The photosensitizer for ssDCS (LEG4) was acquired from
Dyenamo AB.[23] The synthesis of the cross-linked polymeric sulfur
(S:DIB) closely followed literature[20] and is summarized below. The
weight ratio of S:DIB used was 1:1 for the cross-linked polymeric
sulfur. For cross-linked polymeric sulfur doped with selenium, ele-
mental sulfur was heated to 185 8C to form a molten sulfur liquid
(working as solvent). Then the SeS2 (99 %) was added into the
liquid sulfur solvent. The mixture was stirred for 2 min. Subse-
quently, 1,3-diisopropenylbenzene (DIB) was directly added into
the mixture and allowed to react for 10 min. The weight ratio of
SeS2 :S:DIB was 1:1:1.

Device Fabrication

Fluorine-doped tin dioxide (FTO) substrates (Pilkington TEC15)
were dipped into a Zn-HCl solution (15 mg cm�2 zinc powder and
2 m hydrochloric acid) for etching. After that step, the substrates
were cleaned in an ultrasonic bath using deionized water (15 min),
acetone (30 min), and ethanol (30 min), respectively. A spray pyrol-
ysis deposition (SPD) technique was applied to obtain a compact
layer of TiO2 as a blocking layer on top of the FTO substrate. The
solution used in the SPD process was 0.2 m titanium(IV) isopropox-
ide and 2 m acetylacetone in isopropanol. For manufacturing of the
ssDSSCs, a TiO2 paste (Dyesol DSL 18NR-T) mixed with ethanol (3:1
mass ratio) was deposited on the compact layer of TiO2 using spin
coating. After sintering on a hotplate at 500 8C for 30 min and
cooling to room temperature, the substrate (2 mg mL�1) was im-
mersed into a solution of 0.2 m aqueous TiCl4 at 70 8C for 30 min.
Then, the substrates were rinsed with deionized water and ethanol,
then annealed on a hotplate at 500 8C for 30 min. After being
cooled to 90 8C, the hot TiO2 film was immersed into an ethanol
bath of the photosensitizer (0.2 mm LEG4) for 18 h. After the sensi-
tization, the electrodes were rinsed with ethanol and dried in an
N2 gas flow. The surfaces of the dried substrates were covered by
a S:DIB or SeS2 :S:DIB HTM solution (10 mg mL�1) containing addi-
tives (Li[TFSI] 120 mm and TBP 200 mm; Li[TFSI]= lithium bistri-
fluoromethanesulfonimidate; TBP = 4-tert-butylpyridine) for 30 sec
and then spin-coated for 30 sec at 2000 rpm to form a uniform
HTM layer. Afterwards, the cells were left in air overnight in the
dark and a 200 nm thick Ag layer was deposited on the top of the
HTM layer by thermal evaporation in a vacuum chamber (Leica EM
MED020).

The mixed perovskite precursor solution was prepared by dissolv-
ing (NH2CH2NH2)I (1 m ; FAI), PbI2 (1.1 m), CH3NH3Br (0.2 m, MABr)
and PbBr2 (0.2 m) in the anhydrous mixed solvent DMF:DMSO 4:1
volume ratio. A (FAPbI3)0.85(MAPbBr3)0.15 layer was formed on the
TiO2 layer through spin coating of the mixed perovskite precursor
solution in a two-step program at 1000 and 4000 rpm for 10 and
30 sec, respectively. During the second step, 125 mL of chloroben-
zene was poured on the spinning substrate 15 sec prior to the end

of the program. The substrates were then annealed at 100 8C for
45 min. Subsequently, the S:DIB or SeS2 :S:DIB HTM layer
(10 mg mL�1) with additives (Li[TFSI] 30 mm and TBP 200 mm) was
spin-coated on top of the perovskite film. Finally, a layer of 80 nm
Au was deposited sequentially under high vacuum (<4 � 10�5 Pa)
by thermal evaporation through a shadow mask to form an active
area of �20 mm2.

