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Abstract

The perovskite exhibited outstanding performance and was a promising alternative material for a low-
cost, high power conversion efficiency (PCE) solar cell application. To avoid the high-cost organic
materials as electron transport layers (ETL) and hole transport layers (HTL) in perovskite solar cells (PSCs),
here introduce the inorganic semiconductor nanomaterials ZnS and CuS work as an ETL and HTL,
respectively. In this work, we selected chalcogenides such as zinc sulfide (ZnS) and copper sulfide (CuS)
as the 2-electron and hole transport layers and utilized them for perovskite solar cell application. For the
proposed cell structure FTO/ZnS/perovskite (CH3NH3Pbl3)/CuS/Ag, the deposition of layers has been
achieved via different techniques such as thermal evaporation, spin coating and doctor blade, respectively.
X-ray diffraction and Field effect scanning electron microscopy (FESEM) with Energy-dispersive X-ray
spectroscopy were used to characterize the structural and morphological properties of the prepared samples.
UV-Visible spectrophotometer and current density-voltage curve were used to measure the optical and
electrical parameters of the deposited layers, respectively. From the J-V characteristics, for the proposed
and fabricated PSCs, the estimated PCE is about 0.28 %, open-circuit voltage (Voc) = 0.29 V, and short-
circuit current density (Jsc) = 3.96 mA/cm?. The results are good and the inorganic nanomaterial layers
used in this study are promising for future studies.

Keywords: Spin-coating, Vacuum thermal evaporation, Perovskite, Thin film solar cell, Semiconductor,
Nanomaterials, I-V

Introduction

Solar cells are considered the cleanest way to produce electricity from the natural source which is the
sun. As this device does not cause any emission of polluting gases to the environment. Currently, crystalline
silicon-based photovoltaic cells dominate the commercial market despite their high costs. The issue of solar
cells has grown in popularity a source of interest for researchers in the advancement of photovoltaic cells
with the lowest cost, high stability and high efficiency. For this purpose, and since the initial presentation
of solar cells containing metal halide perovskite [1], researchers have been interested in this type of PSCs.
These cells showed outstanding performance and a promising alternative and low-cost photovoltaic cells
[2,3], with additional layers of charge transfer as catalysts which is important in improving their efficiency
[4], and resulted in certified PCE of more than 23 % [5]. In particular, the search for charge transfer
materials for electrons and holes has become critical in enhancing the performance of perovskite solar cells.
For example, common hole transfer materials (HTMs) are generally limited to octakis (4-methoxyphenyl)-
9,9'-spirospirobi [9H-fluorine]-2,2',7,7'- tetramine (spiro-OMeTAD) [6], polymers [7,8], and a limited
number of conjugated molecules [9-11]. Whereby it showed limited stability and a high cost of materials
[12-14]. Because of its low mobility, organic HTM usually requires the incorporation of additional activated
materials, cobalt or lithium salts, to develop the properties of the responsible carrier, however it degrades
the photoactive material [15]. To attain high levels of commercialization for perovskite cells in the future
the search for stable, efficient and lower-cost HTM has become vitally important. In this context, inorganic
HTM represents a good alternative due to its high conductivity, hole mobility, low cost, and its thermal and
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chemical stability such as Cu,O [16], NiO [17], and CuSCN [18], which properly require processing at high
temperatures. However, at lower temperatures, it is applied with Spiro-OMeTAD [19,20]. Thus, a limited
number of reports used inorganic materials such as HTM. In addition, treatment is carried out in polar
solvents for these materials, which leads to the destruction of the perovskite layer easily. This leads to a
limitation of its application due to the formation of the n-i-p device. In this respect, Sulfide derivatives are
an interesting class because of their optical and electronic properties, conductivity, high p-type charge
transferability and chemical stability [21,22], CuS has been effectively used in various optoelectronic
applications due to its electrical characteristics, including adjusting the work function of ITO [23], and
passivating the HTM/metal interface by CuS sublimation [19]. Furthermore, CuS acts as an inorganic
moisture barrier [19], potentially preventing perovskite compounds from deteriorating. Despite these
advantages, CuS has yet to be employed as the only inorganic HTM, owing to a paucity of perovskite-
compatible elemental solutions [24]. On the other hand, to obtain better, low cost and more stable
performance in the work of perovskite solar cells, the researchers are interested in studying the nature of
the electron transfer materials, which act as an electron transfer layer (ETL) in perovskite, such as TiO»,
ZnO and PCBM [25].

