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Solution-processable deposition of copper() thiocyanate (CuSCN) thin films have been widely used to
form the hole transport layer (HTL) in optoelectronic applications, namely perovskite and organic solar
cells. Herein, we report the thermally deposited CuSCN thin film as an efficient, eco-friendly and
solvent-free approach for HTL deposition in inverted perovskite solar cells as an alternative to
conventional solution-processed methods. The structural, electrochemical, optical, and morphological
properties of thermally deposited CuSCN films were characterized. The long-term electrochemical and
optical stability of thermally deposited CuSCN films were examined. The effect of thicknesses (20, 30,
40, 60, and 100 nm) and annealing temperatures (RT, 50, 100, 150, and 200 °C) of CuSCN films on the
photovoltaic performance were investigated. The optimized device configuration ITO/CuSCN/MAPbIs/
PCe1BM/BCP/Ag with a 30 nm thick CuSCN film annealed at 100 °C for 10 min exhibited the maximum
power conversion efficiency (PCE) of 15.71% with Vo = 1.01V, Jsc = 20.2 mA cm™?, and FF = 0.77. For
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Accepted 14th May 2024 thermally deposited CuSCN-based devices showed excellent reproducibility and stability up to 240 h
with ~89% retention of the initial PCE. This study demonstrates a new methodology for obtaining better

CuSCN films using a thermal deposition technique for efficient, sustainable and scalable electronic
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Introduction

Perovskite solar cells are the most promising candidates for
thin-film photovoltaic technology. They show significant
enhancement in power conversion efficiency (PCE > 26.1%),
which is comparable with that of traditional silicon-based solar
cells. Impressive progress has been made due to intensive
research on the optimization of perovskite composition, device
architecture and interface engineering."™ Simultaneously,
the hole transport layer (HTL) has been identified as the major
component of perovskite solar cells’”’ because it has an
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important contribution to the photovoltaic performance and
the stability of devices.®® The HTL enables an effective charge
extraction and the collection of photogenerated holes from
the perovskite absorber layer, which is vital for attaining high
device performance. Additionally, the HTL plays a key role in
protecting the perovskite film from environmental degrada-
tion, minimizes charge recombination and acts as the block-
ing layer for highly efficient and stable perovskite solar
cells.">""

In general, hole transport materials (HTMs) can be categorized
into organic and inorganic materials. Compared with organic
HTMs [such as 2,2/,7,7'-tetrakis[N,N-di(4-methoxyphenyl)Jamine]-
9,9'-spirobifluorene (spiro-OMeTAD),"* (3,4-ethylenedioxythio-
phene):poly(styrenesulfonate) (PEDOT:PSS),*'*  poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA)," triphenylamine
(TPA), spiro-OMeTAD derivatives and others],"*™° inorganic
HTMs [such as copper oxides (CuOx), nickel oxides (NiOy),>°
copper iodide (Cul),*"** copper thiocyanate (CuSCN),>*¢ and
copper selenocyanate (CuSeCN)?”’~>°] exhibit excellent chemical
stability, high hole mobility, and high optical transparency.>**!
Moreover, the facile and low-cost preparation of inorganic
HTMs has emerged as a cost-effective substitute for organic

Energy Adv,, 2024, 3,1375-1388 | 1375


https://orcid.org/0000-0003-4688-6380
https://orcid.org/0000-0002-3492-9147
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ya00034j&domain=pdf&date_stamp=2024-05-31
https://doi.org/10.1039/d4ya00034j
https://rsc.li/energy-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00034j
https://pubs.rsc.org/en/journals/journal/YA
https://pubs.rsc.org/en/journals/journal/YA?issueid=YA003006

Open Access Article. Published on 16 May 2024. Downloaded on 8/8/2025 7:27:36 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

HTMs which have low transparency, high cost and usually a
difficult synthetic route.

Among various inorganic HTMs, CuSCN, an air-stable material,
has been widely used as a HTL in perovskite solar cells due to its
wide bandgap (3.7-3.9 eV), high optical transparency, high hole
mobility (0.01-0.1 cm® V' s71), excellent hole transporting prop-
erty, low-temperature processability, and variety of morphologies
obtained by different fabrication techniques.**> Perhaps the
most attractive aspect of CuSCN material is that it is inexpensive,
highly abundant, intrinsically stable, commercially available, and
easily handled, making it a suitable HTL for perovskite solar cells.
For CuSCN film as a HTL, the different deposition methods,
such as doctor blading,* electrodeposition,>”*® spin coating,*
and spray coating® have been widely reported in the literature.
In 2014, Qin et al. were the first to report the doctor-bladed CuSCN
in n-i-p perovskite solar cells and achieved a PCE of 12.4%.*
CuSCN films of 600 nm thickness were prepared using dipropyl
sulfide solvent. However, it was reported that it led to the partial
dissolution of the perovskite layer by CuSCN. To reduce this
dissolution effect, Sepalage et al. reported the use of chloroben-
zene (acts as a protective layer) on top of the perovskite absorber
layer before doctor blading the CuSCN solution, and attained the
maximum PCE of 9.6%.*" To further reduce damage to the
perovskite layer, Lee and coworkers developed a simple spray-
coating method that allowed minimum contact between the
dipropyl sulfide solvent and the perovskite layer, and obtained a
higher PCE of 17.1%.*" Murugadoss and coworkers presented
doctor-bladed CuSCN with proposed mixtures of depositing sol-
vents for CuSCN and achieved PCE up to 10.0% with negligible
damage to the perovskite film.*> Meanwhile, Madhavan and
coworkers employed both doctor-bladed and spin-coated CuSCN
in n-i-p perovskite solar cells and displayed a PCE of 16.6%
(doctor-bladed CuSCN) and 15.43% (spin-coated CuSCN).**
A common obstacle associated with the solution-processed
method is finding an “ideal” solvent for the deposition of CuSCN
as HTL due to its low solubility.** Also, in comparison with doctor
blading, spin coating is not suitable for large-scale fabrication of
solar cells due to origin of non-uniformity in the film and as well
as huge amount of raw materials and solvents is wasted, thereby
increasing the overall cost.**®

