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ABSTRACT: Two hole-transporting compounds with the same side-donor moiety
and different central fragments, i.e., those of dibenzothiophene or spiro[1,3-dithio-
lane-2,9′-fluorene] are reported. They are synthesized using microwave irradiation-
assisted Buchwald–Hartwig cross-coupling reactions, which are completed within
15–40 min. The solid films of the compounds are characterized by low ionization
energies of ca. 5.0 eV. According to charge extraction by linearly increasing voltage
(CELIV) and time-of-flight experiments, the spiro[1,3-dithiolane-2,9′-fluorene] deriv-
ative exhibits higher hole mobility (1.8 × 10–4 cm2/V·s at an electric field of 3.17 ×
105 V/cm) than the dibenzothiophene-based counterpart (4.6 × 10–5 cm2/V·s at
the same electric field). Both the compounds are characterized by high electrochemical
stability, as evidenced by reversible cyclic voltammograms. The compounds exhibit
high glass transition temperatures of 142 and 163 °C, suggesting high morphological
stability of their solid amorphous films. The spiro[1,3-dithiolane-2,9′-fluorene] deriva-
360
tive exhibits significantly higher photochemical stability in comparison to that of the dib
0/​ae-2026-01031d.​pdf by g
enzothiophene-based compound, as evidenced
by the constant intensity of fluorescence of the toluene solutions and films under UV irradiation. Its films exhibit high conductivity,
confirmed by CELIV in the dark. Perovskite solar cells demonstrate the highest stability and efficiency when the spiro[1,3-dithiolane-
2,9′-fluorene] derivative is used for the deposition of hole-transporting layers. Under solar and indoor illumination, maximum power
conversion efficiencies of 15.5 and 30%, respectively, are achieved, demonstrating the potential of spiro[1,3-dithiolane-2,9′-fluorene]
derivatives over dibenzothiophene derivatives in molecular structure designs.
KEYWORDS: microwave irradiation-assisted Buchwald–Hartwig cross-coupling reaction, dibenzothiophene,
spiro[1,3-dithiolane-2-9′-fluorene], indoor and outdoor perovskite solar cells
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Stable and efficient hole-transporting materials (HTMs)
obtained via fast, simple, and cost-effective synthetic procedures
can bring perovskite solar cells (PSCs) closer to wide
commercialization.1–3 In the molecular design of such HTMs,
a range of properties have to be taken into account including
trap-free hole transport with high hole mobility; high conductiv-
ity; low ionization energy, satisfying efficient hole-extraction
capacities; high glass transition temperature and hydrophilicity;
optical transparency, allowing solar illumination to reach the
light-absorbing layer; and stability of the hole-transporting layer
(HTL) and interface, preventing non-radiative recombination
in bulk and at interfaces.4–9 The most widely used HTMs, such
as 2,2′,7,7′-tetrakis[N,N-bis(p-methoxyphenyl)amino]-9,9′-spir-
obifluorene (spiro-OMeTAD), do not satisfy many of the
above-listed requirements10 and require costly and tedious
extraction properties.11–14 Furthermore, the low glass transition
temperature of pristine spiro-OMeTAD (∼80 °C) often results
in the inferior morphological stability of the solid amorphous
layer and hence poor solar cell performance.15 Thus, the perov-
skite photovoltaic research field urgently demands easy-to-
synthesize and low-cost substitutes for spiro-OMeTAD. At the
same time, the synthesis and purification of spiro-OMeTAD
are complicated and high-priced.16 The corresponding HTMs
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require utilization of dopants, leading to the sophisticated pro-
cedure of device fabrication and J–V hysteresis.13,14,16–21 Solar
cell performance is also negatively affected by the transition of
spiro-OMeTAD from an amorphous to a crystalline state at
temperatures higher than 120 °C due to the symmetry of
spirobifluorene.16

Highly efficient PSCs with long-term stability and solar and/
or indoor light power conversion efficiencies (PCEs) are devel-
oped by depositing dopant-containing HTMs and synthesized
via costly multistep routes.22–25 Due to the constraints of
HTMs, highly efficient PSCs generally require doping of
HTLs to improve hole mobility and conductivity or the applica-
tion of self-assembled layers for defect passivation and
improved charge extraction properties.26,27 Therefore, a prevail-
ing trend in the research and development of HTMs for PSCs is
the search for the compounds with the optimal set of
properties.

The molecular design of many HTMs has recently been
based on incorporating sulfur into the molecules, due to their
high charge mobility and red-shifted absorption.7,28–34 The
derivatives featuring dibenzothiophene and triphenylamine
exhibited high hole mobilities exceeding 1 × 10–3 cm2/V·s.35

The derivative containing methyl sulfide groups reached a high
PCE of 22.08% and long-lasting device operation of PSCs.35

This result was explained by the ability of the HTM-
containing methyl sulfide group to reduce nonradiative recom-
bination and charge-transport losses at the HTL/perovskite
interface of PSC. We also previously developed a sulfur-
containing HTM, i.e., derivatives of dibenzothiophene and car-
bazole, which exhibited non-dispersive hole transport with a low
energetic disorder of 0.0782 eV and a high hole mobility of 9.45
× 10–4 cm2/V·s, allowing PSCs with PCEs higher than 20%.36

