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ABSTRACT: Hole transporting materials (HTMs) play a crucial role in
achieving highly efficient and stable perovskite solar cells (PSCs). Spiro-
typed materials being the most widely used HTMs are commonly
utilized with dopants, such as Li-TFSI, to improve their carrier mobility
significantly. However, dopants could affect the morphology of hole
transporting layer negatively by forming defects and pinholes which
restrict the performance of devices. Here, we adopt the extended z-
conjugated structures N-ethylcarbazole and dibenzothiophene to
substitute the donor group 4-methoxyphenyl of spiro-OMeTAD,
devising two novel HTMs, SC and ST, respectively. Notably, SC
possesses low crystallinity and good solubility due to the existence of
ethyl in side groups, leading to decent miscibility with Li-TFSI to prevent
unfavorable phase-separation. The SC-based device delivers the best
power conversion efficiency (PCE) of 21.76% which is higher than that
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of spiro-OMeTAD (20.73%), attributed to the formation of smooth and pinhole-free morphology. Moreover, it exhibits long-term
stability and retains over 90% of initial PCE value for more than 30 days without encapsulation in ambient air. In contrast, the ST-
based device suffers from dense pinholes induced by its relatively high crystallinity and poor solubility, resulting in a low PCE of
18.18% and inferior stability. Thus, it is effective to modify the side groups in spiro-typed HTMs with specific structures to obtain

predictable properties, fabricating PSCs with high efficiency and stability facilely.

B INTRODUCTION

Over the past decade, organic—inorganic hybrid perovskite
solar cells (PSCs) have attracted considerable attention due to
their low cost,’ facile fabrication,” and particularly excellent
power conversion efficiencies (PCEs), which increased from
3.8% to 25.2%.°"° Because of prominent light absorption,
tunable bandgaps, high charge carrier mobility, and long
exciton lifetime, PSCs develop so rapidly that they are
comparable with polycrystalline silicon solar cells.”™° In
addition to active layers, the efficiency and stability of cells are
strongly dependent on the device structure and the properties
of the charge transporting interfacial materials being used.'”~**
In general, hole transporting materials (HTMs) are responsible
to extract holes from perovskite to electrodes. They play an
important role in reducing nonradiative recombination and
achieving high efficiencies of the devices.”*™*° Meanwhile, it
also contributes to the lifetime of perovskite solar cells.**>*
Nowadays, 2,2’,7,7 -tetrakis(IN,N-di-p-methoxyphenylami-
no)-9,9'-spirobifluorene, also known as spiro-OMeTAD,
which was first utilized by Park’s group in PSCs," is the
most widely used HTM in this region. However, it suffers from
low conductivity and hole mobility,”* therefore, dopants such
as 4-tert-butylpyridine (t-BP), lithium bis-
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(trifluoromethanesulfonyl)imide (Li-TFSI) are added into
spiro-OMeTAD to enhance its ability to transfer hole
carriers.”> These dopants are, however, detrimental to
perovskite solar cell's stability by accelerating the speed of
humidity diffusion into perovskite and causing the degradation
irreversibly.*~** Therefore, researchers devised various D-A-D
or D-n-D typed HTMs with different cores to realize dense
molecular 7—n stacking and impressive hole mobility,
attempting to remove dopants to reinforce the long-term
stability of PSCs.””*” With the introduction of diverse
functional groups and heteroatoms (like sulfur, nitrogen),
HTMs could modify the coarse surface of perovskite or
passivate defects as well.""** Although these eminent works
put forward efficient strategies to design novel HTMs without
dopants, only a few of them could exhibit better performance
than spiro-OMeTAD, such as DTP-C6Th."”’ More impor-
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Scheme 1. Process of Film Forming Based on spiro-OMeTAD, SC, and ST with Dopants
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tantly, most of highly efficient doping-free HTMs are only used
for p-i-n tyged PSCs, confining its application signifi-
cantly.****~* Hence, it is still imperative to research HTMs
with dopants and improve the stability of PSCs, while
maintaining high efficiencies of the devices.

As for spiro-typed HTMs, devices fabricated with them can
exhibit excellent efficiencies. In the early stage, researchers
modified the spirobifluorene core to enhance the performance
of spiro-OMeTAD."” With facile synthesis, Sun et al. used
spiro[fluorene-9,9'-xanthene] (SFX) core to fabricate novel
HTMs X59 and X60 with PCEs of 19.8% and 19.84%,
respectively, showing better performance than that of spiro-
OMeTAD.*®*  Also, its derivative X55 also achieved a
promising PCE of 20.8% with long-term stability.”" Besides,
Nazeeruddin et al. reported a dissymmetric fluorene-
dithiophene core (FDT) whose sulfur atoms could coordinate
with Pb*" in perovskite effectively, promoting the ability of
HTM to extract holes.”’ The device based on FDT delivered
an impressive PCE of 20.2%. Gradually, spiro-typed HTMs
being the most widely used HTMs determine the efficiency
and stability outcome of PSCs. Nevertheless, the modification
of side groups to provide spiro-typed HTMs with various
properties is often neglected. Sparsely, Sang Il Seok et al.
discussed the property variations of spiro-OMeTAD caused by
the different positions of methoxy substituents systematically.””
Wei Huang et al. analyzed the effects of heteroatom
substitution of methoxy groups.”

To further push toward efficiency limits, Jangwon Seo et al.
reported a fluorene-terminated spiro-typed HTM DM with a
fine-tuned energy level, enhancing V. of devices and obtaining
the best PCE value of 23.2% with good stability.”* However,
the effects of side functional groups on the photovoltaic
properties of spiro-typed HTMs have not been fully explored
yet. Moreover, the effect of crystallinity and solubility of
molecules on their morphology is neglected. Although the
strong tendency of crystallization and enhanced 7—7 stacking

could help HTMs to extract carriers efficiently, dopants are
prone to aggregate around the grain boundary, leading to the
precipitation of Li-salts or the formation of pinholes in the
film.”**° Hence, it is important to find an optimized condition
for both morphology and efficient carriers transporting
capacity by devising novel molecules as HTMs with the fine-
tuned properties to realize the reliable performance of devices.

