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Abstract

Copper(I) thiocyanate (CuSCN) is gaining attention as an effective hole transport layer (HTL) in
perovskite solar cells (PSCs) due to its excellent electronic properties, high stability, and superior hole
mobility. Unlike the commonly used HTL Spiro-OMeTAD, which is sensitive to moisture and
degrades quickly, CuSCN offers enhanced moisture resistance and improved durability without
compromising efficiency. However, its low hole concentration and conductivity limit its perfor-
mance. This study investigates the doping of CuSCN with lanthanum (La) to overcome these
challenges. La doping introduces additional charge carriers, significantly increasing conductivity.
Using dimethyl sulfoxide (DMSO) as a solvent for solution processing, we achieved a highly
transparent and stable CuSCN HTL. The optimal La doping concentration was found to be 3 mol%,
yielding a conductivity of4.13 S cm ™' and a band gap of 3.67 eV. SCAPS-1D simulation analysis was
further employed to optimize the CuSCN HTL thickness, identifying 100 nm as the ideal thickness to
maximize device performance. With this thickness optimization, the power conversion efficiency
(PCE) improved from 28.17% for pristine CuSCN to 30.54% with 3 mol% La doping. These results
demonstrate that tailored La doping combined with optimized HTL thickness can effectively enhance
CuSCN’s properties, offering a promising route for developing high-performance and durable PSCs.

1. Introduction

Perovskite solar cells (PSCs) are the most promising contenders in thin-film photovoltaic technology [ 1]. With
a dramatic increase in power conversion efficiency reaching over 31.16% in a short period, which is comparable
to conventional silicon-based solar cells. This impressive progress is mainly due to the contribution of extensive
research work on optimizing the composition of perovskite, device architecture, and interface engineering

[2, 3]. The hole transport layer (HTL) is a key component in perovskite solar cells [4], facilitating efficient
extraction and collection of photogenerated holes from the perovskite absorber layer to the metal electrode [5].
Furthermore, the HTL shields the perovskite film from environmental degradation, reduces charge
recombination, and acts as a blocking layer to ensure highly efficient and stable solar cells [6]. HTLs are broadly
categorized into organic and inorganic materials. Organic HTLs, such as spiro-OMeTAD [7]), PEDOT: PSS
[7,8], PTAA, and TPA [9-11], are widely used due to their excellent hole mobility and ease of processing.
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However, these HTLs still face the issue of high cost and limited stability [12]. In contrast, inorganic HTLs,
including copper oxides, nickel oxides [13], copper iodide [ 13, 14], copper thiocyanate [15-18], and copper
selenocyanate [19, 20], offer superior chemical stability, high hole mobility, and exceptional optical
transparency [21]. Furthermore, the synthesis of inorganic HTLs is simple and cost-effective, allowing them to
be a viable alternative to organic HTLs.

Nickel oxide (NiOy) is widely regarded as a promising hole transport layer (HTL) in perovskite solar cells
due to its high stability and suitable energy alignment with perovskite absorbers. However, NiO, has relatively
low conductivity and surface defects that act as trap states, limiting performance and requiring improvement
through surface passivation techniques (e.g., SAM interface layers) [22]. Additionally, the fabrication of NiOx
often requires high-temperature annealing or vacuum-based processes, which may limit its compatibility with
flexible or temperature-sensitive substrates [23]. In contrast, copper(I) thiocyanate (CuSCN) offers several
advantages, including high hole mobility (0.01-0.1 cm® V™~ "s "), a wide optical band gap (>3.5 V), excellent
stability against moisture and oxygen, and the ability to be deposited through simple, low-temperature, solu-
tion-processable methods [24]. Furthermore, CuSCN provides excellent thermal stability when used as a hole
extraction layer, contributing to the overall stability of devices like perovskite solar cells [25]. These features
make CuSCN an attractive alternative to NiO,, particularly when combined with doping strategies to overcome
its relatively low intrinsic conductivity. In this work, we explore lanthanum (La) doping of CuSCN to enhance
its optoelectronic properties for stable and efficient PSC applications.

Lanthanum (La) doping of CuSCN emerges as a compelling strategy to augment its optoelectronic proper-
ties, thereby advancing the performance and stability of PSCs. La is selected as a dopant due to its demonstrated
ability to enhance both the structural order and electronic quality of CuSCN. Specifically, trivalent La®>" ions
effectively passivate intrinsic defects by suppressing deep trap states [26], which in turn mitigates nonradiative
recombination losses at the CuSCN /perovskite heterointerface [27]. Moreover, the electropositive character
and unoccupied 4 forbitals of La’" facilitate the formation of shallow acceptor states, leading to increased hole
concentration and reduced electrical resistivity. Precedents in rare-earth doping, such as La incorporation in
BaSnO; [28], have evidenced significant improvements in charge transport properties and energy band align-
ment within PSC devices, suggesting analogous benefits in CuSCN employed as a hole transport layer. Addi-
tionally, rare-earth elements, including La, are widely leveraged in inorganic semiconductors and catalytic
materials for tuning electronic and optical functionalities, enhancing carrier mobility, and imparting enhanced
long-term stability [29]. This study positions La doping as a strategic approach to optimize CuSCN-based hole
transport layers for next-generation PSC technologies.

