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Heterocyclic compounds play an important role in organic hole transport materials (HTMs) for perovskite
solar cells (PSCs). Herein, a series of linear D-r-D HTMs (0O-CBz, S-CBz, SO2-CBz) with different dibenzo-
heterocycles core (dibenzofuran, dibenzothiophene, dibenzothiophene sulfone) were designed and syn-
thesized, and their applications in PSCs were investigated. The intrinsic properties (CV, UV-vis, hole mo-
bility and conductivity) were systematically investigated, demonstrating that all three materials are suit-
able HTMs for planar n-i-p type PSCs. Benefiting from the excellent hole mobility and conductivity, good
film forming ability, and outstanding charge extraction and transport capability of S-CBz, FAPbl;-based
PSCs using S-CBz as HTM achieved a PCE of 25.0%, which is superior to that of Spiro-OMeTAD-based PSCs
fabricated under the same conditions (23.9%). Furthermore, due to the interaction between S and Pb?+, S-
CBz-based PSC devices exhibited improved stability. This work demonstrates that dibenzothiophene-based
architectures are promising candidates for high-performance HTMs in perovskite solar cell architectures.
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Perovskite materials have attracted wide attention in the field
of photovoltaics due to their excellent performance. At present,
the power conversion efficiency (PCE) of single-junction per-
ovskite solar cells (PSCs) has surpassed 26%, which is compara-
ble to the PCE of commercial crystalline silicon solar cells [1-
8]. In traditional perovskite solar cells, the hole transport ma-
terial (HTM) plays a crucial role in blocking electrons, extract-
ing and transporting holes, and protecting the perovskite ac-
tive layer. Therefore, developing efficient and stable HTMs is a
key strategy to improve the power conversion efficiency and
long-term operational stability of PSC devices [9-12]. Organic
molecules are often used as hole transport layers due to their well-
defined structures, high molecular reproducibility, ease of purifi-
cation, and compatibility to spin coating during device fabrication
[13,14]. To date, 2,2",7,7"-tetrakis[ N,N-di(4-methoxyphenyl)amino]-
9,9'-spirobifluorene (Spiro-OMeTAD) is the most commonly used
HTM in n-i-p type perovskite devices. However, its large-scale
commercial application is hampered by inherent disadvantages of
orthometric molecular structure such as complex and highly cost
synthetic procedure and low charge carrier mobility. Therefore, it
is necessary to develop new types of HTMs [15-21]. In general,
the core or bridge of HTMs greatly affects their photophysical,
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electrochemical, and photovoltaic properties [22-24]. By employ-
ing planar core unit with large m-conjunction, the hole mobility
and conductivity of HTMs can be well improved, qualifying them
as dopant-free HTMs [25-30]. The effects of heteroatoms on tun-
ing energy level, changing intermolecular or intramolecular inter-
actions and passivation of perovskite surface defects has been long
recognized and many heterocyclic based HTMs that comparable to
Spiro-OMeTAD have been reported [31-34]. Introduction of a sul-
fone group on HTM backbone is reported to be an efficient way to
develop HTMs, and a variety of sulfone-containing core structures
can be developed. By doing so, a systematic comparation of the
effects of oxygen, sulfur and sulfone in different chemical environ-
ment on the material properties and performance of PSC devices
could be well conducted.

Considering the above, we design and develop a series of
dibenzo-heterocyclic core based D-m-D-type hole-transporting ma-
terials O-CBz, S-CBz, and SO2-CBz, in which dibenzo[b,d]furan
(DBF), dibenzo[b,d|thiophene (DBT), and dibenzothiophene sulfone
(DBTS) as the core and N3,N6-bis(di-4-anisylamino)-9H-carbazole
(DAnCBZ) as the end-capping unit at the 3- and 7-positions of the
core, respectively. The oxygen, sulfur and sulfone are supposed to
coordinate with Pb?+ and reduce the defects of perovskite layer
[35-38]. The m-electrons are delocalized over the m-conjugated
carbazole moieties via the lone pairs of electrons at the N atoms
in DAnCBZ. In addition, the use of DAnCBZ as a weapon plays an
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Fig. 1. (a) Synthetic route for the preparation of O-CBz S-CBz and SO2-CBz. (1) THF, 1h; (I1) Pd,(dba)s, [(t-Bu); PH]|BF,, t-BuONa, toluene, 120 °C, 12 h; (III) t-BuOK, 120 °C, 2 h;
(Iv) Pdy(dba)s, [(t-Bu);PH]BF,, t-BuONa, toluene, 120 °C, 12 h. (b) Normalized UV-vis spectra and photoluminescence spectra of O-CBz, S-CBz, SO2-CBz and Spiro-OMeTAD
in CH,Cl; solution. (c) CV results of 0-CBz, S-CBz, SO2-CBz and Spiro-OMeTAD in CH,Cl, solution. (d) The hole mobilities of O-CBz, S-CBz, SO2-CBz and Spiro-OMeTAD.

