Open Access Article. Published on 30 January 2026. Downloaded on 2/25/2026 5:58:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

EES Solar

¥ ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal

{ ") Check for updates ‘

Cite this: DOI: 10.1039/d6el00007]

Received 24th January 2026
Accepted 30th January 2026

DOI: 10.1039/d6el00007]

rsc.li/EESSolar

Broader context

Novel dopant-free carbazole- and phenothiazine-
appended indolo[3,2-alcarbazole-based small
molecules as efficient hole-transport materials for
perovskite solar cells

Haritha Jalaja Raghavan,® Nideesh Perumbalathodi,” Jith C. Janardhanan, ¢
Kala Kannankutty,® Madambi Kunjukuttan Ezhuthachan Jayaraj,“®
Tzu-Chien Wei (2 *¢ and Narayanapillai Manoj (2 *a<d

Developing efficient, stable, cost-effective hole-transport materials (HTMs) is critical for advancing high-
performance perovskite solar cells (PSCs). In this study, we introduced novel, dopant-free fused
heterocyclic indolo[3,2-alcarbazole (IC)-based HTMs, namely, C;,Cbz-IC and Ci»Phz-IC, which are
functionalized with electron-donating carbazole (Cbz) and phenothiazine (Phz) moieties, respectively.
These IC-based HTMs are synthesized via a cost-effective Buchwald—Hartwig amination and exhibit
superior hole mobility, enhanced hydrophobicity, and low-lying HOMO energy levels (-5.4 eV for
C1,Cbz-IC and —5.5 eV for C,Phz-IC). These characteristics facilitate efficient hole extraction and
charge transport in PSCs. When incorporated into PSCs without dopants, C;,Cbz-IC and C;,Phz-IC
achieved impressive power conversion efficiencies of 16.41% and 15.43%, respectively. A key advantage
of these materials is their significantly low production cost, ~50% that of the benchmark Spiro-
OMeTAD-based HTM. Furthermore, stability tests demonstrated that after 1000 hours of dark storage,
Spiro-OMeTAD-based devices retained only 34% of their initial efficiency, whereas C;,Cbz-IC and
C12Phz-IC maintained 51% and 54% of their initial efficiency, respectively. These findings highlight the
potential of IC-based HTMs as cost-effective and stable alternatives to Spiro-OMeTAD, offering
a promising pathway toward the development of next-generation, high-efficiency PSCs.

The large-scale commercialization of perovskite solar cells (PSCs) critically depends on the development of hole-transport materials (HTMs) that simultaneously
deliver high efficiency, long-term stability, and low manufacturing cost. While state-of-the-art organic HTMs such as Spiro-OMeTAD enable high laboratory

efficiencies, their reliance on costly synthesis routes, dopants, and limited intrinsic stability poses significant barriers to industrial deployment. In this study, we
introduce fused heterocyclic indolo[3,2-a]carbazole (IC)-based HTMs, C;,Cbz-IC and C;,Phz-IC, synthesized via a cost-effective Buchwald-Hartwig amination
strategy. These dopant-free HTMs combine favorable energy-level alignment, high hole mobility, and enhanced hydrophobicity, enabling efficient charge
extraction and improved device stability. PSCs employing C;,Cbz-IC and C;,Phz-IC achieve power-conversion efficiencies of 16.41% and 15.43%, respectively

while reducing material costs to approximately 50% of the benchmark Spiro-OMeTAD. Notably, the IC-based HTMs also exhibit superior operational stability,
retaining over 50% of their initial efficiency after 1000 h of dark storage, compared to 34% for Spiro-OMeTAD. These results highlight the promise of rationally
designed, dopant-free organic HTMs as a viable pathway toward cost-effective and stable PSC technologies suitable for large-scale implementation.
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1. Introduction

Perovskite solar cells (PSCs) have emerged as a leading tech-
nology in photovoltaic research, demonstrating immense
potential as next-generation photovoltaics. Their exceptional
photogenerated carrier characteristics have led to a remarkable
increase in power conversion efficiency (PCE), from 3.8% in
2009 to more than 25% at present."™ In PSCs, the hole-transport
material (HTM) plays a critical role in facilitating hole extrac-
tion and transport, suppressing charge recombination losses,
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and thereby enhancing overall device stability.>” An ideal HTM
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must exhibit excellent carrier mobility, minimal visible-light
absorption, and well-matched energy levels with the valence-
band edge of the perovskite (PVSK) absorber to ensure
optimal performance.*’® The most commonly used organic
HTMs in PSCs are 2,2',7,7'-tetrakis[N,N-di(p-methoxyphenyl)
aminomethoxyphenylJamino-9,9’-spirobifluorene (Spiro-
OMEeTAD) and poly[bis(p-phenyl)-2,4,6-trimethylphenylJamine
(PTTA). Spiro-OMeTAD, with an optical bandgap of 2.9 eV, has
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels of —5.2 eV
and —2.3 eV, respectively, which is favorable for the extraction
of hole from the PVSK absorber." However, its orthogonal
spiro-fluorene structure limits the extended m-conjugation
across the donor moieties and prevents efficient - stacking
in the film form. Additionally, propeller-type triphenylamine
units increase the molecule's overall volume, creating large
intermolecular distances. This results in poor hole mobility
(~107° cem® V' s7') and low electrical conductivity
(~107® S em™") for the pristine films in the undoped form."
Despite these limitations, the hole mobility and conductivity of
Spiro-OMeTAD can be enhanced through doping with hygro-
scopic salts, such as lithium bis(trifluoromethanesulfonic)
imide (LiTFSI) and tris (2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)
cobalt (m)tri(bis(trifluoromethane)sulfonimide) (FK209). These
dopants improve charge transport via p-doping, which involves
charge transfer between the dopant molecules and Spiro-
OMeTAD."*** However, these hygroscopic dopants also accel-
erate PVSK degradation by absorbing moisture from the envi-
ronment, thereby reducing the lifespan and stability of PSCs.
Additionally, as dopants are not covalently bound to the HTM
and are ionic, they can undergo ion diffusion under an electric
field, further degrading PCE and stability."**°