Along with its superior electronic properties, CuSCN has multiple versatile processing capabilities. Various
solution processing methods are utilized to deposit CuSCN at relatively low temperatures, thus rendering it
suitable for various applications in optoelectronic devices. These are spin-coating [ 17], ink-jet printing [30],
doctor blading [31], and spray deposition [31]. The flexibility of these processing methods is expected to
improve the manufacturability of devices and further pave the way for cost-effective production while main-
taining high-quality film characteristics. Further improvements were made by developing a spray coating tech-
nique that minimized contact between the dipropyl sulfide solvent and the perovskite layer, resulting in an
enhanced PCE 0f 17.1% [31]. Spin-coated methods were also used to deposit CuSCN in n-i-p PSCs, yielding
efficiencies of 15.43% [32]. A significant challenge associated with the solution-processed method is identifying
the ideal solvent to deposit CuSCN as the HTL due to its low solubility. Overall, the PCE with CuSCN HTL-
based PSC s still less than 20%, further than the conventional PSCs.

Recent studies have highlighted physio-chemistry modification with various doping strategies for CuSCN
to enhance cell efficiency and stability. The incorporation of tetrafluoro-tetracyanoquinodimethane
(F,TCNQ) as a dopant in CuSCN improves the hole transport mechanism and charge injection efficiency,
leading to increased performance in perovskite solar cells and quantum dot light-emitting diodes [33]. Lithium
(Li) increases hole mobility and crystallinity in overall perovskite solar cells, achieving efficiencies of over 20%
[34]. Chlorine (Cl,) doping enhances conductivity by orders of magnitude in p-CuSCN/n-GaN heterojunc-
tions [35]. Additionally, fluorinated fullerene (CqoF45) improves shunt resistance when used as a p-dopant in
hole transport layers [36]. Overall, these dopants play crucial roles in optimizing the electrical properties of
CuSCN HTLs.

Thereby, we investigate the impact of different doping concentrations of La in CuSCN as HTL and, ulti-
mately, on the performance of the devices. In this work, different doping concentrations of La were varied
utilizing a newly introduced high-polarity solvent, DMSO, for La-doped CuSCN synthesis. The grown La-
doped CuSCN thin films were meticulously studied by field emission scanning electron microscopy (FESEM),
x-ray diffraction (XRD), UV-vis, and I-V measurement.
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Figure 1. The schematicillustration of the La-doped CuSCN deposition process using the spin coating technique.

2. Materials and methods

2.1. Material and characterizations

Copper Thiocyanate (CuSCN) powders (99.999%), Lanthanum nitrate hydrate (99.99%), MEA (AR Grade,
QReC), and dimethyl sulfoxide (DMSO) were acquired from Sigma-Aldrich. The surface morphology of the
La-doped CuSCN films was observed using field emission scanning electron microscopy (FESEM; SU5000
from Hitachi). The grain size of both undoped and La-doped CuSCN films was determined by direct
measurement from FESEM micrographs taken at a magnification of 10k x. The lateral dimensions of well-
resolved grains were measured at multiple locations across different regions of the film surface to capture the
variation in grain size. These measurements were averaged to provide a representative value of the average grain
size, ensuring a statistically meaningful estimation of the grain size distribution. The crystal structure,
orientation, and crystallite size of La-doped CuSCN were analyzed from x-ray diffraction (XRD) patterns
obtained from PANalytical X’PERT PRO with CuKa radiation (A = 1.54056 A). The crystallite size, which
refers to the dimension of individual coherent crystalline regions within a grain, was calculated from XRD data
using the Scherrer equation in equation (4) [37]. Although the Williamson—Hall (W-H) method is also used to
separate the contributions of crystallite size and lattice strain to peak broadening, the Scherrer equation was
employed here for a straightforward estimation of crystallite size. X-ray photoelectron spectroscopy (XPS) was
used to analyze the surface chemical composition and elemental states of the La-doped CuSCN films.
Measurements were carried out with a monochromatic Al Ka source (hv = 1486.6 eV) under a base pressure of
5 x 10~ ¥ bar. Optical properties in the CuSCN thin films were measured by the absorbance using a Shimadzu
UV-1700 spectrophotometer. The charge carrier conduction mechanism was analyzed using a Keithley 2401
system, which was configured to perform a voltage sweep with a step size of 40 mV.

2.2. Sample preparation

The La-doped CuSCN solution was prepared by dissolving 1 g of CuSCN in 4 ml of DMSO, with 0.6 ml of MEA
as a stabilizer as shown in figure 1 [38]. MEA likely coordinates with CuSCN, enhancing its solubility and
preventing precipitation. DMSO was chosen for its ability to dissolve CuSCN and enable homogeneous
incorporation of La dopants, which is challenging with low-boiling-point solvents [39]. The elevated
temperature further promotes dissolution by increasing molecular motion and solvent—solute interactions
[40]. Lanthanum was introduced into the solution at concentrations ranging from 1 to 5 mol%. The solution
was vigorously stirred at 100 °C for 9 h. To prevent light-induced degradation, which can occur due to
photochemical reactions of CuSCN under UV /visible light, resulting in copper species and impurities, the
solution was stored in the dark for 20 h. Lanthanum salts are also sensitive to hydrolysis and particle
agglomeration, which can be accelerated by light exposure. This dark storage step helps maintain the stability
and reproducibility of the precursor, ensuring consistent film quality. After storage, the solution was re-stirred
for an additional 2 h. The La-doped CuSCN solution was then carefully dripped onto the ITO glass substrate
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Table 1. Input parameters of the pristine and La-doped CuSCN-based PSC.