The main problem that existed with the above-discussed
solution-processed CuSCN as the HTL is the damaging effect of
limited n-alkyl sulfide solvents to the perovskite layer as well as
incorporation of minor impurities.*”*® Wijeyasinghe and co-
workers reported aqueous ammonia-processed CuSCN-based
perovskite solar cells as a substitute for n-alkyl sulfide solvents
and demonstrated a PCE of 17.5%, but with a reduced device
lifetime.*® Besides, Arora and co-workers developed a dynamic
spin-coating technique for CuSCN deposition with aluminium
oxide (Al,O3) or reduced graphene oxide (rGO) as an interfacial
layer between CuSCN and gold (Au) to fabricate high-
performance perovskite devices with 20.4% PCE and good
thermal stability.>® The interfacial layer of polymethyl metha-
crylate (PMMA) was introduced between CH3;NH;zPbI; and
CuSCN to achieve an efficiency of 19.2% with thermal stability
for 96 h.”' Lately, the additive engineering has been used to
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increase the conductivity of CuSCN which enhance hole extrac-
tion and transportation processes in both regular and inverted
architectures of perovskite solar cells.>*">*

Despite the tremendous progress of CuSCN-based perovs-
kite solar cells, the relatively complex issues of depositing
solvents of CuSCN and the complicated interface engineering
approach may restrict their possible practical applications in
the future. A solution-processed additive method is hindered by
the presence of other compounds of Cu(u)-oxidized species due
to inevitable exposure to the atmosphere. Also, wettability
issues in solution processing often lead to pinhole formation
and non-uniform coating. Surprisingly, despite a surge in
research efforts, the thermally deposited CuSCN film as a
HTL in perovskite solar cells has not been reported so far.
In this connection, we employed thermally deposited CuSCN in
perovskite solar cells as an alternative and facile technique to
conventional solution-processed methods. Thermal deposition
is a simple, affordable, and straightforward technique which
could also be compatible for large-scale device fabrications.
It is a well-known technique used for depositing metals such as
Ag, Au, and Cu which works as a back electrode in perovskite
solar cells. This method possesses numerous advantages, such
as easily-controlled film thickness, uniform film formation,
impurity-free composition and low temperature processability,
making it compatible for both flexible and rigid substrates.’®
The ability to obtain promising results from the thermal
deposition of CuSCN opens the door for the integration of
inorganic materials for large-scale fabrication of solar cells.

In the present work, the thermal deposition of CuSCN, a
solvent-free and environmentally friendly (‘“green”’) approach is
reported for the fabrication of CuSCN thin film as a HTL on the
indium tin oxide (ITO) surface. The deposition rate and deposi-
tion time were optimized to obtain different thicknesses of
CuSCN films. The structural, electrochemical, optical and sur-
face morphology of thermally deposited CuSCN films were
characterized. The long-term electrochemical and optical sta-
bility of CuSCN films were measured. The thermally deposited
CuSCN films as HTL were used to fabricate inverted planar
perovskite solar cells with device configuration ITO/CuSCN/
MAPDI;/PCs;BM/BCP/Ag. The thickness and annealing tem-
perature of the CuSCN film were optimized to obtain the
maximum device performance. For reference, perovskite solar
cells without a HTL were fabricated under similar conditions.
Finally, the stability of the optimized devices without encapsu-
lation was examined in the N, environment as well as in
ambient conditions. This work illustrates a new methodology
for obtaining better CuSCN films by thermal deposition techni-
que for sustainable and scalable electronic device applications.

Experimental section
Materials

Copper(1) thiocyanate (CuSCN, 99.0%), methylammonium iodide
(MAI, 99.5%), lead iodide (Pbl,, 99.0%), phenyl-Cq,-butyric acid
methyl ester (PCs;BM, 99.0%), bathocuproine (BCP), anhydrous

© 2024 The Author(s). Published by the Royal Society of Chemistry
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N,N-dimethylformamide (DMF, 99.8%), anhydrous chloroben-
zene (CB, 99.5%), anhydrous dimethyl sulfoxide (DMSO, 99.9%),
and tetrabutylammonium perchlorate (TBACIO,, for electroche-
mical analysis > 99.0%) were purchased from Sigma-Aldrich.
Indium tin oxide (ITO)-glass was bought from Shilpa Enter-
prises, Nagpur, India, and the standard substrate size was
25.0 x 25.0 mm. All the materials and solvents stated above
were used as received unless specified otherwise.

