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Abstract- High density and uniform Hole Transport Layer (HTL) Copper (I) thiocyanate (CuSCN) was
prepared directly on Indium-doped Tin Oxide (ITO) substrate through two-step spin coating technique and
followed by low temperature annealing process. A new solvent of Monoethanolamine (MEA) with no additive
was introduced for the preparation and yet producing a comparable result of HTL for perovskite solar cell
application. The CuSCN layer was characterized for its surface morphology, crystallinity and optical features
by using Scanning Electron Microscope (SEM), X-Ray Diffraction (XRD) and Ultraviolet-Visible
Spectroscopy (UV-Vis) respectively. Furthermore, the resistivity of the layer was also measured by I[-V
measurement. An optimized annealing temperature of 100 °C is obtained, resulting pristine morphology
structure and high conductivity of 77.30 S/m. This paper is the first to report the use of MEA as a solvent for
CuSCN layer, showing that the right combination of solvent use and annealing temperature can produce a good
CuSCN structure. Thus, being able to produce HTL layers more easily, rapid and at minimal cost, in turn
having a positive impact in reducing the cost of solar cell production.
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1. Introduction transport layer (HTL) or light absorber in new
emerging solar cell applications have a crucial
drawback as it degrades the device stability due to
evaporation of liquid caused by heat and even
encounters practical issues like liquid contamination
and leakage [2, 3]. Therefore, solid-state hole
transport material is a promising alternative for

New emerging solar cell technology is currently
advancing over the decade and accomplishes good
efficiency, specifically dye-sensitized solar cells
(DSSCs) and perovskite solar cells (PSCs) [1].
However, liquid electrolytes employed as a hole
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liquid-electrolytes in a solar cell structure to sustain
its stability and efficiency [4-8].

The increasing number of photovoltaic studies is
currently focused on finding a promising material to
employ as the inter HTL system. A handful of p-type
semiconductors are appropriate to act as hole
transport material in solar cell applications, such as
silicon carbide (SiC), gallium nitride (GaN), and 2,2'-
7,7'-tetrakis (N,N-di-p-methoxyphenyl-amine) 9,9'-
spirobifluorene (spiro-OMeTAD) and poly(3.4-
ethylenedioxythiophene):polystyrene sulfonate
(PEDOT: PSS) [9-14]. Yet, both SiC and GaN
require high processing temperatures for their
deposition and damage the other operating layers of
a solar cell. Although spiro-OMeTAD provides high
hole mobility, it is overpriced and also causes
excessive interfacial of hole and electron, resulting
recombination losses and affecting cell stability in the
long term [15]. Meanwhile, recent studies state that
due to acidic nature and semi-metallic nature,
PEDOT: PSS, reacts with organically active layers
and underlying transparent ITO electrode, which
limits the long-term operational stability and provides
insufficient electron blocking properties, respectively
[16].

Nevertheless, the copper-based material with a
wide-bandgap, namely copper(I) thiocyanate
(CuSCN)  shows good characteristics and
conductivity to perform as HTL through a simple
deposition method at the optimized condition [6, 17].
CuSCN is a transparent solid wide-bandgap p-type
semiconductor and has various emerging applications
for optoelectronic and photovoltaic applications as
solid hole-transporting electrolytes in DSSCs and
PSCs [18-20]. Initially, CuSCN was first used as
HTL by Fernando et al. [5] in 1994 and reported to
have higher photocurrent quantum efficiency
compared to the conventional photo-electrochemical
cells. Smith et al. [21] compared the hexagonal
crystal structure's atomic parameters and concluded
that smaller hexagonal crystals seemed to have better
quality. On the contrary, Yong Ni et al [19]

summarized that larger grain-sized CuSCN
performed well at its optimum temperature and
exhibited high-level transmittance (>87%) in the
visible wavelength range with a direct bandgap of
3.88 eV. It is also mentioned that there are several
aspects like copper vacancies, applied potentials,
electrolyte components, and deposition temperatures
that are capable of influencing the particle
morphology, the band structure of CuSCN [22, 23].
The following research by P. Pattanasattayavong et
al. [24] insisted that further improvements can be
made on CuSCN by performing an effective p-type
doping method to have a broader band gap hole-
transporting semiconductor with many promising
electronic characteristics. Conclusively, despite
optimizing the hole-transport characteristics of
CuSCN theoretically, other factors have a positive
influence on its band structure, intrinsic and
electronic and optical properties.

