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rene based dimers linked with
thiophene units as prospective hole transport
materials for Sb2S3 solar cells†

Nimish Juneja, a Aistė Jegorovė, b Raitis Grzibovskis, c Atanas Katerski, a

Maryte Daskeviciene, b Tadas Malinauskas, b Aivars Vembris, c

Smagul Karazhanov,d Nicolae Spalatu, a Vytautas Getautis, b Malle Krunks *a

and Ilona Oja Acik a

Novel dopant-free dimers comprising methoxydiphenylamine substituted fluorene derivatives and

connected by central cores consisting of different numbers of thiophene moieties were synthesized and

explored as hole transport materials (HTMs) in Sb2S3 absorber solar cells. Energy level diagrams show

agreeable band offsets validating the compatibility of novel HTMs for the FTO/TiO2/Sb2S3/HTM/Au solar

cell with TiO2 and Sb2S3 layers deposited by ultrasonic spray. X-ray photoelectron spectroscopy (XPS)

study reveals the Sb 3d core level peak shift upon applying any of the HTMs on Sb2S3 indicating an

increased electron density surrounding Sb atoms which refers to the interaction of S from electron-rich

thiophene units with Sb in the absorber at the Sb2S3/HTM interface. It is demonstrated that application of

HTMs containing diphenylamine units in their side fragments increases the cell open circuit voltage from

478 mV to 673 mV, fill factor from 46% to 56% and conversion efficiency from 1.9% to 4.5% as

compared to the device without any HTM and the observed improvement can be explained by the

passivation of the interfacial states. In contrast, no enhancement in device performance has been

observed when applying HTMs containing triphenylamine units although strong Sb–S interaction has

been detected at the Sb2S3/HTM interface. Quantum chemical simulation results suggest that to achieve

enhanced charge selectivity by the organic HTM layer, the HOMO of the HTMs should be formed by the

thiophene groups. Possible phenomena occurring at the Sb2S3/HTM interface are discussed providing

new insights towards understanding the charge transfer at the Sb2S3/HTM interface.
1. Introduction

The need for resource saving energy applications in society
requires accelerated development and design of materials and
solar cell devices with a wide set of properties which would
allow an extended application range beyond Si photovoltaics
(PVs). At this scale, for a new PV technology, it is insufficient to
be only competitive with the current established c-Si or CdTe
thin lm technologies regarding the performance and stability
but it should also be environmentally friendly and comprise
earth abundant chemical elements. An emerging family of
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promising cost-efficient PV materials, such as antimony and
bismuth-based chalcogenides1–3 and lead-free chalcogenide
perovskites4 are currently under investigation in the PV
community. Among these materials, antimony chalcogenides
such as Sb2S3, Sb2Se3 and Sb2(S,Se)3 showed a nascent track
record of rapid performance development, reaching power
conversion efficiencies (PCEs) of 8.0%, 10.57% and 10.75%,
respectively.5–7 These materials have garnered substantial R&D
efforts within the PV community due to their compelling attri-
butes such as their abundance in nature, environmentally
benign elemental constituents, as well as commendable opto-
electronic characteristics and stability.2,8,9 In particular, the
utility of Sb2S3 absorbers makes them viable for employment in
semi-transparent solar cells, owing to their band gap of 1.7 eV,
and a high absorption coefficient (105 cm−1 at 450 nm). These
advantageous attributes make them particularly well-suited for
integration within tandem cell device congurations and as
solar windows.

In many solar cells, including antimony chalcogenide-based
solar cells, a hole transporting layer (HTL) is utilized to extract
and transport photogenerated charge carriers from the
This journal is © The Royal Society of Chemistry 2024
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absorber layer to the electrode. The HTL also serves as a barrier
layer for electron leakage and as a protective layer to screen the
active layer from oxygen and moisture. The HTL can be made of
inorganic and organic materials. An ideal material for the HTL
should have an excess of holes, high hole mobility, good
thermal stability, low density of defects, high solubility in
a suitable solvent, simple synthesis process and appropriate
band energy alignment with the absorber.10,11 In general,
organic hole transporting materials (HTMs) like poly(3-hex-
ylthiophene) (P3HT)11–13 and 2,20,7,70-tetrakis[N,N-di(4-methox-
yphenyl)amino]-9,90-spirobiuorene (Spiro-OMeTAD)5,14,15 or
a combination of them16 are the most commonly employed to
fabricate efficient Sb chalcogenide solar cells, although Spiro-
OMeTAD is the most efficient one to date delivering a PCE of
around 10%.7,17,18 However, both these HTMs possess serious
drawbacks for large-scale applications. P3HT and Spiro-OMe-
TAD are expensive due to their complex and time-consuming
synthesis processes.19 In addition, P3HT exhibits parasitic
absorption of light in the visible spectral region, leading to
a decrease in the overall optical transmittance of the solar
cell13,20–22 while Spiro-OMeTAD exhibits low values of conduc-
tivity and hole mobility.23 Common additives such as lithium
bis(triuoromethanesulfonyl)imide (LiTFSI) and 4-tert-butyl-
pyridine (TBP) are used to improve the electrical properties of
Spiro-OMeTAD lms,24 which, in turn, seriously worsen the
stability of the devices. Therefore, the exploration and
advancement of easily synthesizable and dopant-free HTMs is
a challenging task.

