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cation of spiro[fluorene-9,90-
xanthene]-based dopant-free hole transporting
materials for perovskite solar cells†

Vinay Kumar,‡ab Deepak Kumar,‡ab Rohit D. Chavan, ‡§c Kodali Phani Kumar, ab

Bommaramoni Yadagiri,ab Muhammad Ans, c Joanna Kruszyńska, c

Apurba Mahapatra, c Jan Nawrocki, c Kostiantyn Nikiforow,c Nada Mrkyvkova,de

Peter Siffalovic, de Pankaj Yadav,fg Seckin Akin,h Surya Prakash Singh *ab

and Daniel Prochowicz *c

The molecular engineering of organic hole-transporting materials (HTMs) plays an important role in

enhancing the performance and stability of perovskite solar cells (PSCs) as well as reducing their

fabrication cost. Here, two low-cost spiro-OMeTAD analogues, namely SP-Naph and SP-SMe, featuring

a spiro[fluorene-9,9-xanthene] (SFX) central core and asymmetric subunits are designed and synthesized.

Specifically, the SFX core in the SP-Naph molecule is substituted with dimethoxyphenylnaphthylamine

subunits to enhance conductivity and charge transport properties by expansion of the p-conjugated

structure. On the other hand, in the molecular structure of SP-SMe, the methoxy groups (–OMe) from

diphenylamine units were partially replaced with the methylsulfanyl groups (–SMe) to increase

interaction with the perovskite surface through the “Lewis soft” S atoms. By combining various

experimental and simulation methods, thestructure–property relationship of the newly synthesized HTMs

was thoroughly investigated. The suitable HOMO energy level with the perovskite layer together with

superior photoelectric properties and enhanced thermostability and humidity resistivity are obtained for

the SP-SMe HTM. As a result, the planar n–i–p PSC with the dopant-free SP-SMe HTM yields

a maximum power conversion efficiency (PCE) of 21.95%, which outperforms that with SP-Naph (20.51%)

and doped spiro-OMeTAD (19.23%). Importantly, the device with SP-SMe also reveals enhanced

operational stability under continuous 1 sun illumination and thermal stability at 65 °C. These findings

provide valuable insight for the rational design of dopant-free organic HTMs based on the SFX core,

which would promote the development of highly efficient and stable devices.
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1 Introduction

Perovskite solar cells (PSCs) have recently attracted great
attention in the photovoltaic eld due to their outstanding
power conversion efficiency (PCE) exceeding 26%, which has
been achieved for single-junction devices.1 Despite achieving
fast progress in PCEs, the long-term stability of PSCs is still the
major bottleneck towards their commercialization for outdoor
applications.2–4 There are several extrinsic factors that limit the
devices' stability such as moisture,5,6 oxygen,7 high tempera-
ture,8,9 and UV light exposure.10 In addition, intrinsic properties
of the perovskite active materials under stresses of operational
conditions (light illumination, electric eld, and heat) can also
affect the stability of PSCs.11

In the last couple of years, an extensive effort has been made
in order to tackle the above-mentioned stability issues by
modifying each component of the device.12 The stability of the
perovskite absorber layer can be improved by its surface
passivation using various materials,13–15 and compositional
This journal is © The Royal Society of Chemistry 2024
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engineering,16–18 and by adding hydrophobic additives.19,20 To
achieve highly stable and efficient PSCs, the quality of electron
and hole transport layers also plays a vital role.21 For regular n–
i–p device conguration, titanium dioxide (TiO2) is the most
widely used electron transport layer (ETL) in PSCs.22 Due to its
low conductivity, poor ultraviolet stability and high surface
defect density, modication of TiO2 by metal doping, interface
engineering and forming nanocomposites has been applied to
improve the stability of TiO2-based PSCs.23–25 Alternatively, the
use of other metal oxides in the form of colloidal SnO2 or
nanocrystalline ZnO has been proposed to not only facilitate the
electron extraction and transport but also to achieve more effi-
cient and stable ETLs than TiO2.26–30 These semiconducting
materials could be further modied by metal ion doping,
additive engineering, surface modication and forming
multiple ETLs to maintain long-term stability under the oper-
ation conditions.31–34 In the case of hole transport materials
(HTMs), much effort has been devoted to replacing the most
commonly used 2,20,7,70-tetrakis(N,N-di-p-methoxyphenyl-
amine)-9,90-spirobiuorene (spiro-OMeTAD), which not only
suffers from expensive and tedious synthesis but also low
stability under thermal stress.35–39 In addition, the spiro-
OMeTAD lm exhibits moderate hole conductivity and
mobility without additional dopants such as bis(triuoro-
methane)sulfonimide lithium salt (Li-TFSI) and 4-tert-butyl-
pyridine (t-BP). However, the presence of these dopants can
Scheme 1 Molecular structure representations of spiro-OMeTAD, HTM