important role in tuning energy levels, enhancing material stability,
and endowing good optical properties. In this work, we systemati-
cally investigate the effects of heteroatom variation on the optical
and electrochemical properties of HTMs through a series of tech-
niques and further explore the influence on photovoltaic properties
of corresponding PSCs.

The three designed HTMs, 0-CBz, S-CBz, and SO2-CBz, can be
simply synthesized by Buchwald-Hartwig coupling reaction and
Suzuki-Miyaura reaction with high yields, and detailed synthetic
routes are described in Fig. 1a. The obtained products were com-
prehensively identified using a variety of spectroscopic techniques,
including 'H nuclear magnetic resonance ("H NMR), 1C nuclear
magnetic resonance (!C NMR) and high-resolution mass spectrom-
etry (HRMS) (Figs. S1-S9 in Supporting information).

The photophysical properties of the studied molecules in
dichloromethane solution were clarified as indicated in Fig. 1b,
and detailed data are provided in Table S1 (Supporting informa-
tion). 0-CBz, S-CBz, and SO2-CBz all exhibit three distinct absorp-
tion bands in the UV-vis region, and all obvious redshifted com-
pared to Spiro-OMeTAD. O-CBz, S-CBz, and SO2-CBz exhibit three
absorption bands in the visible ultraviolet region. The first two
bands, located at 306 and 369 nm, 307 and 368 nm, and 306 and
373 nm, respectively, are primarily attributed to w-7* electronic
transitions within the HTM conjugated system. The longer wave-
length band, observed at 413, 413 and 422 nm, is ascribed to in-
tramolecular charge transfer (ICT) transitions. In addition, the pres-
ence of the strong electron-withdrawing effect of the sulfone group
in SO2-CBz results in a 9nm redshift in its absorption band com-
pared to O-CBz and S-CBz [32]. The optical bandgaps were calcu-
lated as 2.79, 2.78, and 2.74eV for 0-CBz, S-CBz, and SO2-CBz, re-

spectively, by using the formula Eg;=1240/A;,,, where A, is the
intersection point of the photoluminescence and UV-vis spectra.
Those HTMs have smaller optical bandgaps than Spiro-OMeTAD
(—2.96eV). In addition, the cyclic voltammetry (CV) curves of the
0-CBz, S-CBz, and S02-CBz (Fig. 1c¢) exhibit three highly reversible
oxidation potentials, indicative of exceptional electrochemical sta-
bility, corresponding to the formation of radical cation and di-
cation quinone diimine of the carbazole moiety. The HOMO en-
ergy levels of O-CBz, S-CBz, and SO2-CBz are identified as —5.12,
—5.12, and —5.14 eV, respectively. The HOMO of Spiro-OMeTAD was
calculated as —5.12eV in the same manner. The results indicate
that these three HTMs match well with the perovskite energy lev-
els. This conclusion can also be validated by ultraviolet photo-
electron spectroscopy (UPS) (Figs. S11a-d in Supporting informa-
tion). The lowest unoccupied molecular orbital (LUMO) energy lev-
els of 0-CBz, S-CBz, SO2-CBz, and Spiro-OMeTAD are calculated to
be —2.33, —2.34, —-2.40, and —2.16eV according to the equation
Erumo =Enomo + Eg, which are higher than the conduction band
(CB) of perovskite, effectively reducing open-circuit voltage (Voc)
loss by preventing the movement of photogenerated electrons to
the metal electrode and facilitating the transfer of holes from the
perovskite layer to the metal electrode [39].