It has been demonstrated that uorene-based enamines
synthesized by a facile condensation reaction are efficient
dopant-free HTMs for high performance perovskite solar cells
yielding a PCE of 17.1% that outperforms the device with
undoped Spiro-OMeTAD exhibiting a PCE of 10.4%.25 Fluorene-
based enamines were recently explored as dopant-free HTMs in
Sb2S3 solar cells.20,21 The devices with new transparent HTMs
exhibited higher PCEs, up to 4.3% compared to 3.8% by the
reference device with P3HT, and ca. 20% higher optical
transparency.21

Novel transparent HTM molecules comprising 4,40-dime-
thoxydiphenylamine-substituted uorene fragments, widely
used in organic HTMs, including Spiro-OMeTAD,26 and thio-
phene units mimicking P3HT, were synthesized by a simple and
high yield synthesis process.22 Thiophene units were added into
the molecule targeting application in antimony chalcogenide
active layer solar cells, as the thiophene could interact with Sb
atoms at the absorber/HTM interface and an improvement in
interfacial properties is expected.27–29 In our previous study,
HTMs from uorene-based molecules with terminated thio-
phene units proved their applicability in Sb2S3 solar cells, the
devices demonstrate PCEs of 4.7–4.9% and an average optical
transparency in the visible spectral range of ca. 30%, out-
performing the parameters of the P3HT-based device.22

In this study four new dopant-free HTMs (V1422, V1423,
V1454 and V1455) were synthesized, characterized and explored
in Sb2S3 solar cells. The novelty of the study lies in development
and optimization of new HTMs and their evaluation as
prospective charge transport materials in Sb2S3 thin lm
This journal is © The Royal Society of Chemistry 2024
devices. The synthesized molecules are dimers containing
diphenylamine units (V1422 and V1423) and triphenylamine
units (V1454 and V1455) in their side fragments. The common
structural feature of all molecules is that the central core
consists of different numbers of thiophene moieties. The
properties of the novel HTMs are thoroughly studied; quantum
chemical calculations are employed to analyze HTM molecular
geometry and determine the Highest Occupied Molecular
Orbital (HOMO) and Lowest Unoccupied Molecular Orbital
(LUMO) positions. The suitability of the synthesized materials
as HTMs in planar Sb2S3-based solar cells is examined. The
solar cell stack comprises glass/FTO/TiO2/Sb2S3/HTM/Au, with
TiO2 and the absorber layer deposited through ultrasonic spray
deposition and the HTM layer via spin coating. Various char-
acterization methods applied to the materials, interfaces and
devices provide insights on the functionality of this new family
of dopant-free HTMs for Sb-chalcogenide-based solar cells.
2. Experimental
2.1. Materials

Chemicals required for the synthesis of the HTMs were
purchased from Sigma-Aldrich and TCI Europe and used
without any additional purication. Comprehensive informa-
tion on the synthetic procedures of HTMs is detailed in the
ESI.† For the fabrication of solar cells, the following substances
were used as received: FTO substrate (10 U sq−1), titanium(IV)
tetraisopropoxide (TTIP) from Acros Organics (99 wt%), acety-
lacetone from Acros Organics (99 wt%), ethanol from Estonian
Spirit (96.6 vol%), methanol from Sigma-Aldrich (99.9 vol%),
antimony trichloride from Sigma-Aldrich (99.99 wt%), thiourea
from Sigma-Aldrich (99 wt%), chlorobenzene from Sigma-
Aldrich (99.5 vol%), and poly(3-hexylthiophene-2,5-diyl) (P3HT)
from Sigma-Aldrich (regio regular, >90%).
2.2. Methods