This journal is © The Royal Society of Chemistry 2024
cause deterioration of device stability due to their hygroscopic
and volatile nature.40,41

The molecular structure of spiro-OMeTAD comprises a 9.90-
spirobiuorene core and four p,p0-dimethoxydiphenylamine
units (Scheme 1). The optical and electronic properties of spiro-
OMeTAD could be tuned by changing the positions of two –OMe
substituents or their donating ability. Jeon et al., reported that
changing one para-OMe substituent to the ortho-position is
favorable for a higher ll factor of PSCs.42 In turn, the replace-
ment of –OMe groups with methylsulfanyl (–SMe) resulted in
a deeper HOMO energy level than spiro-OMeTAD, promoting
charge extraction from the perovskite layer.43 Due to the
complex and multistep synthesis routes of spirobiuorene-type
HTMs, intense research has focused on developing low-cost and
efficient HTM alternatives. In this context, spiro[uorene-9,9-
xanthene] (SFX) has been proposed as a core moiety, which
can be readily prepared via a two-step synthetic reaction using
inexpensive starting materials with a high overall yield.44–47 By
molecular engineering of the SFX-core with various diphenyl-
amine units, the performances higher than the PCEs of the
reference devices based on spiro-OMeTAD were reported. For
example, Chiykowski, et al. implemented an SFX-based material
(namely HTM-FX0, Scheme 1) in planar n–i–p PSCs and achieved
a high PCE of 20.8%, outperforming that with spiro-OMeTAD
(20.4%).48 However, to the best of our knowledge, the reported
SFX-based HTMs require the use of dopants (LiTFSI and t-BP),
-FX0, SP-Naph and SP-SMe HTMs.

J. Mater. Chem. A, 2024, 12, 8370–8380 | 8371
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which are believed to be detrimental to long-term device
stability.

For the development of new organic HTMs, it is necessary to
pay attention to the change in the chemical structure and to the
intermolecular interactions, which play an important role in
promoting charge transport properties. Herein, we disclose the
design and synthesis of new molecules based on the SFX-core,
denoted as SP-Naph and SP-SMe (Scheme 1), for the purpose
of creating low-cost dopant-free HTMs toward stable and effi-
cient PSCs. The SP-Naph molecule was designed to feature an
asymmetrically substituted SFX-core with dimethox-
yphenylnaphthylamines, which are assumed to tune its elec-
trical properties, p-conjugation length and intermolecular
interactions due to the larger area of naphthyl rings than phenyl
groups. In the case of the molecular structure of SP-SMe,
methoxy groups from diphenylamine units were partially
replaced with the methylsulfanyl groups (SMe). The introduc-
tion of SMe groups is expected to enhance hole extraction
properties by providing better band alignment with the perov-
skite layer and passivate its surface defects by forming stronger
molecular interaction with the undercoordinated Pb2+ (S atoms
are soer Lewis base than O atoms). The effects of molecular
engineering of the SFX-core on the intermolecular interactions,
charge-extraction ability and recombination kinetics within the
device are theoretically and experimentally investigated. The
devices with a planar n–i–p architecture based on dopant-free
SP-Naph and SP-SMe HTLs were found to be capable of
yielding a high PCE of 20.51% and 21.95%, respectively, which
were higher than that measured for our doped spiro-OMeTAD
based PSCs (19.23%). In addition, these devices also exhibit
superior environmental, thermal and illumination stability
compared to spiro-OMeTAD-based cells.

2 Results and discussion

SP-Naph and SP-SMe were synthesized by simple three-step
procedures and synthesis details are illustrated in the Experi-
mental section. Specically, SP-Naph and SP-SMe HTMs were
synthesized through the Buchwald–Hartwig C–N cross-coupling
reaction between TBX, I and DOS using Pd2(dba)3 as a catalyst
as shown in Schemes S1 and S2.† The chemical structures of SP-
SMe and SP-Naph were conrmed by 1H NMR, 13C NMR and
MALDI-TOF characterization (Fig. S1–S15).† Based on our cost
analysis (see Note 1 in the ESI†), it is evident that these HTMs
are signicantly more cost-effective when compared to the
commercially available spiro-OMeTAD. The cost of SP-SMe and
SP-Naph is 1/21st and 1/12th of the price of the puried spiro-
OMeTAD (priced at $565 per gram with high purity from
Sigma/Merck), respectively.