Despite the extensive development of spiro derivatives and
sulfur-containing HTMs for PSCs, limited information is avail-
able on HTMs that integrate the advantages of both the molec-
ular design strategies. As the derivatives of carbazole are widely
used in optoelectronic devices due to their electron-donating,
thermal and charge transport properties, PSCs with carbazole-
based isomeric HTMs were reported to show the promising
efficiency of up to 18% under solar illumination.37

The alternative approach is the replacement of spiro-
OMeTAD with new spiro derivatives. One of the spiro strategies
links the aromatic rings to a tetrahedral sp3-hybridized atom.28

For instance, N2,N7-bis(4-methoxyphenyl)-N2,N7-di(spiro[fluor-
ene-9,9′-xanthen]-2-yl)spiro[fluorene-9,9′-xanthene]-2,7-diamine
(X55) showed higher hole mobility and conductivity values of
6.81 × 10–4 cm2/V·s and 8.43 × 10–4 S/cm, respectively, in com-
parison to spiro-OMeTAD (1.48 × 10–4 cm2/V·s and 1.43 ×
10–4 S/cm) estimated under the same conditions.29 This
enhancement was enabled by an 11% higher relative average
PCE of 19.4% for X55-based PSCs, compared to the reference
spiro-OMeTAD-containing PSCs with an average PCE of
17.4%. The X55-based PSCs displayed superior long-term
operational \stability compared to the devices containing spiro-
OMeTAD. Jeong et al.38 reported spiro derivatives with asym-
metric phenylnaphthylamine edge units. They achieved a PCE
of 24.43% in comparison to 23.95% PCE of control spiro-
OMeTAD-based PSC in conventional n–i–p mesoscopic archi-
tecture FTO/cTiO2/mp-TiO2/FAPbI3/spiro-Naph/Au and
almost 90% PCE retention over 2000 h. Han et al.39 synthesized
a spiro derivative of carbazole, by replacing the methoxy group in
spiro-OMeTAD by N-ethylcarbazole termination. This HTM
B

reached a PCE of 22.01% utilizing the architecture FTO/bl-
TiO2/mp-TiO2/Cs0.05FA0.95PbI3/HTM/Au. Zhou et al.40

reported the synthesis of a hole-transporting derivative with a
thiomethyl-substituted fluorene arm and a spiro-[fluorene-9,90-
xanthene] core (T2). PSC with the structure ITO/SnO2/
Cs0.05FA0.95PbI3/T2/Au solar cells showed PCEs of 26.52 and
26.47% in FW and RV scans, respectively. Liu et al.41 synthesized
a spiro-type HTM via Buchwald–Hartwig cross-coupling reac-
tion, functionalizing spiro compounds with chlorine atoms. The
incorporation of chlorine atoms allowed enhanced hole extrac-
tion, by decreasing the interfacial defect density and matching
the energy level of the highest occupied molecular orbital
(HOMO) with the perovskite valence band. Furthermore, a
PCE of over 25% was reported for the device with the structure
FTO/SnO2/Cs0.05FA0.95PbI3/spiro-mCl/Au.
Compared to the extensive efforts on novel HTLs being

developed for outdoor perovskite solar cells, very few reports
are available which explicitly focus on the hole transport func-
tionality under indoor lighting conditions.16 Most of the halide
perovskite indoor photovoltaic devices still use HTLs inherited
and optimized for outdoor (1 sun illumination) perovskite solar
cells.14,42 Since under the low-intensity indoor light conditions,
the density of photogenerated carriers is low; to maximize the
efficiency, the charge transport layers (CTLs) should have cer-
tain characteristics, which are relaxed under high-intensity 1 sun
illumination.43,44 The CTLs should have better shunt proper-
ties, as under indoor lighting, the tolerance to series resistance
is relatively higher than under 1 sun. Thus, the CTLs should
have better charge selectivity and blocking properties to minor-
ity carriers. The tolerance to series resistance allows thicker
CTLs with suitable energy alignment but less tolerance to leak-
age paths (high shunt requirement). Additionally, recent efforts
on HTL development for indoor photovoltaics have extensively
explored self-assembled monolayers (SAMs), which have dem-
onstrated notable advantages, including excellent operational
stability and high photovoltaic performance under low-light
conditions (PCEs of 40–42%).45 Nevertheless, SAM-based
approaches may also present certain challenges, such as their
ultrathin nature providing limited physical buffering against
electrode diffusion or surface defects, relatively narrow process-
ing windows, and high surface sensitivity that can increase the
susceptibility of buried interfaces to defects and recombination.
Furthermore, the presence of acidic anchoring groups has been
reported in some cases to impact long-term device stability.46,47

Given the growing importance of halide perovskite indoor pho-
tovoltaics for sustainably powering Internet-of-Things (IoT)
technologies within smart-building environments, there is a
pressing need to develop new HTMs specifically tailored for
halide-perovskite indoor PV applications.48