2.2.1. Fabrication of the solar cell. Solar cell devices are
fabricated in superstrate conguration (glass/FTO/TiO2/Sb2S3/
HTM/Au) using a similar experimental procedure to that out-
lined in our previous investigations.20–22 A uorine-doped tin
oxide (FTO)-coated glass substrate with a sheet resistivity of 10
U sq−1 is subjected to a cleaning process, with steps involving
rinsing and boiling in deionized water, followed by drying with
N2. TiO2 is deposited using ultrasonic spray pyrolysis (USP) with
substrate temperature maintained at 340 °C and then annealed
(450 °C, 30 min) on a hot plate in air. Similarly, the absorber
Sb2S3 is deposited using USP (198 °C) and annealed (250 °C, 5
min) in a N2 environment. The HTM powders were dissolved in
chloro-benzene. The V-series HTM solutions in concentrations
of 4, 2, 1 and 0.6 mM were spin-coated (3000 rpm, 30 s) on the
absorber at room temperature. For P3HT, 1% wt concentration
is utilized, followed by spin coating (3000 rpm, 30 s). The P3HT
samples undergo an additional activation step at 170 °C for 5
minutes in a nitrogen environment aer spin coating. Subse-
quently, a thermal evaporation process is employed to deposit
Sustainable Energy Fuels, 2024, 8, 4324–4334 | 4325
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an 80–100 nm thick gold (Au) back contact using a shadow
mask (contact area – 7.06 mm2).

2.2.2. Characterization of synthesized HTMs and fabri-
cated solar cells. Chemical compositions of the synthesised
HTMs were studied by NMR and MS spectroscopy. 1H NMR and
13C NMR spectra were collected at 400 and 101 MHz, respec-
tively on a Bruker Avance III spectrometer. The chemical shis,
expressed in ppm, were relative to tetramethylsilane (TMS). All
the experiments were performed at 25 °C. Reactions were
monitored by thin-layer chromatography on ALUGRAM SIL G/
UV254 plates and developed with UV light. Silica gel (grade
9385, 230–400 mesh, 60 Å, Aldrich) was used for column chro-
matography. Elemental analysis was performed with an Exeter
Analytical CE-440 elemental analyser, Model 440 C/H/N. Ther-
mogravimetric analysis (TGA) was performed on a Q50 ther-
mogravimetric analyser (TA Instruments) at a scan rate of 10 °C
min−1 under a nitrogen atmosphere. The values are given for
a weight-loss of 5% (Td5). Differential scanning calorimetry
(DSC) was performed on a TA Instruments Q2000 differential
scanning calorimeter under a nitrogen atmosphere. The heat-
ing and cooling rate was 10 °C min−1. The UV-vis spectral
analysis of the sample in solution (THF, 10−4 mol L−1) was
performed on a PerkinElmer Lambda 35 UV/VIS spectropho-
tometer. The layer thickness of the solution is d= 1 mm and the
diffraction grating crack width is 2 nm.

The ionization potential (IP) values of all the functional layers
were measured by the photoelectron yield spectroscopy (PYS)
method. The optical band gap values (Eg) of the absorber and
HTM lms were calculated from the absorption spectra using
Tauc plots. Additionally, the work function of the Au metal
contacts was measured through a Kelvin probe. The hole dri
mobility of the HTMs was measured utilizing the time-of-ight
(ToF) method. The X-ray diffraction (XRD) pattern of the glass/
FTO/TiO2/Sb2S3 stack was measured using a Rigaku Ultima-IV
with a Cu Ka source (l = 1.5406 Å) in the 2q range of 10–80°.
Micro-Raman spectra were measured at room temperature
using a Horiba Labram HR 800 instrument. The He–Ne laser
intensity was attenuated to 143mWmm2 with a focal area of Ø 5
mm. Scanning electron microscopy (SEM) was used to measure
the thickness of the absorber and HTM layers. The instrument
used was a Zeiss HR FESEM Ultra 55 with an electron beam
accelerating voltage of 4 kV.

X-ray photoelectron spectroscopy (XPS) was conducted on
a Thermo Fisher ESCALAB Xi system with a monochromatic Al
Ka (1486.7 eV) X-ray source, and the studied area had a diameter
of 650 mm. The total transmittance and total reectance spectra
of the two cell stacks – glass/HTM and glass/FTO/TiO2/Sb2S3/
HTM were recorded on an ultraviolet-visible (UV-VIS) spectro-
photometer in the range of 300–1100 nm. The Average Visible
Transmittance (AVT) values for the glass/HTM and glass/FTO/
TiO2/Sb2S3/HTM samples were calculated from the total trans-
mittance spectra in the range of 400–800 nm. The current–
voltage (J–V) characteristics were acquired from aWavelabs LS-2
LED solar simulator under standard AM1.5G conditions at an
irradiance of 100 mW cm−2. The measurements were per-
formed at room temperature. The external quantum efficiency
(EQE) spectra were measured using a Newport 69911 system.
4326 | Sustainable Energy Fuels, 2024, 8, 4324–4334
Density Functional Theory (DFT) calculations were performed
using B3LYP functional and the 6-31G(d,p) basis set. The
highest occupied and lowest unoccupied molecular orbitals of
the molecules were calculated for the optimized molecule
geometry of the ground state. All calculations were carried out
with the Gaussian 09W program and graphical representation
was done using the Avogadro program.30