It is expected that the partial modication of diphenylamine
(DPA) motifs in HTM-FX0 can alter its electrical conductivity and
energy levels. Fig. S16† shows the current–voltage (I–V) relations
of ITO/HTM/Au lms, from the slope of which we can calculate
conductivity (s0). The calculated s0 for HTM-FX0 is 5.94 ×

10−6 S cm−1, which is higher than that of the undoped spiro-
OMeTAD lm (2.50 × 10−7 S cm−1).49 The presence of the
naphthyl subunit greatly enhances the electrical conductivity of
8372 | J. Mater. Chem. A, 2024, 12, 8370–8380
the SP-Naph lm (6.41 × 10−6 S cm−1) due to the expansion of
the p-conjugated structure.50 The partial replacement of the –

OMe on the benzene moiety (HTM-FX0) with the –SMe group
(SP-SMe) also enhances its conductivity (6.94 × 10−6 S cm−1)
due to less electronegativity of the S atom.50 The conductivity
along its slope is summarized in Table S1.† To gain further
insight into the effect of the modied DPA motif in HTM-FX0 on
the electronic properties, we modelled the Frontier molecular
orbitals (FMOs) using the density functional theory (DFT). The
calculated electron cloud density distributions of the HOMO
and LUMO for all investigated HTMs are shown in Fig. 1a. In
HTM-FX0, HOMO density is uniformly distributed on the entire
uorene and DPA units, while LUMO density mostly covered the
uorine unit with less distribution towards DPA units. The
HOMO density of SP-Naph is localized mainly on the phenyl-
naphthylamine unit, while the LUMO density is located on the
uorene unit as well as on the –OMe groups in the phenyl-
naphthylamine unit. Therefore, the phenylnaphthylamine unit
in SP-Naph can participate in the charge carrier transport,
which reects better conductivity and lower HOMO value than
that found in HTM-FX0. In contrast, the HOMO density in SP-
SMe is distributed on the full central unit (uorene and
xanthene) as compared to HTM-FX0 and SP-Naph, while LUMO
density is spread over the uorene unit along with –SMe groups.
These DFT calculations show that SP-SMe is expected to have
better hole transporting ability due to overlaps between the
HOMO and LUMO and stronger donor ability of S atoms, which
alter the HOMO density.51

In the following, we will focus on the electronic and structural
properties of SP-SMe and SP-Naph HTMs and compare them to
a thoroughly investigated HTM-FX0-based sample.48 First, cyclic
voltammetry (CV) measurements were performed for SP-Naph
and SP-SMe HTMs to estimate their energy levels experimen-
tally (Fig. S17†). Electrochemical properties of HTM-FX0 have
been previously reported by Chiykowski et al., and its HOMO
value was found to be −5.16 eV.48 In turn, the HOMO energy
levels of SP-Naph and SP-SMe are estimated to equal to −5.28 eV
and −5.36 eV, respectively, which are consistent with the DFT
calculation trend. The LUMO levels can be deduced by adding the
optical band gaps (Eg) of these HTMs to the HOMO levels. The
UV-vis spectra of HTM solutions in toluene as well as in the form
of thin lms are presented in Fig. S18.† All HTMs show bimodal
absorption and the absorption onset of SP-Naph exhibits a larger
extent of red-shi, which may imply stronger intermolecular
interaction and tighter molecular packing due to enhanced p–p

stacking interactions.52 By subtracting the Eg values estimated
from the corresponding absorption edges, the LUMO levels were
calculated to be −2.31 eV for SP-Naph and −2.64 eV for SP-SMe
(Table S2†). The energy levels of different HTMs relative to our
perovskite composition are depicted in Fig. S19.† As seen, the
lowered HOMO levels of SP-Naph and SP-SMe can ensure better
hole extraction from the perovskite layer compared to HTM-FX0

and spiro-OMeTADHTMs. Notably, a deeper lying HOMO level of
SP-SMe is benecial for better energetic matches with the
perovskite to improve the Voc of the PSCs. Further, the molecular
crystallographic structure of the HTM lms was investigated by
the grazing incident wide-angle X-ray scattering (GIWAXS). All
This journal is © The Royal Society of Chemistry 2024
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three studied HTMs were spin-coated on the native Si substrates
to prevent diffractions from the perovskite layer, which typically
has a very high scattering cross-section and would signicantly
reduce the visibility of the molecular patterns. The thickness of
the spin-coated layer was ∼173 ± 7 nm for each HTM. GIWAXS
reciprocal spacemaps in Fig. 1b show two broad scattering peaks
at q ∼0.45 Å−1 and ∼1.31 Å−1 (see Fig. S20 in the ESI†), origi-
nating from the molecular packing and intermolecular p–p

stacking, respectively. All three investigated HTMs exhibit
a mixture of amorphous and crystalline phases, while the indi-
vidual crystalline domains show a random correlation in
molecular orientation. Unfortunately, a signicant amorphous
background prevents accurate peak position, thus determining
the exact molecular packing.