In this study, we explored the benefits and drawbacks of
molecular design strategies based on the spiro and sulfur link-
ages by developing two HTMs, one with a spiro linkage
(CZDTF) and one without it (CZDBT). Two compounds fea-
turing the same electron-donating arms but different central
cores, i.e., with dibenzothiophene or spiro[1,3-dithiolane-2,9′-
fluorene] moieties were designed and synthesized. The
spiro[1,3-dithiolane-2,9′-fluorene] derivative demonstrated
higher stability, conductivity, hole mobility, and better perfor-
mance in solar and indoor PSCs than the dibenzothiophene
derivative. No dopants were introduced into the HTMs to iso-
late their intrinsic structural and electronic properties in govern-
ing hole extraction and transport. As a consequence, the
https://doi.org/10.1021/acsaem.6c01031
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photovoltaic device performance is not expected to reach that
of the optimized devices, with doped HTM systems such as
spiro-OMeTAD. Nevertheless, the obtained photovoltaic per-
formance (PCEs of 11–15% under 1 sun and 22–30% under
indoor illumination) provides a meaningful basis for compara-
tive analysis between the materials. Our findings suggest that
a combination of the spiro approach and the incorporation of
sulfur atoms should be used in the molecular design of HTMs
to further advance their performance in PSCs.
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■ EXPERIMENTAL SECTION

The synthesis of the target compound is presented below. Detailed
information regarding the materials utilized and the synthesis of the
starting compounds is provided in the Supporting Information.

2′,8′-Bis[(4-methoxyphenyl)(9-ethylcarbazol-3-
yl)amino]dibenzothiophene (CZDBT)

A mixture of 2-bromodibenzothiophene (0.40 g, 0.14 mmol), p-anisi-
dine (0.19 g, 1.54 mmol), sodium tert-butoxide (0.948 g, 9.8 mmol),
Pd2(dba)3 (0.09 g, 0.098 mmol), and XPhos (0.103 g, 0.14 mmol)
was added to dry toluene (10 mL). The reaction was performed in a
microwave under an argon atmosphere at 130 °C for 30 min. Then,
2,8-dibromodibenzothiophene (0.24 g, 0.7 mmol) was directly added
to the reaction mixture. The reaction was performed under the same
conditions for 30 min. The target product was purified by column
chromatography on silica gel using hexane and ethyl acetate as an elu-
ent mixture of solvents in a volume ratio of 15:1. The yield of yellow
powder was 56% (0.320 g).

1H NMR (400 MHz, THF-d8) δ 7.90 (d, J = 7.7 Hz, 2H), 7.81 (s,
2H), 7,70 (s, 2H), 7.63 (d, J = 8.6 Hz, 2H), 7.42–7.33 (m, 6H), 7.18
(d, J = 8.5 Hz, 2H), 7.10–7.03 (m, 4H), 6.98 (d, J = 8.4 Hz, 4H), 6.73
(d, J = 8.4 Hz, 4H), 4.36 (q, J = 7.0 Hz, 4H), 3.68 (s, 6H), 137 (t, J =
6.8 Hz, 6H). 13C NMR (101 MHz, THF-d8) δ 156.32, 147.86, 143.33,
141.57, 141.50, 137.69, 137.60, 133.85, 126.38, 125.70, 125.01, 124.16,
124.02, 121.25, 119.27, 117.90, 116.13, 115.27, 110.09, 109.32, 55.53,
38.08, 14.14.

ESI-MS (m/z): calcd for C54H44N4O2S [M]+ = 812.3184, found
[M + H]+ = 813.2609.
Scheme 1. Synthesis of Compounds CZDBT and CZDTF: (i) t
Irradiation, 15–40 min

C

2′,7′-Bis[(4-methoxyphenyl)(9-ethylcarbazol-3-yl)amino]-
spiro[1,3-dithiolane-2,9′-fluorene] (CZDTF)

A mixture of 2-bromodibenzothiophene (0.4 g, 1.4 mmol), p-anisidine
(0.189 g, 1.53 mmol), sodium tert-butoxide (0.948 g, 9.8 mmol),
Pd2(dba)3 (0.09 g, 0.098 mmol), and XPhos (0.103 g, 0.14 mmol)
was added to dry toluene (7 mL). The reaction was performed in a
microwave under an argon atmosphere at 130 °C for 30 min. Then,
2′,7′-dibromospiro[1,3-dithiolane-2,9′-fluorene] (0.29 g, 0.7 mmol)
was directly added to the reaction mixture. The reaction was performed
under the same conditions for 30 min. The target product was purified
by column chromatography on silica gel using hexane and ethyl acetate
as an eluent mixture of solvents in a volume ratio of 6:1. The yield of
yellow powder was 24% (0.150 g).

1H NMR (400 MHz, THF-d8) δ 7.95 (d, J = 7.7 Hz, 2H), 7.89 (s,
2H), 7.44–7.24 (m, 12H), 7.08 (d, J = 6.3 Hz, 6H), 6.82 (d, J =
7.9 Hz, 6H), 4.40 (d, J = 6.2 Hz, 4H), 3.74 (s, 6H), 3.40 (s, 4H),
1.40 (t, J = 6.6 Hz, 6H). 13C NMR (101 MHz, THF-d8) δ 156.46,
152.24, 149.07, 143.01, 141.31, 141.30, 137.72, 126.38, 126.19,
123.58, 121.07, 119.74, 119.15, 118.45, 115.10, 115.04, 109.89,
109.14, 69.44, 53.33, 42.26, 37.91, 13.95.

ESI-MS (m/z): C57H48N4O2S2 [M]+ = 884.3219, found [M]+ =
885.2698.

Instrumentations and characterization methods of HTMs are
detailed in the Supporting Information. Additionally, the Supporting
Information outlines the methodology for fabricating and testing PSCs.