3. Results and discussion

The investigated HTMs can be classied into two distinct
groups, as depicted in Fig. 1a: molecules featuring diphenyl-
amine units in their side fragments (V1422 and V1423) and
molecules containing triphenylamine units (V1454 and V1455).
The common structural feature of both groups is that the
central core consists of different numbers of thiophene moie-
ties. The thermal stability of the HTMs was investigated with the
help of thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). The data from TGA suggest that the
HTMs decompose in the range of 430–445 °C (Fig. S1, in the
ESI†), exceeding the temperature necessary for both the device
preparation and operation.31 Consequently, thiophene linked
uorene-based dimers with a higher molecular mass and
therefore stronger intramolecular interaction possess higher
decomposition temperatures compared to their monomeric
analogues (391–403 °C).22

DSC measurements indicate that thiophene linked uorene-
based dimers are molecular glasses, exhibiting glass transition
temperatures (Tg) ranging from 148 °C to 175 °C (Fig. S2†),
exceeding that of Spiro-OMeTAD (124 °C)26 as well as of their
monomeric analogues.22 The thermal characteristics of the
analysed HTMs are presented in Table 1. Comparing the Tg of
new HTMs has revealed that the inclusion of triphenylamine
units in HTMs' side fragments (V1454 and V1455) results in an
elevated Tg. This increase could be attributed to the higher
molecular mass associated with the additional triphenylamine
units. It is noteworthy that V1455, with a central trithiophene-
based unit and triphenylamine as side fragments, exhibits no
endothermic peaks, suggesting an entirely amorphous state
(Fig. S2†). This property is advantageous for the formation of
homogeneous lms, eliminating the potential for lm crystal-
lization during either device preparation or operation. The
ultraviolet-visible (UV-Vis) absorption spectra of the HTMs
(Fig. S3†) present two prominent absorption peaks at wave-
lengths of 300 and 375 nm, corresponding to the p–p* transi-
tions of the side chromophores. Notably, the spectra exhibit an
additional peak in the 425–550 nm range, which corresponds to
p–p* transitions, and is attributed to the electron-rich thio-
phene p systems. Comparison of the absorption curves of
molecules featuring diphenylamine units in their side frag-
ments (V1422 and V1423) and molecules containing triphenyl-
amine units (V1454 and V1455) has revealed that the latter show
higher absorption. It can be assumed that this is due to the
presence of an additional phenyl fragment in these compounds.
Moreover, comparison of the absorption spectra presented in
Fig. S3† with those reported for monomeric analogues in the
previous study22 revealed that the number and positions of
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Chemical structures of synthesised HTMs – V1422, V1423, V1454 and V1455, (b) ionization potential (IP), and (c) band gap (Eg) values
calculated from the absorption spectra using Tauc plots for V1422, V1423, V1454 and V1455 thin films deposited on glass substrates, and (d)
energy band diagram of constituent layers of the solar cell.
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absorption peaks remain nearly unchanged, indicating that the
conjugated system of the thiophene linked uorene-based
dimers is basically unaffected. As presented in Table 1, the
inferred zero-eld hole mobilities are 9.86 × 10−7, 1.29 × 10−6,
3.38 × 10−6, and 1.85 × 10−6 cm2 V−1 s−1 for V1422, V1423,
V1454, and V1455, respectively. Therefore, it can be concluded
that the presence of the additional phenyl ring in the side
diphenyl units of V1454 and V1455 slightly increased the hole
dri mobility.
Table 1 Properties of the synthesized HTMs – V1422, V1423, V1454 and
weight loss temperature (Td5), optical absorption peak position (labs), ho

HTM Tg (°C) Tm (°C) Td5 (°C) lab

V1422 148 276 430 293
V1423 153 — 435 300
V1454 175 307 445 285
V1455 172 — 444 286

This journal is © The Royal Society of Chemistry 2024
To understand the energy level alignment of the synthesized
HTMs with that of Sb2S3 and the metal back contact, a Photo-
electron Yield Spectroscopy (PYS) technique was employed for
measuring the ionization potential (IP) (see Fig. 1b). The HOMO
levels of V1422, V1423, V1454 and V1455 are found to be at
−4.94, −4.94, −5.05 and −5.08 eV relative to the vacuum level,
respectively. Thus, HTMs bearing triphenylamine units (instead
of diphenylamine units) exhibit slightly lower HOMO levels.
The calculated band gap (Eg) values for HTMs V1422, V1423,
V1455: glass transition temperature (Tg), melting temperature (Tm), 5%
le drift mobility (m0), band gap energy (Eg) and ionization potential (IP)

s (nm) m0 (cm
2 V−1 s−1) Eg (eV) IP (eV)

, 383, 468 9.86 × 10−7 1.87 4.94
, 383, 479 1.29 × 10−6 1.90 4.94
, 377, 467 3.38 × 10−6 1.88 5.05
, 377, 480 1.85 × 10−6 1.89 5.08

Sustainable Energy Fuels, 2024, 8, 4324–4334 | 4327
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V1454 and V1455 thin lms are 1.87, 1.90, 1.88 and 1.89 eV,
respectively (see Fig. 1c). The energy band diagram is presented
in Fig. 1d and reveals agreeable band offsets conducive to the
photogenerated carrier transport from the absorber to the metal
back contact.