To assess the charge transport properties of HTMs with differ-
ent dibenzo-heterocycles core, hole mobilities (Fig. 1d) were mea-
sured using the space charge limited current (SCLC) method, and
the details are described in Supporting information. The hole mo-
bilities of 0-CBz, S-CBz, S02-CBz, and Spiro-OMeTAD are calcu-
lated based on Mott-Gurney’s law (J=9/8uu&p&;V2/D3) and summa-
rized in Table S1. The reported HTMs show comparable hole mobil-
ity with Spiro-OMeTAD, and S-CBz (1 =2.72 x 104 cm? V-1 s71) is
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slightly higher than SO2-CBz (1 =2.43 x 104 cm? V-1 s~1), 0-CBz
(t=253%x10"% cm? V-1 s~1) and Spiro-OMeTAD (11 =2.66 x 104
cm? V-1 s=1). The conductivities of the three HTMs shows con-
sistent results with their hole mobilities (Fig. S11e in Supporting
information).

To understand the effect of heteroatoms in dibenzo-pentacycles
cores, the molecular front orbital distribution and electrostatic po-
tential (ESP) were calculated using density functional theory (DFT)
at the B3LYP/6-31G(d) level as shown in Fig. S12 (Supporting
information). O-CBz, S-CBz and SO2-CBz show almost the same
spin density distribution pattern with HOMO mainly delocalized at
the dibenzo-heterocycles core and LUMO mainly on the DAnCBZ
arms. In particular, the HOMO distribution of O-CBz and S-CBz
is more delocalized over the DAnCBZ moiety than that of SO2-
CBz, which may be attributed to the strong electron withdrawal
property of the sulfonyl group. The closely related distributions
of HOMO and LUMO facilitate charge hopping transport, indicat-
ing that O-CBz and S-CBz have greater hole extraction and trans-
port potential compared to SO2-CBz, consistent with hole mobility
test results. The HOMO values of 0-CBz, S-CBz and SO2-CBz deter-
mined by density functional theory studies are —4.23, —4.23 and
—4.37eV, respectively, and LUMO energy levels are —1.33, —1.32
and —1.87 eV, respectively, which are consistent with cyclic voltam-
metry test results. ESP results show that the different core het-
eroatoms have significant effects on the electron cloud distribution
of the molecule. The electron-rich regions of the three HTMs are
mainly concentrated on the O and S heteroatoms, which is con-
ducive to the coordination of HTMs with Pb2*t in perovskite to re-
duce the generation of defects, while the electron-rich region of
S02-CBz is obviously concentrated on the sulfone group, which is
mainly attributed to the acceptor strength of sulfone is higher than
that of oxygen and sulfur atoms. Moreover, S-CBz shows smaller
torsion angles than those of 0-CBz (123.4°) and SO2-CBz (130.2°)
(Fig. S13 in Supporting information), which is beneficial for the
molecular skeleton stacks, leading to slightly higher hole mobility.

To fully explore their potential applications as HTLs in high-
efficiency planar n-i-p-type PSCs, we first compare the 'H NMR
of primary HTMs and HTMs/Pbl, (Figs. S14a-c in Supporting infor-
mation). After mixing with Pbl,, all the proton signals of O-CBz
and S-CBz shift significantly to lower fields, while the proton sig-
nals of SO2-CBz shift only slightly, indicating that O-CBz and S-CBz
would interact stronger as Lewis bases with uncoordinated Pb%* of
perovskite layer [35]. HTMs/Pbl, powders were prepared by drying
a mixture of HTMs and Pbl,, and characterized by Fourier trans-
form infrared (FTIR) spectroscopy. The results show that the char-
acteristic C-O peak of 0-CBz at 1235cm~! undergoes a 4cm™!
shift to 1231cm~! in the O-CBz/Pbl, sample (Fig. S14d in Sup-
porting information). Similarly, the characteristic C-S peak of S-
CBz at 1224cm~! exhibits a 11 cm~! shift to 1213cm~! in the S-
CBz/Pbl, sample (Fig. S14e in Supporting information). The charac-
teristic peak of 0=S=0 (1312 cm~!) in SO2-CBz exhibits a 9cm!
shift to 1321 cm~! in the S-CBz/Pbl, sample (Fig. S14f in Support-
ing information). When Pbl, is added, the characteristic peaks of
0-CBz and S02-CBz undergo minor shifts, likely due to the small
initial ionization energy of oxygen. In contrast, the characteristic
peak of S-CBz exhibits a pronounced shift, further confirming the
strong interaction between S-CBz and Pbl,. X-ray photoelectron
spectroscopy (XPS) was performed on FTO/TiO,/SnO,/FAPbI; and
FTO/TiO,/Sn0, [FAPbI3/HTM thin films. As shown in Figs. S15a-c
(Supporting information), a subtle shift was observed in the peaks
of Pb 4f and I 3d after coating with HTMs. The Pb:l ratios of
FAPbI; and FAPbl;/O-CBz, FAPbI;/S-CBz, and FAPbI;/SO2-CBz sam-
ples were estimated to be 1:3.42, 1:2.93, 1:2.45 and 1:2.92, respec-
tively. The lower Pb:I ratio of FAPbI3/S-CBz suggests that the inter-
action between S-CBz and perovskite is stronger than that of other
samples. Based on these results, it can be inferred that the passiva-
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tion effect of S-CBz, which leads to reduced iodine vacancies, may
result in fewer point defects, corresponding to the high fill factor
(FF) observed in S-CBz-based devices.