The SP-Naph HTM contains eight –OMe groups, while the
SP-SMe HTM has four –OMe and four –SMe groups, which can
Fig. 1 (a) HOMO–LUMO density of HTM-FX0, SP-Naph and SP-SMe HTM
on the native Si substrate. (c) 2D AFM topography images of the perovsk

This journal is © The Royal Society of Chemistry 2024
potentially reduce trap-induced interfacial recombination by
forming interaction with the undercoordinated Pb2+ in the
perovskite lm. Therefore, we performed electrostatic potential
(ESP) surface analysis of the SP-Naph and SP-SMe HTMs to
better understand which group is more prone to passivate the
perovskite surface defects. The ESP maps of the investigated
HTMs are shown in Fig. S21.† It is observed that the most
electronegative potential is localized around S atoms in the SP-
SMe, which may serve as Lewis base to passivate uncoordinated
Pb2+ defects in the perovskite lm. To support this statement,
we also calculated the binding energies of O (SP-Naph) and S
(SP-SMe) atoms with the perovskite surface (Fig. S22†). SP-SMe
exhibited lower adsorption energy (−3.35 eV) on the under-
coordinated Pb2+ site compared with SP-Naph (−2.62 eV), con-
rming that the –SMe group strongly passivates these defects
(Table S3†). X-ray photoelectron spectroscopy (XPS)
s based on DFT calculations. (b) GIWAXS plots of the spin-coated HTMs
ite/HTL films.

J. Mater. Chem. A, 2024, 12, 8370–8380 | 8373
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measurement was further performed to experimentally probe
the chemical interaction of the perovskite/HTM interfaces
(Fig. S23†). Aer spin-coating of thin layers of SP-Naph and SP-
SMe on top of the perovskite layer, the shi of the Pb 4f core
levels towards lower binding energies is observed compared to
bare perovskite. In addition, the I 3d peaks exhibit a similar
trend aer depositing SP-SMe and SP-Naph. The higher shi in
the perovskite/SP-SMe lm indicates the stronger interaction
between perovskite and the SP-SMe layer, which can suppress
non-radiative recombination and improve device performance.
Atomic force microscopy (AFM) images and the root mean
square (Rq) values show that the surface of the SP-SMe on the
perovskite lm is smoother than that of SP-Naph and spiro-
OMeTAD (Fig. 1c). The relative roughness of SP-SMe is only
6.7 nm, which is lower than the roughness of SP-Naph (10.8 nm)
and spiro-OMeTAD (7.5 nm). The 3D AFM topography images
have been depicted in Fig. S24.†
Fig. 2 (a) J–V curves under the backward scan of the optimized devices
HTMs. (b) Maximum power point (MPP) tracking for 200 s. (c) External qu
HTL films. (e) VOC at different light intensities and (f) Mott–Schottky plot

8374 | J. Mater. Chem. A, 2024, 12, 8370–8380
To evaluate the effect of dopant-free SP-Naph and SP-SMe
HTMs, we fabricated devices with an n–i–p architecture of
ITO/SnO2/perovskite/HTLs/Au (for the device fabrication
details, see the Experimental section). The optimum concen-
tration of SP-Naph and SP-SMe was found to be 15 mg mL−1 in
a toluene solution in terms of champion efficiency (Fig. S25 and
Table S4†), which is much lower than the concentration of
spiro-OMeTAD (90 mg mL−1). The HTLs had a homogeneous
coverage on the perovskite lms (Fig. S26†). Fig. 2a shows the
current–voltage (J–V) curves for the champion devices, while
their corresponding photovoltaic metrics are summarized in
Table 1. As seen, the device based on the SP-SMe HTM reaches
a maximum PCE of 21.95% under AM 1.5G irradiation at 100
mW cm−2 with an open-circuit voltage (VOC) of 1.16 V, a short-
circuit photocurrent (JSC) of 24.23 mA cm−2 and a ll factor
(FF) of 77.65%. This performance was higher than that of the
best SP-Naph-based device with a PCE of 20.51%. Our control
based on undoped and doped spiro-OMeTAD, SP-SMe and SP-Naph
antum efficiency and integrated JSC. (d) TRPL spectra of the perovskite/
s of the devices with different HTMs.