■ RESULTS AND DISCUSSION

Synthesis

The disubstituted dibenzothiophene and spiro[1,3-dithiolane-
2,9′-fluorene] derivatives were synthesized, as shown in
Scheme 1. The microwave-assisted Buchwald–Hartwig cross-
coupling reactions of p-anisidine with the respective bromo
compounds afforded the corresponding intermediates. The fur-
ther Buchwald–Hartwig cross-coupling reactions with the corre-
sponding intermediate dibromo compounds gave the target
derivatives (Scheme 1). The products were purified by column
chromatography. The newly synthesized compounds were iden-
tified by mass spectrometry, 1H, 13C NMR spectroscopy
-BuONa, Pd2(dba)3, X-Phos, Toluene, 130 °C, Microwave
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(Figures S1–S4). The data were found to be in good agreement
with the proposed structures.

Thermal Transitions

Both synthesized compounds were found to be fully amorphous.
The information on the morphology of the films of the com-
pounds was derived using a non-contact, white-light interferome-
try profilometer. The line skewness and kurtosis, estimated
according to the ASME B46.1 2D standard, were found to be
–0.16 and 2.8 for CZDBT and –0.04 and 3.1 for CZDTF, respec-
tively. The obtained results prove the amorphous nature of the
layers characterized by symmetrical, Gaussian randomness with
Table 1. Thermal, Optical, Electrochemical, and Photoelectrical C

T–5%, °C
a Tg,

b °C IECV, eV
c λabs, nm

d λP
CZDBT 408 142 4.81 393i

CZDTF 314 163 4.69 383

aT–5%—5% mass loss temperature determined by TGA, heating rate 20 °C/
DSC, scan rate 10 °C/min, N2 atmosphere: second heating scan. cIECV = –(
(λabs) and wavelengths of the maxima of photoluminescence spectra of tolue
fEg

opt is the optical bandgap (Figure S7). gElectron affinities (EAPE) determine
V/cm. iShoulder.

Figure 1. DSC thermograms of second heating scans recorded at a heating ra
a heating rate of 20 °C/min in a nitrogen atmosphere (b) of compounds C
(c) and CZDTF (d) recorded for 0.1 M Bu4NBF4/dichloromethane solutio

D

no distinct facets. The thermal investigation of the compounds
was carried out by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) under a nitrogen atmosphere.
The results are presented in Table 1. The signals of only glass
transitions were observed in the heating and cooling DSC scans
(Figure 1a). Peaks due to crystallization or melting did not appear
in cooling and heating cycles between 10 and 200 °C (Figure S5).
The glass transition temperatures (Tg) obtained from the
repeated heating scans were found to be of 142 and 163 °C
for compounds CZDBT and CZDTF, respectively
(Figures 1a and S5). The TGA data show that the thermal sta-
bility of the dibenzothiophene derivative is higher than that of
haracteristics of Compounds CZDBT and CZDTF

L, nm
d IEPE, eV

e Eg
opt, eVf EAPE, eV

g μh, cm
2/V·sh

448 5.04 2.63 2.41 4.8 × 10–5

437 5.03 2.8 2.23 1.7 × 10–4

min, N2 atmosphere.
bTg—glass transition temperature, determined by

Eonset(ox1) + 4.8). dWavelengths of low-energy band absorption peaks
ne solutions. eIonization energy (IEPE) measured by PE spectrometry.
d by the equation EAPE = IEPE – Eg

opt. hAt an electric field of 3.2 × 105

te of 10 °C/min in a nitrogen atmosphere (a), TGA curves recorded at
ZDBT and CZDTF. Cyclic voltammograms of compounds CZDBT

ns at a scan rate of 0.1 mV/s.
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Table 2. Showing the HOMO, LUMO Energies, and Dipole
Moments for Compounds CZDBT and CZDTF

compound HOMO, eV LUMO, eV dipole moment, D

CZDBT –6.20 0.90 3.31
CZDTF –5.97 0.90 5.15

ACS Applied Energy Materials www.acsaem.org Article
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the spiro[1,3-dithiolane-2,9′-fluorene]-based compound. For the
synthesized spiro[1,3-dithiolane-2,9′-fluorene]-based compound,
thermal degradation was observed in two stages (Figure 1b). The
dibenzothiophene derivative CZDBT demonstrated 5% weight loss
at a temperature of 408 °C, whereas the compound CZDTF exhib-
ited 5% weight loss at a temperature of 314 °C.

Electrochemical Properties

The electrochemical properties of the dibenzothiophene and
spiro[1,3-dithiolane-2,9′-fluorene] derivatives (CZDBT and
CZDTF) were studied by cyclic voltammetry (CV).
Electrochemical data collected are given in Table 1. The cyclic
voltammograms of the solutions of the compounds in dichloro-
methane (DCM) were recorded using tetrabutylammonium
hexafluorophosphate (TBAHFP6) as the electrolyte
(Figure 1c,d). CZDBT exhibited three quasi-reversible oxida-
tion peaks and reduction peaks in the range of –0.10 to
0.70 V. CZDTF showed two oxidation peaks and reduction
peaks in the same range. It should be noted that observation
of the reversible cyclic voltammograms indicates high electro-
chemical stability of compounds.49 The values of ionization
energies (IECV) estimated from the onsets of oxidation poten-
tials are collected in Table 1.