Although TiO> has achieved good results and is the most commonly used and research is continuing
to develop and enhance this area to achieve better performance in improving a PCE-enhancement pathway
for perovskite solar cells [26,27]. In this context, ZnS is a chalcogen semiconductor belonging to the II-VI
family of semiconductors [28], and has received increasing interest because of its numerous uses in
electroluminescent devices [29], ultraviolet emitting diodes [30], and cathode layers and insulating layers
in solar. It has a wide-bandgap range of 3.5 - 3.8 V at room temperature [31,32]. On the other hand, zinc-
based materials were studied as the electron transfer layer for low-temperature devices, in PSCs devices
and became a possible material for a variety of applications because of their high transparency and high
mobility of electrons. Therefore, ZnS and CuS were introduced into the PSCs [33,35]. The purpose of this
research work is to present the obtained PSCs results using thin layers of inorganic materials ZnS and CuS.
Where ZnS work as ETL and CuS works as HTL in PSCs. The individual semiconductor layers were
fabricated via a simple chemical bath deposition technique at low temperatures. Structural, optical,
morphological and electrical studies of the prepared sample are carried out via X-ray diffraction (XRD),
UV-Visible spectroscopy, Field-Effect Scanning Electron Microscope (FESEM) and Energy Dispersive X-
ray Analysis (EDAX) and I-V characteristics, respectively.

Materials and methods

Zinc sulfide powder (CAS NO.1314-98-3) from Reg-LABOGENS(India), Fluorine-doped tin oxide
(FTO), size 50%x50x1.1 mm? from Shilpa Enterprises-India, Lead Todide (99.99 %) trace metals basis (CAS
10101-63-0), Methylamine Hydroiodide (Low water content) (CAS 14965-49-2.)  TCl-Japan,
Triethanolamine 99 % LOBA CHEMIE-India, Cupric sulfate M.W 159.12 gm/mol from Fisher scientific-
India, ammonia solution (NH3 25 %) from Molychem-India, N-methyl-2-pyrrolidone, poly (vinylidene
fluoride) from Alfa Aesar-USA and N, N-dimethylformamide (DMF) from SDFCL -India were purchased.
One of the most important aspects in the deposition of the homogeneous and uniform thin film is the
cleaning of the substrate to get better adhesion and promising results. In this report, Fluorine-doped tin
oxide (FTO) substrates are cleaned and washed with deionized water. After that, FTO substrates were
immersed in acetone for 10 min, then washed with deionized water several times, then, the substrates were
placed inside an ultrasonic bath for 15 min, and finally dried at room temperature.

ZnS layer has been deposited by vacuum thermal evaporation at the JEOL JEE-4C vacuum evaporator
with the function of electron transport layer for perovskite solar cell. At the temperature of the FTO glass
substrate Tsu, = 300 K, the evaporation mass was about 20 mg of ZnS powders and the Vacuum pressure
was approximately 72x107* torr. The electric current through the evaporator was about 50 A with a time
deposition of 20 min. After the deposition process was completed, the device was gradually turned off for
some time, taking into consideration the conditions of thermal equilibrium and pressure inside the device.
The sample was good and homogeneous as well.

To prepare perovskite CH3NH3Pbl3 462 mg of Pbl, were mixed with 158 mg CH3NHsl and then
dissolved in 1 mL DMF. The solution was stirred at 70 °C for 1 h to obtain a well-mixed solution. To
prepare copper sulfide CuS nanoparticles (NPs), we used chemical bath deposition by using (0.01 M) cupric
sulfate (CuSOs) dissolving in 25 mL distilled water stirred for 30 min, (0.03 M) thiourea dissolving in 25
mL distilled water that stirred for few minutes. Drops of ammonia (4 mL) were added to the solution of
copper sulfide drop by drop to get a clear and homogeneous solution, after that triethylamine(NsHesC) was
added to the solution as a complex agent. The solution that was produced by mixing thiourea with the
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copper sulfate was placed in a bath at a temperature (of 40 - 50 °C) for 45 min. After the reaction is
completed, the solution is filtered by using filter paper to get the desired powder, which is dried at room
temperature. Then, calcined in an oven at 150 °C for 2 h and finally, the CuS powder is crushed and used
for further characterization.