Device fabrication

Patterned ITO-coated glass substrates were cleaned consecu-
tively in detergent, deionized water, acetone, and isopropanol
for 30 min each in an ultrasonic bath. Then, the ITO/glass
substrates were treated under air plasma etches for 10 min
before use. CuSCN thin film as HTL with different thicknesses
were deposited by thermal deposition of CuSCN in a high-
vacuum chamber (2 x 107° mbar). The deposition rate was
~0.5 A s7. After the deposition, the films were annealed at
100 °C on a hotplate for 10 min in ambient conditions. Once
cooled to room temperature, samples were transferred to a N,-
filled glove box. A perovskite precursor solution was prepared
by mixing CH;NH;I and PbI, in a mixture of DMF and DMSO
(volume ratio of 9:1) to obtain a concentration of 1.5 M. The
perovskite solution was stirred overnight at 70 °C and passed
through a 0.2 pm polytetrafluoroethylene (PTFE) filter prior to
spin coating. The filtered perovskite precursor was spin-casted
on the top of CuSCN film at 4000 rpm for 35 s. After 15 s of
spinning, CB was quickly added to induce fast crystallization.
The colour of the resulting substrate was dark-brown and, after
annealing at 100 °C for 10 min, it gradually became black.
PCe;BM (20.0 mg mL ™' in chlorobenzene) as an electron-
extracting layer was deposited by spin casting at 2000 rpm for
45 s, and samples were again annealed at 100 °C for 10 min.
A solution of BCP in isopropanol (0.5 mg mL ') was deposited
on PC¢;BM films by spin casting at 6000 rpm for 30 s. Finally,
100 nm of silver (as a back contact) was deposited by thermal
evaporation under a high vacuum pressure of 2 x 10~° mbar
through a shadow mask to make four devices per slide, each
with an active cell area of 6.0 mm”.

Characterization

The structural properties of CuSCN films were characterized via
X-ray diffraction (XRD) patterns over the 260 range of 10° to 70°
using a MiniFlex-II diffractometer (Cu Kol irradiation, 4 =
1.5418 A; Rigaku). Raman spectra were recorded on a T64000
triple Raman spectrometer with a 514 nm laser. Fourier trans-
form infrared (FTIR) spectroscopy was performed on a spectro-
photometer (Spectrum Two; PerkinElmer) in the wavenumber
range 4000 to 400 cm ™' (wavelength 2.5 to 25 um) using KBr
pellets. CuSCN was collected from the film by scratching, and
the sample was prepared with KBr. Electrochemical character-
ization was performed on a PGSTAT204 setup (Metrohm Auto-
lab) equipped with a three-electrode system in a single
compartment cell. Ag/AgCl wire (reference electrode), Au wire
(counter electrode) and glassy carbon (GC; diameter = 2.0 mmy;
working electrode) were used. Prior to thermal deposition of
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CuSCN, the working electrode was polished with 0.05 pm
alumina slurry for 60 s, and then rinsed with distilled water
and dried in air. Cyclic voltammetry (CV) measurement of
thermally deposited CuSCN film on the GC electrode was
carried out in DMF solution containing 0.1 M tetrabutylammo-
nium perchlorate (TBACIO,) as the supporting electrolyte.
Ultraviolet-visible absorption and transmittance spectra were
recorded on a spectrophotometer (UV-1800; Shimadzu) in the
wavelength range 200 to 1100 nm. The surface morphology of
thermally deposited CuSCN films on ITO-coated glass was
investigated by atomic force microscopy (AFM) as well as field
emission scanning electron microscopy (FESEM) using Tescan
Magna gmh setup by applying a 15.0 keV accelerating voltage.
The thickness of films was measured using a Stylus profilo-
meter (500ES; NanoMap). Photocurrent-voltage (/-V) charac-
teristic curves of the perovskite solar cells were measured using
a digital source system (4200; Keithley Laboratories) with
Lab Tracer software in ambient conditions. With standard
illumination (AM 1.5 G), a solar simulator of class AAA (Photo
Emission Technologies) was equipped. Before use, a silicon
reference cell was utilized to calibrate the light source at

100 mW cm 2.

Results and discussion

Structural characterizations

The phase and crystallinity of the thermally deposited CuSCN
thin films were analyzed using X-ray diffraction (XRD) patterns,
as shown in Fig. 1(a). Previous reports have stated that CuSCN
thin films can exist in a-phase (orthorhombic) or PB-phase
(rhombohedral or hexagonal), and the latter is more common
in the case of CuSCN thin films.>®**” The observed diffraction
peaks for CuSCN thin films at 16.1° and 27.2° corresponded to
the (003) and (101) planes of the B-phase, which were matched
with the standard JCPDS card (29-0581),>®>° suggesting the
crystallization of a CuSCN thin film in f-phase with a rhombo-
hedral crystal structure. Herein, the intensity of the peaks
increased with annealing the CuSCN film at 100 °C for
10 min (Fig. 1(a)), indicating higher crystallinity of the
annealed CuSCN film. Other peaks marked with an asterisk
(*) could be ascribed to ITO-coated glass (JCPDS number =
06-0416). Besides these observations, no other diffraction peaks
were found, which confirmed the B-phase purity and crystal-
linity of the thermally deposited CuSCN film. Fig. S1 (ESIY)
illustrates the XRD spectrum of a perovskite CH;NH;PbI; film
on ITO-coated glass which shows sharp peaks of high crystal-
linity. The diffraction peaks at 14.02°, 19.94°, 23.34°, 24.38°,
28.34°, 31.81°, 34.79°, 40.47°, 43.03° and 50.15° could be
attributed to the (110), (200), (211), (202), (220), (310), (312),
(224), (314) and (404) planes of tetragonal phase, respectively,
and are in good agreement with earlier reports.®”®* The XRD
pattern of the CH3;NH;PbI; film indicated that the perovskite
film preferentially grew in the tetragonal crystal structure. Also,
there are no Pbl, impurities present, which confirmed the
formation of a pure phase of perovskite films (Fig. S1, ESIt).
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Fig. 1
peaks of B-CuSCN are indicated. The asterisk (*) denotes ITO peaks.