Aside from stability concerns, Spiro-OMeTAD is prohibitively
expensive (~$568 per g from Sigma) due to its complex multi-
step synthesis and purification process, making it unsuitable
for large-scale PSC fabrication.>*® The high production cost,
combined with the poor long-term stability of doped HTMs,
poses significant challenges in the commercialization of devices
based on this material. Consequently, there is a growing
demand for dopant-free HTMs that offer both cost-effectiveness
and improved stability while maintaining high PCEs in PSCs.***

Among emerging molecular frameworks, carbazole (Cbz)
and phenothiazine (Phz) cores have garnered significant
attention due to their strong electron-donating properties,
structural planarity, and facile functionalization. Carbazole
derivatives exhibit high thermal stability and deep HOMO
levels, making them excellent candidates for an efficient hole
extraction in perovskite solar cells (PSCs). Liu et al. designed
a star-shaped carbazole HTM (LD29), achieving a dopant-free
PCE of 14.3%, demonstrating the potential of carbazole -
systems to replace doped Spiro-OMeTAD. Positional isomers
such as Cz-4T-TPA have also been developed to enhance
conjugation and reduce energetic disorder, achieving efficien-
cies exceeding 19%. LD29, incorporating triphenylamine side
arms, exhibits a deep HOMO level (—5.24 eV), high hole
mobility (1.72 x 107> em® V"' s7"), good film-forming ability,
and relatively high glass-transition temperature (121 °C).
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Dopant-free PSCs based on LD29 reached a PCE of 14.29%,
while doped devices achieved over 18%, comparable to spiro-
OMeTAD. Owing to its low synthesis cost, concentration-
insensitive performance, and favorable stability, LD29 is
a promising HTM for scalable PSC applications.?” Wang et al.
later introduced methoxy-substituted carbazole analogues (CZ-
OMeTPA), which improved film homogeneity and yielded
a PCE of 17.1%.>*** Rakstys et al. developed positional isomers
(Cz-4T-TPA) that enhanced conjugation and reduced energetic
disorder, achieving efficiencies above 19%.* El Fakir et al
studied six carbazole-based small molecules, including two re-
ported molecules (M1 and M2) and four newly designed deriv-
atives substituted at the 3,6- and 2,7-positions with the
methoxyphenyl (P1, P2) and dimethoxyphenylamine (E1, E2)
groups. DFT and TD-DFT calculations, along with frontier
orbital alignment and reorganization energy analyses, identi-
fied M1, P1/2, and E1/2 as favorable HTMs, while M2 displayed
a preferential electron transport behavior. This work highlights
the importance of substitution patterns in governing charge
separation and transport efficiency.”® Nazeeruddin et al
designed two structural isomers of triarylamine-substituted
carbazole HTMs to investigate the effect of substitution
patterns on optoelectronic and photovoltaic properties. The 2,7-
linked isomer (Car[2,3]) exhibited red-shifted absorption, high
thermal stability (>420 °C), and favorable HOMO alignment
with the perovskite valence band. PSCs employing Car[2,3]
achieved a PCE of 19.23% and retained over 80% of their initial
efficiency after 1000 h of continuous illumination, underscoring
the importance of molecular planarity and substitution geom-
etry.”” Furthermore, Nazeeruddin and co-workers developed
branched carbazole-based HTMs containing varying numbers
of 3,6-bis(4,4’-dimethoxydiphenylamino)carbazole (Cz-
OMeDPA) units linked by aliphatic chains. These amorphous
materials exhibited high thermal stability (T, > 120 °C) and hole
mobilities up to 3.1 x 107> em® V™' s, comparable to spiro-
OMEeTAD. PSCs employing optimized HTMs achieved PCEs of
~20% with a slightly improved device stability, highlighting the
effectiveness of molecular branching.”® Yang et al. replaced
conventional heterocyclic cores with sulfonyldibenzene units in
carbazole-based HTMs (3,6-SFY and 2,7-SFY), resulting in
improved film quality and device performance. The corre-
sponding PSCs delivered PCEs of 19.02% and 20.29%, respec-
tively, with mixed-isomer devices retaining 91% of their initial
efficiency, demonstrating the effectiveness of rational structural
engineering.” Lu and co-workers further developed carbazole-
based non-spiro small-molecule HTMs by introducing a hydro-
phobic trifluoropropoxy terminal group into SGT-405(3,6). The
optimized HTM, SGT-405s(C,,CF;), exhibited high hole mobility
(3.32 x 107* em® V' s71), high glass-transition temperature
(183 °C), and enhanced hydrophobicity, enabling PSCs with
a PCE of 20.14%, outperforming spiro-OMeTAD while main-
taining improved thermal and long-term stability.>*® These
studies confirm that carbazole frameworks enable stable,
dopant-free hole transport with tunable optoelectronic
properties.