Various deposition techniques have been
employed in depositing CuSCN as HTL, such as spin
coating, screen printing, spray coating, doctor
blading and electrodeposition which contribute well
for commercialization purpose [21, 22]. Lv et al. [27]
experimented on fully air-processed PSC stability
using CuSCN as HTL and conquered PCE of 10.01%.
The fabrication of CuSCN-based PSC via spin-
coating technique by Arora et al. [28] achieved
20.4% of PCE. Similarly, Jung ef al. and Yaacobi-
Gross et al. [16, 29] also implemented the spin-
coating technique to deposit the CuSCN layer and
achieved 10.3% and 6.5% of PCE, respectively. By
performing a simple spray deposition technique, a
highly uniform and crystallized CuSCN layer with a
thickness of ~50 nm is produced with a PCE of 17%.

The effect of thermal annealing of CuSCN on
photovoltaic performance is crucial as it is linked to
charge carrier mobility [30, 31]. F. Matebese et al.
[32] proved that annealing has a significant impact on
solar cell efficiency as his research outcome
exhibited different photovoltaic performances for
different annealing temperatures. Jung et al. [29]
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reported the PCEmax can be further increased to 16%
after thermal annealed at 100 °C. Conversely, thermal
annealing beyond 100 °C weakens the device's
performance. However, A. Nizamuddin et al. [33]
concluded based on his SEM images observation that
CuSCN particles started to dissolve when annealed at
90 °C and beyond. Therefore, optimization of
annealing temperature is vital to achieving good
photovoltaic efficiency as it enhances CuSCN’s
charge carrier mobility.

Several comparative studies among HTLs have
proved that device performance and long-term
stability are strongly dependent on the hole-
transporting material. According to Tiep et al. [7]
some factors diminish the devices' stability, such as
temperature, UV radiation, and structural changes
during the working operation. Based on a study by
Yaacobi-Gross ef al. [16], he concluded that CuSCN
exhibited a bulk heterojunction cell with both
polymer and small molecule as an active layer
material system efficiently, thereby elevated the Jsc
while maintaining high Voc and FF, increasing the
CuSCN-based solar cell’s PCEmax to = 6.5%.
Likewise, the research outcome by Yaacobi-Gross et
al. is much supported by Kim et al. [34] in his
investigation as he concluded that CuSCN has the
potential to substitute PEDOT: PSS due to its high
optical transparency, high hole mobility, better
exciton blocking ability, and good chemical stability,
thus provides good hole conductivity. Besides,
Chaudhary et al. [6] emphasized applying eco-
friendly and inexpensive solvent for solution-
processable deposition of CuSCN as an efficient HTL
with PCE achieved up to 4.2%. To sum up, CuSCN-
based solar cells shows better long-term
environmental and thermal stability in ambient
conditions than other HTL-based PSC [7, 35, 36].

In this study, the research aims to innovate a
simple low-cost fabrication method of CuSCN as
HTL with optimized annealing condition at a low
temperature (<150 °C) without the use of additional
additives or conventional solvent like acetonitrile.

2. Methodology

2.1 Deposition of CuSCN

As for the preparation of the substrate, ITO glass
is soaked in an ethanol-filled beaker, CuSCN
solution. Then, the CuSCN solution again put in the
ultrasonic bath at 70 °C until the desired solution is
formed.

