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Abstract

Chalcogenide perovskites are receiving considerable attention as a new type of semiconducting material for optoelectronic
applications. The current work is carried out on optimization studies for depositing SrZrS; perovskite thin films via chemical
bath deposition. The film properties were investigated as a function of molar concentration ratios (0.4-0.6 M), complexing
agent, pH (9-10), deposition time (14-20 h), and annealing temperature (300-500°C). The orthorhombic structure of the
deposited thin film was verified by x-ray diffraction (XRD) investigation. The Pnma space group was identified by XRD
investigations with lattice constants of 7.09 A, 9.77 A, and 6.78 A. The optical characteristics of the films were examined
using a UV-Vis spectrophotometer. Bandgap values in the range of 3.34-3.50 eV, and absorption coefficient 1.75x 10* cm™!
to 2.15x 10* cm™! were observed for the synthesized samples. It was found that 500°C for the annealing temperature and a
pH of 10 were the optimal values for the StZrS; thin film deposition parameters.

Keywords Chemical bath deposition - morphology - optical properties - strontium zirconium sulfide perovskite - thin films -
reaction mechanism - x-ray diffraction

Introduction

Crystalline silicon is currently dominating the photovolta-
ics (PV) industry due to its high efficiency.! A single-junc-
tion c-Si PV cell’s theoretical maximum power conversion
efficiency is roughly 29%, which can be increased to 43%
by stacking a second p—n junction.>™ The development

Areej Fatima and Tanzeela Fazal have equally contributed to this

work.
< Shahid Igbal 6 Chemistry and Chemical Engineering Guangdong
shahidigbal @hzu.edu.cn Laboratory, Shantou 515031, People’s Republic of China

>< Bushra Ismail
bushraismail @cuiatd.edu.pk

! Department of Chemistry, COMSATS University Islamabad
(CUI), Abbottabad Campus, Abbottabad 22010, Pakistan

Nottingham Ningbo China Beacons of Excellence Research
and Innovation Institute, University of Nottingham Ningbo
China, Ningbo 315100, People’s Republic of China

Department of Chemistry, Abbottabad University of Science
and Technology (AUST), Abbottabad, Pakistan

Department of Chemistry, Faculty of Science, Grand Asian
University Sialkot, Sialkot, Pakistan

Department of Physics, Women University of Swabi, Swabi,
Pakistan

Chemistry Department, Faculty of Science, King Khalid
University, P.O. Box 9004, 61413 Abha, Saudi Arabia

Biology Department, Faculty of Science, King Khalid
University, P.O. Box 9004, 61413 Abha, Saudi Arabia

Department of Chemistry, College of Science, Princess
Nourah bint Abdulrahman University, P.O. Box 84428,
11671 Riyadh, Saudi Arabia

Department of Pharmaceutical Sciences, College
of Pharmacy, AlMaarefa University, 13713 Riyadh,
Saudi Arabia

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-023-10825-9&domain=pdf
http://orcid.org/0000-0003-3866-3216

1552

A. Fatima et al.

of lead halide perovskite, an emerging material with an
efficiency of around 30%, has facilitated the construction
of more affordable solar cell absorbers.”® For mass man-
ufacturing, conventional perovskite presents two major
challenges. The first issue with lead halide perovskites is
their intrinsic chemical instability, and the second is that
lead is one of their hazardous constituents.”® To address

these issues, it has been shown that non-halide perovskites
with numerous constituents are an acceptable substitute. In
particular, chalcogen halides have received considerable
attention in this area because of their notable chemical
stability in the air up to 400°C, which has been shown
experimentally, and their optoelectronic properties with
absorption coefficient values of more than 105 cm™!.%!!

Tablel Composition of bath No
solutions for StZrS; perovskite '
thin film optimization.