In parallel, phenothiazine-based HTMs have demonstrated
excellent performance due to their unique S-N heterocyclic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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structure, which promotes charge delocalization and oxidation
stability. Gritzel and co-workers reported three phenothiazine-
based HTMs with donor substituents 4,4-di-
methyltriphenylamine (Z28), N-ethylcarbazole (Z29), and 4,4-
dimethoxytriphenylamine (Z30) linked through vinylene
bridges. Z30 delivered the highest PCE of 19.17%, whereas Z29
showed a lower PCE of 17.77% due to insufficient hole-
extraction driving force and reduced hole mobility.>* Salunke
et al. developed low-cost phenothiazine-based HTMs, AZO-I and
AZO-11, functionalized with azomethine groups. PSCs employ-
ing these materials achieved PCEs of 14.3% and 15.6%,
respectively, highlighting their potential as cost-effective
alternatives.*

Robertson et al. reported triphenylbenzene (TPB)-core-based
HTMs, TPB(2-MeOTAD) and phenothiazine-substituted TPB(2-
TPTZ), synthesized via low-cost Buchwald-Hartwig coupling.
The phenothiazine incorporation resulted in red-shifted
absorption and favorable HOMO alignment with MAPDI;.
While TPB(2-TPTZ) exhibited lower PCE than TPB(2-MeOTAD),
it demonstrated superior thermal and operational stability,
retaining 85% of its initial efficiency after 300 h.** Tsang's group
developed dopant-free phenothiazine-based D-m-D HTMs
(BDT-PTZ and BDT-POZ) for p-i-n PSCs. The fused thiophene-
bridged donor architecture enabled efficient charge transport
and favorable energy-level alignment with MAPbI;. BDT-POZ
exhibited higher hole mobility (2.1 x 10~* em® V™' s7"), more
efficient hole extraction, and reduced charge recombination,
achieving a PCE of 19.16% with minimal hysteresis, out-
performing PTAA.** To further reduce HTM costs, Robertson
developed a series of spiro[fluorene-9,9-xanthene] (SFX)-based
HTMs (SFX-TAD, SFX-TCz, SFX-TPTZ, and SFX-MeOTAD) via
Buchwald-Hartwig amination. These materials exhibited suit-
able optical absorption and tunable HOMO levels (—5.70 to
—5.10 eV). Deeper HOMO levels in SFX-TAD and SFX-TPTZ
contributed to higher open-circuit voltages, demonstrating the
effectiveness of SFX-based frameworks for a cost-efficient HTM
design.* Zhao's group further developed SFX-core-based HTMs,
SFX-PT1 and SFX-PT2, which exhibited suitable optical
absorption (~321 nm), tunable HOMO levels (—5.08 to —5.20
eV), and excellent thermal stability. Notably, SFX-PT1 displayed
high hole mobility (2.08 x 107% em® V' s7 ), surpassing both
SFX-PT2 and spiro-OMeTAD, underscoring the effectiveness of
SFX-based molecular engineering for high-performance
HTMs.?¢ Collectively, these molecular design strategies under-
score that both carbazole and phenothiazine scaffolds can rival
or surpass Spiro-OMeTAD in terms of efficiency, scalability, and
stability.

In this context, we designed indolo[3,2-a]carbazole (IC)-
based, small-molecule, dopant-free HTMs (C;,Cbz-IC and
C1,Phz-1C), incorporating electron-rich moieties (ERMs), such
as carbazole (Cbz) and phenothiazine (Phz), through a cost-
effective three-step synthetic route. The ERMs were intro-
duced in a manner that preserves the favorable HOMO/LUMO
energy levels of the parent indolo [3,2-a]carbazole (IC).*” In
the benchmark HTM Spiro-OMeTAD, orthogonally oriented
diarylamine donors prevent direct conjugation with the central
indacene m-system. A similar molecular design strategy was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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employed here, wherein heterocyclic units are positioned
orthogonally to the IC core. Specifically, Cbz and Phz groups
were appended to the orthogonal phenyl rings at the C¢ and C,
positions of the IC[3,2-a] framework of C,,Cbz-IC and C;,Phz-
IC, respectively, yielding a molecular topology analogous to
that of Spiro-OMeTAD. Furthermore, a long alkyl chain (n-
C31,H25) was introduced at the heterocyclic N-atoms of the IC
core to enhance solubility and improve thin-film morphology.
This rational molecular design integrates the superior elec-
tronic properties of carbazole and phenothiazine donors with
the IC core, aiming to achieve cost-effective, thermally stable,
and highly efficient dopant-free HTMs suitable for scalable PSC.

2. Experimental
2.1 Fabrication of the electron-transporting material (ETM)

A 3 x 3 cm piece of fluoride-doped tin oxide (FTO) glass
(thickness 2.2 mm, sheet resistance 8 Q sq~', Dyesol) was
patterned using a laser machine (690 nm, LMF-020F, Laser Life
Company, Taiwan). Then, the patterned substrate was cleaned
in several steps: first, it was immersed in a 4% solution of
a commercial detergent (PK-LCG46, Parker International Co.
Ltd., Taiwan) in RO water and sonicated for 30 minutes. Second,
the substrate was rinsed thoroughly with DI water and dried
using a hot air gun. After a 10-minute treatment with UV/ozone,
a compact TiO, (c-TiO,) layer was spin-coated onto the cleaned
FTO using a 0.3 M solution of titanium dissopropoxide bi-
s(acetylacetonate) (75% in 2-propanol, Sigma-Aldrich). The
solution was spun at 4000 rpm for 30 seconds, followed by
heating at 120 °C for 5-10 minutes. Subsequently, the coated
substrates were annealed at 500 °C for 1 h. Once cooled to room
temperature, the substrates were soaked in a 40 mM aqueous
solution of TiCl, (98%, Fluka), maintained at 70 °C for 30
minutes, rinsed with deionized water and ethanol, and dried
using an air blow gun.

For the mesoporous TiO, (m-TiO,) layer, a diluted paste (30
NR-D, Dyesol) in ethanol (1 :7 weight ratio) was spin-coated at
6000 rpm for 30 seconds. The resulting film was heated at 120 °©
C for 5-10 minutes and then annealed at 500 °C. After cooling to
room temperature, the compact and mesoporous TiO, films
were sectioned into 1.5 x 1.5 cm pieces and treated again with
a 40 mM TiCl, solution at 70 °C for 30 minutes. After rinsing
with deionized water and drying, the films were sintered at 500 °©
C for 1 h. Finally, after cooling to 150 °C, the substrates were
transferred to a humidity-controlled environment (10-15% RH)
for subsequent PVSK layer deposition.

