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ABSTRACT: Three cyclopenta[2,1-b;3,4-b’|dithiophene (CPDT)-
based organic semiconductors LYC-1-LYC-3 consisting of a central 25
dithiolane ring with triarylamine-based side groups were prepared and
utilized as hole-transporting materials (HTMs) in perovskite solar cells
(PSCs). Physical studies on HTM LYC-1 indicated that it exhibits high
efficiency in hole transfer and a strong hole-extraction tendency from
the perovskite layer. The PSC device made with LYC-1 as HTM
showed a remarkable performance of 19.07%, which is much higher
than the device based on spiro-OMeTAD (17.90%) under a similar
condition. Moreover, the hydrophobic nature of LYC-1 protects the
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perovskite layer effectively from moisture and, therefore, leads to its
long-term stability, i.e., retains 85% of initial efficiency after operating over 1000 h. This work demonstrates that the incorporation of
a dithiolane ring in the central CPDT core is an effective way of enhancing both efficiency and stability of PSC devices.

KEYWORDS: perovskite, cyclopentadithiophene, hole-transporting material, long-term stability, carbazole

B INTRODUCTION

Perovskite solar cells (PSCs) have drawn considerable
attention due to their outstanding physical and optoelectronic
properties such as the long carrier-diffusion length, intense
panchromatic light absorption, and high charge-carrier
mobility.'~* In less than 10 years, PSCs have experienced a
remarkable advancement in their power conversion efficiencies
(PCEs) from 3.8% to over 25%, rivaling the commercial silicon
solar cells.’ ™' A typical device configuration of PSCs is
composed of a transparent electrode, an electron transporting
layer (ETL), a perovskite absorption layer, a hole-transporting
layer, and a back contact metal electrode. A highly efficient
PSC is usually archived by introducing a hole-transporting
material (HTM) between the perovskite layer and the metal
electrode to induce hole extraction and suppress the charge
recombination at the interface. Nowadays, the most popular
HTM employed in PSCs is 2,2/,7,7'-tetrakis-(N,N-di-p-
methoxyphenyl-amine)-9,9’-spirobifluorene (spiro-OMeTAD)
that can afford a conversion efficiency higher than 20%."" The
major drawbacks of spiro-OMeTAD are its tedious synthesis
and the purification procedure as well as its relatively low
charge-carrier mobility.'* These drawbacks become a major
obstacle for large-scale applications.'” Therefore, great efforts
have been spent in recent years on seeking alternative materials
with the aim of surpassing the performance of spiro-OMeTAD.
For inorganic materials such as Cul and CuSCN, the
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efficiencies of the PSCs based on them are still lower than
those obtained using either spiro-OMeTAD or polytriaryl-
amine (PTAA) polymers.'”"> Compared with polymeric
materials, small molecules possess certain advantages in
terms of ease synthesis, convenient purification, high purity,
precise molecular weight, and handy batch-to-batch reproduc-
tion."”"” In this regard, a variety of organic small molecules
have been designed and employed as HTMs in PSCs, such as
spiro-type compounds, truxenes, benzotrithiophenes, bifluor-
enylidenes, azahelicenes, bimesitylenes, and their deriva-
tives.'”'*** Despite the rapid growth of small-molecule-
based HTMs, it is still crucial to understand the factors that
govern the correlation between the molecular structure and the
device performance.

Organic materials containing fused thiophene units are
commonly used as organic semiconductors.”” The electron-
rich nature of sulfur and the rigid planar 7-conjugated
framework can enhance the hole mobility through an
intermolecular overlap of 7—7 clouds in the solid state.*”*'
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Figure 1. Chemical structures of LYC HTMs and CT1.
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Not only the z—7x interaction, the S-S interaction is also
beneficial to charge transport due to the electronic softness of
the sulfur atoms and, thus, an increase of effective overlapping.
These effects have been demonstrated in several thiophene-

fused aromatic compounds.’”** Among them, cyclopenta[2,1-

b;3,4-b’|dithiophene (CPDT) and its derivatives have been
employed as building blocks in preparing semiconducting
7 although the

materials for various optoelectronic devices,”*
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properties of small molecules containing CPDT used for PSCs
have received much less attention.'>**~*

