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A novel selenium-containing D—A—D-type dopant-free hole-transport material with fused dithienobenzosele-
nadiazole acceptor unit (DTBS) was designed, synthesized and applied in a perovskite solar cell (PSC). In
addition, two dopant-free hole-transport materials were prepared as references with similar structure but
different chalcogen elements (O for DTBF and S for DTBT) being used. The impact of chalcogen atom variation in
the dopant-free hole-transport materials on the properties is systematically investigated, such as the physico-
chemical, electrochemical, morphological feature and photovoltaic properties in PSC. The PSC fabricated with
DTBS shows the power conversion efficiency value of 15.09% due to its high fill factor, which is much higher
than those with the references (13.31% for DTBF and 11.65% for DTBT). Moreover, the PSCs fabricated with
DTBS without encapsulation are operational with 77.8% performance retention under air condition after 30
days, which is much better than those prepared with doped spiro-OMeTAD (43.6%). The great stability for the
DTBS-based PSC may be owing to the excellent thin film morphology and hydrophobicity of DTBS. Our work
demonstrates that the selenium-containing organic compounds can act as the dopant-free hole-transport mate-
rials in PSC with both high efficiency and long stability being achieved.

state-of-the-art organic HTM in PSCs due to its excellent thin film
morphology and desirable hole extraction capacity [11]. However, the
high-cost multistep synthesis and difficult purification for

1. Introduction

Hybrid organic-inorganic perovskite materials have exhibited great

application potential in perovskite solar cells (PSCs) because of their
exceptional properties such as strong optical absorption in the visible
region, long charge carrier diffusion lengths, solution processable
deposition, and tunable bandgap energy [1-4]. PSCs have drawn much
attention over the past few years due to their rapid development with
the power conversion efficiency (PCE) being remarkably increased to
25.5% [5]. Generally, the PSCs mainly consist of a transparent
conductive oxide front electrode, an electron-transporting material, a
perovskite layer, a hole-transporting material (HTM), and a back elec-
trode of a noble metal or carbon [6]. As a key part of perovskite solar
cell, HTM is indispensable in accelerating hole extraction, suppressing
charge recombination and protecting perovskite layer of devices from
water [7-10]. So far, 2,2/,7,7'-tetrakis-(N,N-di-p-methoxyphenyl-
amine)-9,9'-spiro-bifluorene  (spiro-OMeTAD) is the  most
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spiro-OMeTAD greatly hinder its large-scale application [12,13].
Moreover, spiro-OMeTAD suffers from low hole mobility and has to be
doped with hydrophilic additives to increase the conductivity, which
induce device instability and lead to complicated doping protocol [14].
In addition, the dopants also tend to react with molecules of oxidized
spiro-OMeTAD to further accelerate device degradation process [15,16].
Therefore, it is necessary and challenging task to develop dopant-free
HTMs as alternative materials for further improving PSCs.

So far, conjugated small molecules with well-defined molecular
structures and tunable energy levels have been extensively explored to
be the dopant-free HTMs for PSCs [17-20]. Several molecular design
requirements can be concluded for developing highly efficient small
molecule dopant-free HTMs. First, enhanced intermolecular interactions
and n—x stacking are required to obtain dense film and improved hole
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mobility, which could be derived from planar rigid n-conjugated core
structures, such as fused thiophene-based derivatives [21,22]. Second,
donor-acceptor (D-A) type structures have been proven to be one of the
major design strategies to prepare high performance dopant-free HTMs
because their high charge carrier mobility due to strong dipolar inter-
molecular interactions, minimizing ohmic losses of the contact, good
stability and high solubility [19,21,23]. Moreover, 4,4’-dimethoxy-
triphenylamine has been considered as the preferential terminal group
in HTM designs owing to its easy oxidizability, strong electron-donating
ability, efficient hole transport, and good film formation properties [23].

