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Abstract: Inorganic perovskite materials, for their high absorption coefficient, become attractive candidates for solar cell applications. Increasing
efficiency of perovskite solar cell (PSC) devices increased attention to the launch of novel device configurations with these materials. Halide
perovskite materials including CsPbIBr, demonstrate exceptional electro-optical and structural properties. In the present work, we provided
a novel framework for the fabrication of CsPbIBr, thin films with physical properties sufficient for photovoltaic applications. Halide species
play a crucial role in controlling the stability and efficiency of these devices. The CsPbIBr, thin films were prepared to study the effect of
halide ions concentration on their physical properties. Thin films were deposited by spin-coating method with increasing concentrations of
lead bromide in CsPbIBr, precursor solutions, and, after the deposition, the films were annealed at 120 °C. The prepared thin films were
then characterized for conductivity type, structural, and optical properties for application in solar cell devices. X-ray diffraction (XRD)
characterizations showed polycrystalline nature of thin films with diffraction peaks appearing at 15.2° and 30.4° for (100) and (200) planes.
UV-VIS spectroscopy showed small variations in optical band gaps with varying precursor concentrations. Fourier transform infrared
(FTIR) analysis revealed the presence of C-H, C=C, N-H, and COO functional groups in prepared thin films. Hot-probe technique applied
to determine conductivity type revealed stable intrinsic nature with no boosted variation. The obtained results on the physical properties of
CsPbIBr;, thin films indicated that they are better candidates for photovoltaic applications. The work also presents a facile new approach to
prepare cost-effective, environment friendly, and highly efficient CsPbIBr, PSC devices.
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1. Introduction

Human population increases, and, along with industrial growth,
the demand for clean energy is increasing in parallel. Environmental
problems and limited availability of conventional fossil fuel energy
sources are serious concerns. Therefore, consistent alternative
renewable energy sources are much needed to replace fossil fuels
or at least contribute to their lesser use. The use of these
alternative energy sources also contributes to environmental issues
related to fossil fuels. Different technologies, procedures, and
systems [1-3] are being proposed to enhance efficiency of
alternative energy resources. Similarly, different techniques are
presented to improve performance of in-use alternative energy
devices using allied layers [4], environment-friendly ingredients [5],
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hybrid systems [6], and double-layered anodes [7] in available
technologies. Thermoelectric technologies offer yet another
alternative energy resource [8]. However, among the available
alternate energy sources, solar energy is a capable alternate source
as it is unlimited and provides pollutants-free environment. Solar
energy could be utilized in different applications by converting it
into the other forms of energy, especially into electricity by using
solar cell devices. Among the different types of solar cells,
perovskite-based solar cell devices are becoming promising light-
harvesting structures owing to their superiorities of high light
absorption coefficient and defect tolerance, low exciton binding
energy, as well as long carrier lifetime and diffusion length [9].
Perovskite solar cells (PSCs) have great prospects as one of the
leading next-generation photovoltaic devices because of the
breakthrough in their power conversion efficiency from the initial
3.8% to more than 25.2% lately over a decade. These
breakthrough efficiencies are mainly because of unique
optoelectronic properties, such as large absorption coefficients,
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high defect tolerant ability, tunable band gap, long photoexcited
carrier lifetime, etc. There, however, remain some concerns about
severe hysteresis loss and poor long-term stability impeding large-
scale commercial applications of PSCs [10]. All the inorganic
perovskites, CsPbBr3;, CsPbIBr,, CsPbl,Br, and CsPbl; have their
advantages and disadvantages [11, 12]. For example, CsPbBr; may
have the best stability but the wide bandgap of 2.36 eV is too large
for the efficient light absorption [13]. Although the band gap of
CsPbl,Br, and CsPbl; is around 1.8 eV, beneficial to the light
absorption and PSC, the narrow band gap delivers poor stability
[14, 15]. All these limitations in the characteristics of described
perovskites restrain their applications in inorganic PSC devices.
CsPbIBr;, thin films have a band gap that varies from 2.20 eV to
2.24 eV. Among these perovskites, CsPbIBr, might be better choice
in comparison to others in the application of inorganic PSCs [12] to
balance the high efficiency and good stability. This work, therefore,
is focused on the preparation of CsPbIBr, perovskite material and
its characterization for application in PSC devices.