In this work, we designed two novel spiro-typed HTMs by
the substitution of side groups with N-ethylcarbazole and
dibenzothiophene, which are used for photovoltaic devices
widely due to their excellent electrical properties, obtaining
N,2N?',N7,N7’-tetrakis(9-ethyl-9H-carbazol-2-yl)-
N2 N*',N’,N7’-tetrakis(4-methoxyphenyl)-9,9’-spirobi-
[fluorene]-2,2',7,7 -tetraamine (SC) and N*N*/,N’,N’’-
tetrakis(dibenzo[b,d]thiophen-2-yl)-N*N* ,N”,N”’-tetrakis(4-
methoxyphenyl)-9,9'-spirobi[fluorene]-2,2’,7,7'-tetraamine
(ST) respectively, as shown in Scheme 1. With the
introduction of extended 7z-conjugated structures with weak
electron-donating ability, we aim to lower the highest occupied
molecular orbital (HOMO) level of spiro-typed HTMs,
assisting the formation of larger V. to promote the
performance of devices. Notably, the alkyl chains in N-
ethylcarbazole increase the solubility and reduce the
crystallinity of SC, leading to favorable miscibility with dopants
and uniform morphology of the film. Based on triple-cation
mixed perovskite (CsPbl,),(FAPbI;),(MAPbBr;),_,_, in the
planar structure, the device with SC obtains the best PCE value
of 21.76%, ascribed to the enhancement of V. (1.15 V) and
FF (80.62%) benefitted from the deep HOMO level and good
film forming ability of SC, giving better performance than that
of spiro-OMeTAD (20.73%). Meanwhile, due to the increase
of molecular weight and hydrophobicity, the device can retain
over 90% of the original PCE for more than 30 days in ambient
air (25 °C; relative humidity, 30 & 5%) without encapsulation,
performing excellent humid and thermal durability as well. In
contrast, although ST has similar physical properties to SC,
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Table 1. Optical, Electrochemical, Thermal, and Electrical Properties of spiro-OMeTAD, SC, and ST

HTM Ao Regge”™ (nm) — E,” (eV) Enomo (eV)
spiro-OMeTAD 313, 377/413 3.00 —5.22°/-4.237
SC 351, 395/426 291 —5.26°/—4.32°
ST 315, 379/418 2.97 —5.319/—4.407

Eyumo (eV) Ty (°C) T, (°C) T, (°C)  mobility (em? V71s7h)
—2.22°/-0.657 4383 122.0 247.9 5.88 x 1073
—-2.35°/-0.86 459.4 163.7 275.5 3.15 x 1073
—2.34°/—1.007 458.5 159.9 2732 1.77 x 1073

“Measured in the solid state. “Calculated from UV—vis absorption spectra. “HOMO and LUMO energy levels estimated from the redox potential
in cyclic voltammetry and UV—vis absorption spectra. “Calculations of DFT.

due to its high crystallinity and poor miscibility with dopants,
the ST-based device suffers from pinholes in the film so that it
displays inferior efficiency (18.18%) and stability. Conclu-
sively, we demonstrate that the utilization of extended 7-
conjugated functional groups to endow spiro-typed HTMs
with improved solubility and reduced crystallinity is a reliable
strategy to promote the distribution of Li-TSFI in the solid
film so that highly efficient and stable devices can be
constructed.

B RESULTS AND DISCUSSION

Although PSCs exhibit excellent performance, many devices
still suffer from nonradiative recombination and V, loss which
are induced by the formation of pinholes and the precipitation
of dopants at the hole transporting layer fabricated by spiro-
OMeTAD.*® To eliminate such negative effects, it is valuable
to investigate the physical properties of various spiro-typed
HTMs to improve the morphology of interfaces. Besides
simple z-conjugated structures, N-ethylcarbazole and dibenzo-
thiophene also show extraordinary electrical properties and
promising prospects in photovoltaic regions as basic building
blocks.’®>” Here, we aim to introduce these two similar
building blocks to substitute 4-methoxyphenyl of spiro-
OMeTAD. Due to different functional groups in these
moieties, it is effective to explore the effects of prolonged
conjugated structures on HTMs, the alterations of morphology
caused by the variations of solubility and crystallinity of
molecules, and the ability of carrier transport at the interface.
So, we can conclude a reasonable way to modify spiro-typed
HTMs to construct PSCs with high efficiency and stability.

The synthetic routes of SC and ST are shown in Schemes S1
and S2, and detailed procedures are depicted in the
Experimental Section. Briefly, N-ethylcarbazole was prepared
according to the previous reports.”® Then the intermediates 1
and 2 were synthesized via Buchwald—Hartwig coupling.
Finally, the target compounds were also prepared by
Buchwald—Hartwig coupling readily, giving SC and ST with
yields of 52% and 50%, respectively. Meanwhile, the two
materials are readily soluble in chlorobenzene (CB) and
chloroform. The synthesis cost of three HTMs is calculated in
Tables S5—S7, giving the consumption of spiro-OMeTAD, SC,
and ST could be 22.29 ¥, 21.60 ¥, and 20.19 ¥, respectively, for
each experiment. These molecular structures were charac-
terized by "H NMR spectroscopy, '*C NMR spectroscopy, and
matrix-assisted laser desorption-ionization-time-of-flight
(MALDI-TOF) mass spectrometry (Figures S1—S10).

The physical properties of HTMs are summarized in Table
1. The UV—vis spectra of HTMs in the film state are shown in
Figure la. Compared to spiro-OMeTAD, a slight bath-
ochromic shift is noted that the maximum absorption peaks
of SC and ST are presented at 395 and 379 nm, respectively,
while the peak of spiro-OMeTAD appears at 377 nm,
representing the 7—z* transition. The red-shift of peaks is
attributed to the extension of the 7-conjugated structure.’”

(@) ~ (b) -
3 1.0 —— spiro-OMeTAD —_ —— spiro-OMeTAD
LA —sC 5 | —sc
g os —sT < ST
£
s o
2 o6 £ 1
2 3
| 04 b
o N r
K ®
N 02 £
s £
£ 2
5 00 T
z
300 350 400 450 500 01 00 01 02 03 04 05 06 0.7
Wavelength (nm) Potential (V versus Fc/Fc')
(c) (d) -
S — spiro-OMeTAD ST 238 2u
2" heating sc a
- —sT < g
> 3 —~ =N o
= = 415 Q @ 173
z T=159.9°C | S o A 3 Ag
H K FTO ‘é & o
= ¥ >
3 T,=163.7°C g 8 & 52 sm an
£ s -
T=1220°C \,/'
60 80 100 120 140 160 180 200

Temperature (:C)

Figure 1. (a) Normalized UV—vis absorption spectra of spiro-
OMeTAD, SC, and ST in the solid state. (b) Cyclic voltammograms
of spiro-OMeTAD, SC, and ST in CH,Cl, solution; the arrows
indicate the first peak cathodic potentials. (c) DSC curves of spiro-
OMeTAD, SC, and ST; the arrows indicate the glass transition
temperature. (d) The energy level diagram of the components in the
device.

Notably, such a phenomenon is less evident for ST, which is
interpreted by the strong electron-withdrawing ability of
dibenzothiophene. Moreover, the change of molecular
configuration could also enhance their absorption in the
region of 300—400 nm, exhibiting larger absorption intensity
than that of spiro-OMeTAD. According to the absorption
edges of spectra, the optical bandgap (E,) of spiro-OMeTAD,
SC, and ST can be calculated as 3.00, 2.91, and 2.97 €V,
respectively. Moreover, the band gap value of perovskite is also
obtained from Figure S12a as 1.55 eV. All of the HTMs do not
affect the optical property of perovskite because of their weak
absorption in the visible light region.