2.2 Fabrication of the PVSK

PVSK film is prepared using a single-step deposition method, in
which the PVSK precursor is prepared by mixing 1.5 M PbI,
(99.9%, Alfa Aesar), 0.1 M PbBr, (99.9%, Alfa Aesar), 1.2 M
formamidinium iodide (FAI, 99.8%, Lumtec), 0.1 M methyl-
ammonium bromide (MABr, 99.9%, Lumtec), and 0.5 M m-
ethylammonium chloride (MACI, 99.9%, Lumtec) in a solvent
mixture of DMF and DMSO (4:1 volume ratio), resulting in
a molar composition of FAqgsMAg 34Pbl o3Br07.°** This
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solution was spin-coated in two stages: first at 1000 rpm for 10
seconds and then at 6000 rpm for 20 seconds. During the high-
speed step, 130 pL of chlorobenzene was dripped onto the
substrate 10 seconds before the end. The coated films were then
heated sequentially at 150 °C and 100 °C for 10 minutes to
facilitate the crystal growth of PVSK.

2.3 Fabrication of the hole-transporting material (HTM) and
gold electrode

The Spiro-OMeTAD-based HTM solution was formulated by
dissolving 32 mM lithium bis(trifluoromethane sulfonyl)imide
(Li-TFSI, >99.9%, Sigma-Aldrich) and 195 mM tert-butylpyridine
(¢BP, 96%, Sigma-Aldrich) in chlorobenzene (99.8%, Sigma-
Aldrich), followed by stirring at room temperature for 24 h.
Subsequently, Spiro-OMeTAD (99.5%, Lumtec) was added to
this pre-solvent to achieve a final concentration of 75 mM. This
HTM solution was spin-coated onto the FTO/ETM/PVSK
substrate at 4000 rpm for 20 seconds. The HTM-coated
substrate was then stored overnight in a dark, low-humidity
environment (RH = 10-15%) to allow for proper oxidation of
Spiro-OMeTAD HTM. For IC-based-HTMs, C;,Cbz-IC and
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C,,Phz-IC, solutions were prepared by dissolving 20 mg of each
compound in chlorobenzene, followed by stirring at 80 °C for
4 h to ensure complete dissolution. The HTM solutions were
preheated at 60 °C for 30 minutes before they were dynamically
spin-coated onto the FTO/ETM/PVSK substrate at 4000 rpm for
30 seconds. Finally, an 80 nm-thick gold electrode was ther-
mally evaporated onto the HTM layer to complete the device
assembly.

3. Result and discussion

3.1 Synthesis of 6,7-bis(4-(9H-carbazol-9-yl) phenyl)-5,12-
didodecyl-5,12-dihydroindolo [3,2-a] carbazole (1, C;,Cbz-IC)

The reaction involves (Scheme 1) the Buchwald-Hartwig ami-
nation reaction of compound 3, (which was synthesized by an
acid-catalysed condensation reaction)* (1 eq.) with carbazole (6,
3 eq.) in the presence of sodium tert-butoxide (4 eq.), tri-tert-
butylphosphine (10 mol%) and palladium acetate (10 mol%) in
DCM. After the solvent was removed in vacuo, the residue was
purified via silica gel column chromatography (100-120 mesh,
hexane-DCM solvent mixture). The product was obtained as

PTSA (20 mol%)

Toluene
reflux, 8 h

ERM

10 mol% Pd(OAc);,
10 mol% (tert-Bu);P

1-BuO-Na, Dry Toluene,
reflux, 36 h

(a) Structure of C1,Cbz-IC and C1,Phz-1C HTMs used in this study. (b) Synthetic routes of C;,Cbz-IC and C;,Phz-IC HTMs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a colourless solid with ~78% yield (detailed '"H NMR and "*C
NMR are provided in the SI, Fig. S1-S4).

3.2 Synthesis of 10,10'-((5,12-didodecyl-5,12-dihydroindolo
[3,2-a] carbazole-6,7-diyl) bis(4,1-phenylene)) bis(10H-
phenothiazine) (2, C;,Phz-IC)

The same Buchwald-Hartwig amination reaction (Scheme 1)
was involved with compound 3, (1 eq.) and phenothiazine (7, 3
eq.) in the presence of sodium tert-butoxide (4 eq.), tri-tert-
butylphosphine (10 mol%) and palladium acetate (10 mol%) in
DCM. After the solvent was removed in vacuo, the residue was
purified via silica gel column chromatography (100-120 mesh,
hexane-DCM solvent mixture). A colourless crystalline solid
with ~75% yield was obtained (detailed "H NMR and "*C NMR
are provided in Fig. S5 and S8).

The hole extraction efficiency of HTMs is critically governed
by interfacial energy-level alignment. In particular, the HOMO
level or valence band maximum of the HTM should be posi-
tioned slightly above that of the PVSK layer to facilitate efficient
hole transfer while suppressing interfacial recombination. To
evaluate the electronic structure, its structural correlation, and
the suitability of the HTM, theoretical calculations using
quantum mechanical density functional theory (DFT) calcula-
tions (B3LYP/6311G (d, p)) were performed using the Gaussian
09 software.** Optimized geometries were further used in the
calculations of the molecular electrostatic potential surface
(ESP) to map the electron-rich and electron-deficient domains
in the molecule. The optimized geometric structure of the
model molecules C;,Cbz-IC and C;,Phz-IC is shown in Fig. 1.
From the optimized geometry of the C;,Cbz-IC, it was observed
that the interconnecting phenyl rings lie orthogonal to the
planes of the IC framework and the carbazole/phenothiazine
planes. The dihedral angle (¢,) between the plane of the
indolo[3,2-a] framework (from left) and the phenyl ring is 80°,
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and that of the second phenyl ring (¢,) is 85° (Fig. 1a). In the
case of C;,Phz-IC 89° and 82° for ¢, and ¢, respectively, the
dihedral angles (Fig. 1b) are observed (Table S1). Thus, this
unique positioning of the bridging phenyl ring between the IC
framework and the electron-rich Cbz/Phz leads to minimal
electronic coupling and perturbation of HOMO/LUMO levels.
This ensures overall higher electron density, which is desirable
for an HTM material.