Sample

Bath composition

Complexing agent pH Annealing
tempera-

ture

Sr precursor=0.40 M Sr(NO3), No 9 No

Zr precursor=0.60 M ZrOCl,.8H,0
S precursor=1.16 M CH;CSNH,
Solvent=20 ml H,O

Sr precursor=0.60 M Sr(NO3), No 9 No

Zr precursor=0.90 M ZrOCl,.8H,0
S precursor=>5.80 M CH;CSNH,
Solvent=20 ml H,O

Sr precursor=0.60 M Sr(NO3),

0.1MC,HN,Og 9 No

Zr precursor=0.90 M ZrOCl,.8H,0
S precursor=5.80 M CH;CSNH,
Solvent=20 ml H,O

Sr precursor=0.60 M Sr(NO3),

0.1MCHN,Oy 10 No

Zr precursor=0.90 M ZrOCl,.8H,0
S precursor=5.80 M CH;CSNH,
Solvent=20 ml H,O

Sr precursor=0.60 M Sr(NO3),

0.IMCH,N,0y 10 300°C

Zr precursor=0.90 M ZrOCl,.8H,0
S precursor=5.80 M CH;CSNH,
Solvent=20 ml H,O

Sr precursor =0.60 M Sr(NO3),

01MCHN,Op 10 500°C

Zr precursor=0.90 M ZrOCl,.8H,0
S precursor=5.80 M CH;CSNH,
Solvent=20 ml H,O

(b)

Sr(NO3), = Sr** + 2NO3”
Zr0Cl,.8H,0 = Zr0, + 2HCL + 7H,0
Zr0, + 2HCl = Zr** + H,0 + Cl,
CH;CSNH, = CH5CN + H,S
H,S = §%" + 2H*

Fig. 1 Deposition of SrZrS; perovskite by CBD (a) at the initial stage and (b) condensation ion-by-ion on substrate.
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Numerous chalcogenide perovskites, such as CaZrS;,
SrZrS;, SrTiS;, and BaZrS;, have been reported to have
a broad adjustable bandgap range of 1.73-2.87 eV.!?
Because of the excellent dielectric response and ferroe-
lectric polarization, strontium zirconium sulfide (SrZrS;)
is a notable and reasonably inexpensive perovskite mate-
rial. SrZrS; exists in different phases including cubic,
orthorhombic, rhombohedral and tetragonal, depending
upon the heat treatment. Because of the temperature-
dependent phase changes in crystal structure, perovskite
materials exhibit distinctive characteristics.!® However,
photovoltaic applications of chalcogenide perovskites are
restricted due to the lack of deposition of good-quality thin
films. To synthesize perovskite thin films, various scalable
deposition processes have recently been set up, such as
sol-gel method via dip/spin coating,'* spray coating,' vac-
uum thermal deposition,16 soft chemical process,17 doctor-
blading,'® molecular beam epitaxy,'® electrodeposition,’
pulsed laser deposition (PLD),?! slot-die coating,?>2?
sputtering®* and chemical bath deposition (CBD).?

CBD is one of the simplest chemical processes for thin
film deposition.?® In comparison to alternative deposition
techniques, CBD provides many benefits, including large
surface area coverage, affordability,27 reduced material
waste, simplicity of procedure?® and ease of manage-
ment.?* Molar ratios, solution pH, deposition duration,
annealing temperature, and the nature of solvents and pre-
cursors are a few variables that impact the thin film's struc-
ture and quality. In the chemical bath deposition technique,
thin film deposition is achieved via precipitation, which
involves controlled chemical reactions, and substrates are
dipped in solutions containing chalcogenide ion and metal
sources.’! For the fabrication of SrZrS; perovskite thin
films, a solution containing strontium nitrate, zirconium
oxychloride octahydrate, thioacetamide and ethylenedi-
aminetetraacetic acid (EDTA) can be employed. When
employing the CBD approach, EDTA mainly functions as
a complexing agent for the strontium and zirconium ions
in the reaction solution.

The CBD method is used in the current investigation to
deposit thin films of SrZrS;perovskite in order to optimize
the CBD technique for deposition of StZrS; perovskite for
commercial silicon solar cells. This paper will help under-
stand the effect of different key influential aspects, including
concentration of initial precursor solutions, stoichiometry,
and annealing temperature, which regulate the resultant opti-
cal properties including bandgap,*** absorption coefficient,
dielectric constant,> extinction coefficient and refractive
index™ of the deposited films. Investigations have also been
done on structural variations of the deposited films.
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Fig.2 X-ray diffraction pattern of SrZrS; perovskite thin films depos-
ited at different conditions.

Materials and Methods

The following chemicals were used in the current work to
synthesize StZrS; perovskite thin films: strontium nitrate
[St(NO;),, purity 99%, BDH], zirconium oxychloride
octahydrate (ZrOCl,.8H,0, purity 93%, Sigma Aldrich),
thioacetamide (CH;CSNH,, purity 99%, BDH), ethylen-
ediaminetetraacetic acid (C;oH;¢N,Oyg, purity 98.5%, Dae-
Jung), ammonium hydroxide (NH,OH, purity 97%, Dae-
Jung), hydrochloric acid (HCI, purity 37%, BDH), ethanol
(CH,CH,OH, purity 99%, DaelJung), nitric acid (HNO;,
purity 70%, Sigma Aldrich) and sulfuric acid (H,SO,, purity
97%, DaeJung).