Herein, we present our studies on a new class of hole-
transporting materials by incorporating a dithiolane unit into a
CPDT moiety endowed with arylamines and diphenylamine-
substituted carbazole and showcase their effectiveness as
HTMs for highly efficient and stable PSCs. The structures of
LYC-1, LYC-2, and LYC-3 are shown in Figure 1. To the best
of our knowledge, compounds containing a dithiolane moiety
used as the HTMs in PSCs have never been examined. The
spiro-dithiolane ring of CPDT derivatives with the two
additional sulfur atoms on the central core may enhance
good intermolecular packing via S-S interactions, thereby
inducing a preferable gacking arrangement for increasing
charge transportation.”” The optoelectronic and electro-
chemical properties of these three new HTMs were systemi-
cally investigated. Theoretical calculations were conducted to
obtain the energy levels and electronic configurations. By
comparison with the previously reported compound CT1
without the dithiolane ring,42 we were able to investigate the
influences of these pendant groups on the physical and
chemical properties and their contributions to the photovoltaic
performance. The cell performance based on LYC-1, in
particular, showed an excellent power conversion efficiency
(PCE) of 19.07%, notably better than the one based on
standard spiro-OMeTAD (17.90%) and previously reported
CT1 (17.71%) without the dithiolane unit in the bridged head
of fused thiophene® under the same condition. Not only
showing excellent device performance, the device base on the
LYC-1 also showed outstanding long-term stability in an
ambient atmosphere in the dark over 1000 h. These findings
suggest that dithiolane-based CPDT materials are promising
organic semiconductors for highly efficient PSCs.

B RESULTS AND DISCUSSION

The synthesis of LYC HTMs is illustrated in Scheme 1 and the
detailed experimental procedures are summarized in the
Supporting information. The synthesis of compound 3 has
been recently reported."”** Bromination of 1,3-dithiolane 4*°
by N-bromosuccinimide (NBS) yielded the dibromo derivative
S. The final LYC molecules were obtained by following the
Suzuki coupling reactions of 5 with p-methoxytriphenylamine
(6), p-methoxytriphenylamine-substituted thiophene (7),”
and p-methoxydiphenylamine carbazole-based pinacolboro-
nates (3), respectively, to give the disubstituted derivatives
LYC-1, LYC-2, and LYC-3 in good yields. The identities of all
compounds were fully confirmed by "H/"*C NMR spectros-
copy and high-resolution mass spectrometry.

Crystals of LYC-1 suitable for X-ray crystallographic studies
were grown from CH,Cl,/hexane solutions by slow solvent
evaporation under ambient environments. The structure is
shown in Figure S1 and the detailed crystallographic data can
be found in Table S1. Compound LYC-1 crystallizes in a
triclinic P1 space group. The CPDT tricyclic core is planar,
which shows a slight twist from the adjacent phenyl rings with
dihedral angles in the range of 5.4—18.4°. Such 7-extended
planar skeleton improves face to face 7—x overlap, facilitatin
charge transport and expecting to promote the hole mobility.*®

The photophysical characteristics of LYC HTMs in
chlorobenzene solutions are evaluated, as shown in Figure 2,
and the corresponding data are collected in Table 1. The
absorption maximum in the visible region depends on the
nature of the substituent. Compounds LYC-1, LYC-2, and
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Figure 2. Normalized absorption (M) and emission () spectra of
LYC HTMs in chlorobenzene solutions.