Among the perovskite materials, halide perovskites containing
halogen ions, i.e., bromide (Br—), chloride (Cl-), or iodide (I-) are
of utmost importance in optoelectronic devices. CsPbl,Br and
CsPbl; are extraordinary semiconducting materials for the use in
optoelectronic detectors in layer form [16]. The optoelectronic
perovskite materials like CsPbIBr, have optimum band gap energies
and limited binding energy of excitons [17]. Because of the
characteristics, halide-based perovskite materials are identified as
the materials with reliable applications in optoelectronic and
photovoltaic devices. Halide perovskite inorganic or mixed
inorganic & organic materials are more interesting due to their
optimum physical properties. Various deposition methods were
employed to prepare thin films of perovskite material, such as
chemical vapor deposition [18], spray deposition [19], ambient
deposition [20], RF magnetron sputtering [21], solution processing
[22], blade coating [23], one-step solution deposition [24, 25], and
electrodeposition [26], chemical bath deposition [27], dip-coating
[28, 29] and thermal evaporation [30]. The PSC devices are an
extension of dye-sensitized solar cells [31].

To the best of our knowledge, there was no detailed work
available on the study of physical properties of CsPbIBr, thin films
subjected to annealing effects on physical properties. In the present
work, thin films of halide perovskite materials were deposited by a
single-step deposition with the help of spin-coating technique. The
prepared CsPbIBr, thin films were annealed at 120°C to
consistently improve their structure. The structure of thin films
determines all of their physical properties associated with their
applications in solar cell devices. The CsPbIBr, thin films were
prepared to accomplish optimal physical properties for their light-
absorbing applications in devices. The achieved physical properties
emphatically support CsPbIBr, thin films suitable as light-absorbing
layer for PSCs. The obtained physical properties emphatically
indicate that the CsPbIBr, thin films are suitable as light-absorbing
layer in PSCs. The thin films can be used for hybrid photovoltaic
devices [32] for optimizing their applications to mitigate energy
needs and enhance renewable energy usage. Also, the photovoltaic
solar energy can be used for pumping water [33] instead of fossil fuels.

2. Materials and Methods

In this work, CsPbIBr, thin films were prepared by spin-coating
and annealed at 120°C for 30 min to render uniform structure of the
prepared thin films. The precursor solutions to spin-coat CsPbIBr,
thin films were prepared with increasing concentration of lead
bromide (PbBr,) in CsPbIBr,. Four different precursor solutions

Table 1
Concentration scheme of precursors for
CsPbIBr; thin films’ preparation

Sample Csl PbBr,

S1 250 mg 250 mg
S2 250 mg 300 mg
S3 250 mg 350 mg
S4 250 mg 400 mg

were prepared wherein PbBr, concentration was varied while
concentration of cesium iodide (CsI) was kept same. Then thin
films were deposited on well-cleaned glass substrates by spin-
coating. The precursors were prepared by using PbBr, and Csl as
primary ingredients. All the ingredient materials, including dimethyl
sulfoxide (DMSO), isopropanol (IPA), and acetone, were purchased
from Sigma-Aldrich in Pakistan. Distilled water prepared by
Millipore water purification system (Model: ELIX 3S KIT (IL),
France) was used as the solvent and in cleaning solutions employed
in the fabrication of CsPbIBr;, thin films. Thin films were deposited
on microscopic glass slides. A 250 mg Csl concentration solution
along with 250 mg PbBr, concentration solution was dissolved in
1 ml DMSO solution under constant magnetic stirring at 50°C For
the other precursors, Csl concentration remained same while
concentration of PbBr, was varied, as given in Table 1.

2.1. Substrate cleaning

The cleaning of the substrate is important to obtain
contamination-free deposition of the thin films. A contamination-
free well-cleaned substrates provide good adhesion for the
deposited thin films, and, before spin-coating of the thin film
materials, the cleaning process of glass substrates was: (1) 5 min
with a cleaning detergent, and (2) washed in a flow of distilled
water, then (3) substrates were put subsequently in acetone and
IPA for 10 and 5 min (4) in final step substrates were dried at 60°C
and kept in air-tight container till deposition of thin films.