The following step covered with aluminium foil
and put in an ultrasonic cleaner at 70 °C for 10 min
to eliminate unwanted contamination of the substrate.
Then, the substrate is dried on a hot plate at 100 °C
for 10 min. Then, the 3 ml of ethanol is added to 200
mg of CuSCN powder. Once covering the beaker
tightly with aluminium foil, the mixed CuSCN
solution is immersed in the ultrasonic bath at 70 °C
for 10 min, to dilute the solution. After 20 h, three
drops of monoethanolamine (MEA) is added to the is
to deposit the CuSCN solution onto the ITO glass by
performing a two-step spin-coating technique. The
CuSCN solution is dripped onto the ITO glass
substrate for each sample until 75% of its covers.
Then, the sample is spin-coated twice with a two-step
process. The first spin-coating is used to produce a
uniformly planar surface, while the latter step is to
deposit desired thin layer on ITO glass. The first two-
step process involved with spins is different in speed,
namely 500 rpm for 5 s, and 800 rpm for 30 s. Next,
the second two-step process is spun at 500 rpm for 5
s, 2800 rpm for 30 s. Finally, the annealing
temperature for each CuSCN sample is varied from
80 °C to 120 °C, thereby the process is carried out on
a hot plate for 70 min.

2.2 Characterization

Zeiss EVO 18, Scanning electron microscopy
(SEM) is used to characterize the layer surface
morphology features and particle growth density.
Besides, the PANalytical X’Pert Pro X-ray
diffraction (XRD) is used to identify the deposited
layers’ crystal structure. Shimadzu UV-1800/Visible
Scanning  Spectrophotometer  has  performed

871



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

O. V. Aliyaselvam et al., Vol.11, No.2, June, 2021

ultraviolet-visible spectroscopy to demonstrate
absorbance, transmittance, and bandgap of the
CuSCN layer.

3. Results, Analysis and Discussion

3.1 Structural performance of CuSCN

The SEM images of CuSCN samples annealed at
different temperatures are shown in Figure 1. The
images are magnified at ~100 times magnification for
crystal structure identification of CuSCN annealed on
ITO glass. As shown in Figure 1 (a), the CuSCN
sample structure annealed at 80 °C is not
mesoporous. Hence, it appeared less dense. Despite
being less dense, the CuSCN sample annealed at 90
°C has observed that the solvent mixed in the
deposited solution is not fully evaporated during the
annealing process, as shown in Figure 1 (b).
Meanwhile, high density of the crystalline growth in
all three CuSCN samples annealed at 100 °C, 110 °C,
and 120 °C, are demonstrated in Figure 1 (c), (d), and
(e), respectively.

Fig. 1. SEM images; top view of CuSCN annealed at
different temperatures at ~100 times magnification, a) 80 °C,
(b) 90 °C, (c) 100 °C, (d) 110 °C, and (e) 120 °C

The particles of CuSCN annealed at 100 °C at
2000 times magnification in Figure 2 clearly shows
that demonstrates high density and uniformity in
grain growth with an average grain diameter of 5.32
um. Nevertheless, CuSCN grains annealed at 120 °C
observed to have the worst outcome with destructed
grain structures. Although the particles' uniformity
demonstrates high mesoporous, the grain appeared
broken, as shown in Figure 3. This can be interpreted
as the CuSCN particles enact melting behaviour
during the annealing process at 120 °C due to high
temperature [21]. Similarly, Jung et al. [27] also
reported that thermal annealing beyond 100 °C
degrades the photovoltaic properties of the cell due to
changes in the charge carrier mobility of CuSCN.
Inevitably, the particles travel quickly in all
directions but collide more often in a solid state than
in a liquid due to shorter distances between particles.
Therefore, a proper annealing condition can mitigate
the internal crystalline structure imperfections while
improving the charge carrier transportation, yet with
an increase in temperature, the particles travel faster
as they accumulate kinetic energy, resulting in
increased collision rates [29, 37].

Fig. 1. SEM image; top view of CuSCN annealed at 100 °C at
2000 times magnification
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Fig. 3. SEM image; top view of CuSCN annealed at 120 °C at
3000 times magnification

XRD pattern in Figure 4, is used to examine the
crystalline structure and the presence of CuSCN
material on its substrate. The diffraction peaks of
CuSCN can be classified into two different
formations of phase, which are orthorhombic and
rhombohedral phase or call it as a-CuSCN and B-
CuSCN. The CuSCN layer which annealed at 100 °C
has distinct, and strong peaks observed at 13.1°,
15.8°, 25.9°, 27.1°, and 27.6° which corresponds to
the (120), (200), (221), (311), and (321) planes of
orthorhombic a-CuSCN phase, matched with single
standard JCPDS data (00-029-0582). Moreover, the
intense diffraction peaks at 31.9°, 35.0°, 45.4°, and
46.8° are corresponding to (113), (021), (208), and
(211) planes of the rhombohedral B-CuSCN phase as
referred to standard JCPDS data (00-029-0581).
CuSCN is a semiconductor material that possesses a
wide bandgap and thereby assumed to have few
native defects in the gap, especially in B-CuSCN as it
has the lowest band transition [22, 38]. Therefore,
the sharp peaks of a-CuSCN, defines that there is a
substantial amount of intrinsic defects.