Based on above design principles, one potential candidate for
acceptor units of HTMs could be fused dithieno[3’,2":3,4; 2”,3":5,6]benzo
[1,2-c] [1,2,5]-chalcogenadiazole (DTBX, X = O, S, and Se). They have
moderate electron withdrawing strength because of the fused two
electron-rich thienyl rings, which might be beneficial to the electron
blocking and hole transporting performance of the HTM layer [11].
Moreover, the DTBX-based molecules exhibit high charge carrier mo-
bilities owing to the reduced conformational disorder arising from their
four-ring-fused structure [24-27]. For the selenophene analogues, sele-
nium atom in particular features larger size (atomic radius = 118 p.m.)
than that of oxygen (atomic radius = 64 p.m.) or sulfur (atomic radius =
104 p.m.), which could obtain enhanced intermolecular interactions due
to the increased chalcogen-chalcogen interactions arising from its larger
atomic size [28]. Furthermore, selenium-containing molecules exhibit
narrower bandgaps owing to the more polarizable nature of the selenium
atoms, which lead to improved delocalization of electrons and thereby to
a better conjugation [29,30]. Therefore, selenium-containing
DTBX-based HTMs are expected to display improved charge extraction
and charge mobility. However, the DTBX-based HTMs have been rarely
reported for PSC applications, especially the selenium-containing
DTBX-based HTMs in PSCs has not been reported yet. On the other
hand, the atomic engineering of heterocyclic molecules is an effective
approach for tuning the optical and electrochemical properties of the
resulting organic optoelectronic materials. Some systematic in-
vestigations have been conducted on chalcogen-containing organic ma-
terials, revealing that the difference in the electron negativity and atomic
size of chalcogen atoms has great impact on optical absorption, electronic
property, backbone conformation, n—=r stacking, morphological feature
and photovoltaic properties in the organic optoelectronic devices
[31-35]. Encouraged by these works, herein, we adopted acceptor units
of dithieno[3',2":3,4; 2",3":5,6]benzo[1,2-c]furazan, dithieno[3',2":3,
4;2" 3":5,6]benzo[1,2-c][1,2,5]-thiadiazole and dithieno[3',2":3,4; 2",
3":5,6]benzo[1,2-c][1,2,5]-selenadiazole as core in conjunction with
methoxyl substituted triphenylamine (TPA) donors to design and syn-
thesize three novel D—A—D HTMs (DTBF, DTBT, and DTBS) for
dopant-free PSCs, as shown in Fig. 1. To the best of our knowledge, DTBS
is the first selenium-containing dopant-free hole transport material in
PSCs. We investigated the influences of the chalcogen atoms on the op-
tical, thermal, electrochemical and photophysical properties of three
dopant-free D—A—D HTMs. The PSCs based on these new dopant-free
HTMs achieved good device performances where DTBS remarkably
exhibited the highest photovoltaic performance among these three new
HTMs with a PCE of 15.09%. Besides, the DTBS-based PSCs exhibited
encouraging device stability with PCE maintaining 77.8% of their initial
values after 30 days of aging in ambient air without encapsulation. The
great stability for the PSCs with DTBS can be owing to the excellent thin
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film morphology and hydrophobicity of DTBS.
2. Experimental
2.1. Materials and instruments

All chemicals were purchased from J&K and Sigma-Aldrich. Tetra-
hydrofuran (THF), toluene and 1,4-dioxane were purified over sodium
under argon atmosphere. N, N-Dimethylformamide (DMF) was dried
over molecular sieves. Other solvents were applied in analytical grade
without further purification. The column chromatography separations
were carried out on silica gel (300-400 mesh). 'H and '3C NMR spectra
were measured on Bruker 400 MHz and 500 MHz instruments in CDCl3
and DMSO-dg, and tetramethylsilane (TMS) was used as internal stan-
dard. HRMS spectra were performed on an Agilent Technologies 1290
Infinity mass spectrophotometer.

2.2. Syntheses of HTMs

2.2.1. Synthesis of 2,7-dibromobenzo[1,2-b:6,5-b’]dithiophene-4,5-dione
(€))]

BDTD (2.2 g, 10.0 mmol), NBS (3.74 g, 21.0 mmol), and DMF (100
mL) were mixed in a 250 mL round-bottom flask, heated to 65-70 °C,
and stirred for 24 h. After the reaction was completed, the solution was
poured into cold water, and a large amount of purple-black solid
precipitated immediately. The resulting solid was filtered with a Buch-
ner funnel, washed with hot water and dried. The sample was recrys-
tallized from acetonitrile, collected by filtration, washed with
acetonitrile, and dried under vacuum to obtain a dark purple solid 1
(3.47 g, 92%). 'H NMR (400 MHz, CDCl3) 6 7.46 (s, 2H). The spectro-
scopic description is in accordance with the published data [36].