Parameters TiO, [42] MAPDI; [44] Pristine CuSCN [42] La-doped CuSCN [42]
Layer thickness, d (um) 0.025 (varies) 0.8 (varies) 0.1 (varies) 0.1 (varies)
Band gap energy, E; (eV) 3.2 1.55 3.84 (experimental) 3.67 (experimental)
Electron affinity (eV) 3.9 3.9 2.1 2.1
Dielectric permittivity, ¢ (relative) 9.0 6.5 10 10
Conduction Band density of states, N¢ (cm™) 1x 10" 2.2x10" 2.5%10'® 2.5%10'®
Valence Band density of states, Ny (cm™) 1x10" 2.2x 10" 1.8 x 10" 1.8 x 10"
Electron thermal velocity, V. (cm/s) 1.0 x 107 1.0 x 107 1.0 x 107 1.0 x 107

Hole thermal velocity, V}, (cm/s) 1.0 x 107 1.0 x 107 1.0 x 107 1.0 x 107
Electron mobility, . (cm?/Vs) 2.0 2.0 2.0x107* 2.0x107*
Hole mobility, ji, (cm?/Vs) 1.0 2.0 1.0 1.0
Density of donor, Np (em™) 1.0 x 10" NA NA NA
Density of acceptor, Ny (ecm ™) NA 1.0 x 10" 1.0 x 10" 1.0 x 10"

Table 2. Input parameters of the interface layer of PSC.

Parameters HTL/ Absorber [38] Absorber/ETL [38]
Defect type Neutral Neutral
Capture cross-section electrons (sz) 1.0x 107" 1.0x 107"
Capture cross-section holes (cm?) 1.0x 107" 1.0x 107"
Energetic distribution Single Single
Reference for defect energy level E, Above the highest Ey Above the highest Ey
Energy with respect to reference (eV) 0.60 0.60

Total density (integrated over all energies) (ecm™?) 1.0 x 10'° 1.0 x 10'°

and spin-coated using a two-step process at 500 rpm and 800 rpm for 5 s and 30 s, respectively. Finally, the film
was annealed at 100 °C for 15 min.

2.3.PSC device simulation

The SCAPS-1D (Version 3.3.11) software provides a powerful platform for simulating perovskite solar cells
(PSCs) incorporating La-doped CuSCN as the hole transport layer (HTL). Its calculations are based on steady-
state solutions of the Poisson equation together with the continuity equations for electrons and holes, which
collectively describe the electrostatic potential and charge-carrier dynamics within the device. The model
accounts for key physical parameters, including the generation rate (G), electron and hole lifetimes (7, and 7,),
diffusion coefficient (D), electrostatic potential (¥), elementary charge (q), mobility of electrons and holes (.,
and up), concentrations of free (n (x), p (x),) and concentration of trapped electrons and hole (1, (x), p, (x));
ionized acceptor and donor concentrations (N, (x)andNp (x)), electric field (£), and the spatial coordinate
along the device thickness (x) [41]. By rigorously incorporating these parameters, SCAPS-1D enables a
comprehensive description of charge transport, recombination, and electric-field distribution, thereby
providing valuable insights into the optoelectronic performance of PSCs.

d d _
—(—€(X)—SD) =qlp(x) — n(x) + NJ(x) — N, (x) + p,(x) — n,(x)] (1)
dx dx
dp, P — Puo dg dp, d’
=G, — L1 4 = 4+ "+ D n 2
w T T TRy T T D @
dny Mp — 1o dg doy, d’ny
—r_gG, -2 ey D, 3
dt . + nplu‘ndx + ,Lanf dx + dx ( )

A comprehensive PSC based on CuSCN was systematically modeled by integrating the experimentally
derived optical properties of both pristine and 3 mol% La-doped CuSCN films. The key semiconductor para-
meters for the remaining functional layers are detailed in tables 1 and 2. Since experimental data on electron
affinity and hole mobility for La-doped CuSCN are not yet available, the corresponding values for pristine
CuSCN were adopted in simulations, consistent with previous CuSCN modeling studies [42]. A sensitivity
analysis indicated that small variations in electron affinity (£0.1 eV) produced only marginal changes (<0.3%
absolute) in PCE, while literature suggests that La doping induces minimal variation in hole mobility [36].
Therefore, a fixed mobility value was employed to retain model simplicity without compromising accuracy

4
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Figure 2. Top view FESEM images reef-like structure of La-doped CuSCN at different molar concentrations at ~3500 X magnifica-
tions, (a) 0 mol%, (b) 1 mol%, (c) 2 mol%, (d) 3 mol%, (¢) 4 mol%, and (f) 5 mol%.

[43]. The device architecture consists of five principal layers: indium tin oxide (ITO) serving as the transparent
conducting electrode, TiO, functioning as the electron transport layer (ETL), the perovskite absorber layer,
pristine or La-doped CuSCN acting as the hole transport layer (HTL), and gold employed as the back contact.
This structural design facilitates a direct comparative analysis of device performance between pristine and La-
doped CuSCN within a fully operational PSC. The simulation studies utilizing SCAPS-1D were conducted
under standardized illumination conditions, specifically employing AM1.5 G spectrum with an incident irra-
diance of 1000 W m 2.