2.2. Preparation of thin films

The spin-coating deposition of the perovskite light-absorbing
layers was carried in nitrogen environment. The deposited CsPbIBr,
thin films were kept in ambient to dry for 5 min, and, then,
annealing of these thin films was done at 120°C for 20 min to
reach better structural characteristics in these thin films and to
improve their optoelectric properties. The films were kept in an air-
tight box until characterization of their physical properties. Figure 1
shows the schematic representation of the experimental procedure
adopted for the preparation of thin films. The images of the thin
films, as they appear after annealing at 120°C, are shown in Figure 2.

2.3. Characterizations of thin films

The deposited thin films were characterized for electric and
optical properties to determine their suitability for application in
perovskite-based thin film solar cell devices. X-ray diffraction
analysis was carried out to study different structural parameters,
including crystallite size, crystalline nature, and micro-strains of
CsPbIBr, thin films in the diffraction angle scan range of 20—60°.
Transmission data were acquired by using an UV-Visible
spectrometer (BK-D560) for the wavelengths ranging from 400 to
600 nm. Transmission data were used to calculate different optical
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Figure 1
Schematic representation of experimental procedure used for deposition of CsPbIBr, thin films

Figure 2
Photographic images of the CsPbIBr, thin films after annealing

parameters, such as absorption coefficient and band gap energy. With
the help of an Fourier transform infrared spectrophotometer (Agilent
Cary 630), the occurrence of functional groups on the surface of the
manipulated thin film was detected in transmittance mode between
4000 and 500 cm~!. Conductivity type of prepared CsPbIBr, thin
films was determined by hot-probe method. The gravimetric weight
different method was used to estimate thickness of CsPbIBr, thin
films [34, 35].

3. Results and Discussion

Halide perovskite thin films were characterized for structural
and electro-optical properties and the results are detailed below
along with discussions.

3.1. XRD structural analysis

Crystalline structure of prepared CsPbIBr, thin films was
observed by XRD technique. In Figure 3 are the XRD patterns
recorded for CsPbIBr, thin films with the CsI:PbBr, ratios equal
to 1:1 (S1), 1:1.2 (S2), 1:1.4 (S3), and 1:1.6 (S4).

The XRD patterns showed polycrystalline nature with two
strong diffraction peaks appearing at 15.2, and 30.4°. The peaks
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Figure 3
XRD spectra of CsPbIBr, thin films prepared
at different CsI/PbBr, ratios
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represent (100) and (200) crystallographic planes, respectively,
and are well matched with the literature [36-38]. This higher peak
intensity indicates that the prepared CsPbIBr, thin films have a
tendency of vertical plane growth, which is favorable for transport
of charges [12, 39]. The fabricated thin films show the presence
of pure CsPbIBr, phase any noticeable impurity peaks, elemental
or compound, revealing that increase in PbBr, concentration can
stimulate the growth of this phase and improve crystallinity of the
films without producing any additional phase and/or causing
structural changes. Full width at half maximum (FWHM) of all of
CsPbIBr, thin films with varied Csl:PbBr, ratios was calculated
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Figure 4 Table 2
Fitting peaks for FWHM of a CsPbIBr, thin Structural parameters calculated from
film prepared with CsI:PbBr, =1:1 XRD data of CsPbIBr, thin films
1 (200) CSI:PbBrz FWHM 8 X 1015
| (100) Fit Peak 1 Sample ratio (rad) D (nm) &x 1073 (lines/m?)
Fit Peak 2 S1 1:1.0 0.0170 8.3 4.1614 14.4126
i Cumulative Fit Peak S2 1:1.2 0.0091 5.6 2.2234 4.1153
. S3 1:14 0.0075 8.8 1.8404 2.8192
A S4 1:1.6 0.0057 25.1 1.3890 1.6099
<
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% 0.010
= 9 Dislocation density could be calculated by using Williamson
= 0.008 and Hall (W-H) method [41] and Williamson and Smallman
(W-S) relation. In the present work, it was investigated using W-S
0.006 Equation (3) [42]:
0.004 r r r r 5— 1 3)
1:1.0 1:1.2 1:14 1:1.6 T D?
CsI:PbBr,

by using Origin-2021 software. Gaussian model was used for finding
of FWHM (w) values by fitting the experimental and cumulative fit
peaks. A representative obtained fitting plot for FWHM of CsPbIBr,
thin films prepared with CsI:PbBr, = 1:1 is shown in Figure 4.

