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Abstract: We demonstrate effects of thickness of liquid-crystalline based hole transport layer (HTL)
on photovoltaic performance of perovskite solar cell (PSC). A 70 nm thick HTL resulted in a device
achieving a power conversion efficiency (PCE) of 9.8% under reverse bias scanning. Increasing the
liquid-crystalline based HTL thickness to 100 nm improved device performance, yielding a PCE of
11.4%, indicating enhanced interfacial contact and more effective coverage of HTL over the
CH3NH3Pbl; perovskite absorber. Notably, the hysteresis index decreased with increasing the
liquid-crystalline based HTL thickness, suggesting mitigation of charge accumulation at the
interfacial layers and reduction of the hysteresis phenomena in PSCs.
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1. Introduction

Because of growing global concern over environmental sustainability, renewable energy
technologies such as wind, hydroelectric, and solar have garnered substantial interest. Among these,
perovskite solar cells (PSCs) have emerged as a highly promising next-generation photovoltaic
technology, owing to their unique attributes including broad absorption spectra, low-cost and solution-
processable precursors, and long exciton diffusion lengths [1-4]. The first PSC achieving a power
conversion efficiency (PCE) above 3% was reported by Myasaka in 2009; however, a major milestone
was reached in 2012 when Snaith introduced a solid-state PSC with a PCE exceeding 10% [5, 6]. Since
then, both the efficiency and operational stability of PSCs have advanced significantly, driven by
innovations in thin-film deposition techniques, device architecture optimization, charge transport layer
engineering, and interfacial modification strategies [7-10].
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To facilitate efficient transport of photogenerated charge carriers, PSCs commonly employ an
electron transport layer (ETL) and a hole transport layer (HTL) [8, 11]. ETLs, typically composed of
robust inorganic materials, often feature a bilayer architecture consisting of a compact thin film and a
mesoporous scaffold. The compact ETL serves as an electron-selective contact and a barrier to hole
transport, while the mesoporous layer promotes perovskite infiltration and crystallization. Surface
engineering of the ETL, particularly by minimizing surface hydroxyl groups and physisorbed water, is
critical to suppressing undesirable Pbl, crystallization, thereby improving perovskite film quality [8].
On the other hand, HTLs must satisfy several essential criteria for effective hole extraction: i) The
highest occupied molecular orbital (HOMO) level should be well-aligned with the valence band of the
perovskite to facilitate efficient hole transfer; ii) The lowest unoccupied molecular orbital (LUMO) level
must be sufficiently high to prevent electron back-transfer; iii) The material should exhibit high hole
mobility to reduce resistive losses; and iv) Thermal and photochemical stability, along with
hydrophobicity, are necessary to enhance device longevity by protecting the perovskite absorber from
moisture and environmental degradation [12].

Recently, liquid crystalline materials have garnered significant attention as promising small-
molecule semiconductors for thin-film optoelectronic fields because of their excellent properties, such
as high charge carrier mobility and good solubility in organic solvents [13]. Organic solar cells
incorporating the liquid crystalline donor achieved PCEs exceeding 5.2%, while PSCs employing a
liquid-crystalline based HTL demonstrated PCEs above 16% [14, 15]. In the present study, we report
the fabrication of high-efficiency PSCs employing non-peripherally substituted octapentyl
phthalocyanine (CsPcH,) as the HTL and the influence of HTL thickness on the photovoltaic
performance of the devices.

2. Experimental Procedure

The PSC in n-i-p structure was synthesized following the previously reported procedures on
patterned fluorine doped tin oxide (FTO) substrates with an active area of approximately 0.24 cm? [16,
17]. The compact TiO> ETL (ca. 50 nm) was deposited via a spraying method (300 uL of titanium
diisopropoxide bis(acetylacetonate) in 4 mL ethanol), while mesoporous TiO; film (ca. 300 nm) was
spin-coated using TiO; nanoparticles (DSL 18NR-T; DYESOL). Both TiO; layers were treated in an
aqueous solution of TiCls (Wako) (220 puL TiCls mixed with 100 mL water) at 70 °C for 20 minutes.
The CH3NH;Pbls perovskite absorber (ca. 400 nm) was spin-coated inside an N-filled glovebox using
a mixed precursor solution containing CH3NHsI (1.1 M; Tokyo Chemical Industry Co.) and Pbl; (1.1
M; Tokyo Chemical Industry Co.) in dimethylsulphoxide (DMSO). The HTLs were synthesized by spin-
coating a solution of CsPcH; in chloroform solvent. The thickness of the CsPcH, HTL was modulated
by varying the solution concentration from 7 mg/mL to 16 mg/mL. Post-deposition, the films were
thermally annealed at 130 °C for 10 minutes to enhance crystallinity and remove residual organic
solvents. Finally, gold (Au) electrodes with a thickness of 80 nm were thermally evaporated through a
shadow mask under a vacuum of approximately 3 x 10 Torr to complete the device architecture.