3. Results and discussion

3.1. Morphology analysis

The cross-sectional image (figure A.1) of the film reveals a thickness of approximately 3.7 pm. Although this is
greater than that of conventional HTLs, previous studies have demonstrated that micrometer-scale CuSCN
films can enhance film uniformity, improve hole transport properties, and provide mechanical robustness,
thereby contributing to improved device stability and overall performance [45]. FESEM analysis (figure 2)
reveals that all La-doped CuSCN layers developed reef-like nanostructures. Images of La-doped CuSCN films
(0-5 mol% on ITO glass, x ~3500 magnification) indicate a distinct morphological evolution with increasing
doping concentration. Figures 3(a)—(c) display patchy, reef-like morphologies with non-uniform coverage that

5
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Figure 3. The grain size distribution for La-doped CuSCN at various molar concentrations of La.

exposes regions of the substrate, while radial spiky features emerge from nucleation centers. In contrast,

figures 3(d)—(f) exhibit a more densely packed and homogeneous morphology, characterized by smaller surface
features and reduced spiky characteristics. This transition indicates that higher La concentrations promote a
shift from textured, reef-like structures to smoother and more compact arrangements.

Although the FESEM images suggest no drastic changes in the overall surface morphology with La doping,
additional surface characteristics such as roughness and the aspect ratio of surface features, provide further
insight. Measurements indicate that, despite the apparent morphological similarity, the aspect ratio improves
with La incorporation, which is favorable for both charge transport and optical properties. Similar subtle influ-
ences of roughness and microstructure on device performance in CuSCN-based HTLs have been reported in
the literature [46].

Porosity is another important aspect of the La-doped CuSCN HTL. A moderately porous HTL ensures
sufficient interfacial area with the perovskite absorber layer, thereby facilitating efficient charge transfer. This
porosity level provides a balance between enhanced interfacial adhesion and mechanical robustness, reducing
the risk of delamination while maintaining efficient hole transport. The porosity level allows for adequate yet
not excessive material absorption and release, contributing to device stability [47]. Furthermore, it offers a
good compromise between mechanical stability and interfacial adhesion with the ETL, preventing delamina-
tion while maintaining efficient charge transport [47]. Typically, such porous nanostructures exhibit a moder-
ate aspect ratio, where pores are noticeably longer than they are wide. These morphological evolutions
underscore the critical role of La doping concentration in influencing the nanostructure formation and func-
tional properties of CuSCN films.

In figure 3, the average grain sizes of the La-doped CuSCN samples were as follows: 585 nm for 1 mol%,

582 nm for 2 mol%, 592 nm for 3 mol%, 628 nm for 4 mol%, and 691 nm for 5 mol%. These variations in grain
size possibly influence the performance of the material, as smaller grain sizes lead to an increased surface area,
which is beneficial for photocatalysis due to the recombination rate suppressed by the electron—hole pairs [48].
The grain size of La-doped CuSCN tends to increase with the molar concentration of La doping increase due to
several interconnected factors. Higher La concentrations promote enhanced nucleation and growth, resulting
in larger crystal formation through the aggregation of smaller particles [49]. Additionally, the presence of La
ions may induce lattice strain, which initially hinders growth but subsequently stabilizes larger particles. Fur-
thermore, increased dopant concentration lowers the surface energy of the particles, allowing the merging of
smaller grains into larger ones, which is thermodynamically favorable [49]. These effects contribute to the over-
all increase in grain size, a critical factor for optimizing hole transport properties in PSCs, where effective charge
transport is essential for device performance.

3.2. Crystallography characterizations

Lanthanum (La’ ") and copper(I) (Cu™") ions have almost similar ionic radii, which correspond to their various
similar chemical characteristics. La® " exhibits an ionic radius of 1.06 A, compared to 0.96 A for Cut, resulting
in a size disparity of approximately 10%. In this context, the crystal structure of La-doped CuSCN was analyzed

6
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Figure 4. XRD pattern for variation molar concentration of La-doped CuSCN.

Table 3. The value of crystallite size and lattice constant for various La doping concentrations.

Lattice constants (/ﬂ\)

La-doped CuSCN (mol%) Crystallite Size, D (nm) a b c

0 13.37 7.12 11.29 6.74
1 10.85 7.04 11.29 6.76
2 13.42 7.04 11.39 6.57
3 8.47 7.19 10.73 6.87
4 11.46 7.36 10.73 6.77
5 11.94 7.15 10.73 6.89

in detail using x-ray Diffraction (XRD) to uncover its crystallographic features, crystalline phases, chemical
composition, and related physical properties [35, 36]. The average crystallite size of the La-doped CuSCN films
was further estimated using the Scherrer equation equation (4), where K is the shape factor (0.9), D is defined as
the crystallite size in nm, §1s the full width at half maximum (FWHM) in degrees, A is incident radiation
wavelength (A = 1.5406 A) and 0 is the Bragg’s diffraction angle [50] . Based on the reflection 20 = 37.46°,
corresponding to the (2 1 2) plane, indicating the preferred orientation of the crystallites with the
crystallographic c-axis perpendicular to the substrate. Four smaller peaks (figure 4) at 20 = 20.18°, 30.30°,
43.30°,and 63.43° associated with (120), (13 1), (24 1), and (3 6 0) planes, respectively, were also identified.
These peaks aligned with the a-phase of CuSCN, confirmed by comparing the experimentally measured ‘d’
values with the reference data provided in JCPDS card No. 00-029-0582 [51]. The absence of dominant (00 h)
peaks suggests that the films are polycrystalline with mixed orientations, rather than exhibiting a strong
preferential orientation strictly along the c-axis. This observation also indicates that La>" substitution into the
CuSCN lattice modifies the crystallinity without inducing a highly textured growth.