This journal is © The Royal Society of Chemistry 2024

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta07851e


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

0/
28

/2
02

5 
6:

52
:1

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
device based on spiro-OMeTAD with and without dopants
exhibits a PCE of 19.23% and 15.62%, respectively. We also
tested HTM-FX0 as a dopant-free HTL with the same concen-
tration (15 mg mL−1), however, the corresponding devices
exhibit poor performance with a PCE below 5% (Fig. S27†). Next,
the PCEs of the investigated devices were veried by measuring
the steady-state power output at the maximum power point
(MPP). As shown in Fig. 2b, the device with SP-SMe shows
a higher and more stable output efficiency aer 200 seconds of
continuous illumination.

The statistical analysis of photovoltaic parameters for 20
devices based on different HTMs is shown in Fig. S28.† It is
observed that the enhanced performances of SP-SMe-based
devices are due to higher values of VOC and FF. Furthermore,
the devices based on SP-SMe also demonstrated negligible
hysteresis effects, as evidenced by the forward and reverse scan
curves shown in Fig. S29† (for the distribution of photovoltaic
parameters, see Table S5†). These improvements could be
attributed to the higher conductivity and more favorable band
alignment of SP-SMe with the perovskite layer. In addition, the
strong coordination of the S atom with the undercoordinated
Pb2+ sites can suppress recombination at the interface. To
validate the measured JSC values, we performed external
quantum efficiency (EQE) measurements for the investigated
devices. As shown in Fig. 2c, the calculated JSC values
from integrating the EQE spectra conrm the JSC values deter-
mined from J–V analysis. The value of JSC for the SP-SMe-based
device (23.95 mA cm—2) is higher than those of SP-Naph
(23.84 mA cm—2) and spiro-OMeTAD (21.88 mA cm—2), likely
due to its better charge extraction properties (vide infra).

To evaluate the charge extraction ability of the investigated
HTMs, steady-state photoluminescence (PL) and time-resolved
photoluminescence (TRPL) measurements were conducted.
Fig. S30† shows the PL spectra of the pristine perovskite and
perovskite/HTM lms. As seen, the PL intensities were signi-
cantly quenched for all modied perovskite lms, especially
when they are covered with the SP-SMe HTM, indicating its
effective hole extraction and transfer capabilities. These results
are in good agreement with the TRPL curves shown in Fig. 2d.
We tted the decay curves using the biexponential equation: (y
= A1 exp(−x/s1) + A2 exp(−x/s2) + y0), where s1 and s2 refer to the
fast and slow decay associated with surface and bulk recombi-
nations, respectively (Table S6†).53 The perovskite with SP-SMe
showed a shorter charge carrier lifetime (s1 = 0.6 ns, s2 = 15
ns) than those of SP-Naph (s1 = 1.8 ns, s2 = 67 ns), and spiro-
Table 1 Photovoltaic parameters of PSCs with different HTLs

HTLs VOC (V) JSC (mA—m

Undoped spiro-OMeTAD Champion 1.08 20.64
Spiro-OMeTAD Champion 1.13 22.50

Average 1.12 � 0.005 22.15 � 0.3
SP-Naph Champion 1.15 23.45

Average 1.14 � 0.004 23.02 � 0.2
SP-SMe Champion 1.16 24.23

Average 1.16 � 0.004 23.86 � 0.2

This journal is © The Royal Society of Chemistry 2024
OMeTAD (s1 = 6 ns, s2 = 47 ns), which conrms efficient
charge transfer between SP-SMe and the perovskite lm. The
improved charge transfer should be also benecial in reducing
the nonradiative recombination at the interface. The depen-
dence of VOC on the incident light intensity in logarithmic form
is commonly used to express the charge recombination process.
The ideal factor (n) can be calculated by using the equation:

VocðPÞ ¼ nkT

q
lnðPÞ þ C

where k is the Boltzmann constant, T is the absolute tempera-
ture, and q is the elementary charge. As shown in Fig. 2e, the
device with SP-SMe exhibits the smallest kBT/q slope (n = 1.32)
than those of devices based on SP-Naph (n = 1.48) and spiro-
OMeTAD (n = 1.86). This indicates the suppression of charge
recombination processes and signies the increase in VOC in SP-
SMe-based devices. To further evaluate the recombination
resistance (Rrec) and contact resistance (Rct) at the perovskite/
HTM interface, we performed electrochemical impedance
spectroscopy (EIS) measurements. The Nyquist plots of the
devices measured under dark conditions are shown in Fig. S31†
and the results are given in Table S7.† As seen, the device with
the SP-SMe HTM exhibits the lowest Rct and highest Rrec values,
which indicates the formation of better perovskite/HTM inter-
face contact with the perovskite layer, and reduced charge
recombination due to the higher hole conductivity of the SP-
SMe HTM. These results can account for the observed higher
values of FF, JSC and VOC for SP-SMe HTM-based devices. In
addition, the Mott–Schottky test was conducted to estimate the
built-in potential (Vbi) of the studied devices, and the high value
of Vbi allows the solar cell to reach a high VOC.54 As shown in
Fig. 2f, the spiro-OMeTAD, SP-Naph and the SP-SMe-based
devices exhibited a Vbi of 1.01 V, 1.02 and 1.05 V, respectively.