Cyclic voltammetry (CV) was used to estimate energy levels
of HTMs by dissolving them into dichloromethane with
tetrabutylammonium hexafluorophosphate (0.1 M). The
oxidation and reduction curves are displayed in Figure 1b.
Regarding the HOMO level of spiro-OMeTAD as —5.22 eV,
the HOMO levels of SC and ST are calculated as —5.26 eV
and —5.31 eV, respectively. The HOMO levels of HTMs are
coordinated with that of perovskite (—S5.70 €V) to extract
holes. With the bandgap results from UV—vis spectra, the
lowest unoccupied molecular orbital (LUMO) levels of SC and
ST are determined as —2.35 eV and —2.34 eV, respectively, as
shown in Table 1. Furthermore, ultraviolet photoelectron
spectroscopy (UPS) was used to confirm the HOMO levels of
HTMs in the solid state. The cutoff (E ) and onset (E, )
energy regions in the spectra are depicted in Figure S11b—d.
The HOMO levels of spiro-OMeTAD, SC, and ST are
calculated as —5.05 eV, —5.09 eV, and —5.17 €V, respectively,
which are consistent with the tendency measured from CV
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Figure 2. Optimized molecular structures and DFT calculations of HOMO and LUMO levels of (a) SC and (b) ST.

curves. Similarly, the HOMO and LUMO levels of perovskite
could be estimated to be —5.70 eV and —4.15 eV, respectively,
based on the spectra of UPS (Figure Slla) and optical
bandgap values. More importantly, the barriers of LUMO
levels between perovskite and HTMs are large enough to block
the motion of electrons and suppress the radiative recombi-
nation.”” The energy level diagram of the components in the
device is depicted in Figure 1d.

Meanwhile, density functional theory (DFT) calculations
were performed to simulate spatial structures and distribution
of electrons at the B3LYP/6-31G (d) level,’® and the results
are concluded in Figure 2 and Table 1. Similarly, the two
planar fluorenes are almost perpendicular to each other at the
fixed spiro carbon, forming the cores of these HTMs. As for
SC, due to the diverse dihedral angles between side groups and
the core, which leads to different intramolecular interactions,
the HOMO and LUMO are located at one of the planar
fluorenes independently. Such a distribution is similar to that
of spiro-OMeTAD (Figure S13). However, SC shows more
extended delocalization of HOMO and LUMO over carbazole
moieties due to the prolonged 7-conjugation. Notably, the N-
ethylcarbazole of SC is a weaker donor than the 4-
methoxyphenyl of spiro-OMeTAD. It is ascribed to the fact
that the n-donor N atom of carbazole is meta (cross-
conjugated) from the tertiary amine attached to the
spirobifluorene, whereas the methoxyl of spiro-OMeTAD is
para conjugated. Hence its HOMO level is reduced from
—4.23 eV to —4.32 eV reasonably. On the other hand, the
HOMO of ST also exhibits widely extended distribution as SC.
Nevertheless, its LUMO is mainly localized on a specific
dibenzothiophene moiety because of the electron-withdrawing
property of side groups, showing centralized distribution and
weak conjugation effect with the core so that the charge
transfer is restricted. As a result, it causes the decreases of
HOMO and LUMO levels to —4.40 eV and —1.00 eV,
respectively, corresponding to the tendency of CV curves.

Inversely, if we use functional groups with strong electron-
donating abilities and reduced conjugative structures, the
HOMO level could be elevated. Thus, the energy levels of
spiro-typed HTMs can be fine-tuned.>*>*

The thermal properties of HTMs were characterized by
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) measurements. As shown in Figure S12b,
with the increase of molecular weight, stronger intermolecular
forces endow SC and ST with higher decomposition
temperatures (Ty) of 459.4 and 458.5 °C, respectively, as
compared to 438.3 °C of spiro-OMeTAD, exhibiting
considerable thermal stability. Moreover, DSC curves in Figure
lc show high glass transition temperatures (Tg) of them,
reaching 163.7 and 159.9 °C, respectively, which are about 40
°C higher than that of spiro-OMeTAD. These results
demonstrate the strong tendency of SC and ST to resist the
change of molecular arrangement in working conditions,
showing good potential to sustain thermal stability in devices
with dopants. Meanwhile, in Figure S12c, the melting peaks in
DSC also reflect their ability to crystallize. Both spiro-
OMeTAD and ST exhibit large melting enthalpy at 247.9
and 2732 °C, respectively, demonstrating their strong
tendency of crystallization relatively. SC gives a much lower
endothermic peak at 275.5 °C, which indicates its lower
relative crystallinity.”"®'

The neat interface morphology of HTMs is dominant for
devices to achieve desirable performance. 2D grazing incidence
wide-angle X-ray scattering (2D-GIWAXS) was employed to
investigate relative crystallinity and molecular orientation of
them. As depicted in Figure 3, all spiro-typed HTMs give
uniform distributions of diffraction intensity, indicating the
existence of crystallites without any preferential orientation in
films. From 1D GIWAXS analysis along the out-of-plane
direction in Figure S14a, spiro-OMeTAD shows a strong 7—7
stacking diffraction peak by the (010) orientation at ~14.25
nm™', with an interplanar separation of D = 27/q, = 441 A.
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Figure 3. 2D GIWAXS patterns of (a) spiro-OMeTAD, (b) SC, and
(c) ST.

Although ST has a more rigid conjugated structure for
reinforcing stacking, it does not exhibit much stronger intensity
than spiro-OMeTAD due to the steric effect of larger side
groups, giving a comparable 7—x stacking (010) diffraction
intensity at a similar position (~14.30 nm™') along the out-of-
plane direction, with a packing distance of 4.39 A. It suggests
that both of them possess a considerable amount of ordered
crystallites to achieve high crystallinity which could promote
hole transportation in PSCs. In contrast, the steric effect of
rigid side moieties and vibrational motions of ethyl groups in
SC disturb the ordered molecular arrangement in film
significantly. The 7—x stacking (010) peak with the weakest

intensity at 13.96 nm™' along the out-of-plane direction is

found for SC, confirming its relatively lower crystallinity and
charge transfer ability.>~* In Table S1, 7—7 stacking distance
D of HTMs are summarized. SC, with the largest D among
HTMs (D = 4.50 A), possesses the weakest intermolecular
interaction which inhibits the formation of many ordered
crystallites, reflecting its poorest ability of crystallization as
well.*° Without preferential orientation, in-plane direction
analysis, as shown in Figure S14b, shares similar results with
the out-of-plane analysis above. Furthermore, since the
crystallization of molecules can enhance the surface roughness,
the AFM images of the pristine films of HTMs are also
provided in Figure S15. SC with the smoothest morphology
among HTMs (RMS roughness = 3.94 nm) shows the least
tendency to form crystallized regions.