2.2.2. Synthesis of 5,8-dibromodithieno[3,2°:3,4; 2",3"°:5,6]benzo[1,2-c]
furazan (2)

Compound 1 (1.05 g, 3.0 mmol), hydroxylamine hydrochloride
(0.52 g, 7.5 mmol), and ethanol (60 mL) were mixed in a 150 mL glass
pressure vessel equipped with Teflon cap, stirred at 85 °C for 24 h and
140 °C for 48 h. After cooled to room temperature, the solvent was
removed by rotary evaporation, and the resulting solid was washed with
water. The solid was then purified by column chromatography with
petroleum ether/dichloromethane (v/v = 7/3) as the eluent to give
compound 2 (0.72 g, 56%) as yellow solid. 1H NMR (400 MHz, CDCl3) 6
7.92 (s, 2H). The spectroscopic description is in accordance with the
published data [36].

2.2.3. Synthesis of 4,4’-(dithieno[3,2:3,4; 2",3"":5,6]benzo[1,2-c]
[1,2,5]oxadiazole-5,8-diy)bis(N,N-bis(4-methoxyphenyl)aniline) (DTBF)
A mixture of compound 2 (0.39 g, 1.0 mmol), compound 3 (0.95 g,
2.2 mmol), K5CO3 aqueous solution (2 M, 2 mL), Pd(PPh3)4 (116 mg,
0.1 mmol) and anhydrous THF (50 mL) was heated to reflux and stirred
for 24 h under N, atmosphere. After cooled to room temperature, the
mixture was added with water to quench the reaction and was extracted
with CH,Cl; for three times. The combined organic phase was washed
with brine and dried over anhydrous MgSO4. After the organic solvent
was removed under reduced pressure, the coarse product was purified
by silica gel column chromatography with petroleum ether/ethyl
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Fig. 1. Chemical structure of the HTMs.
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acetate (v/v = 6/1) as the eluent. The product DTBF (0.65 g, 77%) was
obtained as an orange solid. 'H NMR (400 MHz, CDCls) § 7.90-7.83 (m,
2H), 7.51-7.42 (m, 4H), 7.14-7.07 (m, 8H), 6.93 (d, J = 8.5 Hz, 4H),
6.91-6.83 (m, 8H), 3.81 (s, 12H). 13C NMR (101 MHz, CDCls) § 156.42,
149.38, 145.73, 145.40, 140.16, 134.82, 127.12, 126.81, 124.44,
122.87, 119.73, 117.35, 114.89, 55.56, 55.48. ESI-HRMS (m/2):
[M+H]" caled for CsoH3gN4O05S,: 838.2284, found: 838.2291.

2.2.4. Synthesis of dithieno[3,2:3,4; 2",3"":5,6]benzo[1,2-c][1,2,5]
thiadiazole (4)

A mixture of BDTDA (2.0 g, 9.08 mmol), triethylamine (3.2 g, 31.8
mmol) and chloroform (40 mL) was stirred at 0 °C with the thionyl
chloride (1.6 g, 13.6 mmol) being added dropwise. The reaction mixture
was stirred for 1 h at room temperature and heated to reflux for 5 h.
After the reaction was quenched with cold water, the mixture stirred for
30 min. The organic phase was collected and washed with water. After
evaporation of the solvent, the residue was purified by column chro-
matography on silica gel eluting with petroleum ether/dichloromethane
(v/v = 7/3) to give compound 4 (1.65 g, 73%) as a yellow powder. H
NMR (400 MHz, CDCl3) 6 8.03 (d, J = 5.3 Hz, 2H), 7.54 (d, J = 5.2 Hz,
2H). The spectroscopic description is in accordance with the published
data [35].