The computed energies of the HOMO and the LUMO are
presented in Table S2. The value obtained for the HOMO level
(C12Cbz-IC ~—5.36 eV and C;,Phz-IC ~—5.16 eV) implies
a matching energy-level characteristic with that of Spiro-
OMEeTAD (—5.17 eV).*” The contours of the HOMO and LUMO
surfaces are presented in Fig. 1c and d. The HOMO of C,,Cbz-IC
is mainly localized on the indolo [3, 2-a]carbazole framework
(Fig. 1c), while in the case of C;,Phz-IC, the HOMO is mainly
localized on the phenothiazine unit and on the bridging phenyl
ring (Fig. 1d). The LUMO surface, however, is localized on the
indolocarbazole framework for all the prepared compounds.
This suggests a possible intramolecular charge transfer transi-
tion as the important electronic transition responsible for the
absorption spectral properties. Fig. le and f depicts the
molecular electrostatic potential distribution of C;,CbzIC and
C,,PhzIC, respectively. The negative charge is mainly distrib-
uted on the main plane of the indolocarbazole unit as well as
the donor unit. On the other hand, the positive charge is mainly
concentrated on the twisted phenyl groups of the indolocarba-
zole framework.*” This implies no direct conjugation between
the donor groups and the indolocarbazole unit.

The normalized UV-vis absorption and photoluminescence
(PL) spectra of C;,Cbz-IC and C;,Phz-IC HTMs in THF solution
are presented in Fig. 2a and b, respectively, while the absor-
bance and transmittance of the corresponding HTM films on
FTO substrates are shown in Fig. 2¢ and d. In the solution state
(Fig. 2a), C;1,Cbz-IC and C;,Phz-IC exhibit distinct absorption
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Fig. 1

(a) Optimized structures of the model molecules (a) C;,Cbz-IC and (b) C1,Phz-IC. (c) Energy-level structures of C;,Cbz-IC and (d) C1,Phz-

IC. (e). Electrostatic potential surface images of C1,Cbz-IC and (f) C1,Phz-IC.
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Fig.2 (a) Normalized UV-vis absorption spectra and (b) photoluminescence spectra of C1,Cbz-IC and C1,Phz-IC were recorded in a 10> M THF
solution. (c) UV-vis absorption spectra of the C1,Cbz-1C and C;,Phz-IC HTM films on FTO. (d) Transmittance spectra of the C1,Cbz-IC, C;,Phz-

IC, and Spiro-OMeTAD thin films on FTO.

bands centred at ~242 nm and 258 nm, respectively, along with
a weak absorption shoulder around 371 nm. These absorption
characteristics, without any significant absorption in the visible
region of the spectrum, ensure higher transparency in the
visible region suitable for ideal HTMs. The emission spectra,
recorded upon excitation at 340 nm (Fig. 2b), reveal a broad
photoluminescence peak at ~395 nm for C,,Cbz-IC, whereas
C1,Phz-IC displays a red-shifted emission at ~440 nm. The
optical band gaps (E,), determined from the intersection of the
absorption and emission spectra, range between 3.20 and
3.25 eV (Fig. S9 and Table 1).

Grazing-incidence X-ray diffraction (GI-XRD) was employed
to examine the molecular packing and preferred orientation of
the dopant-free HTMs C;,Cbz-IC and C;,Phz-IC deposited on
FTO substrates (Fig. S10). For the C;,Cbz-IC film (Fig. S10a), the
GI-XRD 6-20 pattern shows a discernible reflection at 20 =

EES Sol.

20.24°, corresponding to a d-spacing of =~4.38 A. This spacing is
characteristic of short-range intermolecular ordering in -
conjugated organic semiconductors and is commonly associ-
ated with close core-core packing rather than long-range alkyl-
chain-driven lamellar assembly. Notably, no pronounced low-
angle reflection is observed in the range typically associated
with lamellar packing (=8-25 A), indicating that extended
lamellar segregation is suppressed in the C;,Cbz-IC film on
FTO. The higher-angle reflections observed at ~33.9°, 38.0°,
51.8°, and 62.1° originate from the FTO substrate and are
therefore excluded from the analysis of HTM ordering. These
features suggest a relatively molecular arrangement with
limited long-range ordering but appreciable short-range m-core
packing, consistent with reports on carbazole-based small-
molecule semiconductors on polar oxide substrates.**** In
contrast, the GI-XRD pattern of the C;,Phz-IC film (Fig. S10b)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Cyclic voltammetry analysis data of HTMs

HTM “Eoy vs. Fe[Fc' (V) *HOMO (1P)/eV ‘LUMO (EA)/eV vacuum “Ey o (€V)
C1,Cbz-IC 0.66 —5.46 —2.21 3.25
C;,Phz-1C 0.73 —5.15 -1.95 3.20
Spiro-OMeTAD 0.56 —5.36 —2.30 3.06

“ The oxidative onset potential (Eoy vs. Fc/Fc*) was measured via CV in acetonitrile. > HOMO = —[4.8 + (Eox - Fe/Fc')]. © Erumo = Exomo — Fo-o-