Moreover, in order to evaluate the morphology of HTMs
used in devices under the optimal condition, top-view scanning
electron microscopy (SEM) images of pristine perovskite
(CsPbl;),(FAPbIL;),(MAPbBr;),_,_, that is coated with differ-
ent HTMs are presented in Figure 4a—d. Figure 4a shows the
uniform perovskite film fabricated by a two-step method with
high quality, promoting the generation and transfer of carriers
efficiently. When the HTMs, spiro-OMeTAD and SC, are
deposited onto the surface of perovskite, the contrast of images
declines drastically, indicating the formation of smooth films to
extract holes. However, compared with the homogeneous
morphology of SC, the film of spiro-OMeTAD exists as small
bright spots attributed to the precipitation of dopants (Li-
TFSI) on the surface, which could cause negative effects on the
efficiency and stability of devices. As a comparison, the
perovskite coated by ST has many pinholes in the surface,
restraining the transfer of holes because of the reduced
effective contact area between the active layer and electrodes,
resulting in severe nonradiative recombination of carriers
around defects.””’*® To detect the microstructures more
precisely and intuitively, the roughness of films was measured
by atomic force microscopy (AFM). As shown in Figure 4e—h,
the root-mean-square (RMS) roughness of perovskite (36.5
nm) decreases sharply after covering with HTMs. As for SC,
the RMS roughness of film is reduced to 5.24 nm, exhibiting
good film forming ability with dopants. Meanwhile, large RMS

g {
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[ »

" { "
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Figure 4. Top-view SEM images of (a) pristine perovskite film, (b) perovskite covered with spiro-OMeTAD, (c) perovskite covered with SC, and
(d) perovskite covered with ST doped with 54 uL of Li-TFSI solution, respectively. AFM images of (e) pristine perovskite film, (f) perovskite
covered with spiro-OMeTAD, (g) perovskite covered with SC, and (h) perovskite covered with ST doped with 54 uL of Li-TFSI solution,

respectively.
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Figure S. (a) Device structure of PSCs (FTO/SnO,/perovskite/HTM/Ag). (b) Cross-sectional SEM image of device with SC as HTM. (c) J-V
curves of the best performing devices based on three HTMs under reverse scanning. (d) Reverse and forward scanning J—V curves of optimal
devices based on SC and ST, respectively. (e) PCE distribution histogram of 20 devices with three HTMs. (f) EQE spectra and integrated current

density of PSCs based on spiro-OMeTAD, SC, and ST.

roughness values of 9.30 and 11.8 nm are found for spiro-
OMeTAD and ST-based devices, respectively, showing an
undesirable surface morphology.

Furthermore, the morphology of HTMs with high
concentrations of dopants was also investigated to analyze
the effect of Li-salts comprehensively. As shown in Figure S16,
with the addition of Li-TFSI solution (170 mg/mL in
acetonitrile) increased from the optimal concentration (54
uL) to a high concentration of 80 yL in 1 mL of HTM
solution, the film made by SC maintains a similar RMS
roughness as before (6.56 nm), exhibiting a considerable
tolerance for the dopant concentration. In contrast, the high
dopants concentration makes the coating of spiro-OMeTAD
much less uniform than before, accompanied by the denser
distribution of Li-TFSI precipitations and coarser surface with
RMS roughness of 11.0 nm. In the case of ST, the high
concentration of Li-TFSI raises severe damage to the film of
ST by increasing the size and depth (from ~70 to 200 nm) of
pinholes greatly, performing large RMS roughness (38.4 nm),
so that it is no longer capable of being used as HTM to
transport holes. In conclusion, SC possesses the best film
forming ability with a large processing window of dopant
concentrations.

The time-of-flight-secondary ion mass spectrometry (TOF-
SIMS) was used to analyze the distribution of Li-salts in the
film of HTMs qualitatively. Here, the optimized lithium
dopant concentration (54 uL) was used for HTMs. Upon the
different sputtering time, the distribution of dopants can be
reflected from the signal profile of the fluorine atom, which is a
representative constituent of Li-TFSI. As shown in Figure
S17d, from the sputtering time 0 to 10 s, dopant distributions
near the surface are obtained. Here, a significantly large
content of fluorine is detected in spiro-OMeTAD and ST. This
can be ascribed to the precipitations of dopants on the surface.
From the sputtering time 10 to 70 s, the films of spiro-
OMeTAD and ST exhibit less content of dopants as compared
to that of SC, indicating the reduction of dopants in the bulk.

Oppositely, the fluorine content of SC shows no increase in the
early stage and is uniformly distributed inside the film. In
Figure S17a—c, the TOF-SIMS mappings in the sputtering
time 0 to 70 s of fluorine atoms in bulk are shown. Slight
aggregation of fluorine in ST can be seen. When the
concentration of Li-TFSI is increased to 80 uL, the ST-
based film shows severe segregation of Li-salts around the
pinholes, as shown in Figure S18c. Both spiro-OMeTAD and
SC still possess a uniform distribution of dopants.
Meanwhile, UV—vis spectroscopy was also utilized to
analyze the formation and distribution of radical cations (like
spiro-OMeTAD®") of HTMs in the solid state. It is reasonable
to conclude that the uniform distribution of dopants facilitates
the oxidation of molecules homogeneously, 1eadin§ to the
enhancement of the specific absorption peak.’”” Figure
S19a,b shows the absorption of HTMs films doped by the
optimal concentration of dopants under the AM 1.5G
illumination for 1 h in ambient conditions. The film of SC
gives the highest intensity of absorption around 535 nm,
attributed to the uniform generation of oxidized SC**. In the
case of spiro-OMeTAD, it exhibits a lower absorption peak
around 530 nm, demonstrating its slightly inferior miscibility
with dopants as compared to that of SC in the bulk phase. On
the other hand, based on the unfavorable miscibility of ST, the
intensity of the peak of ST*" decreases drastically due to the
incomplete oxidation of ST restricted by the segregation of Li-
TESI in the film. With the increase of Li-salts, as shown in
Figure S19c¢,d, the intensity of specific peaks of spiro-
OMeTAD"*" and SC®* increases in the same trend. Notably,
for ST, the peak of ST*" disappears, accompanied by the red-
shift of the absorption edge. Therefore, the properties of ST
have changed significantly under the high concentration of
dopants, affecting its photovoltaic properties unpredictably.
Based on various structures of molecules, HTMs exhibit
different crystallinity and miscibility with dopants. In general,
the dopants are prone to aggregate with the evaporation of
solvent (CB and tBP) to form precipitations and voids.”>”" As
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for SC, because of excellent solubility, a uniform and stable
solution can be formed. Then, due to the relatively disordered
arrangement of molecules, the amorphous phase of SC would
uniformly distribute around dopants to inhibit precipitations of
them in the above process. In the case of ST, on account of the
poor solubility and high crystallinity, the phase separation
between agglomerated dopants and undissolved ST would
happen with the removal of the solvent, increasing the number
of intrinsic defects during the formation of the film. In parallel,
Li-TFSI would be excluded to accumulate around the grain
boundaries because of the strong tendency of the formation of
ordered regions in ST. As a result, ST has the worst miscibility
with dopants among three HTMs, so the film made by it is
filled with pinholes. For spiro-OMeTAD, although it possesses
less rigid side structures with favorable solubility to suppress
phase separation in the early stage, which facilitates the
formation of smooth morphology, its eminent crystallinity,
similar to ST, also drives the aggregation of dopants during the
formation of crystallites. It gives inferior miscibility with Li-
salts compared to SC. Consequently, the small size
precipitations of Li-salts and voids are observed on the surface.
The process of film formation is also displayed in Scheme 1.