The current density—voltage (J—V) characteristics of the fabricated PSCs were measured using a
6243 DC voltage-current source/monitor under simulated AM 1.5G solar irradiation, provided by a
WXS-508-1.5 solar simulator. The illumination intensity was calibrated to 100 mW/cm? using a
certified monocrystalline silicon reference cell. The J-V characteristics were estimated under both
reverse (from forward bias to short circuit) and forward (from short circuit to forward bias) scans. The
scan rates and signal integration time are adjusted to achieve the minimum hysteresis index (HI). In
particular, the step sizes and signal integration time are 0.0065 V and 0.0167 s for reverse bias scans
and are 0.026 V and 1.67 s for forward bias scans. Both of them are performed in a range from -0.1 V
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to 1.2 V. Optical absorption spectra were obtained using a UV—Vis—NIR spectrophotometer (Shimadzu
UV-3150), while photoluminescence (PL) spectra were recorded with a fluorescence spectrophotometer
(Hitachi F-4500) using an excitation wavelength of 500 nm for all PL measurements. Film thicknesses
were determined with a surface profilometer (Dektak 150). The ionization potential of the CsPcH; thin
films was measured using photoelectron yield spectroscopy (Sumitomo Heavy Industries PYS-202-H).
Measurements were performed under a low vacuum of approximately 3 x 107! Pa.

3. Results and Discussion
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Figure 1. Optical absorption coefficient spectrum of CsPcH, molecules. The inset Figure is Tauc plot ((ahv)*3
versus photon energy).

Figure 1 presents the optical absorption coefficient spectra of CsPcH: in solid-state thin-film form.
The spectra exhibit two prominent absorption bands centered at approximately 735 nm and 360 nm,
corresponding to the Q-band and B-band (Soret-band) transitions, respectively, features that are
characteristic of tetrapyrrolic porphyrinoid complexes [18, 19]. The absorption onset was 809 nm. The
optical band gap of the CsPcH, molecules was then determined from the absorption data using Tauc’s
relation [20], which expressed in Equation (1):

ahv = C(hv — Ey)F (1)

Where C is a proportionality constant known as the band tailing parameter, and hv represents photon
energy. The symbol a denotes the absorption coefficient, while § is an exponent that depends on the
nature of the electronic transitions. Since the Q-band absorption of the CsPcH» molecule originates from
the direct forbidden transitions [19, 21], we fitted Tauc’s plot using a § value of 3/2, as shown in the
inset of Figure 1. Based on this analysis, the optical band gap of the CsPcH, molecules was estimated to
be 1.52 eV.

The ionization potential spectrum of the CsPcH, molecule was also measured, as shown in Figure
2. The CsPcH; molecule exhibits a HOMO energy level of 5.17 eV, from which the LUMO energy level
is estimated to be approximately 3.7 eV. For reference, the HOMO and LUMO energy levels of the
CHsNH;Pbls perovskite materials are well-documented to be approximately 5.4 ¢V and 3.9 eV,
respectively [22]. The relatively deep HOMO level of CsPcH, promotes efficient hole extraction from
the perovskite layer, while its shallower LUMO level acts as an electron-blocking barrier, effectively
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suppressing charge recombination at the interface. This favorable energy level alignment highlights the
potential of CsPcH; as a viable hole transport material for high-performance PSCs.
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Figure 2. Ionization potential spectrum of CsPcH, Figure 3. PL spectra of materials in this study.
molecules.

PL spectra of the CH3NH3Pbl; perovskite and the CsPcH, HTL were measured out, as shown in
Figure 3. Herein, the thin film thicknesses are approximately 100 nm and 400 nm for the CsPcH, HTL
and CH3NH;Pbl; perovskite, respectively. The CH3NH3Pbl; perovskite absorber displays a broad PL
emission peak centered around 775 nm, while CsPcH, HTL shows a distinct emission peak at
approximately 767 nm. A weak emission feature observed near 825 nm is attributed to the parasitic light
originating the fluorescence spectrophotometer. To evaluate the interfacial compatibility of the CsPcH»
HTL with the perovskite layer, the PL quenching of the perovskite/CsPcH; heterojunction was analyzed.
Notably, a significant reduction in PL intensity was observed upon deposition of the CsPcH, layer atop
of the CH3;NHsPbl; perovskite films. This pronounced quenching effect indicates efficient hole
extraction and transport from the CH3NH3Pbls perovskite layer to the CsPcH, HTL, confirming its
suitability for facilitating charge transfer toward the Au anode in PSCs.