2.2.5. Synthesis of 5,8-dibromodithieno[3,2’:3,4;2",3"":5,6]benzo[1,2-c]
[1,2,5]thiadiazole (5)

Compound 4 (1.07 g, 4.31mmol), chloroform (60 mL) and bromine
(1.51 g, 9.48 mmol) were added to a 250 mL round bottom flask. The
mixture was heated to 70 °C, and stirred for 12 h. After the reaction
mixture was cooled to room temperature, the resulting solid was
filtered, washed with chloroform, and dried. A yellow solid compound 5
(1.64 g, 94%) was obtained. 'H NMR (400 MHz, CDCl3) & 8.05 (s, 2H).
The spectroscopic description is in accordance with the published data
[35].

2.2.6. Synthesis of 4,4’-(dithieno[3',2:3,4; 2",3"":5,6]benzo[1,2-c]
[1,2,5]thiadiazole-5,8-diyDbis(N, N-bis(4-methoxyphenylaniline) (DTBT)
A mixture of compound 5 (0.41 g, 1.0 mmol), compound 3 (0.95 g,
2.2 mmol), KoCO3 aqueous solution (2 M, 2 mL), Pd(PPhg)4 (116 mg,
0.1 mmol) and anhydrous THF (50 mL) was heated to reflux and stirred
for 24 h under Ny atmosphere. After the sample was cooled to room
temperature, water was added to quench the reaction. The mixture was
extracted with CHyCl, for three times. The combined organic phase was
washed with brine and dried over anhydrous MgSO4. The organic sol-
vent was removed under reduced pressure, and the coarse product was
purified by silica gel column chromatography with petroleum ether/
ethyl acetate (v/v = 6/1) as the eluent. The DTBT (0.64 g, 76%) was
obtained as an orange solid. 1H NMR (400 MHz, CDCl3) 8 8.05-7.91 (m,
2H), 7.57-7.46 (m, 4H), 7.19-7.09 (m, 8H), 7.01-6.93 (m, 4H),
6.92-6.81 (m, 8H), 3.84 (s, 12H). 13C NMR (101 MHz, CDClg) § 156.31,
150.44, 149.05, 144.21, 140.32, 133.55, 129.47, 127.03, 126.81,
125.13, 119.93, 117.55, 114.86, 55.53, 55.50. ESI-HRMS (m/2):
[M-+H]" caled for CsoHsgN404Ss: 854.2055, found: 854.2050.

2.2.7. Synthesis of dithieno[3',2’:3,4; 2",3"":5,6]benzo[1,2-c][1,2,5]
selenadiazole (6)

The compound BDTDA (2.0 g, 9.08 mmol) was dissolved in ethanol
(50 mL), and heated to reflux for 2 h with the addition of a hot solution
of selenium dioxide (1.1 g, 10.0 mmol). After cooling to room temper-
ature, the resulting solid was filtered, washed with ethanol, and dried.
The compound 6 (2.04 g, 76%) was obtained as a yellow solid. H NMR
(500 MHz, CDCl3) 6 8.01 (d, J = 5.3 Hz, 2H), 7.48 (d, J = 5.2 Hz, 2H).
The spectroscopic description is in accordance with the published data
[35].
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2.2.8. Synthesis of 5,8-dibromodithieno[3,2:3,4;2",3":5,6]benzo[1,2-c]
[1,2, 5]selenadiazole (7)

Compound 6 (1.27 g, 4.31mmol), chloroform (60 mL) and bromine
(1.51 g, 9.48 mmol) were mixed, heated to 70 °C, and stirred for 12 h.
The reaction mixture was cooled to room temperature, and the resulting
solid was filtered, washed with chloroform, and dried. A pale brown
solid compound 7 (1.78 g, 91%) was obtained. Because of the low sol-
ubility of compound 7 in the conventional deuterated solvents, we were
unable to get the NMR data.