LYC-3 exhibit maximum absorption bands at 457, 489, and
435 nm, respectively. The absorption maximum of LYC-3 is
blue-shifted compared to those of LYC-1 and LYC-2. The
absorption spectrum of LYC-2 exhibits a bathochromic shift of
32 nm compared to LYC-1, ascribed to the extended
conjugation length of LYC-2 by introducing the thiophenylene
group in the structure. The same trend was observed in the
fluorescence spectra (4 = 524 nm for LYC-1 and 4; = 5§70 nm
for LYC-2). The degree of conjugation is obviously a
determining factor in the observed order of absorption and
fluorescence maxima. Moreover, the larger Stokes shift of
LYC-3 (4840 cm™") between the absorption and fluorescence
spectra with respect to LYC-1 (2761 cm™") and LYC-2 (2906
cm™') revealed a significant structural distortion between the
ground state and the excited state for LYC-3. The highest
occupied molecular orbital (HOMO)—lowest unoccupied
molecular orbital (LUMO) energy gaps (E,_,) of LYC-1,
LYC-2, and LYC-3 were determined to be 2.50, 2.30, and 2.55
eV, respectively, from the normalized absorption and emission
intersection.

The computational studies were performed using density
functional theory (DFT) and time-dependent DFT (TDDFT)
calculations on the level of B3LYP hybrid functional and the 6-
31G(d,p) basis set to gain insights into the frontier molecular
orbitals and the energy states. The optimized geometries and
the electron distribution of LYC series are displayed in Figure
3. The LUMOs of LYC series are mostly located on the 1,3-
dithiolane core and the neighboring phenyl or thienyl rings,
whereas the HOMOs of both LYC-1 and LYC-2 are broadly
delocalized over the TPA-donor and spacer moieties. In
contrast, the HOMO electron density of LYC-3 is primarily
localized on the carbazole-diphenylamine moiety. The
HOMO/LUMO energy levels were calculated to be —4.27/
—1.47 eV for LYC-1, —4.34/—1.85 €V for LYC-2, and —4.27/
—1.90 eV for LYC-3, respectively. Accordingly, the energy gaps
of LYC-1, LYC-2, and LYC-3 are 2.80, 2.49, and 2.37 eV,
respectively. Furthermore, the absorption transitions of LYC
series were calculated by TDDFT, and the relevant results for
the calculated absorption spectra are shown in Figure S2. The
vertical excitation energies and oscillator strengths f for the
lowest 10 singlet—singlet excitations are summarized in Table
S2. It is noticed that the simulated absorption spectra of LYC
HTMs show two absorption peaks. The calculated spectral
profiles comply well with the experimental results (Figure 2).
The lowest excitation bands of LYC series are assigned to the
transition from the HOMO — LUMO levels. The thermal
stabilities of LYC HTMs were determined by thermogravi-
metric analysis (TGA). Compounds LYC-1, LYC-2, and LYC-
3 possess high decomposition temperatures at 304, 316, and
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Table 1. Photophysical and Electrochemical Data of LYC HTMs

Agps (nm),” A Av,”

HTM ex 107" (M~ ecm™) (nm) (em™)
LYC-1 457, 5.37 524 2761
cr1” 437, 5.92 502 2963
LYC-2 489, 6.34 570 2906
LYC-3 435, 5.19 551 4840
spiro-OMeTAD 389, 18.37 428 2342

Exyono® Eoq! Epomo® Eyono® Eyno®
(eV) (eV) (eV) I (ev) (eV) (eV)
-5.25 2.50 275 -5.17 —427 —147
-5.17 2.57 —-2.60 —5.00 —424 -131
-529 2.30 -2.99 522 —4.34 -1.85
—5.24 2.55 —2.69 -5.19 —427 —1.90
—-522 3.03 -2.19 —5.14 —424 —223

“Measured in chlorobenzene solutions. *Av,, =v,,, — v;. “Determined from the differential pulse voltammetry (DPV) results. 9Obtained from the
intersection of normalized absorption and fluorescence spectra. “Estimated by Enomo—Eo_o. TTonization potentials measured by the photoelectron
spectroscopy of films in air. #Calculated values by time-dependent density functional theory (TDDFT). hTaken from ref 42.
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Figure 3. Energy level diagram of the corresponding HTMs and related materials in a device. Calculated HOMO and LUMO values are presented

as dashed lines.