The Sb2S3 absorber layer was characterized using XRD and
Raman spectroscopy. Data are presented in Fig. S4, in the ESI.†
The XRD results conrmed the presence of a single phase of
orthorhombic Sb2S3 (ICDD PDF 01-075-4013) without any
secondary phase.9,13,20,22 The Raman spectrum shows sharp
peaks at 128, 155, 188, 236, 280, 302, and 312 cm−1, which are
characteristic of the crystalline Sb2S3 layer.9,13,20,22 The band gap
of the Sb2S3 lm was 1.78 eV, as calculated from the absorption
spectra using the Tauc plot (Fig. S4†), which is in line with the
values previously reported for sprayed Sb2S3 lms.9,13,20,21 The
SEM cross-sectional images of solar cells with two HTMs, V1423
and V1454, both deposited from 2 mM solutions, are presented
in Fig. S5, in the ESI.† The thickness of the Sb2S3 absorber layer
was approximately 80 nm.

To study a possible chemical interaction at the Sb2S3/HTM
interface, XPS studies were performed for HTMs on a glass
substrate and Sb2S3 solar cell stacks without and with an HTM.
The XPS spectra of Sb2S3/HTM (V1422, V1423, V1454 and V1455)
samples in the Sb 3d region and S 2p region are shown in the
ESI, in Fig. S6 and S7,† respectively. The Sb 3d spectra for Sb2S3
lms and Sb2S3 covered with a thin layer of V1423 and V1454,
are shown in Fig. 2a and b, respectively. The binding energies
(BEs) of Sb 3d core level peaks in the Sb2S3 sample are located at
539.7 eV for Sb 3d3/2 and 530.3 eV for Sb 3d5/2. For the samples
Fig. 2 XPS core level spectra (a) Sb 3d for Sb2S3 and Sb2S3/V1423, (b) Sb 3
and (d) S 2p for Sb2S3, V1454 and Sb2S3/V1454.

4328 | Sustainable Energy Fuels, 2024, 8, 4324–4334
of Sb2S3 with V1423, the BE peak positions are shied to lower
energy values, to 539.2 eV for Sb 3d3/2 and to 529.9 eV for Sb
3d5/2.

A similar shi in Sb 3d core level peak positions to lower BE
values is also observed for the sample with V1454 as the HTM
(Fig. 2b). The noted shi towards lower binding energy values,
in comparison to pristine Sb2S3, indicates an increased electron
density around the Sb atoms in the absorber. A similar shi in
the Sb 3d core level peak was observed when a dithieno[3,2-
b:20,30-d]pyrrole-cored small molecule (DTPThMe-ThTPA)32

and thiophene-modied quinoxaline core small molecules27

were applied onto the Sb2(S,Se)3 lm.
S 2p core level spectra for Sb2S3 lms, HTMs (V1423, V1454)

and Sb2S3/HTM samples are shown in Fig. 2c and d. S 2p3/2
peaks for Sb2S3 and Sb2S3/V1423 samples are positioned at BEs
of 162.0 and 161.5 eV, respectively (see Fig. 2c). A similar shi of
the S 2p3/2 peak towards the lower BE region is observed when
V1454 is applied onto Sb2S3 (Fig. 2d). V1454 deposited onto
a glass substrate shows the S 2p3/2 peak at 162.4 eV, but aer
deposition of V1454 onto Sb2S3 the S 2p peak of V1454 shied to
a higher energy region and peaked at a BE of 164.2 eV (see
Fig. 2d and Fig. S7 in the ESI†).

A similar shi of the S 2p peak of thiophene-modied qui-
noxaline core small molecules to higher energies has been
detected when applied to the Sb2(S,Se)3 layer.27 Interestingly, we
did not detect S 2p peaks characteristic of V1423 in the spec-
trum of the Sb2S3/V1423 stack (Fig. 2c), although the shis in
the positions of S 2p peak and Sb 3d peak of the Sb2S3 were
clearly detected upon application of V1423 onto Sb2S3. The
d for Sb2S3 and Sb2S3/V1454, (c) S 2p for Sb2S3, V1423 and Sb2S3/V1423,

This journal is © The Royal Society of Chemistry 2024
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shis observed in Sb 3d and S 2p peak positions of Sb2S3 as well
as in S 2p peak positions of HTMS refer to the interaction
between S atoms from electron-rich thiophene units and Sb
atoms from the Sb-chalcogenide compound which is expected
to improve the interfacial carrier extraction ability.