The obtained FWHM values for all prepared CsPbIBr, thin
films with different Csl:PbBr, ratios are shown in Figure 5 and
are presented in Table 2. The crystallite size (D) is estimated from
the Scherer formula, Equation (1):

kA
D=
BCost

1

where D, k, f, 0, and A are the crystallite size, Scherrer constant,
FWHM, angle of diffraction, and X-ray wavelength, respectively.
The micro-strain is calculated using the following Equation (2) [40]:

The calculated values of different structural parameters are
given in Table 2 and are also plotted in Figure 6. These results
revealed crystal growth with increase in PbBr, concentration and
a decrease in micro-strain and dislocation density.

3.2. Optical analysis

Optical properties of thin films are most important because solar
cells are photovoltaic devices. Absorption of light and its conversion
into electricity by solar cells depends upon their optical response.
Transmission data help in obtaining the optical parameters of
prepared thin films for light absorption according to their band
gap energy and absorption coefficient. These properties were
calculated from transmission data.

3.2.1. Transmission of incident light

The thin film transmittance and absorption are important
properties determining its efficiency in a solar cell. The absorption
a and extinction k coefficients rely on the different concentrations
of PbBr, in deposited thin films. Charge carrier band-to-band
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Figure 7
Transmittance spectra of CsPbIBr, thin films annealed 120°C
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transitions could explain the changes in extinction coefficient at
different light energies. Transmission spectra of the CsPbIBr, thin
films prepared for different concentrations and annealed at 120°C
are presented in Figure 7.

3.2.2. Absorption of incident light

Absorption spectroscopy analysis in the range from ultraviolet
to visible in the light spectrum provides absorption characteristics of
the target thin films. The absorption spectra presented in Figure 8
show that absorption is higher at shorter wavelengths.

Absorption coefficient was determined by the following
relation using the transmission data:

1.1
o= tln T (4)
In this relation, ¢ is the film thickness and T is the transmittance. The
absorbance of incident light by CsPbIBr, thin films with different
concentrations of PbBr, is presented in Figure 8. As seen in
Figure 8, the samples annealed at 120°C with varied concentrations
have higher absorption and can be utilized more efficiently, and the

Figure 8
Absorbance of incident light by CsPbIBr, thin films with
different concentrations of PbBr,
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Figure 9
Absorption coefficients of prepared CsPbIBr, thin films
350000
— 81
300000 ——S2
= —S83
£ 250000 - ——S4
€
8
& 200000
@
o
o
= 150000 -
2
e
S 100000 -
£
<
50000 -
0 T T T
400 450 500 550 600

Incident Light Wavelength (nm)

absorption by CsPbIBr, thin films as a function of wavelength
decreases as the wavelength increases. Figure 9 presents the
dependance of absorption coefficient on incident light wavelength
and reveals that how far light of a particular wavelength can
penetrate into a material before it is absorbed.

3.2.3. Extinction coefficient of thin films

In optical measurements, extinction coefficient and its
determination are crucial. An effective and efficient optical system
can be prepared if the optical response of absorbing material is well
known. The absorption length of incident light in light-absorbing
layer could be governed by extinction coefficient. In the present
work, the value of extinction coefficient is determined by Equation (5):

_(x)»
4xm

k 5)
where a is the absorption coefficient and A is the wavelength (nm) of
incident light ranging from 400 to 600 nm. Behavior of thin films to
incident light wavelengths for absorption coefficient is presented in
Figure 10.

The reduction in extinction coefficient with the incident light
wavelength increase represents the light loss on absorption. For
CsPbIBr, thin films, the extinction coefficient & increases with
increasing Csl concentration, as shown in Figure 9, and it indicates
the effect of post-deposition annealing of these thin films. The
absorption and extinction coefficients are larger for incident light with
A =400 nm, and, then, these coefficients fall and gradually diminish.