Device Characterization

Current–voltage (J–V) characteristics of the solar-cell devices were
recorded under 100 mW cm�2 (AM 1.5G) with a Keithlley Model
2400 source meter. The light source was calibrated by a certified
reference solar cell (Fraunhofer ISE) for an intensity of
100 mW cm�2. A black mask with an aperture area of 0.126 cm was
placed on the top of the cell during the measurements. Incident
photon-to-current conversion efficiency (IPCE) spectra were record-
ed by a computer-controlled setup comprised of a Xenon lamp
(Spectral Products ASB-XE-175), a monochromator (Spectral Prod-
ucts CM110) and a Keithley multimeter (Model 2700), and calibrat-
ed by a certified reference solar cell (Fraunhofer ISE). The electron
lifetime measurements were recorded through monitoring photo-
voltaic transients at different light intensities by applying a small
square-wave modulation to a base light intensity. The photovoltaic
response was fitted using first-order kinetics in order to obtain the
time constants.

Photoinduced Absorption Spectroscopy

The solar cell device samples used in photoinduced absorption
(PIA) measurements were prepared as described above but with-
out the final Ag contact layer. PIA spectra were recorded on
a homemade setup, which has been described previously.[24] A
20 W tungsten-halogen lamp, filtered up to 530 nm, generated
a “white” probe light. A square-wave modulated (on–off) blue LED
light source (460 nm light with 6.1 mW cm�2 intensity and 9.3 Hz
modulation frequency) was used for excitation. The transmitted
probe light was focused onto a monochromator and detected by
a UV-enhanced silicon and germanium photodiode detector.

UV/Vis Absorption and Photoluminescence

UV/Vis absorption measurements were performed using a Lambda
750 UV/Vis spectrophotometer. The FTO/TiO2 substrate signal was
used as a background calibration. The thickness of the mesoporous
TiO2 film was around 500 nm. The photoluminescence spectra of
the perovskite thin films were recorded on a Cary Eclipse fluores-
cence spectrophotometer with excitation at 550 nm.

Conductivity

Glass substrates without a conductive layer were carefully cleaned
following the method for FTO substrates. A thin layer of mesopo-
rous TiO2 was coated on the glass substrates by spin-coating a di-
luted TiO2 paste (Dyesol DSL 18NR-T) with terpineol (1:3, mass
ratio). The thickness of the film is ca. 500 nm, as measured with
a DekTak profilometer. The concentrations of the S:DIB and
SeS2 :S:DIB solutions used as HTMs were the same as in the manu-
facturing of the photovoltaic devices. J–V characteristics were re-
corded on a Keithley 2400 Semiconductor Characterization System.
Measurements were carried out following the procedure described
in a previously published paper.[25]
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2. Results and Discussion

2.1. UV/Vis Absorption

Figure 1 shows the UV/Vis absorption spectra of cross-linked
polymeric sulfur (S:DIB) and Se-doped polymeric sulfur
(Se2 :S:DIB) in toluene solutions. As discussed in our previous
paper,[21] the peaks between l= 430 nm and 620 nm can be as-
signed to different polymeric sulfur radicals.[26, 27] After doping
of selenium into the inorganic polymer, the absorption range
extends to �700 nm. The earlier onset in the absorption spec-
trum of SeS2 :S:DIB system indicates that the inclusion of seleni-
um in the cross-linked polymeric sulfur reduces the band gap
of the inorganic polymer. A much broader set of absorption
peaks is observed between 450 nm and 650 nm for SeS2:S:DIB,
which could be assigned to the presence of direct Se�Se
bonding.[28]