Raman spectroscopy was performed to further investigate
the structure of the thermally deposited CuSCN film. Fig. 1(b)
demonstrates the Raman spectrum of an annealed CuSCN film
at 100 °C. The main characteristic peak was recorded at
2163 cm™ ', which corresponded to the C=N stretching (vcn)
of thiocyanate (-S-C=N) in B-CuSCN, indicating that the
thermally deposited CuSCN film contained only the B-CuSCN
polymorph. At lower Raman shifts, the peaks of CuSCN were
attributed to Cu-N stretching (vouny ~254 cm ™), SCN bending

(dscn ~435 cm™', suggesting predominant thiocyanate
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(a) X-ray diffraction spectra and (b) Raman spectrum of a thermally deposited CuSCN film on an ITO-coated glass substrate. The characteristic

S-binding) and Cu-S stretching (vcus ~744 cm™').°>®® Other
peaks marked with an asterisk were assigned to the ITO-coated
glass substrate. As in-depth interaction between laser light with
the ITO-coated glass substrate was inevitable because of the
high optical transparency of the CuSCN thin film. Apart from
this, no additional secondary phase or impurities were
observed, which further confirmed the B-phase of the CuSCN
thin film.

Further, FTIR spectroscopy of the thermally deposited
CuSCN film was performed. Fig. 2(a) shows the full spectra of
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(a) FTIR spectra of the commercial and thermally deposited CuSCN. Expanded FTIR spectra of both CuSCN in the wavenumber range of
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the thermally deposited CuSCN as well as commercial CuSCN
(for comparison purposes). According to the literature, com-
mercially available CuSCN powder consists of a mixture of o-
and B-CuSCN.®* The FTIR spectrum of commercial CuSCN
displayed peaks at 2162 and 2174 cm ' associated with the
CN vibrational bands of o- and B-phases, respectively (Fig. 2(b)).
The FTIR spectrum of thermally deposited CuSCN showed a
single peak at 2173 cm ™', which confirmed the formation of
only B-CuSCN (Fig. 2(b)). In addition, commercial CuSCN
displayed peaks at 864 cm ' and 877 cm !, which were
assigned to 1(SCN) stretching, and the peak at 745 cm ' was
attributed to CS vibrations (Fig. 2(c)). The above-mentioned
peak values were also obtained in the case of thermally depos-
ited CuSCN (Fig. 2(c)). All observations and characteristic peak
values were in excellent agreement with an earlier report.””
These results confirmed that the thermal deposition of CuSCN
under high vacuum resulted in the formation of B-phase
CuSCN. Also, the FTIR spectra of thermally deposited CuSCN
nicely complemented the Raman spectra, which further con-
firmed the formation of the B-phase of CuSCN during thermal
deposition.

Electrochemical properties

To observe the electrochemical behaviour of a thermally depos-
ited CuSCN film, CV was carried out in DMF solution containing
0.1 M TBACIO, as the supporting electrolyte. The CuSCN thin

© 2024 The Author(s). Published by the Royal Society of Chemistry

film was thermally deposited on a GC working electrode, and
then CV was done at a potential between —0.3 and 0.3 V vs.
Ag/AgCl. Fig. 3(a) represents the CV curves of a thermally
deposited CuSCN film at different scan rates, which denotes
the characteristic behaviour of a p-type semiconductor. In a
potential range between —0.3 to 0.1 V, the CuSCN film was
electrochemically inert because capacitive charging was not
observed. However, at more positive potentials (between 0.1
and 0.3 V), the anodic current increased rapidly, which illu-
strated the charging of chemical capacitance as well as the
presence of electrochemical reactions at the surface of
the electrode.®®®® The voltammetry current in the region of
double layer capacitance (0.1 V) of the CuSCN film was linearly
dependent on the scan rate (Fig. 2(b)), which confirmed
capacitive charging. The integral charges for cathodic and
anodic waves were similar for each voltammogram, which
displayed charge reversibility. These features showed the
well-defined electrochemical properties of a thermally depos-
ited CuSCN film in an electrochemical window of —0.3 to
0.3 V, and is in excellent agreement with the electrodeposited
CuSCN film reported elsewhere.®® Outside this electrochemi-
cal window, the CuSCN film was prone to exhibit chemical and
structural changes (e.g., anodic breakdown). Fig. S2a (ESIt)
shows the oxidation of molecules in solution with well-defined
anodic and cathodic peaks. The maximum oxidation potential
peak was obtained at 0.94 V.
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Further, the electrochemical stability of thermally deposited
CuSCN on the GC electrode was checked by repetitive cycling
between negative and positive potentials in the potential range
—0.3 to 0.3 V at a scan rate of 100 mV s ' (Fig. 3(c)). Most
charge loss occurred in the initial 100 cycles (between the 1%
and 100" cycle), which was ~17%. Only ~2% loss of charge
occurred between the 300" and 500™ cycle (200 cycles), as
illustrated in Fig. 3(d). The percentage charge loss was esti-
mated and is noted in Table S1 (ESIt). These outcomes sug-
gested that the CuSCN film became more stable with an
increase in the number of redox cycles. Thus, we can infer that
the CuSCN film was stable after repeated cycles, which ensured
the high electrochemical stability of thermally deposited
CuSCN film on GC. Upon repetitive cycling in the potential
range of —0.7 to 1.3 V, the intensity of anodic and cathodic
peaks decreased, which indicated dissolution of the film in
DMF solution (Fig. S2b, ESIf). Upon prolonged repeated
cycling, for example, at the 200™ cycle, both the oxidation
and reduction peaks almost disappeared.