To evaluate the performance of HTMs in devices, we
fabricated n-i-p typed devices with a configuration of FTO/
SnOz/(CstI3)x(FAPbI3)y(MAPbBr3)l_x_y/HTM/Ag, and
the structure is displayed in Figure Sa. With the variation of
concentration of HTMs and dopants, the optimization
processes of device performance are concluded in Tables S2
and S3 and Figures S21 and S22. As the cross-sectional image
of the best device with SC given in Figure Sb, the film
thickness of SC is about 154 nm which is optimal for its
performance. Also, that of ST is similar to SC under the same
operation, much thinner than that of spiro-OMeTAD (205
nm) (Figure S20). Under the AM 1.5G illumination, the
current density—voltage (J—V) curves of the devices with these
three HTMs are depicted in Figure Sc,d. All of PSCs expressed
small hysteresis based on the same planar device structure. As a
control, the device with spiro-OMeTAD gave a desirable PCE
of 20.73% with a V. of 1.12 'V, a J,. of 23.84 mA cm™, and a
FF of 77.61%. Also, the device based on SC exhibited the best
performance with an encouraging PCE of 21.76%, with a V. of
1.15 V, a J. of 23.47 mA cm™? and a FF of 80.62%. The
improved efliciency is a benefit from the enhanced V,_ and FF,
attributed to the deep HOMO level and good film forming
ability of it.”® On the other hand, with the existence of dense
pinholes at the interface, the ST-based device achieved a lower
PCE of 18.18% with a V,_ of 1.06 V, a J. of 23.05 mA cm™?,
and a FF of 74.39%. Although ST has the deepest HOMO
level among three HTMs, the nonradiative recombination of
carriers around defects leads to severe V. loss and poor FF,
lowering the efficiencies of devices significantly. The results are
summarized in Table 2. Besides, as depicted in Figure Se, all of
devices achieved favorable reproducibility, with average PCEs
of 20.03%, 21.04%, and 17.31% for spiro-OMeTAD, SC, and
ST, respectively, based on 20 devices.

In addition, the external quantum efficiency (EQE) spectra
were characterized to examine the photo responsibility of
devices in Figure 5f. The integrated current density values of
devices with spiro-OMeTAD, SC, and ST are calculated as
22.87, 22.45, and 21.92 mA cm?, respectively, which are
consistent with the tendency of J,. values measured from J—V
curves. Due to the poorest crystallinity and z—n stacking
intensity of SC relatively, it does not exhibit a better capacity

Table 2. Device Photovoltaic Parameters of the Best PSCs
with Different HTMs

scan Voe Jse PCE
HTM direction (V) (mAcem™) FF(%) (%)

. reverse 112 23.84 77.61 20.73
spiro-OMeTAD

forward 1.10 23.81 77.49 20.29

sC reverse 1.15 23.47 80.62 21.76

forward 1.14 23.47 79.39 21.24

ST reverse 1.06 23.05 74.39 18.18

forward 1.04 22.98 72.57 17.35

to transfer holes than spiro-OMeTAD.*>** However, with the
help of dopants, the intrinsic mobility of SC restricted by weak
crystallinity could be improved greatly to achieve a J value
which is slightly lower than that of spiro-OMeTAD, while
maintaining highly enhanced V,. and FF. Moreover, the
devices based on SC also gave excellent durability under
various concentrations of dopants, exhibiting stable perform-
ance (Table S3). Notably, compared to SC, due to the inferior
film forming ability derived from poor miscibility with Li-TFSI
of ST, the dense pinholes in ST reduced the effective contact
area with the active layer and the electrodes so as to decrease
the efficiency of hole extraction, resulting in the drop-off of ]
value which is the lowest among devices based on three
HTMs. Meanwhile, its device performance is affected
drastically with the variation of doping concentration, thus it
is difficult to find a balance to optimize the ST-based devices
(Table S3). Conclusively, the strong crystallinity of molecules
could expedite the formation of defects, bringing passive eftects
to the performance of devices although the enhanced mobility
could be accomplished. Hence, as for the design of novel spiro-
typed HTM with dopants, the morphology of the film plays a
dominant role in eliminating defects to promote device
properties comprehensively; besides, a deep HOMO level
should be required for building large V.

To further investigate the process of hole extraction at the
interface between perovskite and HTMs, steady-state photo-
luminescence (PL) and time-resolved photoluminescence
(TRPL) measurements were performed. Figure 6a depicts
that the pristine perovskite film exhibits an evident emission
peak around 790 nm. With the coverage of HTMs on the
perovskite, the intensity of emission is quenched remarkably,
expressing their strong capacity of hole extraction at the
interface. In sequence, the perovskite coated with spiro-
OMeTAD, SC, and ST could reduce the initial intensity to
0.90%, 1.31%, and 2.14%, respectively, reflecting their hole
extraction ability from strong to weak, in agreement with the
change of J,. values. Furthermore, the PL decaying curves are
fitted by a biexponential equation,*®”* in which the fast decay
(7)) represents the carrier extraction to the HTMs primarily,
while the second slow decay (7,) mainly reflects interface
recombination losses™ (Figure 6b). The fitting parameters are
listed in Table S4, and the short lifetime represents the higher
efficiency of hole extraction. Compared to perovskite/spiro-
OMeTAD bilayer (7, = 1.17 ns, 7, = 9.65 ns), perovskite/SC
film exhibits a shorter lifetime (z; = 0.94 ns, 7, = 7.31 ns)
because of the improved interfacial contact and smoother
morphology, showing more efficient hole extraction and
reduced nonradiative recombination which contributes to
high V. and FF. On the other hand, because of the pinholes,
the hole extraction efficiency of ST is cut down and performs a
slightly longer lifetime (7, = 1.38 ns, 7, = 10.01 ns) than those
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Figure 6. (a) Steady-state PL spectra and (b) time-resolved PL
spectra of pristine perovskite films, perovskite coated with spiro-
OMeTAD, SC, and ST, respectively. (c) Hole mobility measurement
of three doped HTMs through space-charge-limited-current (SCLC)
analysis. (d) Long-term stability of devices based on three HTMs
without encapsulation (under 25 °C, 30 + 5% relative humidity).

of the first two, exhibiting lower hole extraction ability and
enhanced nonradiative recombination. Therefore, as a benefit
of the neat film morphology of the interface primarily, the film
of SC expresses the highest efficiency to extract holes.