0.9\

b= B cosb @

According to Bragg’s law, shifts in diffraction peaks are directly related to changes in the d-spacing of the
crystal lattice; specifically, an increase in d-spacing results in a shift of diffraction peaks to lower angles [52]. The
peak positions and angles obtained from x-ray diffraction (XRD) spectra are instrumental in determining var-
ious structural parameters, including crystal sizes, d-spacing values, lattice constants, lattice strain, and disloca-
tion densities [52, 53]. Concerning the variation of lattice parameters, La’>" ions are considered to substitute at
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Figure 5. The XPS spectra of (a) Cu 2p, (b) S2p (c) C1 s (d) N 1 s (e) Laregions of La-doped CuSCN films at 3 mol%.

the Cu™ sites within the CuSCN lattice. The non-linear change in lattice constants with increasing La con-
centration can be attributed to the significant ionic radius difference between La** (1.06 A, CN=6)andCu*
(0.74 A, CN = 6), which induces local lattice strain, together with the necessity of charge compensation arising
from the trivalent state of La> ", leading to the formation of defects such as Cu vacancies. These combined
effects naturally cause deviations from the ideal Vegard’s law linearity, while still supporting substitutional
incorporation of La into the CuSCN lattice [54].
The crystallite size of La-doped CuSCN significantly influences its optical properties due to its impact on
structural uniformity, defect density, and light interaction. In table 3, as the crystallite size decreases, the
increased surface-to-volume ratio leads to a higher density of grain boundaries and defects, such as vacancies or
interstitials, which introduce localized states in the bandgap. These defects often result in enhanced light
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Figure 6. (a) Absorbance and (b) Transmittance spectra of CuSCN thin films with different molar concentrations of La.

scattering, reduced transparency, and altered photoluminescence characteristics [46]. Additionally, smaller
crystallites possibly cause quantum confinement effects, subtly modifying the bandgap energy and optical
absorption edge. As the value of La doping concentration increases, the crystallite size decreases, further ampli-
fying these effects by reducing the overall crystallite dimensions and increasing the density of defects and grain
boundaries.

3.3. Chemical state analysis

To clarify the chemical states and verify the effective incorporation of lanthanum into the CuSCN matrix, high-
resolution x-ray photoelectron spectroscopy (XPS) was performed on the 3 mol% La-doped CuSCN sample.
This specific doping level demonstrated superior electrical conductivity compared to other samples tested,
highlighting its improved functional characteristics. The Cu 2p XPS spectra (figure 5(a)) of the La-doped
CuSCN samples show that the binding energies of the Cu 2p; /, and Cu 2p; /, peaks remain largely consistent
across all doping concentrations, at approximately 932 eV and 952 eV, respectively. These values align with
those observed in pristine CuSCN [40], indicating that the copper chemical state (Cu™) was preserved after
lanthanum incorporation. The observed spin—orbit splitting of 20 eV corresponds well with the typical energy
separation between Cu 2p core levels, further confirming that copper’s oxidation state remains unchanged [55].
Nevertheless, an unusual peak appears near 942.94 eV, which may indicate interactions between lanthanum
and the CuSCN matrix, possibly due to shake-up satellite features or new defect states. Despite this, the overall
intensities and positions of the peaks remain similar to those of pristine CuSCN, suggesting that lanthanum
doping does not significantly disrupt the copper environment but might induce subtle electronic effects at
certain doping levels.

The S 2p region (figure 5(b)), the expected doublet at approximately 162 eV (S 25 ) and ~164 eV (S 2p; /»),
consistent with sulfur in the SCN™ ligand environment [40]. The C 1 s spectra (figure 5(c)) reveal a dominant
peak near 285 eV, which corresponds to the C-N bond in the ~SCN group of pristine CuSCN. A smaller
shoulder observed in this region is attributed to aliphatic carbon (sp®) impurities present on the film surface,
commonly used as a calibration reference. Both pristine and La-doped samples exhibit this shoulder, ensuring
reliable binding energy calibration. Figure 5(d) shows the N 1 s core-level spectra, where pristine CuSCN dis-
plays a characteristic peak around 398 eV [40], corresponding to nitrogen in the SCN™ group. An additional
peak emerges near 401.06 eV in the La-doped sample, likely reflecting interactions with lanthanum. Despite
these modifications, no new nitrogen species are detected, indicating that nitrogen remains mainly bonded as
in the SCN™ group but with altered local electronic properties. In table 2, the pristine CuSCN data from the
literature are compared with the 3 mol% La-doped CuSCN sample analyzed in this study. Table A.1 is the
comparison of reported pristine and 3 mol of La-doped CuSCN.

The higher peaks of La 3ds/, and La 3d; /, in figure 4.6 are identified as satellite peaks [56]. The binding
energies of La 3ds , and La 3d; ,, are measured at 834.94 eV and 851.89 eV, respectively. These satellites differ
from the main peaks and are attributed to complex final-state phenomena such as multiplet splitting, shake-up
processes, or plasmon loss effects. In lanthanum compounds, satellite peaks near the primary La 3d features
have been reported, typically linked to electron correlation effects and charge transfer involving La 4f orbitals or
interactions with surrounding ligands [57]. The spectra exhibit two prominent peaks that correspond to spin—
orbit splitting of the La 3 d level into La 3ds ;, and La 3d; ,, components, which are typical for compounds
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Table 4. The value of transmittance and band gap for various mol% of
La doping concentrations.