Optical properties

The optical transparency of the HTL is an important parameter
in inverted perovskite solar cells. The absorption and trans-
mission spectrum of a ~30 nm thick thermally-deposited
CuSCN film on a quartz substrate is represented in Fig. 4(a).
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Fig. 4
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The absorption spectrum showed peaks at 236 and 301 nm and
absorption onset at ~360 nm along with a long tail in the
visible and NIR regions. The absorption spectrum of thermally
deposited CuSCN was well-matched with the reported spectra
of solution-processed CuSCN.%” Next, the transmittance spectra
of a thermally deposited CuSCN film exhibited remarkably high
optical transparency (> 98%) in the entire visible region.
To fully explore the role of different thicknesses of a thermally
deposited CuSCN film upon optical properties, UV-visible
spectroscopy was carried out. Fig. 4(b) and (c) shows the absorp-
tion and transmittance spectra of thermally deposited CuSCN
films on quartz substrates at various thicknesses. The absorption
of the CuSCN film increased with an increase in the thickness of
films. Accordingly, we obtained the maximum absorption for
~100 nm thick CuSCN film and minimum for ~20 nm thin
film (Fig. 4(b)). On the other hand, the thermally deposited
CuSCN film showed excellent transmittance in the visible-NIR
region even when the thickness increased from ~20 to 100 nm.
In contrast, in the wavelength range of 200-380 nm, a reduction
in the transmittance intensity of CuSCN films was observed with
the increase in the thickness (Fig. 4(c)). The high transparency of
CuSCN films in the visible range facilitated the maximum
absorption of light by the perovskite absorber layer to generate
a large amount of photocurrent, which is essential for the high
performance of inverted perovskite solar cells.

b
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(@) UV-visible absorption and transmittance spectra of a thermally deposited CuSCN thin film (~30 nm) on a quartz substrate. (b) Absorption

spectra of thermally deposited CuSCN films at various thicknesses. (c) Transmission spectra of CUSCN films. (d) CuSCN film at time t = O day, compared
with the spectrum of the same film after t = 1 month of air exposure in an ambient environment.
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Further, the long-term optical stability of a thermally depos-
ited CuSCN film was investigated. The absorption spectra of the
as-deposited CuSCN film and after 1 month were recorded
(Fig. 4(d)). Non observable change in optical absorption was
found, which indicated the excellent optical stability of the
thermally deposited CuSCN film. Previous investigations on the
optical properties and stability of a solution-processed CuSCN
film have shown a similar result, which confirmed the suit-
ability of the thermal deposition technique for the HTL deposi-
tion in device fabrication. Moreover, to examine the absorption
behaviour of the perovskite layer in the visible region, the
absorbance spectra of a CH;NH;PbI; film on a quartz substrate
was recorded (Fig. S3, ESIf). The UV-visible spectrum of a
perovskite film exhibited strong absorption in the visible region
with a band edge at ~780 nm, indicating an optical bandgap of
1.59 eV.%®

In situ spectroelectrochemistry. To examine the optical
changes of a CuSCN film upon electrochemical treatment,
in situ spectroelectrochemistry was performed. The spectro-
electrochemical measurements of a thermally deposited CuSCN
film on an ITO-coated glass substrate was investigated at
different potentials in 0.1 M TBACIO,/DMF solution. Fig. S4
(ESIT) represents the spectroelectrochemical spectra of a
CuSCN thin film obtained after applying potentials from a
negative (—0.6 V) to a positive (1.5 V) value. We saw significant
changes in UV-vis-NIR spectra, suggesting the influence of an
applied potential on the optoelectronic properties of a CuSCN
film. At the negative potential of —0.6 V, the absorption maxi-
mum peak (Amay) of the CuSCN film was recorded at 392 nm
with no absorption in the NIR region. On increasing the
electrochemical potential, the intensity of the absorption maxi-
mum peak A, decreased with a marked upsurge of absorption
in the NIR region. Particularly at more positive potential values
(between 0 and 0.9 V), a significant decrease in A, Was noted.
Further, at potential beyond 0.9 V, we observed the shift from

50 °C

* 200 pm

View Article Online
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the isosbestic point (at 4/ ~648 nm), which indicated the
degradation or dissolution of the CuSCN film. We noted that
studies on CuSCN have not reported the spectroelectrochem-
istry of a CuSCN film.

Surface morphology

AFM and FESEM were used to study the surface morphology of
thermally deposited CuSCN as HTL film in perovskite solar
cells. CuSCN thin films were thermally deposited on ITO-coated
glass substrates similar to those used in fabrication of perovs-
kite devices. To examine the effect of the annealing tempera-
ture on the surface morphology of thermally deposited CuSCN,
the resulting films were annealed at different temperatures
(room temperature (RT), 50, 100, 150 and 200 °C) for 10 min.
Fig. 5(a)-(c) represents the height images of thermally depos-
ited CuSCN thin films at RT, 50 and 100 °C obtained from AFM
measurements (0.5 x 0.5 um?®) in tapping mode. The surface
root-mean-square (RMS) roughness of a CuSCN film at RT
(without annealing) was 3.6 nm whereas, after being annealed
at 50 and 100 °C, the CuSCN/ITO/glass exhibited a smoother
surface with RMS values of 3.4 and 1.5 nm, respectively. In
contrast, at higher annealing temperatures of 150 and 200 °C,
the roughness of CuSCN films increased to 5.2 and 6.4 nm,
respectively (Fig. S5a and b, ESIt). As a result, the CuSCN/ITO
film at 100 °C (Fig. 5(c)) had a much smoother morphology
(RMS ~1.5 nm) than that of CuSCN films at other annealing
temperatures. The best RMS values for spin-coated CuSCN from
DES and DPS solution have been reported to be 2.58 and
2.83 nm, respectively,’® and the RMS value for electrodeposited
CuSCN on ITO substrates has been reported to be 19.3 nm*°
(RMS values of doctor-bladed and spray-coated CuSCN have not
been reported). Thus, a comparison of the RMS value of
CuSCN/ITO thin films prepared from other deposition methods
and thermal deposition in this work revealed that RMS values
were lower for a thermally deposited CuSCN film, which