Solar cells based on Sb2S3 were prepared in the superstrate
conguration glass/FTO/TiO2/Sb2S3/HTM/Au (see the sketch in
Fig. 3a and SEM images in Fig. S5, in the ESI†). The systematic
change in the concentration of V-series HTM solutions (4, 2, 1,
0.6 mM) was studied. The resulting output parameters are
presented in Table S1, in the ESI.† Solar cells fabricated with 2
mM solutions showed the highest performance, independent of
the HTM used. The current–voltage (J–V) characteristics of the
best performing devices using 2 mM HTM solutions are pre-
sented in Fig. 3b, and the cell output parameters are summa-
rized in Table 2. The reference device, lacking an HTM, yielded
a VOC of 478 mV, JSC of 8.7 mA cm−2, FF of 0.46, and a PCE of
1.9%. Introduction of V1422 and V1423 as HTMs resulted in
open circuit voltages of 656 and 673 mV, respectively. On
application of HTMs, also other solar cell parameters improved
Fig. 3 (a) Schematic of the Sb2S3 absorber solar cell (glass/FTO/TiO2

characteristics, (c) external quantum efficiency (EQE) curves with the calc
the HTM and with different HTMs (P3HT, V1422, V1423, V1454 and V145
P3HT, V1422, V1423, V1454 and V1455 as HTMs: (d) VOC, (e) JSC, (f) fill fac

This journal is © The Royal Society of Chemistry 2024
as compared to the cells without an HTM. In the case of the cell
with V1423, JSC improved from 9.0 to 12.1 mA cm−2, FF from
0.46 to 0.56 and PCE from 1.9 to 4.5%. Therefore, the utilization
of HTMs – V1422 and V1423 substantially mitigates carrier
recombination at the back interface, leading to improved
carrier collection. Notably, the device with the HTM – V1423
yielded device output characteristics comparable to those
employing P3HT. In contrast, solar cell devices with V1454 and
V1455, having triphenylamine side fragments, yielded VOC
values of 439 and 437 mV, respectively. As compared to the solar
cell without any HTM, there was no improvement in VOC values.
In addition, an increase in series resistance (RS) values and
a decrease in JSC, FF and overall PCE was recorded (Fig. 3b and
Table 2). High RS values up to ca. 5 U cm2 in solar cells could
result from an excessively thick layer. For the purpose of
reducing the HTM layer thickness, solar cells were fabricated
with diluted HTM solutions. The concentration of HTM solu-
tions was decreased from 2mM to 0.6 mM. However, no notable
improvement in solar cell parameters was observed, as detailed
in the ESI, Table S1.† The external quantum efficiency (EQE)
/Sb2S3/HTM/Au) fabricated in the superstrate configuration, (b) J–V
ulated integrated JSC curves of the champion solar cells without (w/o)
5). Box plots of Sb2S3 solar cells without any HTM (Sb2S3/Au) and with
tor (FF), (g) PCE, (h) series resistance (RS), and (i) shunt resistance (RSH).
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Table 2 Key performance metrics of champion Sb2S3 solar cells without (w/o) any HTM and with HTMs (V1422, V1423, V1454, V1455 and P3HT)

HTM HTM conc. (mg mL−1) VOC (mV) JSC (mA cm−2) Integrated JSC (mA cm−2) FF (%) PCE (%) RS (U cm2) RSH (U cm2)

w/o — 478 8.7 9.0 46 1.9 1.1 514
V1422 2 mM 656 9.7 9.9 43 3.9 1.7 436
V1423 2 mM 673 12.1 12.0 56 4.5 1.3 1005
V1454 2 mM 439 5.7 6.8 35 0.8 2.7 192
V1455 2 mM 437 6.1 7.1 33 0.7 4.9 198
P3HT 1 wt% 689 12.2 12.2 55 4.7 1.8 526
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graphs of the champion devices without any HTM and with
different HTM layers are presented in Fig. 3c. It should be noted
that the integrated JSC, calculated based on EQE spectra, closely
correspond to the values obtained from the J–V curves (see Table
2). A dip in the spectral response in the case of the device with
P3HT can be seen in the range of 550–650 nm, which is
attributed to its parasitic absorption losses.20,22 Normalized EQE
curves of the devices with investigated HTMs are presented in
the ESI, in Fig. S9.† The concavity in the EQE curve is less
pronounced in the case of samples with V-series HTMs. All
investigated HTMs have a similar band gap, within the range of
1.8–1.9 eV. However, the V-series HTM layers were considerably
thinner, approximately 20–25 nm, in contrast to P3HT, with
a thickness of about 80–100 nm. Thus, devices with V-series
HTMs show an average visible transmittance (AVT) of 24–26%
compared to 21% by the P3HT-based device (see Fig. S10 in the
ESI†). A statistical representation (i.e., box plots) of solar cell
parameters of the fabricated cells without any HTM and with
investigated HTMs (Fig. 3d–i) refers to high reproducibility of
the results.