To explore the film forming properties of O-CBz, S-CBz and
SO2-CBz, we performed scanning electron microscopy (SEM)
and atomic force microscopy (AFM) measurements. The tar-
get hole transport layer was spin-coated on top of the
mixed-cation perovskite from a precursor solution contain-
ing dopants [lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
and 4-tert-butylpyridine (tBP)] with a structure of glass/FTO/c-
TiO,/SnO, [FAPbI3/HTMs. It can be clearly seen from the SEM that
there are tiny pores on the surface of O-CBz and SO2-CBz, prob-
ably due to their poor film formation properties, while the sur-
face of S-CBz is smooth (Fig. S16 in Supporting information). The
existence of pinholes makes it easier for the metal electrode to
contact the perovskite directly, which will affect the transmission
of charge, form defects, increase hole recombination, and corre-
spondingly lead to more serious V¢ loss and lower performance.
At the same time, from AFM image analysis (Figs. S17a and b in
Supporting information), we infer that the perovskite exhibits a
rough surface with a high root mean square (RMS) value (43 nm),
while the perovskite/O-CBz, perovskite/S-CBz, and perovskite/SO2-
CBz show relatively smooth surfaces, with RMS values of 16.5, 12.6,
and 16.8 nm, respectively. The uniform coverage and RMS attenu-
ation signal indicate that the interface contact between the per-
ovskite/HTL is beneficial to device performance.

To investigate the effect of molecular structure of different core
heteroatoms on the photovoltaic performance of PSCs, typical pla-
nar n-i-p devices were fabricated by employing different molecules
as HTMs based on previous reports. Detailed fabrication proce-
dures are described in Supporting information, and cross-sectional
image of the device is shown in Fig. S18 (Supporting informa-
tion), and the PSC architecture of devices is shown in Fig. 2a. Ex-
tensive studies have shown that the amount of HTMs deposited
has a great influence on device performance. In this work, we in-
vestigated the effect of HTMs concentration on the photovoltaic
performance of PSCs. To compare device performance fabricated
from different materials in different batches, conventional Spiro-
OMeTAD doped devices were fabricated as references. Detailed av-
erage photovoltaic parameters such as Vg, short-circuit current
(Jsc), FF and PCE are summarized in Tables S2-S4 (Supporting in-
formation). For the three HTMs, when the concentration is above
65mg/mL, the PCEs of the PSCs are generally lower, which may
be due to the fact that too thick hole transport layer would re-
sult in overlarge series resistance of PSCs. Based on 60 mg/mL S-
CBz and 73 mg/mL PSCs, negligible hysteresis is observed in both
forward and reverse scans (Fig. 2b, Fig. S19c in Supporting infor-
mation). After optimization, the best PCE of the device based on
S-CBz is 25.0%, with a V¢ of 118V, Jsc of 25.3 mA/cm? and FF of
83.7%, which is higher than that of Spiro-OMeTAD based device
(23.9%), with a V¢ of 115V, Jsc of 249 mA/cm? and FF of 83.3%.
Optimized 60 mg/mL O-CBz and 65 mg/mL SO2-CBz champion de-
vices exhibit efficiencies of 23.6% and 21.6%, respectively (Figs. S19a
and b in Supporting information). And summary of the figures of
merit of the PSCs in Table 1. Besides, we investigated the hystere-
sis effects on the photovoltaic performance of PSC devices base on
different HTMs by analyzing forward/backward J-V curves. The hys-
teresis index (HI) of devices based on 0-CBz, S-CBz, and SO2-CBz
are 0.017, 0.004 and 0.042, respectively. The negligible hysteresis
effect of S-CBz based device is mainly resulted from the lower film
defect density and the higher efficiency of photogenerated charge
extraction at the perovskite/HTM interface. The incident photon-
to-electron conversion efficiency (IPCE) curves of the correspond-
ing devices are shown in Fig. 2c. The integrated Jsc< are 24.04,
24.26, 23.53 and 23.74 mA/cm?, respectively for 0-CBz, S-CBz, SO2-
CBz and Spiro-OMeTAD, which are consistent with the values ob-
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Fig. 2. (a) PSC architecture, (b) S-CBz measured by forward and reverse scans. (c) IPCE spectra of PSCs devices based on O-CBz, S-CBz, SO2-CBz and Spiro-OMeTAD. (d) PL
and (e) TRPL spectra of the bare perovskite film and with 0-CBz, S-CBz, SO2-CBz and Spiro-OMeTAD. (f) Nyquist plots of PSCs device based on both HTMs in dark condition
with bias voltage 1.2V. (g) Voc dependency of PSC device based on both HTMs on light intensity. (h) J-V curves for the PSCs with 0-CBz, S-CBz, SO2-CBz and Spiro-OMeTAD
measured under dark conditions. (i) Trap state density of hole-only devices with S-CBz. The inset shows the hole-only test structure.