As widely reported, the hygroscopic and volatile nature of
chemical dopants in the traditional spiro-OMeTAD HTM can
signicantly hinder PSC stability.55 Therefore, the absence of
these dopants in our HTLs could effectively improve the
stability of PSCs. First, we studied the water permeability by
measuring the static contact angle of water droplets on the
surface of HTLs. The evolution of water contact angles on the
perovskite/HTL lms over time is shown in Fig. 3a–c. As seen,
water contact angles of 75.40°, 78.23° and 87.49° were deter-
mined aer 20 s for spiro-OMeTAD, SP-Naph and SP-SMe,
respectively. The higher water contact angles of SP-Naph and
SP-SMe than those on the spiro-OMeTAD indicate their
−2) JSC (EQE) (mA—m−2) FF (%) PCE (%) HI (%)

— 70.11 15.62 10.75
22.29 75.27 19.23
— 73.46 � 1.1 18.54 � 0.4 5.14
23.10 75.73 20.51
— 74.14 � 0.8 19.64 � 0.4 2.87
23.95 77.65 21.95
— 76.51 � 0.6 21.19 � 0.3 1.86
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Fig. 3 (a–c) Static contact angle measurements of water drop on top of the perovskite/HTL films. (d) Long-term environmental stability test of
the unencapsulated devices with different HTMs under ambient conditions with a relative humidity of 35 ± 5%. (e) Thermal stability test of the
devices with different HTMs at 65 °C under an inert atmosphere. (f) Operational stability of the devices with different HTMs under MPP tracking
with continuous 1 sun illumination in a N2 atmosphere at 45 ± 5 °C.
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enhanced surface water resistance, which can be attributed to
the enlarged aromaticity and less electronegativity of S atoms,
respectively. Next, the completed unencapsulated devices were
subjected to a shelf-life stability test at 35 ± 5% relative
humidity (RH) at room temperature. Aer 500 h, the devices
with SP-Naph and SP-SMe maintained 80% and 90% PCEs of
their initial values, while the doped spiro-OMeTAD-based
device maintained only 60% under similar conditions
(Fig. 3d). The improved environmental stability of devices with
SP-Naph and SP-SMe can be due to their enhanced hydropho-
bicity and lack of chemical dopants. In addition, we investi-
gated the thermal stability of devices at elevated temperature
(65 °C) in a N2-lled atmosphere. Fig. 3e shows the evolution of
PCE with time where the J–V scan for each device was performed
8376 | J. Mater. Chem. A, 2024, 12, 8370–8380
every 10 h. As seen, the device with doped spiro-OMeTAD lost its
PCE by more than 70% aer 160 h, while the devices with SP-
Naph and SP-SMe maintained about 75% and 85% of their
initial values, respectively. The improved thermal stability of the
SP-SMe-based device could be assigned to the high thermal
decomposition temperature (Td) of the SP-SMe HTM
(Fig. S32a†).56 Thermal properties were further studied by
differential scanning calorimetry (DSC) as shown in Fig. S32b.†
The observed higher glass transition temperature (Tg) for SP-
SMe supports its better tolerance to thermal stress. Finally, we
evaluated the operational stability by exposing the devices to
continuous 1 sunlight irradiation with MPP tracking in a N2

atmosphere and at elevated temperature (45± 5 °C). The PCE of
the SP-SMe-based device decreased by 18% of its initial value
This journal is © The Royal Society of Chemistry 2024
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aer 200 h, while the devices with SP-Naph and spiro-OMeTAD
lost 25% and 60% of their initial PCEs, respectively (Fig. 3f).
These results conrm that the dopant-free SP-SMe HTM not
only prevents the device from being destroyed by water vapour
but also signicantly enhances its operational stability.
3 Conclusion