Thin films were created on commercial glass surfaces
measuring 75 mm X 25 mm X 1 mm after the solutions were
prepared in deionized water. Before air-drying, the sub-
strates underwent a thorough rinsing in acetone for 30 min
and double-distilled water for 20 min. First, the substrates
were cleaned for 60 min in a diluted sulfuric acid solution
(H,SO,/H,0, 1:5, v/v) to get rid of the native oxide layer.*’

The composition of the bath solutions is shown in Table I.
Glass substrates that had been previously cleaned were
positioned vertically in the solution at the specified pH and
deposition time. Theoretically, thin films grow via an ion-
by-ion growth mechanism.**-° According to the nominal
1:1:3 (Sr:Zr:S) ratio, the inorganic phase’s nuclei develop in
a directed manner on the substrate as a result of heterogene-
ous nucleation.*’ The substrates were removed from the bath
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Table Il Crystallographic aspects of SrZrS; perovskite thin films (A1 to A6) deposited at different optimization conditions.

Samples Calculated lattice constants d-Spacing value A) Cell volume Average crystallite X-ray density
- - - 3.45%(121) (A3) 467 size (nm) (gecm™3) 3.91%
a(A)7.11* b (A)9.77* c (A) 6.74*
Al 7.04 9.47 6.65 1.99 (132) 450 32 4.06
A2 7.10 9.55 6.93 3.53(002) 470 39 3.89
A3 7.01 9.67 6.79 4.22 (111) 459 44 3.98
A4 7.22 9.79 6.79 3.32(002) 481 50 3.80
AS 7.12 9.78 6.80 2.40 (202) 473 55 3.87
A6 7.09 9.77 6.78 3.43(121) 470 58 3.89
*ICSD 01-073-0846
0.6 Results and Discussion
— A1
e A2 Sr**, Zr**, and S*~ ions were slowly released into solution
— A3 during the deposition process of StZrS, perovskite thin films,
— A4 which subsequently condensed ion-by-ion on substrates.*!
¥ AS By dissociating a complex species of ST{EDTA]*>~ and
5 ab Zr[EDTA]** (complexation occurs at pH 10), which then
= interacts with sulfur-containing substances available in baths
é like thioacetamide (Fig. 1), the complexing agent complexes
the metal ions to control their release as shown in Egs. 1-3.
_ Q2+ 3-
Sr(NO;), = Sr** + 2NO (1)
B ey
1 1 1 1 EDTA = EDTA*" + 4H* 2)
200 300 400 500 600 700 800 900
Way clcnglh (nm) Sr2+ + EDTA4— — Sr[EDTA]2— (3)

Fig.3 Variation in absorbance versus wavelength for SrZrS; perovs-
kite thin films (A1-A6) deposited at different optimization condi-
tions.

after 6 h of deposition, dried at 40°C, and then stored in a
small, airtight container. Deposited SrZrS; thin films were
homogeneous and adhered to the substrates. Additionally,
a few thin films were subjected to heat treatment in a muf-
fle furnace for 2 h at 500°C. To assess their optoelectronic
behavior, deposited samples were subjected to characteri-
zation procedures. X-ray diffraction (XRD; Bruker AXS,
Karlsruhe, Germany) was conducted to examine the crystal-
line structure of the deposited films. The optical absorbance
of the films was measured in the 200-900 nm wavelength
region using a UV—Vis spectrophotometer (PerkinElmer
Lambda 2S).

@ Springer

Zirconium oxychloride octahydrate as a source of Zr**
was also made complex with EDTA to control the release of
zirconium ions. The following reaction shows the complex-
ing of zirconium with EDTA.

7r0Cl,.8H,0 = ZrO, + 2HCIl + 7H,0 4)
ZrO, 4+ 2HCI = Zr** + H,0 + Cl, 6)
EDTA = EDTA®™ 4 2H* (6)
Zr'** + EDTA?™ = Zr[EDTA** (7

The sulfide ions are released in the manner described
below:

CH,CSNH, = CH,CN + H,S 8)
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H,S = S*” +2H* )
The overall reaction is as follows:

Sr{EDTA]*™ + Zr[EDTA]** + 3CH,CSNH,

= SrZrS; + 2EDTA + 3CH,CN + 3H, (19)

The reaction sequences clearly show that the HS™ ions
will predominate in solution while the S?>~ ions are main-
tained at a low concentration. The forward reaction will
be made easier in equilibrium if the content of S*~ ions is
increased by the addition of hydroxide ions.