392 °C, respectively. The high thermal stability suggests that
all materials are suitable for PSC applications (Figure S3).
Energy level matching of HTMs and perovskite is an
important factor to achieve high-performance PSCs. In this
regard, we have performed cyclic voltammetry (CV) (Figure
S4) and differential pulse voltammetry (DPV) (Figure 4)
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Figure 4. Differential pulse voltammograms of LYC series measured
in tetrahydrofuran (THF) solutions.

experiments to estimate the energy levels. The electrochemical
data are collected in Table 1. Figure 3 illustrates the energy
levels of perovskite and related materials. The first oxidation
potentials are —5.25, —5.29, and —5.24 eV for LYC-1, LYC-2,
and LYC-3, respectively. The HOMO levels of LYC HTMs are
sufficiently higher than that of the perovskite to ensure
sufficient driving force for hole extraction. The LUMO levels
of LYC-1, LYC-2, and LYC-3 are —2.75, —2.99, and —2.67 ¢V,
respectively. These values are significantly higher than that of

4722

the conduction band of perovskite to suppress the back
electron transfer from perovskite to the counter electrode.
To evaluate the solid-state optoelectronic properties, the
energy levels of LYC series were investigated by measuring
their photoelectron spectra in air (Figure S). The data are also
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Figure S. Photoelectron spectra of LYC series in air.

compiled in Table 1. The trend of HOMO values for LYC
series obtained by photoelectron spectroscopy is consistent
with the computational results by DFT and the measurements
by DPV.

The space-charge-limited current (SCLC) method was
employed to evaluate the hole-transporting properties of
LYC series (Figure 6). High hole mobility facilitates hole
extraction and is beneficial for improving the fill factor (FF) of
the PSC devices. LYC-1 exhibited a higher hole mobility (7.53
X 107 cm® V7! s7!) than those of LYC-2 (3.06 X 107* cm?
V™' s7!) and LYC-3 (2.34 X 107° cm® V™! s7!). The higher
hole mobility of LYC-1 when compared to LYC-2 and LYC-3
is tentatively attributed to the difference in their chemical

https://doi.org/10.1021/acsaem.1c00328
ACS Appl. Energy Mater. 2021, 4, 4719-4728
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Figure 6. Space-charge limitation of current in the J—V characteristics
of the device with different HTMs.

structures. According to our previous studies, a shorter 7-
conjugated system provides better 7—7 interactions for holes
to hop through molecules.”> The extended z-conjugation side
arms of HTMs may penetrate into those of neighboring
molecules and lead to partial 7—7z interaction that can
consequently interfere with the preferred charge-transport
pathways. In addition, the thin-ilm morphology of LYC-1
showed a more homogeneous and uniform surface when
compared with LYC-2 (vide infra). The smoother HTM
surface is beneficial for hole extraction and transport in the
film, resulting in better photovoltaic performance. Lower hole
mobility of 3.58 X 107™* cm® V™! 57! was obtained for spiro-
OMeTAD in comparison to that of LYC-1. In addition, the
hole mobility of compound CT1 reported in our previous
work is 3.21 X 107* cm® V™! s7.** Clearly, the close stacking
interactions between the HTMs induced by the additional
intermolecular S-S interactions in the dithiolane-ring-based
LYC-1 is responsible for a higher hole mobility than that of
CT1.***" The high hole mobility for LYC-1 is expected to
promote the performance of PSCs.

To gain insights into the hole-extraction capability, we
evaluated the hole-extraction ability by examining the steady-
state photoluminescence (PL) spectra and time-resolved
photoluminescence (TRPL). The PL spectra of perovskite in
LYC series and spiro-OMeTAD is shown in Figure 7a. It can
be seen that there is a strong PL signal at 770 nm from the
perovskite film without HTMs. However, the PL of bilayered
MAPbI;/HTMs exhibited a significant quenching effect with
respect to that of the pristine perovskite film, indicating
effective hole extraction. The degree of PL quenching of
perovskite deposited on either LYC-2 or LYC-3 was about
~80%, while that deposited on LYC-1 was nearly 95%. The
difference indicates that LYC-1 displayed the most efficient
charge-extraction effect among the LYC series, which is

consistent with its highest hole mobility. Figure 7b shows the
decay traces of TRPL. By fitting with a two-component
exponential model, the average PL lifetime of a pristine
perovskite film, perovskite/LYC-1, perovskite/LYC-2, perov-
skite/LYC-3, and perovskite/spiro-OMeTAD were deter-
mined to be 31.77, 16.57, 19.56, 21.39, and 17.37 ns,
respectively (Table S3). As expected, the PL lifetime
significantly decreased in HTM-covered perovskite films. In
addition, an LYC-1-coated perovskite film exhibited the
shortest average lifetime among the LYC series, indicating
that LYC-1 has a superior carrier-extraction ability.