In conclusion, we have designed new cost-effective molecules
based on the SFX-core (SP-Naph and SP-SMe), which can be
easily synthesized and utilized as dopant-free HTMs for high
efficiency and stable PSCs. The structure–property relationship
of these HTMs was thoroughly investigated by combining
experimental and simulation methods. The inuence of SP-
Naph and SP-SMe on the photovoltaic performance was
compared with the devices based on the benchmark spiro-
OMeTAD HTM. It was found that the performance of devices
with SP-SMe exceeds that of devices based on SP-Naph-based
and doped spiro-OMeTAD. In addition, the SP-SMe-based PSC
exhibited superior ambient, thermal and operational stabilities
compared with the SP-Naph and spiro-OMeTAD-based devices.
These results are attributed to the benecial properties of the
SP-SMe HTM such as its deeper-lying HOMO, higher thermal
decomposition temperature and higher hydrophobicity
compared to other investigated HTMs. Furthermore, the
favorable band energy alignment of SP-SMe with the perovskite
layer and its stronger interaction with the undercoordinated
Pb2+ in the perovskite lm facilitate the charge transfer and
reduce non-radiative recombination at the perovskite/HTL
interface. This study suggests that the modication of diphe-
nylamine motifs with functional groups (SP-SMe) rather than
the extension of the p conjugated aromatic structure (SP-Naph)
is a promising direction to achieve stable and efficient PSCs.
4 Experimental section
4.1 Materials

All chemicals and solvents were used without any further puri-
cation unless stated. Solvents were bought from Chempure
(Poland). Lead iodide (PbI2, 99.9985%, trace metal basis), lead
bromide (PbBr2) (98%), spiro-OMeTAD (99%), bis(triuoro-
methane)sulfonimide lithium salt (LiTFSI) (99.95%), 4-tert-
butylpyridine (tBP), N,N-dimethylformamide (DMF) (anhydrous,
99.8%), dimethyl sulfoxide (DMSO) (anhydrous, 99.8%), chloro-
benzene (CB) (anhydrous, 99.8%), and acetonitrile (anhydrous,
99.8%) were purchased from Sigma-Aldrich. Formamidinium
iodide (FAI) (>99.99%), methylammonium bromide (MABr)
(>99.99%), and FK 209 Co(III)TFSI (98%) were purchased from
Greatcell Solar Ltd. Tin(IV) oxide (SnO2) aqueous colloidal solu-
tion (15% in H2O colloidal dispersion), which contains SnO2

colloidal particles was purchased from Alfa Aesar.
4.2 Device fabrication

Indium tin oxide (ITO) glass substrates were cleaned with
Hellmanex, water, ethanol, acetone, and isopropyl alcohol for
20 min, respectively, and treated for 20 min with ultraviolet
This journal is © The Royal Society of Chemistry 2024
ozone. Aer that, a compact SnO2 layer of thickness about 20–
30 nm was deposited on the surface of ITO by spin coating at
4000 rpm for 30 s and annealed for 30 min at 150 °C. A triple
cation perovskite solution having the composition of [Cs0.05(-
FA0.95MA0.05)0.95Pb(I0.95Br0.05)3] was prepared with CsI (50 mL
from 1.5 M stock solution in DMSO), FAI (0.172 g), MABr (0.022
g), PbI2 (0.508 g), PbBr2 (0.807 g), and DMSO : DMF = 400 mL :
600 mL. The solution of perovskite was spin-coated at 1000 rpm
for 10 s and then at 6000 rpm for 30 s. During the second step,
chlorobenzene as antisolvent was poured on the spinning
perovskite surface 15 s prior to the end of time. Then, all
substrates were transferred to the hot plate immediately and
annealed at 100 °C for one hour. Subsequently, hole transport
layer (HTL) solution (70 mM spiro-OMeTAD in 1 mL of chloro-
benzene including 36 mL of tBP and 18 mL of Li-TFSI solution
(520 mg Li-TFSI in 1 mL acetonitrile)) and the HTLs (SP-SMe
and SP-Naph) was spin-coated at 4000 rpm for 20 s. Finally,
80 nm of the gold electrode was deposited with a thermal
evaporator.

4.2.1 Current density–voltage measurements. The photo-
voltaic performance was evaluated using a Fluxim Litos Lite
setup, equipped with a Wavelabs Sinus LS2 solar simulator with
an AM 1.5 spectrum for excitation. The current–voltage char-
acteristics were collected under forward and reverse scans at
a scan rate of 50 mV s−1 on masking devices with a pixel area of
0.10 cm2. A calibrated crystalline silicon reference solar cell with
a KG-5 lter was used to set the light intensity of 100 mW cm−2.
The stabilized power output was acquired using an MPP
tracking algorithm for 200 s. Operational stability tests were
performed under 1 sun equivalent illumination with no UV
component, holding the substrates at 45 ± 5 °C in a N2 atmo-
sphere and using an MPP tracking algorithm.