2.2. Conductivity

Most likely, the largest limiting factor with respect to efficient
conversion of solar light in ssDSSCs can be traced to a low
charge-carrier mobility of the hole-transport material itself.
Figure 2 shows the Tafel plot of the polymeric S:DIB and
SeS2:S:DIB doped with Li[TFSI] . As showed in our previous
paper,[21] the conductivity of polymeric sulfur is shown to be
10–100 lower than for, the so far best performing hole-trans-
port material, doped Spiro-OMeTAD.[29] When the concentra-
tion of Li[TFSI] in the spin-coating solution is increased to
120 mm, the conductivity of polymeric sulfur can be increased
to 6.13 � 10�5 S cm�1. With inclusion of selenium in the poly-
meric sulfur, the conductivity can be increased to 2.24 �
10�4 S cm�1. The incorporation of selenium into the cross-
linked sulfur polymer worked as intended and conductivity in-
creased by a factor of 3.5 with respect to the pure sulfur poly-
mer. The modest gain in conductivity suggests that the focus
of future research on increasing the efficiency of these types of
solar cells should be on further increasing conductivity by

more efficient deposition and optimization of device
fabrication.

2.3. Characterization of ssDSSC Devices

2.3.1. J–V Characteristics and IPCE

Figure 3 shows J–V curves of ssDSSCs based on the S:DIB and
SeS2:S:DIB hole-transporting materials under different irradia-
tion conditions. The photovoltaic parameters of the ssDSSC de-
vices are summarized in Table 1 and device statistics have
been collected in the Supporting Information (Figure S2).
Upon illumination at standard 1 sun light intensity, the devices
based on polymeric SeS2 :S:DIB yield an efficiency of 1.70 % to-
gether with a Jsc value of 5.04 mA cm�2, a fill factor (FF) of 0.45,
and Voc value of 750 mV, as compared to an efficiency of 1.09 %
for devices based on polymeric S:DIB alone. The efficiency for
devices based on S:DIB is slightly lower than the previously re-
ported,[21] which can be due to different ambient environment
conditions during device fabrication. Under low-light condi-
tions (5 % of 1 sun light intensity) the devices based on poly-
meric SeS (SeS2 :S:DIB) showed a Voc value of 650 mV, a Jsc value

Figure 1. UV/Vis absorption spectra of cross-linked polymeric sulfur (S:DIB)
and cross-linked Se-doped polymeric sulfur (SeS2:S :DIB) in toluene solution
(2 mg mL�1).

Figure 2. Current–voltage characteristics of the polymeric SeS2 :S:DIB (black)
and S:DIB (red) films doped with Li[TFSI] .

Figure 3. The J–V characteristics of ssDSSCs based on LEG4 in combination
with cross-linked polymeric sulfur (S:DIB) and Se-doped sulfur (SeS2 :S:DIB) as
hole-transport materials.
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of 0.37 mA cm�2, and a fill factor of 0.55, yielding an overall ex-
cellent efficiency of 2.67 %. The devices based on polymeric
S:DIB yielded an efficiency of 2.06 % under 5 % of 1 sun intensi-
ty, with Jsc = 0.37, Voc = 595 mV and fill factor of 0.46, respec-
tively. Under the same conditions, there is an obvious increase
in efficiencies for devices based on the Se-doped HTM in com-
parison to that based on polymeric sulfur. The higher conver-
sion efficiencies obtained at lower illumination clearly show
that charge transport in the HTM represents a significant bot-
tleneck towards higher overall conversion efficiencies. In order
to study the external quantum efficiencies, incident photon-to-
current conversion efficiencies (IPCE) have been determined
(Figure 4). Maximum monochromatic conversion efficiencies of
41 % for SeS2 :S:DIB-based devices and 37 % for S:DIB-based de-
vices are located at around 500 nm. The range of IPCE spectra
is in good agreement with UV/Vis absorption spectra of the
LEG4 dye on TiO2.