The XRD patterns of the deposited films are shown in
Fig. 2. The films have an orthorhombic single-crystalline
structure, according to this diffraction pattern, which is a
good match for ICSD #01-073-0846. Sharp peaks in the
x-ray diffractogram show the crystalline structure of the
material. In most of the deposited samples, an intense peak
was observed at 25.765° with the hkl plane (121). Two other
prominent peaks were observed at 36.735° and 46.268° with
hkl planes (202) and (123), respectively.

The growth mechanism of thin films is typically influ-
enced by the chemistry of precursors, pH, complexing agent
and annealing temperature. According to diffraction patterns,
A2 (0.6 M) showed higher crystallization as compared to the
other concentrations, i.e., 0.4 M (A1). Diffraction peaks con-
firmed that a more basic medium was suitable for deposition,
and in comparison with the bath at pH 9 (A4), crystallinity
was higher at pH 10 (A3). With the increase in annealing
temperature, crystallinity was also found to be higher.

The crystallite size was found to increase with increas-
ing concentrations of the precursors due to the availabil-
ity of more ions at higher concentrations (Table II). The
crystallite size of the perovskite thin films was increased
with the addition of a complexing agent. EDTA was used
as a complexing agent. It forms complexes with strontium
and zirconium ions, which then slowly release the cations,
leading to a gradual increase in ionic product with time.
With the increase in pH, more hydroxyl ions were avail-
able in the solution, leading to enhanced precipitation and
hence good deposition of the films. Increasing the anneal-
ing temperature also resulted in an increase in crystallite
size from 50 nm to 58 nm. With higher concentrations
of the precursors and basicity, ions tend to preferentially
occupy the octahedral sites, resulting in shrinkage in the
volume of the cell. The volume of the cell also decreases
with the addition of a complexing agent, as there are more
hydroxyl ions available when EDTA is added to cover

the unoccupied sites. The volume of the cell decreases
with increasing pH values and annealing temperatures.
The x-ray density increases with increasing concentra-
tion of precursors and with the addition of complexing
agent and pH values as well as with increasing annealing
temperature.

Figure 3 shows UV-Vis absorption spectra of SrZrS;
perovskite at different optimized conditions obtained in
the range of 200-900 nm. A wide absorption band between
238 nm and 258 nm and an absorption edge at 360 nm were
observed in all films. To determine the bandgap of a depos-
ited film, the Tauc equation is used.*

(ahv)" = A(hv — E,) (11)

where « is the absorption coefficient, 4 is the Planck con-
stant (6.62 x 1072 Js), v is the frequency of light, A is a
constant, and E, is the optical bandgap.
Absorbance (A) and transmittance (7)) are directly related
to each other:

A = —log(T) (12)

R stands for reflectance, which is computed using Eq. 13:
R=1-[Texpa)]"”? (13)

The adsorption coefficient is computed using the formula
below:
_ 1 In(1-R)?
D= ———— 14
a(cm™) y T (14)
The refractive index (n) can be calculated by the follow-
ing formula:

[ 4R

=[5+ - kz]l/z - [R—*l] (15)

R-1

The wavelength and absorption coefficient values can be
used to determine the extinction coefficient (k), as shown
in Eq. 16:

ar
k=— 16
4 (16)

Another measure derived from UV-Vis absorbance data
is the dielectric constant, in which both the refractive index
and extinction coefficient play a role**:

e=m—k) (17
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Fig.4 Tauc plots for bandgap of SrZrS; perovskite thin films (a) to (f) deposited at different optimization conditions.
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Fig.5 SrZrS; perovskite thin films (a) to (f) deposited under various optimization settings: total excitation coefficient and refractive index.
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Electrical conductivity can be calculated mathematically
as follows:

o.(Qem ) = 22 (18)
Equation 19 determines the optical conductivity**:

o(s™) = (19)
Thermal conductivity is determined by Eq. 20:

or(Wm™'K™") = LTo, (20)

L is the Lorentz number 2.45 x 10~ WQK~2. The optical
density of thin film is found by Eq. 21:

OD = at @21)

In this equation, ¢ is film thickness and a is the absorption
coefficient.