2.2.9. Synthesis of 4,4’-(dithieno[3',2°:3,4;2",3"":5,6]benzo[1,2-c][1,2,5]
selenadiazole-5,8-diyDbis(N,N-bis(4-methoxyphenyl)aniline) (DTBS)

A mixture of compound 7 (0.45 g, 1.0 mmol), compound 3 (0.95 g,
2.2 mmol), K2CO3 aqueous solution (2 M, 2 mL), Pd(PPh3)4 (116 mg,
0.1 mmol) and anhydrous THF (50 mL) was heated to reflux and stirred
for 24 h under Ny atmosphere. After the cooling of mixture to room
temperature, water was added to quench the reaction. The mixture was
extracted with CHyCl; for three times. The combined organic phase was
washed with brine and dried over anhydrous MgSO4. The organic sol-
vent was removed under reduced pressure, and the coarse product was
purified by silica gel column chromatography with petroleum ether/
ethyl acetate (v/v = 5/1) as the eluent. The DTBS (0.64 g, 71%) was
obtained as red solid. '"H NMR (400 MHz, CDCl3) § 8.00-7.92 (m, 2H),
7.50 (d, J = 8.3 Hz, 4H), 7.18-7.08 (m, 8H), 6.99-6.93 (m, 4H),
6.92-6.86 (m, 8H), 3.84 (s, 12H). 13C NMR (101 MHz, CDCl3) & 156.28,
155.86, 148.96, 143.78, 140.34, 133.78, 131.42, 127.01, 126.70,
125.19, 119.96, 118.39, 114.85, 55.53, 55.50. ESI-HRMS (m/2):
[M-+H]" caled for CsoHsgN404S2Se: 902.1500, found: 902.1494.

3. Result and discussion

The synthetic routes of DTBF, DTBT, and DTBS are illustrated in
Scheme 1, and the characterization data are available in the experiment
part. The compounds BDTD, BDTDA, 2, 3, 5, and 7 were synthesized by
following the literatures [35-37]. The para-methoxy triphenylamine
was then introduced by the Suzuki coupling reactions, resulting in three
targeted HTMs, DTBF, DTBT, and DTBS in yields of 77%, 76%, and 71%,
respectively.

The UV-vis absorption and photoluminescence spectra of DTBF,
DTBT, and DTBS in CH,Cl; solution were determined (Fig. 2a and
Table 1). The absorption spectra of HTMs were characterized by two
strong absorption bands from 300 to 600 nm where the peak at short
wavelength can be ascribed to the local n—x* electron transitions of core
macrocyclic receptor conjugation system and the other absorption band
(peaked at 480, 479 and 504 nm) can be ascribed to the intramolecular
charge transitions (ICT) from the electron rich triphenylamine groups to
the electron deficient core unit. Comparing with DTBF and DTBT, the
bathochromic shift of DTBS originates from the better extended
n-conjugation and stronger ICT interaction. In addition, the absorption
spectra of three new HTMs in film states are shown in Fig. S10. The
emission peaks of DTBF, DTBT, and DTBS were at 634, 643, and 687 nm,
respectively. The optical energy band gap (Eg) can be determined ac-
cording to the intersection of the normalized absorption and emission
spectra, which are shown in Table 1.

The electrochemical properties of the three HTMs were investigated
by performing cyclic voltammetry (CV) measurements (Fig. 2b), and the
corresponding data are summarized in Table 1. The results indicate that
the highest occupied molecular orbital (HOMO) values of DTBF, DTBT,
and DTBS are —5.03, —5.00, and —5.05 eV, respectively, which could
match well with the valence band (VB) of the perovskite (—5.4 eV) and
result in adequate driving force for hole injection. In addition, the lowest
unoccupied molecular orbital (LUMO) levels of DTBF, DTBT, and DTBS
were —2.76, —2.72, and —2.89 eV, respectively. All the three HTMs have
higher LUMO levels than the conduction band (CB) of the perovskite
(—3.9 eV), suggesting that the transfer of the photogenerated electrons
from the perovskite to the HTM layer and the recombination of a hole
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Fig. 2. a) Normalized absorption and emission curves for HTMs in CH,Cl, solution. b) Cyclic voltammetry of DTBF, DTBT, and DTBS in CH,Cl, solution. ¢) Energy

level diagram. d) Differential scanning calorimetry curves of the three HTMs.

and an electron are effectively inhibited.

To further evaluate the properties of the three HTMs, the thermal
stability of films was studied by differential scanning calorimetry (DSC)
measurements, performed with two heating and cooling circles, and the
result analysis is based on the second heating process. The result shows
that the glass transition temperature (Tg) of DTBF, DTBT, and DTBS are
121, 113, and 131 °C, indicating their good morphological stability,
which is beneficial to corresponding device stability (Fig. 2d) [8]. Be-
sides, no obvious melting peak appeared on DSC scan curves indicates
that all three HTMs are amorphous.