4 Energy gap calculated from the intersection of absorption and emission maxima.

exhibits a distinct low-angle reflection at 26 = 10.59°, corre-
sponding to a d-spacing of =8.35 A, which is assigned to
lamellar molecular packing arising from the periodic segrega-
tion of the long C,, alkyl chains and m-conjugated indolo[3,2-]
carbazole cores. The presence of this lamellar reflection in the
specular geometry indicates preferential alignment of the
lamellar planes parallel to the substrate, evidencing a higher
degree of out-of-plane molecular ordering. A weaker feature at
20 = 19.7° (d = 4.5 A) is attributed to a secondary packing
periodicity associated with tilted or offset core arrangements
within the lamellar structure. As for C;,Cbz-IC, higher-angle
peaks are dominated by diffraction from the FTO substrate.
The more pronounced lamellar ordering observed for C;,Phz-IC
can be rationalized by the increased molecular rigidity and
steric differentiation introduced by the phenothiazine-based
peripheral units, which promote alkyl-chain segregation and
layered self-assembly, consistent with prior studies on alkylated
small-molecule organic semiconductors and HTMs.*>™*’

In the thin-film state, both C;,Cbz-IC and C;,Phz-IC HTMs
exhibit negligible absorption in the visible region, starkly con-
trasting with the benchmark HTM, Spiro-OMeTAD, which
shows significant visible-light absorption. The high optical
transparency of C,,Cbz-IC and C;,Phz-IC HTMs in the film form
makes them suitable as HTMs in PSC. Furthermore, the UV-vis
spectra of PVSK films coated with these HTMs (Fig. 2¢) confirm
the absence of any additional parasitic absorption. The trans-
mittance spectra of C;,Cbz-IC and C;,Phz-IC thin films (Fig. 2d)
demonstrate transparency comparable to or superior to that of
Spiro-OMeTAD films, reinforcing their potential, as their
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Fig. 3
energy-level diagram of different components in the PSC.

© 2026 The Author(s). Published by the Royal Society of Chemistry

presence does not attenuate the transmission of visible light in
PSC devices. HOMO energy levels must be suitably positioned to
achieve an optimal balance between efficient hole transfer,
maximizing the open-circuit voltage (V,.) of the device.*® The
ground-state oxidation potentials of the HTMs, which are
commonly used to estimate their HOMO energy levels, were
determined via cyclic voltammetry (CV). In this study, the
oxidation behaviour of C;,Cbz-IC and C;,Phz-IC was examined
in acetonitrile using 0.1 M tetrabutylammonium tetra-
fluoroborate as the supporting electrolyte (Fig. 3a). Both HTMs
exhibited two oxidation events, consistent with their electron-
rich molecular structures. For the HOMO energy estimation,
the first oxidation onset potential was used, as it corresponds to
the initial electron removal process and is typically associated
with the HOMO energy level. The HOMO energy levels calcu-
lated from these onset potentials were —5.46 eV for C;,Cbz-IC
and —5.15 eV for C;,Phz-IC (Table 1 and Fig. 3b). The differ-
ence in the HOMO energies reflects the electronic nature of the
substituents: the carbazole-based HTM exhibits a slightly
deeper HOMO, whereas the phenothiazine-based analogue
displays a somewhat shallower HOMO due to its stronger
electron-donating character. Notably, these values are compa-
rable to those of the benchmark HTM Spiro-OMeTAD (—5.36
ev).

Based on these energy levels, a PSC device architecture can
be designed, as illustrated in Fig. 3c. In this configuration, the
active PVSK layer, FA; 6sMAg 34PbIj 93Br 07, pOssesses a HOMO
level of —5.80 eV.* This alignment facilitates efficient hole
extraction from the PVSK layer toward the Au electrode. Such an

(a) Cyclic voltammograms of the various IC-based and Spiro-OMeTAD HTMs, (b) device architecture of the PSC used in this study, and (c)
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energy positioning ensures effective exergonic charge separa-
tion and carrier transport within the device. Additionally, the
LUMO levels of C;,Cbz-IC and C;,Phz-IC (Table 1) are suffi-
ciently high, preventing electron back-transfer from the PVSK
layer. This characteristic is crucial for maintaining efficient
charge extraction while minimizing recombination losses.

To further evaluate the film morphology of C;,Cbz-IC and
C1,Phz-IC deposited on PVSK layers, scanning electron
microscopy (SEM) was employed. As shown in Fig. S11a and b,
both IC-based HTMs form a continuous layer over PVSK. Cross-
sectional SEM images (Fig. S11c and d) of the FTO/PVSK/HTM
stacks reveal that the C;,Cbz-IC layer exhibits an average
thickness of ~95 nm, whereas the C;,Phz-IC layer has a slightly
thinner average thickness of about 92 nm. Notably, small voids
with lateral dimensions of ~20 nm are observed at the PVSK/
HTM interface for both IC-based HTM samples (indicated by
red circles). These interfacial voids are likely associated with the
rapid crystallization of the IC-based HTMs during deposition
from the chlorobenzene processing solvent, which may limit
conformal interfacial contact with the PVSK layer.

View Article Online

Paper

The photovoltaic performance of PSCs incorporating C;,Cbz-
IC and C;,Phz-IC as HTMs was evaluated using the standard
FTO/TiO,/FAMAPDbI;/HTM/Au device architecture. The undoped
C;1,Cbz-IC and C;,Phz-IC HTMs were tested under simulated
AM 1.5G solar irradiation (100 mW c¢m ), and the resulting J-V
curves under reverse scan are presented in Fig. 4a. A statistical
analysis of the photovoltaic parameters for multiple devices
using IC-based HTMs and Spiro-OMeTAD is provided in
Fig. 4b-e. The benchmark device, employing the commercially
available doped Spiro-OMeTAD HTM, demonstrated a high PCE
of 20.45%, with a short current density (/) of 23.79 mA cm 2,
a Vo of 1.06 V, and a fill factor (FF) of 0.81. The PSC fabricated
with C,,Cbz-IC achieved a PCE of 16.41%, with a Js. of 21.91 mA
em™?,a V. of 1.04 V, and an FF of 0.72. Similarly, the C;,Phz-IC-
based PSC exhibited a PCE of 15.43%, a J. of 21.72 mA cm 2,
a V, of 1.03 V, and an FF of 0.69 (Table 2).