Table 1

Summary of the figures of merit of the PSCs based on O-CBz, S-CBz, SO2-CBz and Spiro-OMeTAD under AM 1.5G illumination.

HTL Scan direction Voc (V) Jsc (mA/cm?) FF (%) PCE (%) HI Jsc®@ (mA/cm?)
0-CBz Forward 1.15 25.0 81.6 23.2 0.017 24.04
Reverse 1.15 25.0 82.7 23.6
S-CBz Forward 1.18 25.3 83.4 24.9 0.004 24.26
Reverse 1.18 253 83.7 25.0
S02-CBz Forward 1.12 24.7 74.9 20.7 0.042 23.53
Reverse 1.11 24.7 78.9 21.6
Spiro-OMeTAD Forward 1.15 24.8 82.8 23.7 0.008 23.74
Reverse 1.15 249 83.3 239

tained from the J-V measurements within 5% deviation, demon-
strating the reliability of their photovoltaic performance. Mean-
while, the steady-state power output of the three HTMs based de-
vices at the maximum power point (MPP) were also recorded (Fig.
S20 in Supporting information). O-CBz, S-CBz, and SO2-CBz based
devices have the steady-state PCEs of 23.22%, 24.86%, and 21.56%,
respectively, matching well with the testing results and illustrating
the accuracy of the J-V test.

To analyze the effect of charge-carrier separation and transport
processes in HTMs with different cores, steady-state photolumines-
cence (PL) and time-resolved photoluminescence (TRPL) (Fig. 2e)
spectra were measured. The bare perovskite shows strong PL emis-
sion at 799 nm (Fig. 2d), while the perovskite with HTMs exhibits a
significantly reduced PL intensity and shows a slight blue shift, in-
dicating that HTMs facilitate hole extraction and also passivate per-
ovskite surface traps. The hole-quenching ability of HTMs follows

the order: S-CBz > Spiro-OMeTAD > 0-CBz > SO2-CBz, which in-
dicates that S-CBz has the strongest hole-transporting ability. Fur-
thermore, the biexponential fitting of TRPL data suggests that the
mean carrier life of the S-CBz-based PSC device decreased from
306.66ns for the original perovskite sample to 58.8 ns, which is
shorter than the mean carrier life (66.57 ns) of the Spiro-OMeTAD-
based PSC device (Table S5 in Supporting information). The more
efficient perovskite to S-CBz hole extraction could be attributed
to the better interaction between S and Pb in perovskite and
the smoother thin film morphology of the HTL layer that inhibits
charge recombination.