Moreover, based on the space-charge-limited-current
(SCLC) model, the hole mobility of HTMs with dopants
was estimated by the hole-only device of ITO/PEDOT:PSS/
HTM/MoO;/Ag under dark conditions.®> The current
density—voltage (J—V) curves are shown in Figure 6¢c. The
values of hole mobility are calculated with the Mott—Gurney
equation, concluded in Table 1. Corresponding to the variation
of crystallinity of HTMs, the mobility values of spiro-
OMeTAD and SC are calculated to be 5.88 X 107> cm* V™!
s™' and 3.15 X 107 cm® V! 57!, respectively. Notably, the
mobility of ST is the lowest among three HTMs (1.77 X 10~
cm? V™! s71), ascribed to the poor miscibility with Li-TFSI and
problematic interfacial contacts caused by pinholes. With
suitable hole mobility, both spiro-OMeTAD and SC could
extract holes from the perovskite efficiently. The distinction of
hole mobility among HTM:s is also consistent with the results
from PL and EQE tests.

To evaluate the long-term stability of devices with different
HTMs, the water contact angles of spiro-OMeTAD, SC, and
ST based on the solid substrate were estimated to assess their
hydrophobicity. The results are measured as 81.6°, 89.0°, and
89.6°, respectively. As shown in Figure S$23a, SC and ST
exhibit better hydrophobicity because of the higher ratio of
rigid and hydrophobic moieties in molecules, inhibiting the
contact of moisture with perovskite effectively, as compared to
spiro-OMeTAD. In addition, the stability of devices is
determined by the morphology of HTMs and the presence
of Li-salts. Inside HTMs, the incorporation of dopants, such as
Li-TFSI, could also capture moisture in humid conditions
easily and accelerate the decomposition rate of perovskite,
causing irreversible damage to the stability of devices. For
spiro-OMeTAD, the precipitations of Li-salts are visible on the
surface. In the case of ST, the defects appear as voids,
providing opportunities for the permeation of moisture into
perovskite and expediting the formation of Agl between
perovskite and silver electrodes thus reducing the stability of

PSCs drastically.”””*’* None of the defects are apparent on
the surface of SC from previous characterizations. Next, the
long-term stability of PSCs was examined without encapsula-
tion in the ambient conditions (temperature, 25 °C; relative
humidity, 30 + 5%) and depicted in Figure 6d. After 30 days,
the device based on SC can still keep a PCE retention over
90% of the initial value, while that of spiro-OMeTAD
maintained 82% of the original value under the same
conditions. Meanwhile, the solar cell based on ST only
sustained 64% of the original PCE. Moreover, the SC-based
device performed superior thermal stability under 60 °C in a
glovebox with N, retaining about 87% of the initial PCE after
500 h, whereas the PCEs of spiro-OMeTAD-based and ST-
based device was dropped to 69% and 63% of initial values at
that time, respectively. Additionally, the thermal stability test
was also carried out under 60 °C with a relative humidity of 30
+ 5%, and the device with SC could still preserve 68% of
original PCE after 500 h. In contrast, the PCE of the device
based on spiro-OMeTAD was reduced to only 42%, while the
device with ST lost performance completely in such a
condition (Figure S$23b,c). Furthermore, in Figure S24, the
decomposition rate of perovskite covered by different HTMs
was measured to evaluate the stability of devices. In a harsh
environment (temperature, 60 °C; relative humidity, 85 +
5%), the perovskite with ST started to tarnish only after 1 d,
while that covered by spiro-OMeTAD and SC can keep initial
states for 3 days and 4 days, respectively. Finally, the time of
total decomposition of perovskite was measured as 7 days, 10
days, and 3 days for spiro-OMeTAD, SC, and ST, respectively.
Therefore, SC not only endows devices with high efficiency but
gives excellent thermal and humid durability, ascribed to
uniform morphology, large molecular weight, and hydrophobic
structures. Besides, the reasonable modification of side groups
in spiro-typed HTMs could promote the thermal and humid
stability of PSCs effectively as well.

B CONCLUSION

In conclusion, we have synthesized two spiro-typed HTMs, SC
and ST modified by N-ethylcarbazole and dibenzothiophene,
respectively. With the existence of alkyl chains, SC obtains
reduced m—n stacking, low crystallinity, and enhanced
solubility, resulting in impressive miscibility with dopants to
form a homogeneous morphology of the surface without
visible defects. Besides, the extended m-conjugated structures
contribute to the establishment of the deep HOMO level
which could enhance the V. of the devices. Thus, the device
based on SC shows the best performance with a PCE value of
21.76%, attributed to the evident promotion of V,. (1.15 V)
and FF (80.62%). Meanwhile, with the increase of molecular
weight and hydrophobicity of SC, the device also gives
desirable long-term stability, maintaining over 90% of initial
efficiency for more than 30 days without encapsulation in
ambient air. It also performs favorable thermal and humid
durability, exhibiting better performance than that of spiro-
OMeTAD comprehensively. In contrast, due to low solubility
and high crystallinity, the film of doped ST is filled with small
pinholes which lead to severe V. loss (1.06 V), low FF
(74.39%), much lower efficiency (18.18%), and inferior
stability of device than those of the other two HTMs.
Therefore, we demonstrate that the morphology of HTMs
plays a dominant role in determining the performance of PSCs,
and we believe that this strategy of molecular design is

https://dx.doi.org/10.1021/acs.chemmater.0c03772
Chem. Mater. XXXX, XXX, XXX—=XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03772/suppl_file/cm0c03772_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03772/suppl_file/cm0c03772_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03772/suppl_file/cm0c03772_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03772?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03772?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03772?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03772?fig=fig6&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c03772?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

instructive to improve device performance with spiro-typed
HTMs in the future.

B EXPERIMENTAL SECTION

Materials. 2-Bromocarbazole (98%), 4-methoxyaniline (98%), and
2,2/,7,7'-tetrabromo-9,9'-spirobi[ fluorene] (98%) were purchased
from Aladdin. P(+Bu); (1 M solution in toluene), potassium
hydroxide (98%), and NaO'Bu (98%) were purchased from Macklin.
Pd,(dba); (97%) and 2-bromodibenzo[b, d]thiophene (98%) were
purchased from Accela. Anhydrous and oxygen-free solvents were
obtained with calcium hydride reflux. Fluorine-doped tin oxide
(FTO) glass substrates with a sheet resistance of 7 Q/sq were
purchased from Liaoninghuite Co., Ltd. SnO, colloid precursor
(tin(IV) oxide, 15% in H,O colloidal dispersion) was obtained from
Alfa Aesar. N, N-dimethylformamide (DMF, 99.8%), dimethyl
sulfoxide (DMSO 99.8%), and chlorobenzene (99.9%) were acquired
from Sigma-Aldrich. Isopropanol (IPA, 99.8%) was purchased from
Innochem. Lead(Il) iodide (Pbl,, 99.8%) was purchased from Kanto
Chemical. 2,2,7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spi-
robifuorene (spiro-OMeTAD, 99%), lithium bis-
(triftuoromethylsulfonyl) imide (Li-TFSI, 95%), and 4-tert-butylpyr-
idine (¢-BP, 96%) were obtained from Lumtec. Lead(Il) iodide (Pbl,,
99.8%), formamidinium iodide (FAI, 99.5%), methylammonium
bromide (MABr, 99.5%), methylamine chloride (MACI, 99.5%),
methylamine iodide (MAI, 99.5%), and cesium iodide (CsI, 99.8%)
were acquired from Xi'an Polymer Light Technology. All materials
were used without any further purification.