The hysteresis behavior of PSCs incorporating C,,Cbz-IC and
C;,Phz-IC as HTMs was evaluated by measuring forward and
reverse J-V characteristics under standard AM 1.5-G illumina-
tion (Fig. S12). The degree of hysteresis was quantified using the
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(@) J-V curves of the champion PSCs (reverse scan), (b—e) statistical analysis of the photovoltaic parameters of different PSCs.
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Table 2 Photovoltaic parameters of champion devices

HTM Jse (MA cm™2) Voe (V) FF PCE (%)
Spiro-OMeTAD 23.79 1.06 0.81 20.45
C1,Cbz-IC 21.91 1.04 0.72 16.41
Cy,Phz-IC 21.72 1.03 0.69 15.43

hysteresis index (HI), calculated from the relative difference
between the power-conversion efficiencies obtained from the
backward and forward scans according to the following
expression:**?

HI = |PCEbackward - PCEforward
’ PCEbackward

Devices based on C;,Cbz-IC exhibit a comparatively low
hysteresis index (HI = 0.05), reflecting an efficient and well-
balanced charge extraction as well as suppressed interfacial
charge trapping. In contrast, PSCs employing C;,Phz-IC show
more pronounced hysteresis, with an HI of approximately 0.14.
The higher hysteresis observed in C;,Phz-IC-based devices is
likely associated with increased interfacial charge accumulation
and less-efficient carrier transport relative to C;,Cbz-IC-based
HTMs.

To gain insights into the charge transfer properties of the
optimized IC-based HTMs, steady-state photoluminescence
(SSPL) measurements were performed (Fig. 5a). The PVSK film
exhibits strong PL emission, indicating high-quality film
formation with minimal defects on the glass substrate.
However, when IC-based HTMs are coated onto the PVSK layer,
a significant quenching of PL intensity is observed for both IC-
HTMs, indicating efficient hole extraction facilitated by these
materials. A closer examination of the SSPL spectra for both
C1,Cbz-IC and C;,Phz-IC revealed further reduction in PL
intensity for C;,Cbz-IC compared with C;,Phz-IC, indicating the
superior hole extraction capability of C;,Cbz-IC. Furthermore,
the hole mobilities of the synthesized HTMs were estimated
using the space-charge limited current (SCLC) method by
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Fig.5
IC, and C;,Phz-IC.
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fabricating hole-only devices (FTO/PEDOT:PSS/HTM/Au) and
analyzing their dark J-V characteristics (Fig. 5b). The SCLC
curve was fitted according to the Mott-Gurney law to determine
hole mobility.>*

9 &

(J) = gﬂSEOﬁ

where J is the current density, ¢ is the permittivity of the organic
material (3), &, is the vacuum permittivity (8.85 x 10 "> F m™ 1),
p is the hole mobility, V is the applied voltage, and d is the
thickness of the film. The obtained hole mobility values for the
HTMs were 1.4 x 10~ * em?> v~ ' s~ for C;,Cbz-IC and 1.2 x 10™*
em? V' s for C,,Phz-IC, respectively, while the benchmark
doped Spiro-OMeTAD exhibited a hole mobility of 4.1 x 1073
em? V™! s, This demonstrates the suitability of dopant-free IC-
based HTMs for an efficient charge transport in PSC.**%%%¢
Furthermore, the external quantum efficiency (EQE) of the
IC-based HTM devices was measured over the wavelength range
of 300 to 800 nm, as shown in Fig. S13. The integrated short-
circuit current densities (Js) for the different films follow
a trend similar to that observed in the J-V measurements
(Fig. 4a). Specifically, the J. values for the C,,Cbz-IC and
C1,Phz-IC devices were 21.91 mA cm 2 and 21.72 mA cm 2,
respectively. This correlation further supports the consistent
performance of these devices, highlighting the comparable
charge collection efficiency of IC-based HTMs without dopants.
The thermal stability of HTMs is crucial for the long-term
performance of PSC. The thermal stability of the prepared
HTMs was evaluated via thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) under a nitrogen (N)
atmosphere. The results indicate that the degradation temper-
atures of C;,Cbz-IC and C,,Phz-IC are approximately 464 °C and
430 °C, respectively (Fig. 6a). These values demonstrate desir-
able thermal stability for application as HTMs in photovoltaic
devices and are comparable to that of Spiro-OMeTAD (Tye. =
449 °C).”” Fig. 6b presents the DSC thermograms of C;,Cbz-IC
and C;,Phz-IC, showing peaks corresponding to the melting
and glass transition processes, while no crystallization peak is
detected. For C;,Cbz-IC, the melting temperature (Ty,) is
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(a) SSPL of the glass/PVSK, glass/PVSK/C1,Cbz-IC, and glass/PVSK/C,Phz-IC films. (b) SCLC curve of the doped Spiro-OMeTAD, C;1,Cbz-
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OMeTAD, C1,CbzICs and C1,PhzIC. (d) Long-term stability of the Spiro-OMeTAD and IC HTM-based PSCs. (e) Cost evaluation of Spiro-OMeTAD

and different IC-based HTMs.

observed at 167 °C, whereas for C,,Phz-IC, the Ty, is 147 °C. The
DSC curve of C;,Cbz-IC reveals a glass transition temperature
(Tg) of 145 °C, attributed to the presence of a long alkyl chain,
indicating that C;,Cbz-IC can exist in both the crystalline and
amorphous states. However, the glass transition temperature
for C;,Phz-IC was not experimentally detected. Notably, no
crystallization process was observed beyond T, for both HTMs,
suggesting a reduced tendency for crystallization. This reduced
crystallization tendency is beneficial for forming high-quality
thin films during device fabrication. To evaluate the hydro-
phobicity of the prepared HTMs, water contact angle (WCA)
measurements were performed on the thin films of IC-based
HTMs and Spiro-OMeTAD (Fig. 6c). The benchmark Spiro-
OMeTAD exhibited a WCA of 80°. Interestingly, the newly
developed IC-based HTMs, C;,Cbz-IC and C;,PhzIC,

EES Sol.

demonstrated a significantly higher WCA of 124° and 110°,
respectively, indicating superior hydrophobicity. This enhanced
hydrophobicity is attributed to the presence of long alkyl chains
on the heterocyclic core of the molecules. Improved water
resistance is crucial for preventing moisture infiltration, which
could otherwise compromise the stability of the PVSK active
layer and degrade the device performance.