S N W H OO N®® OO

Fig. 5 (a)-(c) AFM surface topography height images (scan area of 0.5 pm?) of a thermally deposited CuSCN film on ITO-coated glass substrates with
annealing temperatures of (a) RT, (b) 50 °C and (c) 100 °C. (d)-(f) FESEM images of CuSCN films at RT, 50 and 100 °C, respectively.
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suggested that thermal deposition could be an alternative for
the fabrication of smoother CuSCN thin films. The smoother
surface obtained by thermal deposition is presumed to be due
to the uniform film formation via the thermal deposition of
CuSCN. This smoother surface can provide better contact with
the ITO electrode and can aid formation of a high-quality
perovskite layer.”® Furthermore, the surface coverage of CuSCN
grew higher with an increase in deposition time, and the
particle size showed no obvious change.

Next, the surface morphological properties of thermally
deposited CuSCN films were investigated by FESEM. Fig. 5(d)—(f)
display the top-view FESEM images of thermally deposited
CuSCN thin films on ITO-coated glass at RT and after being
annealed at 50 and 100 °C, respectively. The annealing tempera-
ture of CuSCN had an observable effect on the surface morpho-
logy. FESEM images showed a dense fine crystalline morphology
of CuSCN films with well-defined orientation (Fig. 5(d)-(f)).
Without annealing, the CuSCN film exhibited non-homo-
geneous surface coverage (Fig. 5(d)). At 100 °C, the CuSCN film
had a more uniform, smoother and compact surface (Fig. 5(f))
compared with that obtained at a lower annealing temperature
(Fig. 5(e)). In brief, the AFM and FESEM results of thermally
deposited CuSCN thin films complemented each other (as
expected), indicating the better surface morphology of the ther-
mally deposited CuSCN thin film on the ITO surface.
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Photovoltaic performance

Fig. 6(a) and (b) show the configuration of an inverted planar
perovskite solar cell, and the band energy level of the materials
used. p-i-n devices were fabricated using the cell configuration
ITO/CuSCN/MAPbI;/PCs;BM/BCP/Ag to explore the application
of a thermally deposited CuSCN thin film as the HTL in
perovskite solar cells. For comparison purposes, a reference
cell without HTL was fabricated under similar conditions. The
J-V characteristic curves of the optimized device and the
reference device measured under simulated illumination
(100 mW cm > AM 1.5) are shown in Fig. 6(c). The best
performing thermally deposited CuSCN-based device exhibited
an open-circuit voltage (V) of 1.01 V, short-circuit current
density (Js.) of 20.2 mA cm 2, and fill factor (FF) of 0.77,
resulting in a maximum PCE of 15.71%. The best performance
of thermally deposited CuSCN-based devices was obtained at a
30 nm thick CuSCN layer followed by annealing at 100 °C for
10 min. Under the same conditions, a device without HTL
(without CuSCN) displayed a poor performance with a PCE of
5.17%, along with a significant decrease in V,. (from 1.01 V to
0.84 V), J (from 20.2 mA cm ™ to 10.8 mA cm ™ 2) and FF (from
0.77 to 0.57). A possible reason for the Js. reduction could be
attributed to the shunt path created between the perovskite
layer and ITO electrode.”” Conversely, CuSCN-based devices
showed high Ji. and FF due to the excellent band alignment
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(a) Block diagram of fabricated inverted planar perovskite solar cells. (b) Diagram of the corresponding band-energy level of the various materials

used (relative to the vacuum level). (c) J-V characteristic curve of fabricated devices under one-sun illumination; AM 1.5 G, 100 mW cm™2. (d) Statistics of

the photovoltaic performance of 20 devices.
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Table 1 Photovoltaic parameters of inverted perovskite solar cells

Device Cell configuration Voe (V) Jse (MA cm™?) FF PCE* (%)
Without HTL ITO/MAPDI;//PCs;BM/BCP/Ag 0.84 + 0.02 10.8 £ 0.8 0.57 + 0.04 5.17 (4.87)
With HTL ITO/CuSCN/MAPbDI;/PCg, BM/BCP/Ag 1.01 £ 0.01 20.2 + 0.6 0.77 + 0.03 15.71 (15.39)

¢ Champion device and in parenthesis average of 10 devices with active area of 6.0 mm®.

and smooth surface morphology of the CuSCN film. Therefore,
incorporating CuSCN as HTL increased the PCE by threefold
along with significant enhancement in photovoltaic parameters
compared with the device fabricated without HTL. The photo-
voltaic parameters of the reference and optimized devices are
shown in Table 1. Next, to test the reproducibility of the
optimized and reference devices under similar conditions,
several batches of perovskite solar cells were fabricated.
Fig. 6(d) represents the box chart of the photovoltaic perfor-
mance of 20 devices. Devices fabricated without HTL (no
CuSCN layer) showed an average PCE of 4.87% (average of
10 devices), whereas devices with CuSCN as the HTL exhibited
threefold higher average PCE of 15.39% (average of 10 devices).
For comparison purposes, solution-processed CuSCN-based
devices were fabricated and showed a maximum PCE up to
11.89% under identical conditions (Fig. S6, ESIT).