Theoretical Studies

We have modeled CZDBT and CZDTF using density func-
tional theory using the ωB97XD functional and the 6-
31G(d,p) basis set. The HOMO and LUMO maps are shown
in Figure 2. For CZDBT, the HOMO is localized over the cen-
tral core and one of the side-arm residues, whereas the LUMO
extends over the core and the appendages. For CZDTF, the
HOMO extends across the core and appendages, whereas the
LUMO is more localized over one of the appendages. The cal-
culated LUMO energies of both derivatives are identical
(0.9 eV), whereas the calculated HOMOs show a larger varia-
tion –5.97 eV (CZDTF) versus –6.20 eV (CZDBT), presum-
ably resulting from the different donor abilities of the core
moieties (Table 2). Likewise, the calculated dipole moments
differ significantly for the two derivatives, with CZDBT having
a dipole moment of 3.31 D, whereas CZDTF has a dipole
moment of 5.15 D (Table 2), reflecting the polarity and geom-
etry differences of the core units of the two derivatives.

Photophysical Properties

Low-energy bands within the wavelength range of ca 350–
430 nm were observed in the absorption spectra of dilute
Figure 2. The computed LUMO (a) and HOMO (b) maps of
CZDBT and LUMO (c) and HOMO (d) maps of CZDTF.
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toluene and THF solutions, as well as of the neat films of com-
pounds CZDBT and CZDTF (Figure 3a,b). These bands can
be attributed to intramolecular charge transfer from the
side-located aromatic amino moieties to the central diben-
zothiophene (in case of CZDBT) or spiro[1,3-dithiolane-
2,9′-fluorene] (in case of CZDTF) fragments. In the spectra
of the compound CZDTF, low-energy absorption bands were
recorded. Their peaks were observed at 383 nm for the solution
in toluene, at 380 nm for the solution in THF, and at 390 nm
for the film. It appears that more intensive charge transfer is
characteristic of the compound CZDTF in comparison to that
of the compound CZDBT. This statement aligns with the trend
of molar absorption coefficients (ε) of toluene solutions of
CZDBT and CZDTF measured at various wavelengths. For
example, the solution of CZDTF is characterized by ε of 2.6
× 103 M–1 cm–1 at 380 nm, which is higher than that of the
solution of CZDBT (0.95 × 103 M–1 cm–1) recorded at the
same wavelength. A similar trend was observed for the absorp-
tion coefficients of the films of CZDBT and CZDTF at around
395 nm. Figure 3e displays the ultraviolet–visible absorption
spectra of thin films of CZDBT and CZDTF. Both the films
exhibit absorption peaks at around 395 nm. In addition,
CZDTF shows strong absorbance, close to 385 nm reported
for spiro-OMeTAD.50 The differences in the energies of absorp-
tion maxima of the low-energy bands of the films of CZDBT
and CZDTF can be attributed either to the polarity effects or
to intermolecular interactions in the solid state.
The photochemical stability of CZDBT and CZDTF was

tested under continuous UV illumination of the toluene solu-
tions and films (Figures 3c,d and S6). Their toluene solutions
and films emit blue light under ultraviolet (UV) excitation at
350 nm. The photoluminescence (PL) spectra peak at 448
and 460 nm for CZDBT and at 437 and 440 nm for CZDTF.
To exclude the effect of the transformation of oxygen triplet
into singlet states under UV excitation on PL intensity, the
spectra of deoxygenated toluene solutions of CZDBT and
CZDTF by a flow of inert gas were investigated (Figure S6).
PL intensity of the toluene solution of CZDTF remained stable
after 10 cycles of recording of PL spectra. In contrast, the inten-
sity of the emission band of the toluene solution of CZDBT
decreased to 86% of its original intensity. After 15 cycles of
recording of PL spectra, the initial PL intensity (I0) of the films
of CZDBT and CZDTF decreased to 0.3 × I0 and 0.8 × I0,
respectively (Figure 3c,d). It is evident that the derivative of
spiro[1,3-dithiolane-2,9′-fluorene] (CZDTF) exhibits higher
photochemical stability compared to the derivative of diben-
zothiophene (CZDBT). The photochemical stability of
HTMS can have an effect on the stability of PSCs.

Photoelectron Emission Spectroscopy Data

The energy barrier-free extraction of holes at the interface
between the anode and HTLs is necessary for efficient
PSCs.51,52 Ionization energies (IEPE) of vacuum-deposited
layers of CZDBT and CZDTF were measured by photoelectron
emission (PE) spectroscopy in air, with a setup similar to that
https://doi.org/10.1021/acsaem.6c01031
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Figure 3. Absorption (a, b) and PL (c, d) spectra of toluene or THF solutions and films of CZDBT and CZDTF. PL spectra of the films were
scanned under continuous UV excitation for 30 min. Ultraviolet–visible absorption spectra (e) of thin films of CZDBT and CZDTF and spiro-
OMeTAD (inset).
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described elsewhere.53 CZDBT and CZDTF showed low IEPE
values of ca. 5 eV (Figure 4a). This value is almost identical
to the ionization energy of spiro-OMeTAD (4.94 eV), suggest-
ing similar charge-extraction properties.30 Absorption spectra of
the films of compounds CZDBT and CZDTF were used to
obtain the optical band gap energy (Eg

opt) (Figure S7).
Subtracting Eg

opt from the IEPE, the electron affinities (EAPE)
of 2.41 and 2.23 eV were obtained for compounds CZDBT
and CZDTF, respectively (Table 1). The indirectly measured
EAPE values indicate that compounds CZDBT and CZDTF
can prevent the loss of mobile electrons by extracting them
from the perovskite light-absorbing layer into HTLs of the
derivatives of dibenzothiophene or spiro[1,3-dithiolane-2,9′-
fluorene].
F