A smooth and dense layer of HTM covered on top of the
perovskite crystals is critical to boost the efliciency of PSCs.
The surface morphologies of LYC series film spin-coated on
perovskite were characterized by atomic force microscopy
(AFM). The three-dimensional (3-D) morphologies of LYCs
are shown in Figure 8. The films of LYC-1, LYC-2, and LYC-3
showed root-mean-square (RMS) roughness values of 5.0, 6.9,
and 8.5 nm, respectively. A smooth surface of an LYC-1-
covered film suggests that this HTM is likely to display a better
property, such as forming a better contact with the perovskite
layer to reduce charge leakage. The smooth LYC-1 film would
lead to a higher J,. value and a good overall PCE. To
understand interfacial contact of the LYC series film, we
examined the contact angle of water droplets and determined
the hydrophobicity of the HTMs. As shown in Figure SS, the
contact angles measured for casted LYC-1, LYC-2, LYC-3, and
spiro-OMeTAD were 78, 72, 63, and 70°, respectively. The
LYC-1 film showed higher hydrophobicity than those of LYC-
2 and LYC-3 films so that it is more effective for the LYC-1
film to prevent water penetration into the perovskite surface
and thus improve the long-term stability of devices. X-ray
diffraction spectroscopy was employed to investigate the
molecular arrangement of the solid films (Figure S6). The
broad amorphous diffraction pattern of all films clearly showed
a noncrystalline amorphous nature of LYC HTMs.

The PSC devices with a configuration of FTO/blocking
layer-TiO,/mp-TiO,/perovskite/HTM/MoO;/Ag were fabri-
cated to realize the potential of LYC materials as suitable
HTMs. Addition of the MoOj; layer between the HTMs and
Ag is known to enhance the PCE in PSCs.*” Detailed device
preparation is described in the Supporting Information. For
comparison, the photovoltaic performance of PSCs fabricated
using spiro-OMeTAD was also included. Figure 9 shows a
cross-sectional scanning electron microscopy (SEM) image of
an optimum device employing LYC-1 as the HTM. The HTM
layer can be clearly distinguished from the perovskite layer and
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Figure 7. (a) PL spectra of perovskite films. (b) Decay traces of time-resolved photoluminescence of the pristine perovskite film and the perovskite

film covered by different HTMs.
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(a) (b)

(c)

Figure 8. 3-D surface plots of HTM films by AFM (a) LYC-1, (b) LYC-2, and (c) LYC-3.
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Figure 9. SEM cross-sectional image of the LYC-1-based device.

the Ag electrode. The optimized film thickness of HTM is
roughly 400 nm. The current density—voltage (J—V) plots
under AM 1.5G illumination with reverse scans are displayed
in Figure 10, and the device performance data are collected in
Table 2.

The optimized LYC-1-based PSCs exhibited a high PCE of
19.07%, with an open-circuit voltage (V,.) of 1.11 V, a short-
circuit current density (J,.) of 22.88 mA cm™, and a fill factor

Table 2. Device Performances with Different HTMs

scan Voo Jse PCE
HTM direction V) (mA cm™2) FF (%)

LYC-1 reverse 1.11 22.88 0.751 19.07
forward 1.03 22.11 0.747 17.01

CT1“ reverse 1.03 22.45 0.766 17.71
forward 1.03 22.28 0.672 15.42

LYC-2 reverse 1.07 22.29 0.738 17.60
forward 1.03 21.8 0.641 14.39

LYC-3 reverse 1.07 21.76 0.701 16.32
forward 1.03 21.49 0.661 14.63

spiro-OMeTAD reverse 1.09 22.87 0.718 17.90
forward 1.08 23.09 0.68 16.87

“Taken from ref 42.