All films were found to have reflectance of around
15-30%. The variation in bandgap values for the deposited

Al A2 A3 A4 AS A6

Samples

N
h

—_ I ~
] N >

Absorption Coefficient a (cm'l) IO3
h

Fig.6 UV-Vis absorption coefficient spectra of SrZrS; perovskite thin
films (A1 to A6) deposited at different optimization conditions.

thin films is attributed to different initial concentrations,
complexing agents, pH, and annealing (Figs. 4 and 5).

According to UV-Vis spectroscopy measurements, the
bandgap of the films varied from 3.34 eV to 3.50 eV. The
crystalline structure of thin films is one factor that affects band-
gap values, among many others. From the thin-film absorption
studies, the optical parameters, such as the absorption coeffi-
cient, penetration depth, extinction coefficient, refractive index,
dielectric constants, and electrical, thermal, and optical con-
ductivities, were computed. The absorption coefficient is the
optical parameter that influences how much light a material
absorbs per thickness. A greater absorption coefficient indi-
cates that the material absorbs more photons per unit thickness.
The absorption coefficient is denoted by a. Figure 6 shows the
absorption coefficient bar chart of StZrS; thin films deposited
at different optimization conditions.

The dielectric constant is the ratio of the force between
two charges in a space to the force between two charges in
a medium. Table III tabulates the values of the dielectric
constants of SrZrS; thin films deposited at different initial
concentrations, the effect of complexing agent, the effect of
pH, and the effect of annealing temperature. Electrical con-
ductivity is the amount of heat or energy needed to cause an
amount of charge to flow. The electrical conductivity of the
synthesized SrZrS; perovskite samples was 3.7 Q cm™! to
4.6 Q cm™'. A material’s optical conductivity is at its highest
when its absorbance is higher. The optical conductivity of
optimized SrZrS; perovskite was 10.4 57! to 13.7x 10" s~ 1.
The ability of a material to conduct or transfer heat is
referred to as thermal conductivity, which is determined by
the material’s structure as well as its composition.

The thermal conductivity of thin film in the presence of
the complexing agent is lower than that in the absence of the
complexing agent. With the addition of EDTA as a complex-
ing agent, the thermal conductivity of the material decreases
due to the presence of free electrons in EDTA, which leads
to an increase in the population of molecules, and ultimately
increased hindrance is also observed. Thin films with a more
basic medium show less thermal conductivity with the addi-
tion of NH,OH as a base, which decreases because of the
hindrance of free electrons present as OH™ ions. With the

Table lll Optical properties of
StZrS; perovskite studied by

UV-Vis spectroscopy. Absorption coefficient (10* cm™!

Factors Al A2 A3 A4 A5 A6
17.5 18.9 19.9 20.8 17.7 21.5
Penetration depth (10™* cm) 2.0 2.0 3.8 2.9 1.8 3.0
Extinction coefficient (10%) 4.4 4.5 4.7 4.9 4.2 5.0
Refractive index 2.4 2.5 2.6 2.7 2.4 2.6
Dielectric constant 6.6 6.7 6.9 7.2 6.3 7.4
Electrical conductivity (Q cm)™! 4.6 3.8 4.5 4.2 3.7 4.1
Optical conductivity (10'3 s71) 10.5 11.4 12.3 13.1 10.4 13.7
Thermal conductivity (107> W/m k) 34 2.8 33 2.3 2.2 2.2
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annealing of the sample, thermal conductivity was also
decreased. The output of the calculation of the absorption
coefficient, penetration depth, extinction coefficient, refrac-
tive index, dielectric constant, and electrical, optical, and
thermal conductivity from optical parameters is shown in
Table III. Metals have high optical conductivity and extinc-
tion coefficient (k) values, which causes reflectance to be
close to unity, but semiconductors have lower values for
both, which leads to lower reflectance and higher transpar-
ency over metals.

Conclusions

In this study, CBD was used to develop SrZrS3 perovskite
thin films at room temperature on glass substrates. The CBD
approach is used for the first time to understand the relation-
ships and importance of the factors that affect film qual-
ity. The pH and annealing temperature were shown to be
the most important parameters in the deposition. The ideal
SrZrS; thin film deposition parameters were pH 10, deposi-
tion time of 20 min, and annealing temperature of 500°C.
According to the XRD data, deposited films had a crystalline
orthorhombic structure. According to the various deposi-
tion conditions, the optical bandgap energy values ranged
from 3.34 eV to 3.50 eV. Absorption coefficient in the range
of 1.75x 10* cm™" to 2.15x 10* cm™! was studied for the
synthesized samples. Hence, using CBD, and varying the
optimization parameters, the performance of the perovskite
thin films can be maximized as a scalable printing technique
for industrial applications.
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