3.2 Optical performance of CuSCN

The optical performance of CuSCN is analyzed
by demonstrating UV-Vis of the deposited CuSCN
layers annealed at different temperatures, ranging
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Fig. 4. XRD pattern of deposited CuSCN layer

between 80 °C to 120 °C. The wavelength for both
absorbance and transmittance is taken at the range
electromagnetic spectrum. Figure 5 presents the
absorption of each layer where the amount of incident
light energy reflected and absorbed at each deposited
layer at various wavelengths. All the CuSCN samples
attained their highest absorbance level when the
wavelength is at 339.5 nm.

Conversely, the plotted transmittance curve of
CuSCN samples at different annealing temperatures
in Figure 6 shows that all the CuSCN samples have a
distinctly higher level of transmittance from 85% to
91%, with a peak of 339.5 nm. As an outcome, the
deposited CuSCN layers’ transmittance plot dropped
drastically in the range of 34% to 45%, and it
occurred may be due to an increase of scattered light
at the particle growth density. This is because the
thickness and uniformity of a CuSCN layer dominate
the light scattering effects, and further interferes with
the inter-planar spacing between the atoms and
stacking faults [39—41]. Indeed, when the absorbance
is high, the transmittance is low since these two
fundamentally contradict each other. Hence, CuSCN
as HTL is capable of optic and photovoltaic
applications due to high transparency and direct
absorption measurements.
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By having an absorption and transmission curve,
optical bandgap energy can be ascertained. The
theory of optical absorption interrelates the
absorption coefficient and the photon energy, for
direct allowed transition as Equation (1) below.

ahv = A(hv — Eg)% (1)

The plot of the absorption coefficient (ahv?)
against the photon energy (hv) for CuSCN films
annealed at a different temperature is showed in
Figure 7, where o defined as the absorption
coefficient, 4 is Planck’s constant of 1240 eV-nm,
while v and Eg is the light frequency and bandgap,
respectively. According to semiconductor physics, n
has a value of 2 for direct bandgap semiconductors.
Moreover, the absorption coefficient () is obtained
by having the absorbance value over the deposited
film's thickness, 50 nm.

In this study, ahv? against hv provides good
linearity, and henceforth all the CuSCN have a direct
band transition shown in Figure 7. CuSCN films
deposited and characterized via different techniques
result in energies ranging from 3.6 eV to 3.94 eV, as
often cited in research work [42, 43]. However,
CuSCN annealed at 90 °C deposited via spin-coating
technique attained the highest bandgap energy, which
is 2.53 eV, yet much smaller than the reported
bandgap. Likewise, Ezealigo et al. [44] documented
a similar range of bandgap values in their research. In
this context, the decrease in the bandgap of CuSCN
layers may be due to the deposition technique or
condition that causes improvement in the films’
crystalline quality and the increase of particle size as
the temperature increases [45, 46].

3.3 Electrical performance of CuSCN

I-V characteristics are performed for each CuSCN
sample for electrical characterization. Current is
measured by varying bias voltages ranging from 0.5
V to 5 V as the power supply supplied the voltage,
while the ITO coated glass, CuSCN substrates, and

the measurement setup is connected serially. The
current is then determined by connecting the
measurement setup in series to a negative probe of
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Fig. 5. Absorbance curve of CuSCN samples annealed at
different temperatures, ranges between 80 °C to 120 °C
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Fig. 6. Transmittance curve of CuSCN samples annealed at
different temperature, ranges between 80 °C to 120 °C
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Fig. 7. Bandgap curve of CuSCN samples annealed at different
temperatures, ranges between 80 °C to 120 °C
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power supply, and another probe is connected to the
substrate. At the same time, the positive probe of the
power supply is connected to the substrate.