2.3.2. PIA

In order to study the charge-transfer process between the
LEG4 dyes and the polymeric hole-transport materials, photoin-
duced absorption (PIA) spectroscopy was performed. As seen
in Figure 5, after excitation of LEG4 on TiO2 with blue light,
a bleach is observed between 525–625 nm and new absorp-
tion bands emerge between 625–850 nm. These changes in
absorption are attributable to the ground-state bleach of LEG4
and absorption of oxidized LEG4, respectively.[29, 30] After depo-
sition of the S:DIB and SeS2 :S:DIB HTMs onto the LEG4-sensi-

tized TiO2, the PIA spectra show a decrease in the LEG4
ground-state bleach, as well as a decrease in the absorption
from oxidized LEG4. These changes represent clear indications
of dye regeneration. The differences in the PIA spectra for the
S:DIB and SeS2:S :DIB samples can be related to the differences
in the absorption spectra of the two materials: Increased ab-
sorption at longer wavelengths and throughout the visible by
SeS2:S:DIB relative to S:DIB leads to a broader ground-state
bleach. All results indicate that a charge transfer takes place
between sensitizers and HTM layers (i.e. the dye is regenerat-
ed) for both the HTMs in this study.

2.4. Characterization of PSC Devices

Recently, organic–inorganic metal halide perovskite solar cells
(PSCs), from which the perovskite CH3NH3PbI3 is the prototypi-
cal example, have shown potential to be a breakthrough tech-
nology in field of photovoltaics. In particular, mixed-ion perov-
skite solar cells utilizing combinations of halides (Br� and I�)
and cations (NH2CH2NH2

+ and CH3NH3
+) have attracted much

attention due to the high efficiencies and easy fabrication.[6, 8, 31]

In the following section, we will discuss the applications of
cross-linked sulfur-based polymeric materials in PSCs based on
the commonly used perovskite FA0.85MA0.15Pb(I0.85Br0.15)3.

2.4.1. J–V Characteristics and IPCE

Figure 6 shows the J–V characteristics of PSCs based on poly-
meric S:DIB and SeS2 :S:DIB hole-transport materials for differ-
ent scan directions. The photovoltaic parameters of the PSC
devices are summarized in Table 2 and statistical data are pre-
sented in the Supporting Information. For the forward direc-
tion scan (from Voc to Jsc), the PSCs based on polymeric
SeS2:S:DIB show an efficiency of 10.11 % with a Voc value of
870 mV, a Jsc value of 22.79 mA cm�2, and a fill factor (FF) of
0.51. For the reverse direction (from Jsc to Voc), the efficiency
for devices based on polymeric SeS2:S:DIB is 8.61 %, with Voc =

880 mV, Jsc = 22.07 mA cm�2 and an FF of 0.43, respectively. In
the case of polymeric sulfur-based PSCs, the efficiencies
amounted to 7.32 % (Jsc = 21.78 mA cm�2, Voc = 800 mV, FF =

Table 1. Photovoltaic parameters of ssDSSC devices based on cross-
linked polymeric S:DIB and SeS2:S:DIB under different light intensities.

S:DIB Voc [mV] Jsc [mA cm�2] FF h [%]

1 Sun 700 4.34 0.361 1.09
0.05 Sun 595 0.37 0.46 2.06
SeS2:S:DIB
1 Sun 750 5.04 0.45 1.70
0.05 Sun 650 0.37 0.55 2.67

Figure 4. The IPCE spectra of ssDSSCs based on cross-linked polymeric sulfur
(S:DIB; black) and polymeric Se-doped sulfur (SeS2 :S:DIB; red) as hole-trans-
porting materials.

Figure 5. Photoinduced absorption spectra of ssDSSC devices containing
S:DIB (LEG4/S; blue) or SeS2:S :DIB (LEG4/SeS; red) as hole-transport materi-
als, or no hole-transport material (LEG4; black).
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0.42) in the forward direction scan, and 5.66 % (Jsc =