(FF) of 0.751. Such a performance is better than that of PSCs
based on spiro-OMeTAD fabricated under a similar condition,
with V,. of 1.09 V, J. of 22.87 mA cm™2 and FF of 0.718,
leading to a PCE of 17.90% (Figure 10a). It is noteworthy that
the ], value of LYC-1 is comparable to that of spiro-
OMeTAD, but the V. and FF values are higher due to the
good hole-extraction and transport ability, as well as the
excellent film morphology, indicating that LYC-1 can act as a
more effective HTM for PSCs. After introducing a thiophene
ring between the triphenylamine moieties and the CPDT core
as the donor group, the LYC-2-based cell showed a lower PCE
of 17.67%, together with V. of 1.07 V, J,. of 22.29 mA cm™?,

30
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Figure 10. (a) Plot of J—V curves and (b) incident photon to current conversion efficiency (IPCE) spectra of the perovskite solar cells using LYC

series and spiro-OMeTAD as the HTMs.
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and FF of 0.738. When the triphenylamine-terminated groups
in LYC-1 are replaced with carbazole groups, an obvious
decrease of V, J,, and FF is observed. As a result, the LYC-3-
based cell showed a relatively low efficiency of 16.38% with V_
of 1.07 V, J. of 21.76 mA cm 2, and FF of 0.701. The higher
V,. and FF values for cells fabricated with LYC-1 than those
with LYC-2 and LYC-3 are attributed to an overall effect of
higher hole mobility, hole extraction, and the better film
quality of LYC-1 according to SCLC, P,L and AFM results. In
spite of the similar redox potentials among LYC series, the
device based on LYC-1 showed a higher J,. value with respect
to LYC-2 and LYC-3, therefore it indicates a more efficient
hole injection between the perovskite and the HTM layer. It is
clearly found that the photovoltaic performances for LYC
series were significantly affected by the terminated group on
the CPDT core. Nevertheless, a hysteresis could be observed
between the forward and reverse scans based on these new
HTMs (Figure S7). The incorporation of a dithiolane ring on
the CPDT core leads to a lower HOMO energy level and
better hole mobility of LYC-1 that is responsible for a
remarkably high PCE of 19.07% in comparison to CT1 with a
PCE of 17.71%." To scrutinize the reproducibility of the
results, we tested 40 devices prepared independently (Figure
S8). A histogram on performance variations of the PSCs based
on LYC series is shown in Figure 11. The averaged PCEs of

14
12
10+

Counts

17

18
PCE (%)

Figure 11. Histogram of PCE for 40 devices based on LYC-1 HTM.

19

devices using LYC-1, LYC-2, and LYC-3 achieved the values
18.31, 16.86, and 15.83%, respectively, under standard AM
1.5G illumination. To evaluate the potential of the three
dithiolane-incorporated CPDT-based small-molecule HTMs
and spiro-OMeTAD for dopant-free PSCs, the PSC devices
without hygroscopic dopants were fabricated. The J—V curves
of LYC series and spiro-OMeTAD are shown in Figure S9, and
their detailed photovoltaic parameters are summarized in
Table S4. The PSCs using the newly prepared dopant-free
dithiolane-incorporated CPDT-based HTMs and spiro-OMe-
TAD all show significantly low photovoltaic performance.
Devices with LYC-1, LYC-2, LYC-3, and spiro-OMeTAD
yielded efliciencies of 4.76, 4.69, 2.60, and 0.17%, respectively,
under reverse scan.