The 1x1 cm? of the FTO/ZnS thin film was prepared by vacuum thermal evaporation and placed on
a spin-coating machine, then 30 drops of CH;NH;Pbl; solution were added and spin-coated on a 1 cm?
FTO/ZnS substrate under 2,000 rpm for 45 s. The films were heated by a hot plate at 100 °C for 20 min.
The color of the film changed from yellow into dark brown by heating, after that it cooled at room
temperature. For the deposited CuS layer on the perovskite layer by doctor blade method, we take (0.28 gm
(95 %wt.) of the prepared powder of CuS NPs by CBD method), which was dissolved in (5 %wt poly
(vinylidene fluoride) with few drops of N-Methyl-2-pyrrolidone (NMP) then stirred for 6 h to obtain a good
and homogeneous solution, after that a small amount of this solution i.e., CuS layer is deposited on the
perovskite layer by using doctor blade quickly. The samples were annealed in the oven at 100 °C for 1 h,
after that it cools to room temperature. These samples are kept in a tight box and it is ready to study their
characterization, the detailed method is presented in Figures 1 and 2 shows the diagram of the proposed
perovskite cell structure, band edge diagram and perovskite thin films after and before annealing [37].

The thickness of thin films was used most common method for measuring the thickness of the film
and measuring the mass of the substrate before deposition and after, and calculating the mass difference, as
well as in terms of the density of the material and the area of the film, through the following equation;

Am
t=p*A, Am =m; —m, €8

where Am is a mass difference of the substrate, m; mass of substrate before deposition, and m, mass after
deposition. t is film thickness A is the respective area of the deposited film and p is the bulk density of the
deposited material.

Here p is 4.09 gm/cm?® for ZnS, p is 4.2864 gm/cm? for CH;NH;PbI;, and p is 4.76 gm/cm® for CuS.
Therefore the thicknesses of the films were approximated 50, 200 and 150 nm for ZnS, CH3NH3Pblz and
CusS, respectively.

CH,NH,PbI,

Substrate holder

&

Vacuum chamber

" él FTO/ZnS/Perovskite

Spin coating method ) % /
F B ) I ? ‘

ZnS preparation by Depositing the solution  Evaporation of the solvent After heating
thermal evaporation

Vaporized ZnS

Power supply ]

Micropipette

¥

=

CuS layer deposition by FTO/ZnS/CH,NH,PbL,/CuS
doctor blade method

Doctor blade method

Cus$ solution

Figure 1 Pictorial diagram of the perovskite device fabrication.
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Figure 2 (a) device structure FTO/ ZnS/CH3NH;3Pbl3/CuS/Ag solar cells, (b) band-edge diagram of the
proposed cell structure, (c) and (d) images of perovskite films before & after annealing.

Results and discussion

The method of transforming solar energy into electrical energy occurs in phases at the cell level.
When the photons with energies greater than the width of the bandgap are absorbed and produce excited
electrons, which are then separated from the perovskite layer, after which the excitons diffuse to the regions
where charge dissociation or separation of electrons and holes occurs, and the resulting charges are
transported to the electrodes [37].

X-ray diffraction patterns

X-ray diffraction is a distinctive feature of the material that contributes to determining the structure,
shape, size and direction of the unit cell, as well as detecting crystal defects. Figure 3 depicts the XRD
pattern of the (FTO/ZnS/Perovskite/CuS) layers. Figure 3(a) (black) represents the X-ray pattern of the
CusS thin film deposited by doctor baled method on the FTO substrate and shows the significant peaks at
29.5, 56.01 and 66.04 ° which correspond to (102), (001) and (206), respectively and show hexagonal phase
that excellently agreed with (JCPDS File No. 850-620). The XRD patterns of FTO/ZnS thin films are shown
in Figure 3(b) (blue). The X-ray diffraction pattern for the ZnS layer shows a hexagonal phase and the
diffraction peaks at 28.6, 47.52, 56.46, 66.46 and 76.17 ° which corresponds to (008), (110), (118), (101)
and (212), respectively and perfectly matched with (PDF# 720-63).

The XRD pattern of FTO/ZnS/Perovskite/CuS thin film is shown in Figure 3(c) (red) fabricated by
spin-coating for 1:1 M from Pbl,:MAI, the XRD pattern for the CH;NH3Pbl; shows the strong and main
diffraction peaks at 20.02, 24.50, 31.80, 34.93, 40.54, 43.08, 50.16 and 60.58 ° which correspond to (200),
(202), (141), (240), (224), (060), (440) and (404) reflections and they indicate the presence of CH3;NH3Pbl3
NPs that agreed with (JCPDS# 07-0235 and 10-0737) [38-41]. The detailed calculations of lattice
parameters of FTO/ZnS/Perovskite/CuS thin film are shown in Table 1.

Table 1 Lattice parameters of FTO/ZnS/Perovskite/CuS thin film.