21.97 mA cm�2, Voc = 778 mV, FF = 0.33) in the reverse direction
scan. In both cases, the cross-linked polymeric S and Se/S ma-
terials worked well as hole-transport materials, even though
substantial hysteresis was observed. The hysteresis phenomena
may be affected by the relatively low conductivity of the poly-
mers. Despite the conductivity problems, both polymers
showed surprisingly high short circuit current densities. These
promising results highlight the potential use of sulfur and sele-
nium polymers as low-cost hole-transporting materials for solar
cells. According to the XRD results shown in Figure S5, our per-
ovskite was predominantly the alpha phase of the mixed-ion
perovskite solar cell although it contained a small fraction of
FAPbI3 as an impurity. These impurities may have decreased
overall power conversion efficiencies to some extent. The inci-
dent photon-to-current conversion efficiency (IPCE) spectra
(Figure 7), indicate that despite the polymers’ strong light ab-
sorption in the visible region, there is no impediment of the
light harvesting by the perovskite. A maximum monochromatic
conversion efficiency of 75 % for SeS2 :S:DIB based devices and
70 % for S:DIB based devices are located at around 480 nm,
with a slight decrease in efficiency notable just under 750 nm.
The range of the IPCE spectra is in good agreement with the
absorption spectra of mixed-ion perovskite materials in solar
cells.

2.4.2. Photoluminescence (PL)

In order to get further insights into the charge-transfer proper-
ties at the interface of the perovskite/HTM, steady-state photo-
luminescence was recorded (Figure 8). The presence of the
cross-linked sulfur and selenium-doped sulfur polymers partial-
ly quenches the photoluminescence of the perovskite thin film
as compared to that of the pristine perovskite film. The results
suggest that hole transfer to the HTMs occurs from the excited
state of the perovskite even in the presence of TiO2. A small
band in the photoluminescence spectra is found at l=

825 nm, which can be assigned to FAPbI3. This is consistent
with the XRD data, which also indicates the presence of FAPbI3

as an impurity in the perovskite films.

3. Conclusions

In conclusion, we have applied a new class of hole-transport
materials based on the abundant element sulfur in solid-state
DSSCs and perovskite solar cells. Both kinds of devices based
on selenium-doped polymeric sulfur as hole-transporting mate-

Figure 6. The J–V characteristics of mixed-ion perovskite solar cells based on
cross-linked polymeric sulfur and Se-doped sulfur (SeS) materials as hole-
transport material studied under 1 sun illumination.

Table 2. Photovoltaic parameters of the best performing PSC devices
based on polymeric S:DIB and SeS2:S:DIB.[a]

S:DIB Voc [mV] Jsc [mA cm�2] FF h [%]

Forward 800 21.78 0.42 7.32
Reverse 778 21.97 0.33 5.66
SeS2:S:DIB
Forward 870 22.79 0.51 10.11
Reverse 880 22.07 0.43 8.61

[a] Scan rate 200 mV s�1, statistics on devices shown in the Supporting In-
formation.

Figure 7. The IPCE spectra of mixed-ion perovskite based solar cells in com-
bination with cross-linked polymeric sulfur (S:DIB; red) and Se-doped sulfur
(SeS2 :S:DIB; black) as hole-conductor materials.

Figure 8. Steady-state photoluminescence spectra of perovskite thin films in
the absence of HTM (black), and in the presence of S:DIB (red) and
SeS2 :S:DIB (blue) HTMs.
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rial show surprisingly good power conversion efficiencies. The
PIA and PL measurements indicate that efficient charge trans-
fer occurs between the hole-transport materials and working
electrodes. However, low photocurrents in ssDSC and poor fill
factors may be traced to the limited HTM conductivity as well
as incomplete pore filling of the mesoporous TiO2 substrate.
Nevertheless, the current results offer a new and promising
line of research aimed at efficient and low-cost materials that
offer possibilities for large-scale production. This research may
guide the development of sulfur-based materials for solid-state
photovoltaics and other optoelectronic applications.
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Cross-Linked Sulfur–Selenium
Polymers as Hole-Transporting
Materials in Dye-Sensitized Solar Cells
and Perovskite Solar Cells

Doping S with Se: In a facile solvent-
free reaction, molten sulfur reacts with
selenium disulfide and 1,3-diisoprope-
nylbenzene to produce high-sulfur/sele-
nium-content polymers. The polymers
are solution-processable in common or-
ganic solvents and can be deposited
onto photoelectrodes for use as hole-
transporting materials in solid-state dye-
sensitized solar cells and perovskite
solar cells.
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