La-doped CuSCN (mol%) T (%) at 500 nm Band gap (eV)

0 66.92 3.84
1 63.95 3.72
2 54.58 3.74
3 48.33 3.67
4 31.35 3.60
5 34.80 3.63

Table 5. The value of conductivity, resistivity and sheet resistance for
various La doping concentrations.

La-doped Sheet resist-
CuSCN Conductivity Resistivity ance
(mol%) (Scm™) (Q.cm) kQsq ™)
0 3.36 0.30 9.91

1 3.04 0.33 11.0

2 2.19 0.46 15.2

3 4.13 0.24 8.07

4 4.52 0.22 7.38

5 3.90 0.26 8.55

containing lanthanum. The binding energies of La 3ds , and La 3d; , are reported to be approximately 835 eV
and 852 eV, respectively [56]. This spin—orbit splitting results from the coupling between the electron’s spin
and orbital angular momentum, creating two discrete energy states for the 3d electrons. The measured splitting
and relative peak intensities align well with the expected electronic structure of La>* ions.

3.4. Optical performances

The optical quantum properties of La-doped CuSCN thin films deposited on ITO substrates were methodically
analyzed to understand the light interaction with the solar spectrum. In figure 6(a), the outcomes imply that La-
doped CuSCN exhibits a broad optical band, thus rendering the absorption degree low in the wavelength range
of 500 to 800 nm [58]. However, the material demonstrates high UV absorption, particularly for wavelengths
smaller than 500 nm. This unique characteristic shows the opportunity for La-doped CuSCN to conduct
activities that require effective UV light absorption alongside transparency in the visible to near-infrared range,
positioning it as a strong contender for various optoelectronic devices. In the context of La-doped CuSCN,
increasing the doping concentration enhances the material’s absorbance. This occurs because higher doping
levelslead to an increased density of charge carriers, which facilitates more significant light absorption due to
enhanced electronic transitions within the materials [59]. La doping possibly introduces additional energy
levels within the bandgap, promoting electron transitions and improving light absorption [60]. The ionic
radius of La’* is larger than that of many other cations [61], resulting in lattice expansion and enhanced
crystallinity [62]. By minimizing scattering losses, this structural alteration leads to a further increase in
absorbance [34, 35].

The investigation of the transmittance (T) of La-doped CuSCN thin films, illustrated in figure 6(b), reveals a
strong correlation between La concentration and the films’ optical characteristics. The pristine CuSCN film
shows a transmittance of 66.92% at 550 nm, which decreases substantially to 31.35% upon doping with 4 mol%
La, before slightly increasing to 34.80% at 5 mol% La (table 4). This trend indicates that variations in doping
concentration significantly influence the transmission values. Moreover, pristine CuSCN films experience a
substantial decrease in transmittance from 66.92% to 31.35% at a wavelength of 550 nm upon introducing
4 mol% La (refer to figure 6(b) and table 4). This behavior suggests that variations in La doping significantly
influence photon transmission, with the decline in transmittance at higher concentrations attributable to
enhanced free-carrier absorption and dopant-induced scattering, consistent with previous studies on doped
semiconductors [36—-38]. The reduction in transparency is also associated with the introduction of localized
electronic states and slight modifications in the band structure, leading to additional visible-light absorption
[63]. While high transmittance is typically desired for hole transport layers, a moderate decrease would be
advantageous for perovskite solar cell applications [64]. Specifically, doped CuSCN films reduce parasitic
reflection, enhance light scattering into the perovskite absorber, and partially filter harmful UV radiation,
thereby contributing to device stability [65]. More importantly, La doping improves hole mobility and
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Figure 7. The tauc plot of La-doped CuSCN at different molar concentrations of La (inset: the band gap at various molar
concentrations of La).

suppresses interfacial recombination, which compensates for the minor optical losses and results in an overall
positive effect on device efficiency and operational stability [63].

Figure 7 shows the inset of the Tauc analysis employed to ascertain the optical bandgap (Eg) of CuSCN thin
films based on their UV—vis absorption spectra. In this analysis, the quantity (ahv)® was computed to evaluate
the direct bandgap transition of photons as a function of photon energy (hv). In this equation, a represents the
absorption coefficient, h denotes Planck’s constant, and v signifies the frequency of the incident radiation. This
method is crucial for discovering the electronic properties of semiconductor materials, providing valuable
insights into their potential applications in optoelectronic devices. The observed band gap energies for La-
doped CuSCN at various doping concentrations (0—-5 mol%) indicate a trend of decreasing energy levels,
according to table 4. This reduction in band gap energy is attributed to the introduction of La atoms into the
CuSCN lattice, which alters the electronic structure and enhances the material’s optical properties.