Synthesis of 2-Bromo-9-ethyl-9H-carbazole. In a dry 100 mL
two-necked flask, 2-bromocarbazole (2.0 g, 8.13 mmol) and
potassium hydroxide (1.37 g, 24.38 mmol) were dissolved into 40
mL of acetone. The mixture was heated to reflux under an argon
atmosphere for 30 min. Then, ethyl bromide (1.77 g, 16.25 mmol)
was added slowly and reflux continued for 1 h. After cooling to room
temperature, the mixture was washed with 2% dilute hydrochloric
acid, saturated NaHCOj; aqueous solution and water successively. The
organic layer was dried over anhydrous Na,SO,. After removal of
solvent, the crude material was purified by column chromatography
(CH,Cl,/petroleum ether, 1/10 v/v) to afford a product as a white
crystal (yield: 2.02 g, 90.6%).>* "H NMR (400 MHz, CDCL,): & 1.43
(t, 3H), 4.32 (q, 2H), 7.24 (dd, 1H), 7.34 (dd, 1H), 7.41 (d, 1H),
7.50 (m, 1H), 7.56 (d, 1H), 7.94 (d, 1H), 8.07 (d, 1H). *C NMR
(500 MHz, CDCl,): & 13.88, 37.79, 108.79, 111.68, 119.37, 119.47,
120.55, 121.67, 122.02, 122.05, 122.56, 126.20, 140.19, 140.89.

Synthesis of 9-Ethyl-N-(4-methoxyphenyl)-9H-carbazol-2-
amine (1). In a dry 100 mL two-necked flask, 2-bromo-9-ethyl-9H-
carbazole (2.0 g, 7.30 mmol), 4-methoxyaniline (1.35 g, 10.94 mmol),
Pd,(dba); (0.33S g, 0.366 mmol), P(t-Bu); (0.118 g, 0.585 mmol),
and NaO'Bu (1.576 g, 16.40 mmol) were dissolved into 30 mL of
toluene. The mixture was heated at 110 °C for 24 h under argon
atmosphere. After cooling to room temperature, the mixture was
washed with brine water. The organic layer was dried over anhydrous
Na,SO,. After removal of solvent, the crude material was purified by
column chromatography (ethyl acetate/petroleum ether, 1/5 v/v) to
afford a product as a pale yellow solid (yield: 1.34 g, 58.1%). '"H NMR
(400 MHz, DMSO-dy): § 1.27 (t, 3H), 3.73 (s, 3H), 4.27 (q, 2H),
6.82 (dd, 1H), 6.90 (d, 2H), 7.00 (d, 1H), 7.10 (t, 1H), 7.15 (d, 2H),
7.29 (t, 1H), 7.46 (d, 1H), 7.89 (d, 1H), 7.93 (d, 1H), 8.05 (s, 1H).
13C NMR (500 MHz, DMSO-dy): § 13.49, 36.71, 55.22, 93.71,
108.42, 109.04, 114.61, 114.69, 118.53, 118.77, 120.08, 121.06,
122.89, 123.66, 136.54, 139.41, 141.08, 144.04, 153.70.

Synthesis _of N?N*,N’,N”’-tetrakis(9-ethyl-9H-carbazol-2-
yl)-N2,N?",N7,N"7’-tetrakis(4-methoxyphenyl)-9,9’-spirobi-
[fluorene]-2,2',7,7'-tetraamine (SC). In a dry 100 mL two-necked
flask, 2,2/,7,7’-tetrabromo-9,9'-spirobi[ fluorene] (0.4 g, 0.633 mmol),
9-ethyl-N-(4-methoxyphenyl)-9H-carbazol-2-amine (1.0 g, 3.16
mmol), Pd,(dba); (57.8 mg, 0.063 mmol), P(t+-Bu); (25.5 mg.
0.126 mmol), and NaO'Bu (0.395 g, 4.108 mmol) were dissolved into
25 mL of toluene. The mixture was heated at 120 °C for 24 h under
argon atmosphere. After cooling to room temperature, the mixture

was washed with brine water. The organic layer was dried over
anhydrous Na,SO,. After removal of solvent, the crude material was
purified by column chromatography (tetrahydrofuran/petroleum
ether, 1/3 v/v) to afford a product as a pale yellow solid (yield:
0.514 g, 51.6%). '"H NMR (400 MHz, DMSO-dy): § 1.12 (t, 12H),
3.74 (s, 12H), 4.14 (q, 8H), 6.48 (d, 4H), 6.71 (dd, 4H), 6.78 (dd,
4H), 6.86 (d, 8H), 6.98 (d, 8H), 7.03 (d, 4H), 7.16 (t, 4H), 7.36 (4,
4H), 7.47 (t, 8H), 7.91 (d, 4H), 8.01 (d, 4H). '*C NMR (500 MHz,
DMSO-d): 8 14.04, 37.26, 55.66, 65.72, 103.60, 109.34, 115.30,
11573, 116.72, 118.15, 119.38, 120.11, 12091, 121.41, 122.24,
122.60, 125.37, 127.07, 134.92, 14036, 140.79, 14623, 147.51,
149.84, 156.20. MS (MALDI-TOF) m/z: calculated for C;ooHggNgO,,
[M]*, 1573.9550; found 1573.6160.

Synthesis of N-(4-Methoxyphenyl)dibenzo[b,d]thiophen-2-
amine (2). In a dry 100 mL two-necked flask, 2-bromodibenzo[b,
d]thiophene (2.0 g, 7.60 mmol), 4-methoxyaniline (1.404 g, 11.40
mmol), Pd,(dba); (0.348 g, 0.380 mmol), P(t-Bu), (0.123 g, 0.608
mmol), and NaO'Bu (1.643 g, 17.1 mmol) were dissolved into 30 mL
of toluene. The mixture was heated at 110 °C for 24 h under argon
atmosphere. After cooling to room temperature, the mixture was
washed with brine water. The organic layer was dried over anhydrous
Na,SO,. After removal of solvent, the crude material was purified by
column chromatography (ethyl acetate/petroleum ether, 1/5 v/v) to
afford a product as a white solid (yield: 1.49g, 64.2%). '"H NMR (400
MHz, DMSO-dy): 6 3.74 (s, 3H), 691 (d, 2H), 7.14 (m, 3H), 7.45
(m, 2H), 7.79 (m, 2H), 7.95 (d, 1H), 8.07 (s, 1H), 8.14 (d, 1H). '*C
NMR (500 MHz, DMSO-dy): & 5523, 106.62, 114.67, 117.31,
12007, 121.71, 123.06, 123.49, 12438, 126.78, 128.13, 134.89,
135.96, 136.44, 139.47, 142.95, 153.83.