Charge-Transporting Properties

For the investigation of the charge-transporting properties of
the vacuum-deposited layers of CZDBT and CZDTF with the
thicknesses (d) exceeding one micrometer (Figure S8), current
transients of the samples with the structure glass/indium tin
oxide (ITO)/organic layer/Al were recorded by applying the
technique of charge carrier extraction by linearly increasing volt-
age (CELIV).54,55 In the dark, when the organic layers do not
contain photogenerated charges, dark-CELIV signals result
from the extraction of equilibrium carriers.56 Typically, dark-
CELIV signals with rectangular shapes are observed for the
layers of most organic semiconductors because of the very
low concentration of mobile charge carriers in such layers.57,58
https://doi.org/10.1021/acsaem.6c01031
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Figure 4. Photoelectron emission spectra of vacuum-deposited films (a) and CELIV signals (b–d) of the samples of CZDBT or CZDTF observed at
different durations (t) of triangle pulses and constant voltage of 20 V.
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Such dark-CELIV signals include the current density compo-
nent j0, arising only from the capacitance response of the
ITO/organic layer/Al capacitor, which is charged by the dis-
placement current. Therefore, to study the charge-transporting
properties of the organic layers in the dark-CELIV regime, bias
voltages are usually applied.59 However, the mobile carriers in
the layers of CZDBT and CZDTF were detected by dark-
CELIV measurements without bias voltages (Figure 4b–d).
This observation indicates the presence of mobile equilibrium
carriers in these layers.

The recorded CELIV current transient curves (j(t)) con-
tained the current density component j0 caused by the capacity
response and the extracted current density component (Δj)
caused by the extraction of mobile carriers from the layers of
CZDBT and CZDTF. The following formula 1 can describe
the dark-CELIV signals.60

j tð Þ= j0 + Δj tð Þ= εε0
dEðx; tÞ

dt
+ σ x; tð ÞE x; tð Þ (1)

where ε and ε0 are the dielectric permittivity of the layers and
vacuum permittivity, respectively, E is the electric field, and σ
is the bulk conductivity of layers containing equilibrium free
carrier charges with a certain concentration n0. The conductivity
can be expressed by the equation σ = eμn0, where e is the ele-
mentary charge and μ is the charge carrier mobility. It should
G

be noted that holes are the dominant mobile carriers in the
layers of CZDBT and CZDTF, as it is determined by the
time-of-flight (TOF) experiment (Figure 5). The observed cur-
rent density component Δj allows us to calculate hole mobility
values at different electric fields and to discuss the hole conduc-
tivity of CZDBT and CZDTF. After the analysis of the shapes
of CELIV signals, it can be concluded that CZDBT with j0 >
Δj is a low-conductivity material, while CZDTF characterized
by j0 << Δj is a highly conductive material.61
The layers of CZDTF and CZDBT showed hole mobilities

of 1 × 10–5 cm2/V·s at different electric fields of 2 × 104 and
9.8 × 104 V/cm, respectively. The electric field dependencies
of hole mobilities of CZDTF and CZDBT are in very good
agreement with the results of TOF measurements (Figure 5).
The TOF method has limitations when studying semiconduc-
tors with high conductivity, as the concentration of bulk mobile
carriers may significantly exceed that of interface-generated
mobile carriers. However, it was not the case with CZDBT
and CZDTF, at least at low electric fields. The transit times
(ttr) obtained from the TOF current transients in log–log scales
for vacuum-deposited layers of CZDBT and CZDTF were well
observed in the wide range of electric fields. For the calculation
of hole mobility values, the ttr values were taken at the intersec-
tion of two extrapolated lines that reflect the different slopes of
the TOF signals. The calculated hole mobilities are plotted in
Figure 5 according to the Poole–Frenkel predictions. At an elec-
tric field of 3.2 × 105 V/cm, CZDBT and CZDTF showed hole
https://doi.org/10.1021/acsaem.6c01031
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Figure 5. Thickness measurements (a), TOF signals (b, c), and electric field dependencies of hole mobilities for the vacuum-deposited layers (d) of
compounds CZDBT and CZDTF.
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mobilities of 4.8 × 10–5 and 1.7 × 10–4 cm2/V·s, respectively.
Because of low conductivity, the TOF current transients were
recorded at high electric fields up to 1 × 106 V/cm. At this elec-
tric field, CZDBT showed a hole mobility of 1 × 10–3 cm2/V·s.
Using Poole–Frenkel fitting, hole mobility higher by a factor of
three (3 × 10–3 cm2/V·s) was expected for CZDTF. Because of
the high conductivity of the CZDTF layer, this prediction lacks
experimental support. Nonetheless, the CELIV/TOF results
suggest higher potential of CZDTF as HTM for PSCs.