Effect of thickness of the CuSCN layer. To investigate the
effect of HTL thickness, we considered four thicknesses of
CuSCN films: 20, 40, 60, and 100 nm. In the present work,
the HTL was deposited by a thermal deposition technique in
which the film thickness could be easily controlled by varying
the deposition time. The thickness of each CuSCN layer was
further cross-checked from the stylus profilometer. The photo-
voltaic performance of devices was largely dependent on the
thickness of the CuSCN film as HTL. J-V characteristic curves
and the parameters of their corresponding photovoltaic cells of
fabricated devices using four thicknesses of CuSCN films as the
HTL are presented in Fig. 7 and Table 2, respectively. When
replacing a 30 nm thick CuSCN film with a thicker film or
thinner film, J,. decreased, with consistent FF and V,. values.
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Fig. 7 J-V curves of CuSCN-based perovskite solar cells with different
thicknesses of the CuSCN layer.

0.0

© 2024 The Author(s). Published by the Royal Society of Chemistry

Table 2 Photovoltaic performance of CuSCN-based perovskite solar cells
using various thicknesses of CuSCN films

Thickness of

CuSCN film* Jse

(nm) Voe (V) (mA cm™2) FF PCE? (%)

20 0.99 +0.01 17.7+ 0.7 0.74 +0.02 12.95 + 0.80
40 1.01 £ 0.02 20.7 £0.5 0.72 £ 0.03 15.08 £ 0.62
60 1.01 £0.01 183 £0.4 0.74 £ 0.03 13.69 £ 0.53
100 0.99 + 0.02 153 + 0.6 0.76 + 0.04 11.54 & 0.72

“ Thickness obtained from thermal deposition. ? Average of five devices
with an active area of 6.0 mm?®.

Under identical conditions, perovskite solar cells fabricated
using a 20 nm CuSCN film as HTL exhibited an average PCE
of 12.95%, along with V,. = 0.99 V, J,c =17.7 mA cm ™~ and FF =
0.74. In contrast, by increasing the thickness of CuSCN films,
the efficiency of the device decreased. For example, a CuSCN
film of thickness 40 nm and 60 nm showed a lower PCE of
15.08% (Voo = 1.01V, Jo. = 20.7 mA cm ™2, FF = 0.72) and 13.69%
(Voe = 1.01 V, Jo. = 18.3 mA cm >, FF = 0.74), respectively. The
thickness of the HTL had an impact on the performance of the
device, especially on the short-circuit current. The thickness of
the HTL had a minor effect on FF, whereas there was no
noticeable change in V,.. The reduced Js. could be interpreted
as a result of less efficient hole extraction and electron blocking
by CuSCN films. Finally, we observed a significant decrease in
PCE (from 15.71% to 11.54%) when a 100 nm thick CuSCN film
was used for the fabrication of perovskite solar cells. This
significant decrease was consistent and highly reproducible
for several devices fabricated during this study (Fig. 8). The
statistical distribution of the photovoltaic parameters extracted
from 40 devices (thicknesses of 20, 40, 60, and 100 nm of the
HTL were used; each thickness was used for 10 devices) based
on different thicknesses of a CuSCN film is presented in
Fig. 8(a)-(d). The box chart of the photovoltaic parameters
(Voey Jsey FF and PCE) obtained from 10 devices for each
thickness of the HTL showed that each thickness of CuSCN
had excellent reproducibility in V. and J, along with a slight
change in FF, which may have occurred during device fabrica-
tion. No significant difference in the photovoltaic performance
of the device was observed. These data revealed that each
thickness of CuSCN-based p-i-n perovskite solar cells was
reproducible, with an average PCE of 12.95%, 15.08%,
13.69% and 11.54% obtained from CuSCN film thicknesses of
20, 40, 60, and 100 nm, respectively (Fig. 8).

Optimization of the annealing temperature of CuSCN.
The annealing temperature of the HTL is another important
parameter to reach the highest possible efficiency of a device.
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Fig. 8 Statistical data on (a) Vo, (b) Jsc, (c) FF and (d) PCE of CuSCN-based perovskite solar cells with different thicknesses of CuSCN films obtained from

40 devices from different batches.

To investigate the influence of the annealing temperature on
device performance, a 30 nm thick CuSCN film was annealed at
five temperatures: RT, 50, 100, 150 and 200 °C. J-V curves were
recorded under simulated illumination (AM 1.5G) in similar
conditions (Fig. 9) and the corresponding photovoltaic parameters
are summarized in Table 3. The device performances of the result-
ant perovskite solar cells were significantly affected by the anneal-
ing temperature of the CuSCN film. Without thermal treatment of
a CuSCN film (RT-processed CuSCN), the resultant perovskite solar
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Fig. 9 J-V curves of CuSCN-based perovskite solar cells with different
annealing temperatures of a CuSCN film.
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Table 3 Device parameters of CuSCN-based perovskite solar cells obtained
from thermal annealing of a CuSCN film (30 nm) at different temperatures