In order to better understand the geometrical configuration and
electron distribution of the three new HTMs, quantum chemical calcu-
lations based on the density functional theory (DFT) were performed by
employing the Gaussian 09 program at the B3LYP/6-31G (d) level. The
optimized molecular structures and electron distributions in HOMO and
LUMO energy levels of DTBF, DTBT, and DTBS are obtained and
depicted in Table 2. The HOMO energy levels of the three HTMs are
largely distributed on the whole molecular skeleton, while the LUMO
energy levels are mainly localized on the central core unit. The well
overlapped HOMO and LUMO levels orbits on the core unit suggest that
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Table 1
Optical Properties, and Electrical Properties of three HTMs.
HTMs  habs” em” Aint” Tg Eg’ HOMO® LUMO’
(nm) (nm) (nm) (°C) (eV) (eV) (eV)
DTBF 480 634 547 121 2.27 —5.03 —-2.76
DTBT 479 643 543 113 2.28 —5.00 —2.72
DTBS 504 687 575 131 2.16 —5.05 —2.89

2 Absorption peak values of three HTMs in CH,Cl, solution.

b Emission peak values of three HTMs in CH,Cl, solution.

¢ The point of intersection of normalized absorption and emission spectra of
three HTMs in CH,Cl, solution.

4 calculated by the equation of Eg = 1240/Ain.

¢ Calculated from the onset oxidation potentials of CV measurements.

f Calculated by the equation of Eyymo = Enomo + Eg.

Table 2
Results of DFT calculation (optimized structures, electron distributions in
HOMO and LUMO energy levels) of the three HTMs.

HTMs Top view Side view HOMO LUMO
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the electron-withdrawing DTBX core unit can promote the charge
transfer from the donor to the acceptor, which contributes to exciton
generation and hole transfer [38,39]. In addition, the calculated HOMO
energy levels of DTBF, DTBT, and DTBS are —4.62, —4.55, and —4.51
eV, while the LUMO energy levels are —2.01, —2.01 and —2.08 eV,
respectively.

In general, a smooth and dense surface coverage of the perovskite
layer by HTM films is highly beneficial for suppressing interfacial charge
recombination to obtain efficient charge collection and thus a high PCE
of devices [40]. The morphological characteristics of different HTMs on
MAPDI; films were investigated by scanning electron microscopy (SEM)
measurement and exhibited in Fig. 3a-d. The HTM DTBS presented
uniform, smooth and pin-free thin film covering the underlying perov-
skite layer, indicating that DTBS molecule formed excellent films, which
could prevent the harmful direct contact between the perovskite and the
Ag back electrode, and thus facilitate the charge transport in PSCs.

To estimate the charge transport properties in the perovskite layers
with the three HTMs, hole-injection only devices were fabricated with
the structure of ITO/PTAA/MAPDI3/HTL/Ag, where HTL was either
DTBF, DTBT, DTBS or doped spiro-OMeTAD. According to the space
charge limited current (SCLC) method, the devices were measured under
dark conditions to obtain corresponding log J—V curves (Fig. 4a). As
shown in Fig. 4a, the plot can be divided into three clearly defined re-
gions based on the slope of the log J—V curves, that is, the ohmic region
(the slope of the curve is close to 1), the SCLC region (the slope of the
curve is close to 2) and the electroconvection region (the middle part of
the curve, at which the slope of the curve is more than 3) [41,42]. The
hole mobility can be calculated based on the data in the SCLC region.
Hole mobility values of 3.11 x 1072, 2.35 x 107>, 5.29 x 10>, and 6.89
x 107% em? V! s7! were calculated for DTBF, DTBT, DTBS, and doped
spiro-OMeTAD, respectively. Besides, the hole mobility of undoped
spiro-OMeTAD was also measured to be 1.92 x 10> cm? V! s7!
(Fig. S11), which is lower than those of three dopant-free HTMs. Obvi-
ously, though slightly lower than the value of doped spiro-OMeTAD,
DTBS achieved the highest hole mobility among the three new HTMs,
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Fig. 3. Top-view SEM images of the surface morphology of a) spiro-OMeTAD, b) DTBF, c) DTBT, and d) DTBS.
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which suggests a faster hole transportation after the interfacial extrac-
tion. The higher mobility for DTBS could be ascribed mainly to its mo-
lecular framework and perfect film morphology. In addition, the dark
current-voltage curves of the three new HTMs and doped
spiro-OMeTAD were determined with a reported method [43]. As shown
in Fig. S12, the result demonstrates that DTBS-based device exhibited
smallest series resistance among three new HTMs.