The incident photon to current conversion efliciency
(IPCE) spectra of the perovskite devices are presented in
Figure 10b. The IPCE spectra for all HTMs exhibit a broad
spectral coverage from 400 to 700 nm. The integrated
photocurrent densities are 21.38, 21.12, 20.29, and 21.27 mA

4725

em™? for devices with LYC-1, LYC-2, LYC-3, and spiro-
OMeTAD, respectively, which are in good agreement with J
determined from the J—V curve. The lower performance in
IPCE for LYC-3 can be ascribed to the lower hole mobility and
less efficient hole-extraction ability. Moreover, the stabilized
PCE and photocurrent density at maximum power point (0.82
V) conditions was measured as a function of time (Figure 12).

20 LYC-1 PCE=18.98%

r LYC-2 PCE=17.02%
151
s |
Wio |
a

54

0 v :

0 100 200 300
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Figure 12. Stabilized maximum power output of a device with
different HTMs.

The LYC-based devices show stable photocurrent density and
yield a PCE of 18.98, 17.02, and 15.92% for LYC-1, LYC-2,
and LYC-3, respectively, after the measurements of 300 s. It
was found that LYC-based devices showed very stable
photovoltaic performance.

The long-term stability of PSCs is highly critical for
commercial application. Therefore, we evaluate the stability
of LYC-based PSCs under an ambient atmosphere with 40%
relative humidity at 30 °C without encapsulation over 1000 h
in a dark condition. As shown in Figure 13, the LYC-1-based
devices show good stability and maintain ~85% of their
highest efficiency with small variations in V,, J, and FF after
1000 h storage in the dark. However, for LYC-2- and LYC-3-
based devices, the PCE degraded to about ~80% over the
period of aging time. In comparison, a 25% efficiency drop of
the spiro-OMeTAD-based devices was observed. The great
long-term stability of LYC-1-based PSCs is attributed to the
better hydrophobic property and the film homogeneity of
LYC-1 that covers the top of the perovskite material.

Electrochemical impedance spectroscopy (EIS) was con-
ducted at a bias of 0.9V under one sun illumination to reveal
insights on the interfacial charge-transport process in PSCs.
The EIS Nyquist plots with various HTMs are presented in
Figure 14. The equivalent circuit models were utilized to
obtain the fitting results. The arc in the low-frequency region is
associated with the charge recombination resistance (R.) of
the HTMs/perovskite interface. According to the fitting
results, the R,  value for LYC-1-based PSC is larger than
those of devices using other LYC series and spiro-OMeTAD.
The results suggest a slower recombination process for LYC-1-
based PSCs, leading to better performance among the PSCs
tested.

B CONCLUSIONS

In this work, three electron-rich CPDT-based HTMs
incorporating a dithiolane ring at the central core with various
substituents were prepared and successfully employed in PSCs.
The optical and electrochemical properties of LYC series were
thoroughly analyzed. The HOMO and LUMO energy levels
and their redox potentials were found suitable for the
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Figure 13. Stability test (a) J, (b) V., (c) FF, and (d) PCE of PSCs
containing LYC series and spiro-OMeTAD as HTMs.

operation of PSCs. The highest hole mobility was obtained
with LYC-1 (7.53 X 107* cm® V™' s7') among all LYC HTMs
and higher than that of spiro-OMeTAD and CTI1. Photo-
luminescence experiments showed the PL signal of the LYC-1/
perovskite bilayer is more effectively quenched than the other
two LYC HTMs and spiro-OMeTAD, indicating a better hole-
extraction ability of LYC-1. The perovskite solar cell made
with LYC-1 exhibited a remarkable PCE of 19.07%,
significantly higher than those made with LYC-2, LYC-3,
and spiro-OMeTAD under a similar condition. This is mainly
attributed to its higher hole mobility, faster charge collection
efficiency, and the formation of a more uniform capping layer
on top of perovskite. Furthermore, in comparison with CT1
(17.71%) HTM without a dithiolane ring, the LYC-1 exhibits
better performance. Moreover, the LYC-1 based device also
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Figure 14. EIS Nyquist plots for PSCs based on LYC-1, LYC-2, LYC-
3, and spiro-OMeTAD.

shows better long-term stability under an ambient condition
with a humidity of 40%. The current work shows that the
dithiolane-incorporated CPDT structure can be a promising
building block for developing highly efficient HTMs in PSCs.
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