Although the interaction between the S atom from the
thiophene unit and Sb from Sb2S3 has been noted in all inter-
faces with V-series HTMs, only the use of V1422 and V1423 as
HTMs led to an increase in the open-circuit voltage (VOC) of up
to 650–670 mV. Furthermore, only the application of V1423 in
the solar cell structure resulted in ll factor values of up to 56%,
leading to conversion efficiencies exceeding 4% (see box-plot, in
Fig. 3), which is very close to that obtained using P3HT as the
HTM. Our results show that V1423, a dimer molecule with three
thiophene units in its structure is the most efficient one in this
family of novel HTMs. The application of V1454 and V1455 as
HTM layers did not reduce the interface recombination or
improve the carrier collection. VOC remains on the level of 400
mV comparable to the cells without the HTM, ll factor values
are low and vary in the region 30–35%. The current density is ca.
two times lower as compared to the cell with V1423 and the
solar cell exhibits a high RS value of ca. 5 U cm2 (Fig. 3d–i).
Consequently, the solar cell conversion efficiencies are below
1%, that is two times lower than that recorded for the cells
without any HTM.

As stated above, the interaction of S from the thiophene unit
with Sb from Sb2S3 at the absorber surface may explain the
improvement of the VOC and overall solar cell parameters via
passivation of the interfacial states. Although such a mecha-
nism is validated by the enhanced VOC in V1422 and V1423-
4330 | Sustainable Energy Fuels, 2024, 8, 4324–4334
based devices, the abrupt decrease in the VOC and overall
performance of V1454 and V1455-based cells indicate that there
might be another concomitant phenomenon which prevails or
compensates the benet of thiophene-based interactions. A
possible explanation for the low VOC and PCE of V1454 and
V1455-based cells, can be linked to the dipole effects at the
absorber/HTM interface. As demonstrated in organic solar cells,
insertion of organic materials between the photoactive absorber
layer and electrodes can be an efficient approach for manipu-
lation of the electric potential distribution by dipole moments
at the electrode surface.33–35 Several experimental and numerical
simulation studies reported that the dipoles at the back/front
interfaces have to be aligned in such a way that it allows accu-
mulation of high hole concentration at the vicinity of hole
contact and high electron density at the vicinity of electron
contact.33,36 The efficiency of photogenerated charge carrier
separation (and thus, improved charge selectivity) is inuenced
by the specic arrangement of the molecules and the orienta-
tion of the permanent dipole moment. Thus, in some cases,
depending on the angular conguration and molecular
arrangement, the organic molecules can act as hole or electron
selective layers. For example, Kippelen et al., demonstrated that
the HTM – PEDOT:PSS can be easily altered to a well-function-
alized electron transport layer by complexation with poly-
ethylenimine ethoxylated (PEIE) molecules.37

Considering these approaches, it can be assumed that in
V1454 and V1455 based solar cell devices, the additional phenyl
fragment in the HTMs recongured the angular and molecular
arrangement resulting in unsuitable alignment in the orienta-
tion of the dipoles at the back interface. As a consequence, this
imposes an increase of an “incorrect” type of charge carrier
concentration in the vicinity of the metal back contact (i.e.,
electron proximity of the Hall contact), decreasing the VOC and
deteriorating the overall device performance. Validation of this
hypothesis can be assured by in-depth analysis of the changes
in the work function of the contact electrode in proximity of the
HTM. This approach would imply complex correlative
measurements of Kelvin-probe AFM and UPS combined with
numerical simulations which has been applied in organic solar
cells33 and remains a great challenge for the emerging Sb2S3/
HTM interface.

The anomalous low performance of V1454 and V1455-based
cells can be approached from a different angle – by analysing
the molecular geometry and orbitals and correspondingly, the
positions of the Highest Occupied Molecular Orbital (HOMO)
This journal is © The Royal Society of Chemistry 2024
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and Lowest Unoccupied Molecular Orbital (LUMO) of V1422 (a
representative of molecules with diphenylamine units in their
structures) and V1454 (a representative of molecules with tri-
phenylamine units in their structures) from quantum chemical
simulation. Fig. 4 presents the optimized geometry of HTM
compound molecules of V1422 and V1454, and their HOMO
and LUMO.

The result of the simulation shows that HOMO levels of both
V1454 and V1422 are formed by uorene and benzene rings,
while LUMO is primarily located on the thiophene groups. In
addition to this HOMO–LUMO conguration, compared to
V1422 (having a nonplanar orientation of uorene in relation to
the thiophene groups), V1454 exhibits more planar
Fig. 4 (a) Optimized geometry of HTM molecules – V1422 and V1454 in
HTMs – V1422 (left) and V1454 (right), (c) lowest unoccupied molecular o
atoms: gray – C, white – H, yellow – S, red – O and blue – N.