Furthermore, the long-term operational stability of PSCs
employing doped Spiro-OMeTAD and undoped IC-based HTMs
was systematically evaluated under dark storage conditions at
25 °C and a relative humidity of 15-20%, as presented in Fig. 6d.
The device incorporating doped Spiro-OMeTAD exhibited rapid
performance degradation, retaining only 34% of its initial PCE
after 1000 hours of storage. In contrast, PSCs based on C;,Cbz-
IC and C,;,Phz-IC maintained 51% and 54% of their initial

© 2026 The Author(s). Published by the Royal Society of Chemistry
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efficiencies, respectively, demonstrating significantly enhanced
stability relative to the benchmark Spiro-OMeTAD device.
Despite the improved stability of the IC-based HTMs, their long-
term performance remains partially limited by the non-uniform
film coverage and the formation of voids at the PVSK/HTM
interface, as revealed by the morphological analyses (Fig. S11c
and d). Such interfacial defects can facilitate the gradual ingress
of moisture or Au diffusion during prolonged storage, ulti-
mately accelerating device degradation. Future efforts will
therefore focus on optimizing film-forming properties to ach-
ieve highly uniform and defect-free IC-based HTM layers. The
inferior stability of doped Spiro-OMeTAD-based devices is
primarily attributed to the presence of hygroscopic Li-TFSI
dopants, which promote moisture uptake and accelerate the
chemical degradation of Spiro-OMeTAD, thereby hastening
PVSK decomposition. In contrast, the dopant-free and intrin-
sically hydrophobic nature of IC-based HTMs serves as an
effective moisture barrier, mitigating environmental degrada-
tion and enhancing device stability.

To further substantiate the superior moisture tolerance of
IC-based HTMs, water immersion tests were performed by
dipping pristine perovskite films, as well as Spiro-OMeTAD-,
C,,Cbz-IC-, and C;,Phz-IC-coated PVSK films, in deionized
water (DI) for 10 min (Fig. S14). The pristine PVSK film rapidly
turned colourless upon immersion, indicating severe degrada-
tion. The UV-vis spectroscopy of the resulting solution revealed
a pronounced absorption peak at ~260 nm after 10 min, cor-
responding to dissolved PbI, species. Notably, the PbI,
concentration detected in water from C,,Cbz-IC- and C,,Phz-IC-
coated PVSK films was substantially lower than that from the
Spiro-OMeTAD-coated counterpart. These results indicate that
the highly hydrophobic C,,Cbz-IC and C,,Phz-IC HTMs effec-
tively suppress moisture-induced perovskite degradation and
limit lead leaching, highlighting their superior protective
capability and enhanced moisture tolerance.

Additionally, Table 3 and Fig. 6e present a comparative
evaluation of laboratory-scale synthesis costs for C;,Cbz-IC,
C1,Phz-IC, and the benchmark HTM Spiro-OMeTAD.***** The
synthesis costs of C;,Cbz-IC and C;,Phz-IC were estimated
using the current prices of chemical reagents from suppliers in
India. The results of the cost analyses are presented in Tables S3
and S4 (SI). The cost of synthetic Spiro-OMeTAD was taken from
previously reported literature, and its commercial price is also
listed in Table 3. When both device efficiency and operational
stability are considered, the overall cost of the new high-
performance HTMs, C;,Cbz-IC and C;,Phz-IC, is about half

Table 3 Comparison of the lab synthesis costs of C,,Cbz-IC, Cy,Phz-
IC and Spiro-OMeTAD

Material cost Commercial price

Compound [$ per g] [$ per g]
C1,Cbz-IC 49.05 —
C,,Phz-IC 46.34 —
Spiro-OMeTAD 91.67 (ref. 59-61) 568.31

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

EES Solar

that of synthetic Spiro-OMeTAD. This cost is expected to
decrease further with large-scale synthesis. These results
demonstrate the economic advantages of the dopant-free HTMs
developed in this study and highlight their strong potential for
cost-effective and stable PSC applications.

4. Conclusion

In this study, we developed novel dopant-free organic HTMs,
C;,Cbz-IC and C;,Phz-IC, based on a fused heterocyclic indolo
[3,2-a]carbazole core. Both HTMs exhibit superior optical,
thermal, and electrochemical properties, along with higher hole
mobility, compared with the benchmark HTM Spiro-OMeTAD.
PSCs incorporating undoped C;,Cbz-IC and C;,Phz-IC ach-
ieved PCEs of 16.41% and 15.43%, respectively, demonstrating
competitive performance relative to doped Spiro-OMeTAD-
based devices. Importantly, cost analysis revealed that the
material costs of C;,Cbz-IC and C;,Phz-IC were ~50% lower
than those of commercially available Spiro-OMeTAD on a per-
gram basis, highlighting a clear economic advantage.
Combined with their excellent intrinsic stability, high PCE, and
reduced material cost, these IC-based HTMs represent prom-
ising alternatives to Spiro-OMeTAD for high-performance PSCs.
Overall, this study provides a viable pathway toward sustain-
able, dopant-free HTM design, supporting the large-scale
commercialization of cost-effective PSC technologies.
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