Doping typically introduces new electronic states within the band gap, facilitating carrier mobility and
potentially improving the semiconductor’s performance in optoelectronic applications [66]. The band gap of
pristine CuSCN was found to be 3.84 eV [67], suggesting that undoped CuSCN maintains its intrinsic proper-
ties. At the same time, subsequent doping leads to a progressive decrease in energy levels, indicating enhanced
electron—hole pair generation under illumination [68]. This behavior aligns with findings in similar studies
where doping elements modify the optical characteristics of semiconductors [69], confirming that La acts as an
effective dopant in tuning the band gap of CuSCN for applications in solar cells and other optoelectronic devi-
ces[36, 40]. Moreover, the reduction of the band gap is attributable to the emergence of additional band tail
states situated above the valence band edge, which may arise from structural deformation, as well as the pre-
sence of acceptor states introduced by dopants [70]. To quantify the band tail states, the Urbach energy (Eu) was
extracted from the exponential absorption edge of the UV—vis spectra [71, 72]. The Eu values range from 0.280
t00.310 eV across pristine and La-doped CuSCN films (0-5 mol%), showing minor fluctuations (average
Eu=0.294 £ 0.011 eV). This suggests that La incorporation slightly increases shallow tail states near the
valence band, while the overall structural and optical quality of the films remains preserved.

3.5. Electrical performances

This study presents an approach to the characterization of La-doped CuSCN samples by utilizing the advanced
capabilities of the Keithley-2401 digital source meter in a two-probe analysis mode. This methodology allows
precise measurements of current and voltage but also facilitates a deeper exploration of the fundamental
relationship between these two electrical parameters. Table 5 displays electrical conductivity, electrical
resistivity, and sheet resistance with different doping concentrations. The results obtained are consistent with
the above statement, as shown in figure 7. The value in figure 8 demonstrates that the resistance ranges from
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Figure 8. The electrical properties of La-doped CuSCN with various molar concentrations.

0.3 to 0.46 €2 cm; meanwhile, the conductance ranges from 2.19t0 4.52 S cm L. In this context, as nanoparticle
size increases (refer to figure 3), the concentration of charge carriers (electrons and holes) typically increases,
leading to enhanced conductivity. Larger nanoparticles have more atoms available on their surfaces, which
contribute to higher charge carrier density [73]. The 4 mol% La-doped CuSCN exhibits the highest electrical
conductivityat 4.52 S cm ™, representing a significant increase of around 34% compared to pristine CuSCN.

Rs =2 5)
t

Furthermore, the sheet resistance (Rs) of La-doped CuSCN varies significantly with different doping con-
centrations, reflecting the material’s electrical properties. It is calculated using equation (4), where p represents
the resistivity of the material and t is the thickness of the sample. The sheet resistance of La-doped CuSCN
varies significantly with different doping concentrations, reflecting the material’s electrical properties. The
sheet resistance values for La-doped CuSCN indicate a clear trend in conductivity as doping levels change. At
2 mol% La doping, the peak sheet resistance is 15.2 k2 sq ", which serves as a critical reference point for com-
paring other doping levels. In contrast, at 0 mol% La doping, the sheet resistance is lower at 9.91 k{2 sq ",
suggesting better conductivity without any doping. As the doping concentration increases to 1 mol%, the sheet
resistance rises to 11.0 k2 sq ', reflecting a slight decrease in conductivity attributed to potential scattering
effects. These findings highlight the impact of La doping on the electrical properties of CuSCN, indicating that
while some doping enhances conductivity, excessive doping leads to increased resistance due to scattering
mechanisms. As high electrical conductivity helps minimize the series resistance of the cell. However, con-
ductivity alone is not enough to ensure optimal performance in solar cells. In many cases, the optical transmis-
sion in the visible spectrum is also crucial, as it enhances the photo-generated current, particularly those
involving transparent conducting films [74]. To further highlight the significance of the obtained results, a
comparison of the electrical and optical properties of La-doped CuSCN (this work) with commonly reported HTL
materials is summarized in table 6. As shown, the conductivity of La-doped CuSCN (4.15 S cm™ ') is markedly
higher than that of pristine CuSCN (0.6296 S cm ") and orders of magnitude higher than conventional HTLs such
as NiOx (2.67 x 107°S cm ™ ") and spiro-OMeTAD (2 x 10*Scm ™). At the same time, the films retain an optical
transmittance of approximately 60%, which is comparable to NiOx films deposited under certain conditions
(~60%) [75] and spiro-OMeTAD (65%) [76]. This superior balance of high conductivity and reasonable optical
transparency underscores the promise of La-doped CuSCN as a competitive HTL for PSCs.

3.6. Numerical simulation of complete device

The influence of HTL thickness was examined for the optimized 3 mol% La-doped CuSCN composition
(figure 9), with the thickness varied between 100 and 1000 nm while keeping other parameters constant. The
highest PCE of 30.68% was obtained at a thickness of 100 nm. As the HTL thickness increased from 100 to

1000 nm, the efficiency gradually decreased to approximately 30%, mainly due to a reduction in fill factor
caused by increased series resistance [81]. Meanwhile, Voc remained nearly constant across the thickness range
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Table 6. Comparison of conductivity, resistivity, and transmittance of La-doped CuSCN with other reported
HTMs (N/A = Not Available).