4.2.2 Computational details. The molecular geometries of
SP-Naph and SP-SMe were optimized with B3LYP/6-31g(d,p)
level of theory with the aid of the Gaussian 16 program.
Frequency calculations were also performed to conrm the
stationary points. The ESP surface was obtained with the Mul-
tiwfn 3.7 program57 and the HOMO–LUMO was calculated with
Avogadro's soware.58 Geometry optimizations were performed
using the Vienna Ab initio Simulation Package (VASP)59 within
the generalized gradient approximation (GGA) using the Per-
dew–Burke–Ernzerhof (PBE) formulation.60 The projector-
augmented wave method was utilized to characterize the ion
and valence electron interactions. The upper layer of the slab
was relaxed while the bottom layer was constrained due to
computational cost. The working kinetic cutoff energy of the
plane wave basis was set to 450 eV. The Brillouin zone was
integrated with a special k-point mesh of 1 × 1 × 1 Monkhorst
mesh.61 The convergence condition of the ground state is set to
be 10−4 eV between two consecutive simulation steps. A geom-
etry optimization was considered convergent when the energy
change was smaller than 0.03 eV Å−1. VESTA soware was used
for supercell construction and visualization of results.62

Adsorption energy was calculated using the following equation:

Eads = Eslab_mol − Eslab − Emol
J. Mater. Chem. A, 2024, 12, 8370–8380 | 8377
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where the Eslab_mol is the energy of the heterostructure, Eslab is
the energy of the slab (FAPbI3) and Emol is the energy of the
molecule (SP-SMe and SP-Naph).

4.2.3 Cyclic voltammetry measurements. The electro-
chemical measurements were performed using a Bio-Logic SP-
150e potentiostat electrochemical workstation with a glassy-
carbon working electrode to carry samples, an Ag/AgCl refer-
ence electrode, and a platinum-wire auxiliary electrode in
a deoxygenated solution of 0.1 M tetra-n-butylammonium hex-
auorophosphate ([Bu4N]

+[PF6]
−) in CH3CN. As an internal

reference, ferrocene was used to compare potentials to the
ferrocenium/ferrocene (FeCp20/+) combination. By measuring
CV, the electrochemical characteristics of the SP-SMe and SP-
Naph were investigated by using the following equations.

HOMO (eV) = −4.8 − (Eonset.oxi − E1/2 (ferrocene))

LUMO (eV) = −4.8 − (Eonset.red − E1/2 (ferrocene))

where Eonset.oxi and Eonset.red are the onset potentials of oxida-
tion and reduction, respectively, assuming that the energy level
of ferrocene is 4.8 eV below the vacuum level.

4.2.4 X-ray photoelectron spectroscopy (XPS). A ULVAC-
PHI VersaProbe 5000 spectrometer using monochromatic Al
Ka radiation (h = 1486.6 eV) was used for XPS.

4.2.5 Thermogravimetric analysis. Thermogravimetric
analysis was performed using a thermogravimetric analyzer
(Mettler Toledo).

4.2.6 Scanning electron microscopy (SEM). The top-view
and cross-section SEM of all lms were assessed by eld emis-
sion scanning electron microscopy (FE-SEM) (S5500, Hitachi).

4.2.7 Contact angle measurements. Contact angle
measurements were carried out on a Biolin Scientic Attention
– Theta Lite contact-angle system at ambient temperature (the
test liquid is water).

4.2.8 Film thickness measurements. A reectometer (Fil-
metrics) was used for the measurement of thin lm thickness.

4.2.9 Grazing-incidence wide-angle X-ray scattering
(GIWAXS). The reciprocal GIWAXS maps were measured using
a liquid Ga X-ray source (Nanostar, Bruker). The total photon ux
on the sample was ∼109 photons per s. The GIWAXS patterns
were recorded using a 2D detector (Pilatus 300 K, Dectris) with an
integration time of 15 minutes. The samples were measured in
a vacuum (∼1mbar). The sample–detector distance was 290mm,
and the angle of the incident X-ray beam was set to 0.5°.

4.2.10 Photoluminescence (PL) and time-resolved PL
(TRPL). PL spectra of the lms were obtained by exciting the
samples at 450 nm with a spectrometer (Agilent Cary Eclipse),
while for TRPL, a uorescence spectrometer equipped with
a 503 nm pulsed laser was used (Edinburgh Instruments
FLS1000 spectrometer).

4.2.11 External quantum efficiency (EQE). EQE data were
obtained at room temperature using a QE system (EnliTech)
with monochromatic light focused on a device pixel with
a chopper frequency of 20 Hz.

4.2.12 Electrochemical impedance spectroscopy (EIS). EIS
measurements of PSCs with different HTMs were performed on
8378 | J. Mater. Chem. A, 2024, 12, 8370–8380
a LACS probe station using a Bio-Logic SP-150e potentiostat
equipped with a frequency response analyzer under dark
conditions at a constant bias of 0.5 V in the frequency range
from 1 MHz to 100 mHz.

4.2.13 Atomic force microscopy (AFM). Atomic force
microscopy (AFM) measurements of the HTM lms are carried
out using a Park System (XE-100E).
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