Annealing

temperature Jse

(°C) Voe (V) (mAcm™2) FF PCE? (%)
RT 0.93 +0.02 15.4 + 0.3 0.67 £ 0.03 9.59 £ 0.51
50 0.97 + 0.02 16.4 + 0.2 0.64 + 0.01 10.18 £ 0.40
100 1.01 £ 0.01 20.1 = 0.3 0.74 + 0.02  15.02 £ 0.52
150 1.00 £ 0.02 18.4 £ 0.4 0.73 + 0.01 13.43 + 0.70
200 0.99 + 0.03 15.4 + 0.2 0.75 + 0.02 11.43 4+ 0.64

“ Average of five devices with active area of 6.0 mm”>.

cells showed a PCE of 9.59% with a lower V. of 0.93 V. For CuSCN
films annealed at 50 °C, the resulting devices exhibited improved
PCEs up to 10.18%, with enhancement in V,, from 0.93 to 0.97 V.
After annealing at 100 °C for 10 min, the average efficiency was
increased markedly to 15.02% with a higher V,,. of 1.01 V. Further,
upon increasing the annealing temperature of CuSCN films, the
resulting device showed a lower device performance of 13.43% and
11.43% corresponding to annealing temperatures of 150 and
200 °C, respectively. The deteriorated performance of cells may
have been due to the instability of the CuSCN film at a higher
temperature, which has been reported previously.*®

Stability studies

The long-term stability of cells under the N, atmosphere as
well as under ambient conditions were investigated. For the N,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Summary of reported PCEs for various deposition methods of CuSCN-based inverted planar perovskite solar cells from the literature, and

compared with the thermally deposited CuSCN approach in this work

Deposition Voe  Jse FF PCE

method Fabricated device (V) (mAcem?) (%) (%) Stability Ref.
Electro deposition ITO/CuSCN/MAPbDI;/Cgo/BCP/Ag 1.00 21.9 75.8 16.6 84% retention, 40 h in ambient air in dark 38
Spin coating ITO/CuSCN/MAPDI;/PCBM/Bis-Cgo/Ag 1.07 19.6 74.0 16.0 82% retention, 300 h storage in ambient air 39
Spin coating ITO/CuSCN/MAPbDI;/PCq;BM/LiF/Ag 1.06 15.2 64.9 10.8 40% retention, 14 days storage in N, 72
Thermal ITO/CuSCN/MAPDI;/PCs;BM/BCP/Ag  1.01 20.2 77.0 15.7 86% retention, 20 days storage in N, Our
deposition ~89% retention after 240 h in ambient air ~ work

atmosphere, the best-performed CuSCN (30 nm) based device
without encapsulation was placed in a N,-filled glove box. The
reference device (without CuSCN) was also tested under iden-
tical conditions. As a result, the thermally deposited CuSCN-
based device retained ~ 86% of the initial PCE after 20 days of
storage in N, atmosphere. In contrast, the reference cell showed
lower stability with only ~79% retention under identical condi-
tions (Fig. 10(a)). Next, to study the long-term stability of cells
under ambient conditions, we stored the non-encapsulated devices
(with and without CuSCN-based perovskite solar cells) in the
desiccator for 10 days. The CuSCN-based device showed higher
long-term stability and ~89% retention after more than 240 h
(Fig. 10(b)) than without CuSCN (~67% retention). This was in
good agreement with the device performance of previously
reported CuSCN-based perovskite solar cells using different
deposition methods (Table 4). Thus, the excellent stability and
reproducibility make it particularly attractive for low-cost commer-
cialization. Importantly, the improvement in J,. appeared to be
independent of the atmospheric conditions under which thermal
deposition of CuSCN was performed. Studies have reported similar
values for J,. and V,. for the same combination of materials,>*”*
thereby making the proposed approach robust, sustainable,
solvent-free and highly scalable for the fabrication of thermally
deposited CuSCN-based solar cells.

Conclusions

For the first time, thermal deposition technique was used
to prepare CuSCN thin films for HTL in inverted perovskite

© 2024 The Author(s). Published by the Royal Society of Chemistry

solar cells. The thermal deposition of CuSCN thin films
was found to be an efficient, eco-friendly and alternative to
solution-processable deposition of thin films. The structural
characterization of thermally deposited CuSCN films was
carried out by XRD analysis, Raman and FTIR spectroscopy.
It was observed that CuSCN films contained only the B-phase
without any impurities. The electrochemical behavior of the
thermally deposited CuSCN film showed a p-type semicon-
ductor with good electrochemical stability and capacitance.
The thermally deposited CuSCN film showed high optical
transparency (> 98%) in the entire visible region and long-
term optical stability under ambient conditions. The ther-
mally deposited CuSCN film exhibited a smooth surface with
low RMS values and a dense, fine crystalline morphology with
a well-defined orientation. The thermally deposited CuSCN
film was used as HTL to fabricate inverted planar perovskite
solar cells with device configuration ITO/CuSCN/MAPDbI;/
PCs;BM/BCP/Ag. The effect of CuSCN film thicknesses and
the annealing temperature of CuSCN films on the photovoltaic
performance were investigated. An optimized device with a
30 nm thick CuSCN film annealed at 100 °C for 10 min
exhibited the maximum PCE of 15.71% with V,. = 1.01 V,
Jse = 20.2 mA cm 2, and FF = 0.77. The thermally deposited
CuSCN-based devices showed excellent reproducibility with
stability up to 240 h in ambient conditions and ~ 89% reten-
tion of the initial PCE. We demonstrated a new methodology
for obtaining a better CuSCN film by a thermal deposi-
tion technique for efficient and scalable electronic device
applications.
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