Miller

Sr. No. 20 (degree) B (degree) D (nm) dA) indices
(hkl)

Perovskite

1 20.02 0.12631 66.76530 4.434989 (200)
2 24.50 0.14236 59.68911 3.633229 (202)
3 31.80 0.18471 46.74661 2.813886 (141)
4 34.93 0.17827 48.83057 2.568579 (240)
5 40.54 0.21328 41.50396 2225147 (224)
6 43.08 0.21502 41.51317 2.099656 (060)
7 50.16 0.22528 40.69675 1.818637 (440)
8 60.58 0.25732 37.37233 1.528401 (404)
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Miller
Sr. No. 20 (degree) B (degree) D (nm) dA) indices
(hkl)
Average (D) 47.88973
ZnS
9 28.60 0.22947 37.32846 3.121025 (008)
10 47.52 0.35348 25.64083 1.913323 (110)
11 56.47 0.44255 21.29783 1.629482 (118)
12 65.90 0.1002 98.53035 1.417320 (101)
13 67.17 0.1899 52.48902 1.393577 (212)
Average (D) 47.05730
CuS
14 29.50 0.22528 38.10856 3.027824 (102)
15 56.01 0.44255 21.25180 1.641768 (001)
16 66.04 0.07515 131.8955 1.414654 (206)
Average (D) 63.75194

The widths of the matching X-ray pattern peaks were used to calculate the crystallite size. X-ray
diffraction analysis was used to investigate the phase composition and structure of the film. The X-ray
diffraction pattern of the FTO slice is shown in the all figures with a black dashed line and displayed the
highest reflection peak were 26.5, 33.6, 37.7 51.7 and 61.9 ° which corresponds to (110), (101), (200),
(211) and (310) which matched with (JCPDS# 00-046-1088) [42,43].

—-FTO

*102)

FTO

FTO

# ZnS

FTO * CuS

*(206)

$ Perovskite

Intensity (a.u.)

40
20 Degree
Figure 3 XRD pattern of a) FTO/Cus, b) FTO/ZnS and c¢) FTO/ZnS/perovskite/CusS.

Morphological and elementary details

Field-Effect Scanning Electron Microscope (FESEM) and Energy Dispersive X-ray Analysis
(EDAX) were utilized for the morphological images and the percentage of the constituents of the deposited
layers as depicted in Figure 4. From Figure 4(a) we notice that the zinc sulphide (ZnS) NPs are regular
and homogeneous aligned along the surface area of the substrate. Where the particles appeared spherically
agglutinated with rose-like crystallization and the particle size is somewhat similar in diameter. The results
of the elementary percentage examination in EDAX spectra confirmed the existence of the Zinc and Sulfur
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elements indicating the formation of the zinc sulphide NPs layer [44], as shown in Figure 4a. Similarly, it
is obvious from Figure 4(b), the surface morphology of the CH3;NH3Pbl; layer that was deposited by the
spin coating approach appears entangled with each other as a well-adjusted and symmetrical fibrous
network. This fibrous crosslinking enhances the presence of lead iodide particles which is in good
agreement with the previous study [45]. On the other hand, in the results of the EDAX analysis, the elements
appeared in the form of the perovskite material CH;NH3Pbls constituents, which verified the presence of
that substance in the device composition which is represented in Figure 4(b). Finally, the CuS morphology
with aggregated sphere-like structure tends to be self-assembled generating hexagonal nano-plates, as seen
in the FESEM image (Figure 4(c)). However, the end-to-end growth and development of hexagonal nano-
plates with inherently anisotropic CuS structure were hindered by the low reaction temperature and short
reaction time [46]. The spectra of EDAX displayed the presence of Copper and Sulfur elements as the
components of CuS as shown in Figure 4(c). The EDAX spectra and the Table of the percentage of all
elements of the ZnS/CH3NH3PblI3/CuS device are presented in Figure 4(d) and confirmed the existence of
components indicating the successful fabrication.

(d) El Series Weight% Atomic%

Totals 100.00 100.00

S K-series  47.62 47.43

Pb M-series 18.48 2.85

N K-series 12.55 28.61

Zn K-series 9.36 457

1 L-series 6.38 1.61

C  K-series 5.61 14.93
i » Total: 100.00 100.00
iem = 1 = n
. 1 ‘ El Series  Weight%  Atomic%
R J 3 S Keseries 3485 51.46
i | Cu K-series  65.15 48.54
31 0 el Bre o= Emmm

Figure 4 FESEM images with EDAX spectra for (a) ZnS Layer, (b) Perovskite (CH3;NH3Pbls) Layer, (c)
CuS Layer and (d) EDAX spectra of all elements of the ZnS/CH3NH3Pbl3/CuS device.
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Optical studies