Performance in Indoor and Outdoor Perovskite Solar Cells

A set of experimental characterizations suggests that the
spiro[1,3-dithiolane-2,9′-fluorene]-containing HTM CZDTF
should outperform the dibenzothiophene-based HTM
CZDBT in photovoltaic devices, with respect to both stability
H

and efficiency. To support this expectation, three HTMs,
CZDBT, CZDTF, and spiro-OMeTAD (serving as refs10–16),
were further used in a comparative study of their performances
in PSCs. We systematically investigated the impact of different
processing conditions for CZDTF and CZDTB as HTLs on
perovskite solar cells. We fabricated a typical n–i–p perovskite
solar cell architecture with the configuration ITO/SnO2/
MAPbI3/HTL/Au. Current density–voltage (J–V) measure-
ments were performed under 1 sun (AM 1.5 G) and indoor illu-
mination under 1000 lx, 2700 K daylight white LED (with
irradiance 0.32 mW/cm2).
Figure 6 shows the statistical distribution of power conver-

sion efficiency (PCE) and J–V curves of champion devices with
CZDTF and CZDTB as HTLs on perovskite solar cells with
MAPbI3 as the active layer. The corresponding performance
https://doi.org/10.1021/acsaem.6c01031
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Figure 6. Statistical distribution of PCE values and J–V curves of champion devices of CZDTF and CZDBT HTMs under 1 sun (a, b) and indoor
light illumination (c, d), respectively, and their EQE (e).
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parameters are shown in Figure S9. Devices based on CZDTF
showed overall champion PCEs of 8.09 and 15.44% with
open-circuit voltages (VOC) of 0.84 and 0.93 V, short-circuit
I

current densities (JSC) of 23.57 and 22.81 mA/cm2, and fill fac-
tors (FF) of 40.64 and 72.54% for forward (FW) and reverse
(RV) scans, respectively. While devices based on CZDBT
https://doi.org/10.1021/acsaem.6c01031
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showed the best PCE of 8.83 and 11.53% with VOC of 0.92 and
0.90 V, JSC of 19.3 and 18.63 mA/cm2, and FF of 49.80 and
69.05% for FW and RV scans, respectively. The statistical distri-
bution of PCE and other photovoltaic metrics demonstrates
that the PCEs (RV) of CZDTF-based devices are primarily
attributed to the increased JSC (Figure S9b), which is in align-
ment with the lower series resistance of the corresponding
devices (Figure S9e). This could be due to the enhanced hole
mobility of the CZDTF molecules, as observed from the
CELIV measurements. However, the hysteresis index (HI =
PCERV – PCEFW/PCERV) is higher for CZDTF-based devices
than for CZDTB, 0.48 and 0.23, respectively. The superior per-
formance of the CZDTF-based photovoltaic devices is further
confirmed by external quantum efficiency (EQE) spectra, as
illustrated in Figure 6e. To compare the photovoltaic properties
of the devices incorporating new HTLs of CZDTF and
CZDTB, control devices were fabricated using the layer of
spiro-OMeTAD as the HTL. The J–V characteristics and per-
formance parameters of the corresponding devices under
1 sun are given in Figure S11. The devices based on spiro-
OMeTAD HTL showed overall PCEs of 11.9 and 15.8% with
open-circuit voltages (VOC) of 1.09 and 1.09 V, short-circuit
current densities (JSC) of 21.3 and 21.1 mA/cm2, and fill factors
(FF) of 51.3 and 69.1% for forward (FW) and reverse (RV)
scans, respectively. Thus, CZDTF HTL-based devices show a
very similar photovoltaic performance to that of the benchmark
spiro-OMeTAD HTL. However, it is to be noted that the spiro-
OMeTAD HTL in these devices is not pristine but doped with
oxygen, TBPi, LiTFSi, and FK-209 to modify their morpholog-
ical features, energy-level alignment, and transport properties.
Meanwhile, the CZDTF and CZDTB HTLs are used in their
pristine stage without any further modification or additional
dopants.62

Under indoor illumination, both HTLs exhibited pro-
nounced scan direction dependence. CZDTF-based devices
outperformed the CZDTB ones with outstanding PCEs of
8.83 and 30.13% for FW and RV scans, respectively, whereas
CZDTB showed 10.4 and 22.89% for both directions. In terms
of FF, CZDTF rose from 31.89% (FW) to 81.53% (RV), while
CZDBT increased from 41.56 to 86.28%. The determining fac-
tor in the PCE is the higher JSC ∼ 0.15 mA/cm2, of the
CZDTF-based devices in comparison to JSC ∼ 0.12 mA/cm2

produced by CZDTB-based devices. Under indoor illumination,
the corresponding devices incorporating spiro-OMeTAD as the
HTM showed the highest PCEs of 17 and 31.1% for FW and
RV scans, respectively, and are again comparable to the perfor-
mance of devices incorporating CZDTF as the HTM
(Figure S11a,b). The EQE of the spiro-OMeTAD containing
devices is also given in Figure S11c. It is to be noted that the
indoor PCE shown by the devices incorporating the CZDTB
and CZDTF is not world-class leading and show clear J–V hys-
teresis. This implies that further optimization of the HTMs may
be necessary by incorporating dopants to enhance the hole
mobility or the energy-level alignment with the perovskite
active layer. The previously reported high PCEs of 40% in
perovskite-based indoor PV have been achieved by using the
(wide) bandgap-optimized perovskite active layer and the spe-
cially optimized transport layers based on perylene diimide
(PDI)63 and advanced interfacial layers using self-assembled
monolayers.45 The indoor PV PCE shown by the devices incor-
porating CZDTB and CZDTF HTMs is comparable to that of
the dopant-free spiro-OMeTAD (∼24 to 20%), as previously
J