Synthesis of N,N*',N’,N”’-Tetrakis(dibenzo[b,d]thiophen-2-
yD)-N?%,N?",N7,N”’-tetrakis(4-methoxyphenyl)-9,9’-spirobi-
[fluorenel-2,2’,7,7’'-tetraamine (ST). In a dry 100 mL two-necked
flask, 2,2',7,7'-tetrabromo-9,9’-spirobi[fluorene] (0.414 g, 0.655
mmol), N-(4-methoxyphenyl)dibenzo[b, d]thiophen-2-amine (1.0 g,
3.275 mmol), Pd,(dba); (60.0 mg, 0.0655 mmol), P(t-Bu); (26.5 mg.
0.131 mmol), and NaO'Bu (0.409 g, 4.258 mmol) were dissolved into
25 mL of toluene. The mixture was heated at 120 °C for 24 h under
an argon atmosphere. After cooling to room temperature, the mixture
was washed with brine water. The organic layer was dried over
anhydrous Na,SO,. After removal of solvent, the crude material was
purified by column chromatography (tetrahydrofuran/petroleum
ether, 1/3 v/v) to afford a product as a pale yellow solid (yield:
0.498 g, 49.7%). "H NMR (400 MHz, DMSO-dy): & 3.73 (s, 12H),
6.43 (d, 4H), 6.78 (d, 4H), 6.86 (d, 8H), 6.96 (d, 8H), 7.01 (d, 4H),
7.34 (t, 4H), 7.44 (t, 8H), 7.80 (d, 8H), 7.97 (t, 8H). 3*C NMR (500
MHz, DMSO-dy): 8 55.62, 65.69, 11534, 116.51, 116.63, 121.00,
122,05, 12227, 123.52, 123.89, 124.10, 124.96, 12698, 127.55,
132,99, 134.94, 13501, 136.61, 139.88, 140.49, 145.38, 147.34,
149.89, 156.25. MS (MALDI-TOF) m/z: calculated for
Cio1HgsN,0,S,, [M]*, 1529.9190; found 1529.3330.

Devices Fabrication. FTO glass substrates were cleaned
ultrasonically in ethyl alcohol, detergent, deionized water, acetone,
and isopropyl alcohol each for 15 min, sequentially. Prior to use, the
FTO substrates were treated with UV—ozone for 25 min. Then, the
diluted SnO, colloid precursor (2.67%, in water) was spin-coated
onto FTO substrates at 3000 rpm for 30 s and annealed on a hot plate
at 150 °C for 30 min. After cooling to room temperature, the FTO/
SnO, substrates were treated with UV ozone again for 25 min.
Subsequently, the perovskite layer was prepared through a two-step
method. First, 600 mg of Pbl,, 30 mg of Csl, and 6.4 mg of MAI in 1
mL of DMF/DMSO (9:1) solution was spin-coated on the SnO,
substrate at 1500 rpm for 30 s, then the samples were annealed at 70
°C for 1 min. Subsequently, 60 mg of FAI, 6 mg of MABr, and 6 mg
of MACl in 1 mL of IPA solution was spin-coated onto the Pbl, film
at 1500 rpm for 30 s, and then the perovskite was annealed at 150 °C
for 20 min in ambient air conditions (25—30% humidity). For the
deposition of hole transporting layers, 72.3 mg of spiro-OMeTAD
with the addition of $4 L of Li-TESI (170 mg/mL in acetonitrile)
and 30 uL of +-BP were dissolved into 1 mL of chlorobenzene, and the
solution was spin-coated on perovskite at 3000 rpm for 30 s.
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Meanwhile, the optimized concentration in 1 mL of chlorobenzene
was found to be 46.3 mg for SC and ST. In addition, 30 uL of ¢-BP,
Li-TFSI solution (170 mg/mL in acetonitrile) was added as 54 uL
into the solution. The solution of novel HTMs was spin-coated onto
the perovskite at 2000 rpm for 30 s. Finally, Ag back electrodes (100
nm) were deposited by thermal evaporation under 1 X 107 Torr
pressure. The accurate active area was 0.1 cm’ defined by a
nonreflective mask.

Materials Characterization. 'H and *C NMR spectra were
measured on a Bruker AVANCE III HD 400 and AVANCE III HD
500 spectrometer with CDCl; and DMSO-d,. Matrix-assisted laser
desorption-ionization-time-of-flight (MALDI-TOF) mass spectra
were recorded on a Bruker auto flex Speed TOF. The UV-—vis
absorption spectra were collected on a Lambda 750S spectropho-
tometer based on solid state films. Cyclic voltammetry (CV)
measurements were performed on a CHI604E electrochemical
workstation, consisting of a platinum working electrode, a platinum
sheet counter electrode, and an Ag/Ag" as the reference electrode.
HTMs were dissolved into anhydrous CH,Cl,, containing 0.1 M n-
Bu,NPF, as electrolyte. The scan rate was 100 mV s, and all
calculated potentials were calibrated with ferrocene/ferrocenium (Fc/
Fc") as reference. Density functional theory (DFT) calculations were
performed by the Gaussian 09 program at the B3LYP/6-31G (d)
level. Ultraviolet photoelectron spectroscopy (UPS) was characterized
by *1/AXIS UltraDLD. TGA was performed with a Pyris 1 TGA with
the heating rate of 10 °C min™' under N, atmosphere, and DSC
curves were recorded on a DSC 2500 under the same conditions. The
Grazing incidence wide-angle X-ray scattering (GIWAXS) data were
obtained at beamline BL16B1 of the Shanghai Synchrotron Radiation
Facility (SSRF) using X-ray with a wavelength of 1.24 A.

Devices Characterization. SEM images were performed by a
TESCAN MAIA3 GMU model 2016 scanning electron microscope.
Topographic AFM images were obtained by a Bruker Multimode 8
operated in tapping mode under ambient conditions. The contact
angles of three HTMs in solid state were measured by DSA100. The
spectra of TOF-SIMS were obtained by a GAIA3 GMU model 2016
scanning electron microscope. TRPL and steady state PL spectra were
measured on a FLS1000 photoluminescence spectrometer with an
excitation wavelength of 470 nm. The current density—voltage (J—V)
curves were measured by an Abet Technologies Sun 2000 solar
simulator under AM 1.5G illumination at 100 mW cm ™2 The light
intensity was calibrated with a standard VLSI Si reference solar cell
(SRC-1000-TC-K-QZ). The devices were masked with an aperture
area of 0.1 cm? without encapsulation. EQE spectra were recorded
with an Enlitech LQE-50-FLIPCE measurement system.
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