The optical density and bandgap energy of fabricated perovskite solar cell devices are shown in
Figure 5. The absorption spectra and bandgap energy of ZnS thin-film embedded with the estimated energy
band gaps plot are represented in Figure 5(a). The absorption spectra showed a substantial increase in the
visible light at 335 corresponding to the bandgap values are 3.72 eV as calculated using Tauc’s equation
[47];

_ ag(hv—Eg)"
a=—— 2)

where oy is the absorption coefficient, h is Plank’s constant (h = 6.626x1073* m? kg/s), v is the frequency
of the incident light and E, is the bandgap energy and n is the exponent which has the value of 1/2 and 2
for the direct and indirect transition, respectively. The CH3NH.Pbl; Perovskite absorption spectrum
displayed a remarkable absorption in the visible light region onset in wavelength around ~760 nm, with
redshift and the calculated bandgap energy found to be 1.6 eV as shown in Figure 5(b) and matched with
results reported elsewhere [48].

The optical study of the prepared CuS using the doctor blade route is also carried out using a photo-
spectrophotometer and the characteristic absorbance wavelength launched at around ~570 nm which
directly matched with 2.2 eV bandgap energy value as shown in Figure 5(c) and excellently agreed with
the results reported by [46]. Moreover, the CH3NH,PbI3 Perovskite has a noticeable absorption peak and a
significantly reduced bandgap, making it an efficient device for absorbing visible light and effectively
substituting its rich carrier charges to the ZnS and CuS layers when they are exposed to visible light [49].

3 Eg =3.72eV
0.35

(ahv)? x10'5(eV/em)?

-
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Figure 5 Optical absorption spectrum with inset of bandgap energy of (a) ZnS, (b) perovskite and (c) CuS.

I-V characteristics

The electrical properties of the fabricated device “FTO/ZnS/Perovskite (CH3NH;3Pbl3)/CuS /Ag”
were studied from the current density-voltage (J-V) curves using the Keithley 2400 I-V source meter
interfaced with Class AAA Solar Simulator under dark and under light illumination conditions.

The power conversion efficiency (1) of the solar cells can be calculated using the following equation
[47,50];

N = £ % 100 3)

m
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where (Jsc) is short-circuited current, (Voc) open-circuit voltage, (FF) fill factor, and Pi, is the power density
of incident light. It is obvious from Figure 6 that after exposing the device to the light through the optical
window, the light-activated the perovskite layer and interact with the photons and the charge carriers i.e.,
electrons and holes biased, where the electrons transported toward ZnS and the holes transported toward
CusS. From this principle of working, we got the power conversion efficiency (PCE) which equals 0.28 %
and all the calculated parameters are presented in Table 2. The acquired efficiency is very small due to the
nature of perovskite which is affected by humidity, contamination in growth and environmental factors
causing the reduction in its efficiency. This will be improved by post-deposition annealing in the different
ambiances, but solar cells present here more stability concerning characterizations.

10 ~|=——Zn S/perovskite/CuS (Dark)
== ZnS/perovskite/CuS (Light)

o
L
T 47
=
.
VOC
1 T 1 A 1 5 ) — T T o 1 ¥ 1 y 1
1.0 ereel-8=——-U0 -04 -0.2 o 0 04 06 0.8 1.(
il Vv

sC

-101
Figure 6 Current density-voltage curve of FTO/ZnS/Perovskite (CH;NH;3Pbl3)/CuS/Ag device.

Table 2 The calculated solar cell parameters for the fabricated FTO/ZnS/Perovskite/CuS/Ag device under
exposure to illumination.

. Power
Plenl:t‘;l.:;e Device structure Voe (V) Jse(mA/cm?) FF input l:o(/ll)i
(MW/cm?) °
CH;3;NH3Pbls  FTO/ZnS/CH3NH3Pbl;/CuS  0.29 3.96 0.25 100 0.28

Conclusions

The FTO/ZnS/Perovskite/CuS/Ag device has been successfully fabricated through thermal
evaporation, spin coating and doctor blade processes, respectively. The temperature of annealing is 100 °C.
The morphology and composition of the films are characterized via FESEM, XRD and I-V to confirm the
characteristic features. The structural and morphological characterization displayed ZnS particles in
spherically agglutinated with rose-like crystallization and the particle size is slightly analogous in diameter.
While the perovskite (CH;NH;Pbl3) layer appeared symmetrical fibrous network and entangled as a well-
adjusted. The CuS morphology with aggregated sphere-like structure tends to be self-assembled generating
hexagonal nano-plates. The measured band gap displayed 3.72, 1.6 and 2.2 eV for ZnS, perovskite and
CusS, respectively. The calculated power conversion efficiency (PCE) is around 0.28 %, the resulting value
was low but the used materials in this study are promising and developable in futuristic studies.
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