Figure 4 shows the J-V characteristics of PSCs employing the CsPcH, molecule as an HTL. During
forward bias scanning, the devices with a 70 nm thick CsPcH>-HTL exhibit a short-circuit current density
(Jsc) of 15.6 mA/cm? and the open-circuit voltage (Voc) of 0.91 V. With the fill factor (FF) of 0.49, these
devices reach a PCE of 7%. Notably, under reverse bias scanning, the PCE improves to 9.8%, accompanied
by a HI of 0.28, as shown in Table 1. We note that HI is calculated as Equation (2):

i PCERs — PCEgg

2
PCEgs @

Herein, PCERg and PCERgg are PCEs of the cells in reverse and forward bias scans, respectively. The
observed performance enhancement is primarily attributed to increases in the FF (0.57) and Jsc (18.5
mA/cm?), while Voc (0.93 V) remained nearly constant. The strong dependence of photovoltaic
characteristics on voltage sweep direction indicates pronounced J-} hysteresis in the fabricated devices.
Although further investigation is required to fully unravel the underlying mechanisms responsible for
this hysteretic behavior, we suggest that this hysteresis may result from charge transfer rates at interfaces
within the perovskite absorber of the conventional n-i-p structure, and/or slow charge trapping and de-
trapping phenomena within perovskite defects [23].
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Figure 4. J-V curves of PSCs utilizing CsPcH, HTL with different thickness under (a) forward bias scan
and (b) reverse bias scan.

Table 1. Dependence of HI on CsPcH, HTL thickness

CsPcH, HTL thickness 70 nm 100 nm 130 nm 160 nm
HI 0.28 0.30 0.22 0.27
12
0.60+
S 10 0.55}
I.IJ [TH 0-50 B
g 8 K 0.45]
6l 0.40+
. . . , : 0.35¢ . . . . :
20 0.97f
cﬁ; 19t 0.96_-
095
o 18t < [
< 2 094}
E 17 58093
% 16} 0.92¢
gl ] 0.91+ . . . . .
60 80 100 120 140 160 60 80 100 120 140 160
Thickness (nm) Thickness (nm)

Figure 5. Dependence of photovoltaic properties of the fabricated PSCs on HTL thickness under reverse bias
scan (filled rectangles) and forward bias scan (empty rectangles).
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Furthermore, the influence of CsPcH, HTL thickness on the photovoltaic performance of the PSCs
was systematically investigated, as illustrated in Figure 5. As the HTL thickness increased from 70 nm
to 100 nm, the PCE improved to 7.8% and 11.4% under forward and reverse bias scans, respectively.
This enhancement is accompanied by concurrent improvements in all key photovoltaic parameters, Jsc,
Voc, and FF, suggesting improved interfacial contact and more uniform coverage of the CsPcH, HTL
over the CH3;NH;3PbI; perovskite absorber.

However, further increasing the HTL thickness to 160 nm led to a noticeable decline in device
performance, with the PCE decreasing to 5.0% and 6.9% under forward and reverse scans, respectively.
This degradation is attributed to elevated series resistance induced by the thicker HTL, which impedes
charge transport and extraction, thereby lowering overall device efficiency. Notably, the HI was reduced
to 0.22 and 0.27 as the HTL thickness increased to 130 nm and 160 nm, respectively. While further
investigation is needed to fully elucidate the origin of J-V hysteresis, the observed trend suggests that
increased HTL thickness partially mitigates charge accumulation at interfacial regions, contributing to
the suppression of hysteresis phenomena in PSCs.

4. Conclusion

In summary, the high-efficient PSC employing CsPcH, as a HTL was successfully fabricated, and
the impact of HTL thickness on device performance was systematically investigated. At an HTL
thickness of 70 nm, the device exhibited the PCEs of 7.0% and 9.8% under forward and reverse bias
scans, respectively. Increasing the CsPcH, HTL thickness to 100 nm resulted in enhanced PCEs of 7.8%
(forward) and 11.4% (reverse), attributed to improved interfacial contact and more uniform coverage of
the HTL over the CH3NH;3Pbl; perovskite absorber. Additionally, the HI decreased slightly with
increasing HTL thickness, suggesting that a thicker HTL may partially suppress interfacial charge
accumulation, thereby mitigating J—J hysteresis. These findings underscore the critical role of HTL
thickness in optimizing both the efficiency and stability of PSCs.
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