reported.62 However, it is worth adding that the J–V hysteresis
of the devices incorporating CZDTB and CZDTF as HTMs is
relatively higher than the undoped and doped spiro-OMeTAD
HTM-based devices.
As seen in Figure 6, under both outdoor and illumination

conditions, devices incorporating CZDTF HTL showed slightly
higher photovoltaic performance compared to the devices
incorporating CZDTB. This increased performance is mainly
due to the higher short-circuit current and low sheet resistance.
To identify any correlation between this observation and the
morphological features of the HTLs, scanning electron micros-
copy (SEM) imaging was carried out on the partial device het-
erostructures (ITO/SnO2/perovskite active layer/new HTLs).
The corresponding SEM images are shown in Figure S12.
The morphological features of the HTL of CZDTF comprise
an entwined network of interconnected nanowires with a longer
aspect ratio, whereas for the HTLs of CZDTB, the morphology
is less interconnected with a lower aspect ratio. Thus, the
enhanced JSC and lower series resistance of the photovoltaic
devices comprising HTL of CZDTF can be attributed to these
favourable morphological features for charge collection, which
in turn can also be responsible for higher hole mobility, as
revealed through the CELIV studies (Figure 5).
Comparing the two HTLs, it is notable that under both illu-

mination conditions, the devices incorporating CZDTF HTLs
showed higher J–V hysteresis compared to CZDTB. In our ear-
lier studies, comparing spiro-OMeTAD and P3HT as HTLs,
spiro-OMeTAD based devices showed higher hysteresis com-
pared to P3HT, and this behavior was primarily attributed to
the presence of lithium dopants.14 In the present case, however,
neither HTL is doped, and the material under investigation is
not spiro-OMeTAD itself but merely shares a similar spiro-
linked core. This suggests that the increased hysteresis may
not arise from ionic additives, but instead from intrinsic charac-
teristics associated with the spiro-type molecular framework,
such as differences in molecular packing, interfacial energetics,
or interaction with migrating ionic species at the perovskite/
HTL interface. The orthogonal spiro-linkage can disrupt π–π
stacking, leading to greater susceptibility to interfacial trap for-
mation, which can contribute to enhanced J–V hysteresis.64

The effect of thermal annealing on the output parameters of
PSCs was further investigated (Section S6 and Figures S13–
S18, Supporting information). However, this approach did not
improve the PCEs.
Finally, we studied the long-term shelf-life stability over more

than 120 days of both CZDTF and CZDBT HTL-based devices
(which are not encapsulated) and stored in a nitrogen box. As
shown in Figure 7, the shelf-life measurements reveal that
CZDTF champion devices exhibit good stability during the
shelf-life study period. CZDTF retained its PCE over the period
of study, with a slight increase from 15.44 to 15.96% for RV
scans, mainly due to a small increase in FF from 72.54 to
76.59% and almost constant VOC and JSC. However, in FW
scans, there is a drop in PCE from 8.09 to 7.41%, and in FF
from 40.64 to 37.41%. For the devices measured after 36 days,
the PCE spread was matching that of fresh devices. However,
for the devices measured after 121 days, the yield of the working
devices was drastically reduced with PCE mostly in the range of
1%. This performance drop is found to be a combined collapse
of all the photovoltaic performance parameters, as shown in
Figure S19. The performance drop in CZDBT HTL-based
devices also showed a similar trend as that of CZDTF
https://doi.org/10.1021/acsaem.6c01031
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Figure 7. Shelf-life statistical distribution of PCE values and J–V curves of champion devices of CZDTF (a, b) and CZDBT (c, d) under 1 sun
illumination.
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HTL-based devices. However, these devices, measured after
36 days, already showed a large spread in photovoltaic performance
compared to the fresh devices. After 120 days, again the yield of the
working devices was poor with PCE mostly around 1%.

■ CONCLUSIONS

The derivatives of disubstituted dibenzothiophene and
spiro[1,3-dithiolane-2,9′-fluorene] were synthesized exploiting
microwave irradiation-assisted Buchwald–Hartwig cross-
K

coupling reactions. Stability, conductivity, hole-transporting,
and hole-injecting properties of the synthesized compounds
were examined before the development of perovskite solar cells.
According to the Poole–Frenkel predictions of dependencies of
charge mobility on the electric field, the derivatives of diben-
zothiophene and spiro[1,3-dithiolane-2,9′-fluorene] can reach
hole mobilities of 1 × 10–3 and 3 × 10–3 cm2/V·s, respectively,
at an electric field of 1 × 106 V/cm. The spiro[1,3-dithiolane-
2,9′-fluorene] derivative demonstrates high conductivity accord-
ing to the charge carrier extraction by linearly increasing voltage
https://doi.org/10.1021/acsaem.6c01031
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experiments. The high morphological stability of the solid
amorphous films of this compound can be expected, due to its
high glass transition temperature of 163 °C. A better combina-
tion of properties and characteristics of the derivatives of
spiro[1,3-dithiolane-2,9′-fluorene], compared to those of the
dibenzothiophene derivative, results in better output parame-
ters of the developed perovskite solar cells under solar and
indoor illumination. Maximum power conversion efficiencies
of 15.5% under solar illumination and 30% under indoor illumi-
nation were achieved, demonstrating better performance of
spiro[1,3-dithiolane-2,9′-fluorene] derivatives compared to
dibenzothiophene derivatives. These findings should be useful
for the molecular design of new stable and efficient hole-
transporting materials for perovskite solar cells.
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