HTM Conductivity (S cm ™) Resistivity (£2.cm) Transmittance (%)
Pristine CuSCN [77] 6.296 x 107" 1.587 NR

NiO, [78] 2,67 x 107° 3.74 x 10° 85

NiOx 0.5 Pa[76] N/A N/A ~60
cp-NiO, [79] 4.45 % 107° 2.25x 10° NR
Spiro-OMeTAD [75] N/A N/A >65
LiTFSI-doped Spiro-OMeTAD [80] 123 x 107 8.13 x 10 N/A

Our Work (3 mol%) 4.15 0.241 ~60%

because it is mainly determined by the absorber bandgap and recombination dynamics, which are not strongly
affected by HTL thickness [82]. Since variations in the HTL do not alter the fundamental recombination
pathways or bandgap of the absorber, Voc stability is expected [82].

In contrast, Jsc exhibited a slight increase with thickness, attributed to improved hole extraction and
reduced interfacial recombination that outweighed the negligible optical losses in the wide-bandgap HTL [83],
which minimizes transmission loss even at larger thicknesses [84]. Consequently, the photon flux reaching the
absorber remains essentially unchanged [81]. The modest improvement in Jsc is attributed instead to enhanced
hole extraction and reduced interfacial recombination losses in thicker HTLs, which compensate for any minor
optical effects. It should be noted, however, that in practical devices, excessively thick HTLs may introduce
measurable optical losses and reduce Jsc, an effect not fully captured within the present simulation framework.

The simulated J-V characteristics of complete devices employing pristine and La-doped CuSCN as HTLs
are presented in figure 10. Both data in table 7 exhibit comparable short-circuit current densities (Jsc ~
25 mA cm™?), indicating that La incorporation does not compromise light absorption or charge generation in
the perovskite layer. However, the La-doped CuSCN device demonstrates a superior power conversion effi-
ciency (PCE) of 30.54%, representing an approximately 8% relative improvement over the pristine CuSCN
device (28.17%). This enhancement is primarily attributed to improved hole extraction and transport resulting
from the increased conductivity of La-doped CuSCN, which reduces series resistance and facilitates more effi-
cient charge collection. In addition, La doping improves interfacial energy alignment at the perovskite/HTL
interface, thereby suppressing non-radiative recombination and contributing to a higher open-circuit voltage
(Voc). The sharper and more square-like J-V curve of the La-doped device also reflects a higher fill factor (FF),
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Table 7. Photovoltaic performance parameters of perovskite solar cells
employing pristine CuSCN and 3 mol% La-doped CuSCN as the HTL,
showing open-circuit voltage (Voc), short-circuit current density (Jsc),
fill factor (FF), and power conversion efficiency (PCE).

3 mol% La-doped

Output Parameter Pristine CuSCN CuSCN
Voc (V) 1.4622 1.3874
Jsc (mA cm™2) 25.3035 25.3035
FF 76.13 86.99
PCE (%) 28.17 30.54

confirming reduced resistive losses. Collectively, these results highlight the beneficial role of La doping in
CuSCN toward achieving higher-efficiency and more stable perovskite solar cells.

4, Conclusions

In conclusion, the use of La-doped CuSCN as an HTL represents a significant advancement in the field of
perovskite solar cells. Based on the factors studied, all elements, including morphology, microstructure,
electron conduction mechanisms, crystallographic properties, and optical features, are undeniably inter-
connected. The structural performance of La-doped CuSCN films is analyzed using FESEM and x-ray
Diffraction (XRD). Additionally, the electrical performance is assessed through current-voltage (I-V)
characteristics, while the optical properties are scanned via UV—vis spectroscopy. Notably, under high
magnification, the morphology of the CuSCN film doped with 5 mol% La reveals a distinct intercalated reef-
like nanostructure characterized by well-defined grain edges that indicate complete growth. After a thorough
analysis of the experimental results and various parameters measured, it has been determined thata
concentration of 3 mol% yields one of the most favorable outcomes. This conclusion is based on a thorough
evaluation of the data, which indicates that at this specific concentration, optimal performance was achieved.
This specific concentration also demonstrates exceptional conductivity, reaching a notable value 0f4.13 S
cm !, and exhibits a bandgap of 3.67 eV, which is advantageous for applications requiring efficient charge
transport and optical properties. Furthermore, the resistivity measurements indicate a low value, further
underscoring the effectiveness of the 3 mol% composition in enhancing electrical performance. The crystallite
size measured at 8.47 nm suggests a well-formed microstructure. The XPS analysis confirms the presence of all
expected elements, Cu, S, C, N, and La, with La successfully incorporated at varying doping concentrations.
Importantly, device performance tests show that the pristine CuSCN-based PSC achieves a PCE 0f28.17%,
while the 3 mol% La-doped CuSCN HTL further enhances the device efficiency to 30.54%, clearly
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demonstrating the advantage of La incorporation. Moreover, the solution-processing method employed for
the synthesis of La-doped CuSCN films at low temperatures underscores its practicality and cost-effectiveness,
rendering it an attractive alternative for large-scale production. Overall, the 3 mol% La-doped CuSCN stands
out as the most outstanding result regarding almost all the properties studied and its potential for efficient
charge transport in perovskite solar cells, allowing it to be an attractive option for large-scale production.
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Appendix

Figure A.1. The cross-sectional of the FESEM image.

Table A.1. Comparison of XPS core-level binding energies for
pristine CuSCN reported and 3 mol% La-doped
CuSCN films.

Core Level Pristine CuSCN (eV) [40] 3 mol% (eV)

Cu2ps,, 934.4 931.73
Cu2pi, 952.3 951.58
S2ps/2 163.1 162.83
S2p1), 164.3 164.02
Cls 285.6 285.69
Nls 398.3 398.14
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