To elucidate charge-transport dynamics in PSCs with differ-
ent HTMs, electrochemical impedance spectroscopy (EIS), light
intensity-dependent measurements, and dark current measure-
ments were performed. Typical Nyquist plots for applied bias volt-
age (Vapp=12V) are shown in Fig. 2f and were fitted using an
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equivalent circuit model (Fig. S21 in Supporting information). The
Rrec of the S-CBz-based PSC is 658 €2, which is slightly higher than
that of the SO2-CBz-based PSC (499 €2), Spiro-OMeTAD-based PSC
(601 2), and O-CBz-based PSC (530 2) under the same condi-
tions, indicating that the S-CBz based PSC device has less charge
recombination at the perovskite/HTL interface [40]. This is consis-
tent with light intensity-dependent measurements shown in Fig.
2g, in which the S-CBz-based PSC has the smallest slope. Fig.
2h compares the dark currents of PSC devices based on different
HTMs, and the PSC based on S-CBz exhibits a lower dark cur-
rent in the region from 0.6V to 1.0V, indicating that it has a
lower leakage current compared to devices based on other HTMs.
Furthermore, we investigated the defect state density at the per-
ovskite/HTL interface by fabricating hole-only device with a struc-
ture of ITO/PEDOT:PSS/perovskite/S-CBz/Au (Fig. 2i). The defect fill-
ing limit voltage of the S-CBz-based hole-only device was 0.97V,
which is lower than that of the hole-only devices prepared by
the same method using O-CBz, SO2-CBz, and Spiro-OMeTAD (Figs.
S22a-c in Supporting information). The calculated defect state den-
sities of the hole-only devices based on O-CBz, S-CBz, SO2-CBz,
and Spiro-OMeTAD were 1.52 x 10'6, 1.36 x 10'6, 1.56 x 106, and
1.43 x 1016 cm™3, suggesting that the S-CBz-based PSC has greater
charge recombination resistance and more efficient charge trans-
port.

In the preparation of the molecules under investigation, we
found that they exhibit certain solubility in common solvents. The
hydrophobicity of these molecules coated on perovskite was fur-
ther investigated by water contact angle measurements (Fig. 3
and Fig. S23 in Supporting information). After spin-coating the
HTMs, the contact angle of the O-CBz-based film (86.7°) is larger
than that of the S-CBz-based film (84.4°), and the contact angle
is (84.1°) after SO2-CBz is spin-coated on the perovskite. The con-
tact angles of the three HTMs are much larger than that of Spiro-
OMeTAD (81.7°). It is speculated that PSC devices based on the
three HTMs may have good hydrophobic properties. The larger the
contact angle, the more perovskite can be prevented from being
destroyed by moisture. At the same time, we tracked changes in
the top morphology of unencapsulated PSCs based on O-CBz, S-
CBz, SO2-CBz, and Spiro-OMeTAD during aging (Fig. S24 in Sup-
porting information). By comparing film morphology before and
after four weeks, it can be found that S-CBz has a more stable film
morphology, and the film morphology of O-CBz and SO2-CBz is
significantly damaged after long-term aging. Stable film morphol-
ogy and excellent hydrophobic properties will jointly affect the sta-
bility of the device. To fully investigate the stability of PSCs based
on different HTMs, the environmental stability of unencapsulated
PSCs based on O-CBz, S-CBz, and SO2-CBz was monitored under
ambient conditions of 40%—60% RH, 20-25 °C, while PSCs based on
Spiro-OMeTAD were fabricated as a reference (Fig. 3). After stor-
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age in the ambient atmosphere for 1000h, the S-CBz-based PSC
retained 87% of its initial PCE and the PSCs based on SO2-CBz and
0-CBz exhibited slightly poorer stability, while the Spiro-OMeTAD-
based device retained only about 55%.

In this work, we developed D-m-D type a series of hole trans-
porting materials with dibenzo-heterocycles core, named O-CBz,
S-CBz, and SO2-CBz. Compared with SO2-CBz and O-CBz contain-
ing sulfone with weaker electron donor capacity than the sulfur
atom, S-CBz composed of electron donor sulfur atoms is endowed
with superior optoelectronic, thermal, and electrochemical proper-
ties. Notably, solar cells based on S-CBz, O-CBz exhibit excellent
stability under multiple stresses. The n-i-p PSCs based on S-CBz
achieved higher efficiencies (25.0%) than PSCs with SO2-CBz and
0-CBz, and outperformed PCE (23.9%) with Spiro-OMeTAD. Mean-
while, the interaction strength between the three HTMs and Pbl,
was investigated by '"H NMR and FTIR, revealing that S-CBz inter-
acts more strongly with Pbl, than O-CBz and SO2-CBz, which pro-
vides a promising design principle for HTMs.
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