The measured current is increased with the
increase in the applied voltage, whereby each line is
directly proportional as illustrated in Figure 8. As
charted in Figure 9, the conductivity against each
annealing temperature of CuSCN samples is plotted
by obtaining the gradient from the graph in Figure 8.
Moreover, the CuSCN substrate annealed at 100 °C
showed the highest and outstanding conductivity of
77.3 S/m in the conductivity versus temperature
graph. Besides, the substrate annealed at 90 °C is the
second high of conductivity, then followed by other
temperatures in a sequence of 80 °C and 120 °C.
Surprisingly, samples annealed at 100 °C and 110 °C
have shown the same gradient value and, thus,
conductivity. Essentially, the conductivity of a
material is greatly dependent on applied voltages,
whereas grain boundaries in nanocrystalline
materials often have a direct impact on the flow of
electronic current [47, 48]. Conclusively, the CuSCN
sample is suggested to anneal at 100 °C as it offers
the best electrical efficiency compared to other
samples.
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Fig. 8. I-V characteristics for CuSCN samples annealed at
different temperatures, ranges from 80 °C to 120 °C
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Fig. 9. Conductivity of CuSCN layers at different annealing
temperatures

The CuSCN films deposited through several
conventional methods are tabulated in Table 1.
Method 1 demonstrates electrodeposition of CuSCN
films through new (TEA, N(CH2CH20H)3)-
chelated aqueous electrolytes with weak basic, while
propyl sulfide and fused quartz are used as solvent
and substrate, respectively for spin-coating in
Method 2. Additionally, Method 3 comprises SILAR
cycle with various chemicals used for CuSCN
deposition, such as copper sulphate pentahydrate
(CuSO4-5H,0), sodium thiosulphate
(Na2S203-5H20), sodium thiocyanate (NaSCN),
sodium sulphate (Na;SOs4), and sodium thiosulphate
(NazS,03).

Conversely, the resulting parameters for each
method in Table 1 have shown parallel results as
conducted in this research by creating a simple
method with unprecedented solvent, namely
monoethanolamine (MEA), thus minimizing the
fabrication cost. Inevitably, it is shown clearly that
the trailblazing in this work has demonstrated
sufficient properties of CuSCN to act as solid-state
HTL in solar cell applications, with a minimal-costed
fabrication.
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Table 1. Comparison table of CuSCN layers using different

methods.
Bandgap  Absorbance  Transmittance
Method
@ (nm) %)
1 3.88 320 >87
2 3.90 290 >70
3 2.85 350 NA
Our work 2.35 339.5 >91
Conclusion

HTL as light-absorbing material in solar cell
applications, such as PSC and SSDSSC can influence
the performance of the cell in term of stability and
reliability.  Therefore, CuSCN as  p-type
semiconducting HTL is introduced to replace the
conventional HTL, namely spiro-OMeTAD and
PEDOT:PSS. Besides, CuSCN is successfully
deposited on the ITO substrate by performing a two-
step spin-coating technique. The speed and duration
of spinning are fixed when performing a two-step
process. The first spin-coating is used to produce a
uniform coating surface, while the second spin-
coating is used to produce a thin layer of HTL on ITO
glass. Then, the annealing temperature of CuSCN is
optimized in the range of 80 °C to 120 °C based on
the analysis of structural, optical and electrical
characteristics. The structural characteristics are
determined by scanning electron microscopy (SEM),
and X-ray diffraction (XRD). Meanwhile, the
electrical and optical characteristic is measured by I-
V characteristics and UV-Vis, respectively. The SEM
images of CuSCN at 100 °C showed high dense and
particle growth compared with other annealing
temperatures. From the [-V characteristics, the
CuSCN layer annealed at 100 °C resulted in 77.30
S/m of conductivity. Despite the lack of additives,
dopants and high-end solvents, the fabricated CuSCN
as HTL has showed promising features to be as HTL
under optimized annealing conditions, while
minimizing the fabrication costs. In conclusion, the

best annealing temperature for CuSCN to perform as
HTL in this work is 100 °C.
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