This journal is © The Royal Society of Chemistry 2024
arrangement of uorene groups relative to the thiophene
groups. The latter effect allows a greater accessibility of the
thiophene moieties in V1454 and consequently, a stronger
interaction between S atoms in the thiophene group and Sb
from Sb2S3. This strong interaction is highlighted by the
observed shi of the V1454 S 2p3/2 peak towards the higher BE
region when applied onto Sb2S3 (Fig. 2d, XPS analysis).
However, this strong interaction does not result in an improved
charge carrier transport through the interface since the HOMO
level is not located on thiophene moieties and thus the condi-
tion for the accumulation of the “right” type of charge carrier
(i.e., holes) at the back interface is not satised. Thus, the
quantum chemical simulation results suggest that to achieve
top and side views, (b) highest occupied molecular orbital (HOMO) in
rbital (LUMO) in HTMs – V1422 (left) and V1454 (right). Colors used for

Sustainable Energy Fuels, 2024, 8, 4324–4334 | 4331
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higher efficiency of photogenerated charge carrier separation
and improved charge selectivity by an organic HTM layer, the
HOMO of the HTMs should be formed by the thiophene groups.
Although this hypothesis may interfere with other requirements
for the alignment of the electronic states at the organic/inor-
ganic interfaces, these results lay a solid foundation for further
investigations and understanding the charge transfer kinetics
at the Sb2S3/HTM interface.

4. Conclusion

Four dopant-free dimers (V1422, V1423, V1454, V1455)
comprising methoxydiphenylamine substituted uorene deriv-
atives and connected by central cores consisting of different
numbers of thiophene moieties were synthesized by a solution
chemical route. Synthesized organic semiconductors are
molecular glasses, exhibiting glass transition and thermal
decomposition temperatures of 148–175 °C and 430–445 °C,
respectively and having an energy band gap of 1.9 eV and
ionization potential of 4.9–5.1 eV. Synthesized organic semi-
conductors were explored, for the rst time, as HTMs in
superstrate conguration FTO/TiO2/Sb2S3/HTM/Au solar cells in
which the Sb2S3 absorber and TiO2 layers were deposited by the
ultrasonic spray method while HTM layers were obtained by
spin-coating. Energy level diagrams demonstrate agreeable
band offsets validating the applicability of the synthesized
materials as efficient HTMs in an FTO/TiO2/Sb2S3/HTM/Au
device. It has been shown that application of the HTM layer on
top of the Sb2S3 layer induces a shi in the Sb 3d core level peak
to lower binding energies, indicating increased electron density
surrounding the Sb atoms. Such a shi conrms the interaction
between S atoms from thiophene units and Sb atoms from the
absorber occurring at the Sb2S3/HTM interface. By introducing
HTMs comprising diphenylamine units in their structures
(V1422, V1423) into the solar cell structure, an increase in the
device output characteristics compared to the device without an
HTM layer was observed. The highest boost in device perfor-
mance was observed for V1423-based cells, exhibiting an
increase of the VOC from 478 mV to 673 mV, ll factor from 46%
to 56%, and PCE from 1.9% to 4.5%.

Thus, it can be concluded that this type of HTM effectively
mitigates carrier recombination at the back interface, and
contributes to better collection of carriers. The application of
V1454 and V1455 (molecules with triphenylamine units in their
structures) as HTM layers did not improve the device parame-
ters as the VOC remained on the level of 430 mV (comparable to
the cells without HTMs) while the ll factor values reached the
lowest level of 30–35%. For the same cells, the JSC values were
two times lower compared to the cells with V1423 and the PCEs
of solar cells were below 1% – two times lower than those
recorded for the cells without any HTM. The abrupt decrease in
the VOC, JSC and overall performance of V1454 and V1455-based
cells indicates the presence of a concomitant phenomenon
which prevails or compensates the benet of thiophene-based
interactions. Possible phenomena occurring at the Sb2S3/HTM
interface were discussed through the prism of correlation
between the efficiency of the charge transfer/charger selectivity
4332 | Sustainable Energy Fuels, 2024, 8, 4324–4334
and nal device performance, including possible impacts of the
dipole effect as well as a prospective analysis from the quantum
chemical simulation side. The results of quantum chemical
simulation suggest that to achieve higher efficiency of photo-
generated charge carrier separation and improved charge
selectivity by the organic HTM layer, the HOMO of the HTMs
should be congured by the thiophene groups. So far, the
results of this study provide new perspectives on the chemical
and physical understanding of Sb2S3/HTM organic/inorganic
interfaces towards the identication of suitable innovative
HTMs which would allow a signicant boost in the efficiency of
the emerging Sb-chalcogenide thin lm PV technology.
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