To evaluate the hole transfer property at the interface between the
perovskite and HTL, we investigated the steady-state photo-
luminescence (PL) and time-resolved photoluminescence (TRPL) spectra
of the perovskite/DTBF, perovskite/DTBT, perovskite/DTBS, and
perovskite/spiro-OMeTAD. As shown in Fig. 4b, the perovskite layer
exhibits a strong PL peak at 775 nm. The bare perovskite exhibits a
strong fluorescence peak and the PL intensity was significantly weak-
ened for the device with different HTMs. This result indicates that holes
can be efficiently transferred from the perovskite films to the HTMs
[44]. Besides, for the reduction of PL, DTBS is most obvious among the
three new HTMs, suggesting the most efficient charge injection at the
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DTBS/perovskite interface. The TRPL spectra are illustrated in Fig. 4c
and the relevant data are summarized in Table S1. The results show that
the perovskite with DTBS exhibits a shorter PL lifetime (Taye = 1.79 ns)
than DTBF (t,ve = 1.81 ns) and DTBT (t,ve = 3.40 ns), which is close to
doped spiro-OMeTAD (T4 = 1.21 ns). Obviously, the results are
consistent with the steady-state PL study, indicating that the hole
transfer from the perovskite to the DTBS are more efficient than those of
DTBF and DTBT.

Fig. 5b exhibits the J—V curves of DTBF, DTBT, DTBS, and doped
spiro-OMeTAD based PSCs with MAPbI3 used as the light absorber
(Fig. 5a), and these key parameters are shown in Table 3. The dopant-
free DTBF-based device achieved a PCE of 13.31% with an open-
circuit voltage (Voc) of 0.95 V, a short-circuit current (Jsc) of 22.48
mA cm’z, and a fill factor (FF) of 62.3%. The dopant-free DTBT-based
device showed a V¢ of 0.93 V, a Jsc of 22.20 mA cm ™2 and an FF of
56.1%, yielding a PCE of 11.65%. The dopant-free DTBS-based device
obtained a Voc of 0.96 V, a Jgc of 22.78 mA cm 2 and an FF of 69.1%,
yielding a PCE of 15.09%. These parameters of the PSCs based on DTBS
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Fig. 5. a) Device architecture of PSCs. b) Reverse scan J-V curves for the best-performing devices using DTBF, DTBT, DTBS, and doped spiro-OMeTAD as HTMs. c)
Stabilized power output at the maximum power point voltage of the devices based on DTBS (0.78 V) and spiro-OMeTAD (0.89 V). d) The IPCE curves of PSCs based

on DTBS and spiro-OMeTAD.
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Table 3
Photovoltaic parameters of the PSCs using dopant-free HTMs DTBF, DTBT,
DTBS, and doped spiro-OMeTAD™".

HTMs Jsc (mA Voc FF PCEnmax PCEqave.+sD
em™?) ) (%) (%) (%)
DTBF 22.48 0.95 62.3 13.31 11.91 +0.94
DTBT 22.20 0.93 56.1 11.65 10.26 +0.94
DTBS 22.78 0.96 69.1 15.09 13.66 +0.88
Doped spiro- 22.61 1.08 72.2 17.62 16.41 +0.76
OMeTAD

2 Performances of devices measured using a 0.15 cm? working area.
b Values refer to the cell with the optimal PCE.
¢ Calculated on the basis of 15 measurements.

are slight lower than that for the doped spiro-OMeTAD-based device (a
Voc of 1.08 V, a Jsc of 22.61 mA ecm ™2, an FF of 72.2%, and an overall
PCE of 17.62%). The Jsc, Voc, and FF values of the DTBS-based device
are higher than those of DTBF- and DTBT-based devices. In addition, the
undoped spiro-OMeTAD-based devices were also prepared to compare
with the devices with three dopant-free HTMs. As shown in Fig. S14 and
Table S2, the undoped spiro-OMeTAD-based devices exhibited a PCE of
7.36%, which is much lower than those of the devices based on three
new dopant-free HTMs. The enhanced Jg for the DTBS-based PSCs is in
good consistent with the integral Js¢ from the IPCE spectra with de-
viations less than 5% (Fig. 5d). The higher V¢ and FF value in PSCs can
be ascribed to the relatively lower-lying HOMO level and the higher
hole-mobility of DTBS, respectively. The statistical PCE distribution
histograms of 15 PSC devices based on three new dopant-free HTMs and
doped spiro-OMeTAD are displayed in Fig. 6 and the corresponding
statistical parameters are listed in Table 3. The small standard deviation
(SD) values demonstrate a good PCE reproducibility for those new
HTMs-based PSC devices. Besides, the hysteresis phenomena of the de-
vices containing DTBS and spiro-OMeTAD were investigated under
reverse and forward scan directions (Fig. S15 and Table S3). The hys-
teresis index (HI) values of the PSCs with DTBS and spiro-OMeTAD are
8.3% and 6.0%, respectively. The results demonstrated the small hys-
teresis effects of the undoped DTBS-based devices, which may indicate
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the few trap states in the devices. To assess the device stability of the
PSCs, the stabilized power output over time was recorded at the
maximum power point bias. As shown in Fig. 5¢, both DTBS and spiro-
OMeTAD based PSCs exhibit stabilized efficiencies (after 300 s) with a
steady-state PCE of 14.75% and 17.56%, respectively.

The stability test of PSCs with DTBS and doped spiro-OMeTAD as a
HTM without encapsulation was tested under air conditions (25 °C and
50% humidity) (Fig. 7). The DTBS-based PSC was operational with
77.8% performance retention after 30 days. By contrast, the PSC device
based on doped spiro-OMeTAD maintained only 43.6% of its initial PCE
under the same working conditions. The greater stability of DTBS-based
device can be partially owing to its smooth HTM film acting as an
effective moisture barrier. Moreover, the water contact angle (WCA)
measurements of DTBS and spiro-OMeTAD were carried out on the
HTM-coated film in the HTM/perovskite/SnO,/ITO structure and the
corresponding images were determined (Fig. 7). Compared to spiro-
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Fig. 7. Long-term stability of the PSC based on doped spiro-OMeTAD and DTBS
under the relative humidity of 50% at 25 °C. The inset shows water contact
angles on spin-coated films of spiro-OMeTAD and DTBS.
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OMeTAD (77.3°), significantly larger contact angles in DTBS (101.2°)
coated films tend to show better protection from moisture for the un-
derlying perovskite layer, and appear to be accord with the better time
stability of the PSCs.

4. Conclusion

In summary, we have successfully designed and synthesized three
D—A—-D-type dopant-free HTMs (DTBF, DTBT, and DTBS) with triphe-
nylamine as a donor and fused dithieno[3',2':3,4; 2”,3":5,6]benzo[1,2-
cl[1,2,5]-chalcogenadiazole (DTBX, X = O, S, and Se) unit as an
acceptor for applications in PSCs. The influence of the chalcogen atom of
the three HTMs on optical and electronic properties and their solar cell
performance was systematically investigated. The PSCs based on
selenium-containing DTBS affords a PCE value of 15.09% without any
dopants, comparable to that of the solar cell fabricated with doped spiro-
OMeTAD (17.62%). Moreover, DTBS-based PSCs exhibit much better
long-term stability than spiro-OMeTAD due to the superior hydropho-
bicity of DTBS. Our results not only indicate that the substituted chal-
cogen atoms in the DTBX unit can induce substantial impacts on the
optical, electrochemical, charge-transport properties and photovoltaic
properties of the corresponding HTMs, but also demonstrate that the
selenium-containing organic compounds are fascinating candidates for
constructing dopant-free HTMs in PSC with both high efficiency and
long stability being achieved.
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