3.2.4. Optical density

To determine the optical density (OD) of CsPbIBr, thin film
utilizing transmission data, the following relation (Equation (6))
was used to compute the medium transmittance at a particular
wavelength:

1
OD = log, T (6)

where 7 is the light transmission. Figure 11 is the relation between
OD and incident light showing how OD changes with incident light
wavelength (A). OD follows the same pattern as the absorption
coefficient, and this trend indicates that CsPblIBr, thin films are
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Figure 10 Figure 12
Dispersive extinction coefficients of the CsPbIBr, thin films Plot of (chv)? vs (hv) and extrapolated its linear
part towards the energy axis
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Figure 11
Dependence of optical density on different concentrations
of PbBr; in CsPblIBr, thin films
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becoming more efficient in absorbing light as concentration of PbBr,
increases in the precursors.

3.2.5. Band gap energy

For optoelectronic applications, a critical parameter of material
is its band gap energy E,. It controls the quantity of light energy of
solar spectrum absorbed by the photovoltaic cell. Calculations of E,
for all constituent layers of a solar cell device are important. The
lower E, value may be attributed to the allowed energy state in
the band gap energy during film production, while the higher E,
value can be linked to the exceptional fine grain size of thin film.
Halide perovskite materials have optimal band gap energy to
harvest the most intensive part of solar energy spectrum. The
band gap of ABXj; perovskite thin films S1, S2, S3, S4 can be
changed from 2.23 to 2.21, 2.20, 2.24 eV, respectively, by mixing
or exchanging halogens ions (X = Cl, Br, and I) or cations (B =
Pb, Ge, and Sn). Halide perovskite semiconductors have direct
band gap and significant absorption peaks. By varying the film
composition, there is a minor variation in the absorption
coefficient. The energy gap controls the absorption of light in the
material for a specific incoming wavelength. With the use of the

Tauc relation, as given by Equation (7), the band gap energy (E,)
of CsPbIBr, thin films was determined:

(ahv) = B(hv — E,)" (7)

In this relation, / is the Plank constant, a is the absorption coefficient, n
is the constant number, and v is the incident light frequency. The
relationship between (ahv)? and incident light energy (hv) is linear
after absorption edge in case of electron-to-electron direct transfer
(n=1/2) or for (ahv)* = B(hv — E,) [43-45]. In present study, the
Tauc relation was used with n = % for CsPbIBr; thin films to find their
band gap energy. This analysis confirmed that the electrons in the
CsPbIBr; thin films exhibited a direct transition, as for various concen-
trations plot have a straight transition in absorption region. The
dependance of (ahv)? against the incident light energy (hv) was plotted
and extrapolated linear portion of plot to the x-axis, where x-intercept
provides band gap energy value (E,), which is displayed in Figure 12.
By extending the linear absorption of plot to the x-axis, where the
absorption coefficient is zero (a = 0), we have hv = E,. A blue shift
is seen for the absorption edge and it is related to a rise in energy of
band gap through increasing the PbBr, concentration in thin films. The
measured values of the band gap lied at 2.23, 2.21, 2.20, and 2.24 eV
for CsPbIBr; thin films annealed at 120°C. This might be attributed to
structural variations in the deposited CsPbIBr, thin films due to
annealing. The obtained band gap energies for varied PbBr, concen-
tration in prepared thin films are reported in Table 3, and it illustrates
that, with increasing concentration of PbBr,, the band gap energy is
enhanced, which could be ascribed to the varied structural properties
due to composition change.

3.3. FTIR analysis

The FTIR spectra of the fabricated thin films were recorded
between 3000 and 1000 cm™'. The FTIR analysis of fabricated
thin films is presented in Figure 13, which revealed that the band
at 1457 cm™! is C-H stretching vibrations in alkenes. The peaks at
1517 cm™! are associated with -C=C- stretching vibrations related
to the presence of alkenes, and the peaks at 1610 cm™' are
concerned with N-H stretching vibration due to the presence of
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Table 3
Band gap energy values of the CsPbIBr, thin films
prepared for different PbBr, concentration

Sample Heated (°C) Band gap (eV)
S1 120 2.23
S2 120 221
S3 120 2.20
S4 120 2.24

Figure 13
FTIR spectra of prepared CsPbIBr, thin films
— S§1
coo. CC- —S2
——s3
N-H C-H — S4
=) T A
s
3
g
E
E
=
2000 ISIOO 1000

Wavenumber (cm™)

primary amines. The bands at 1723 cm™! are attributed to COO-
stretching vibrations of carbonyl group.

3.4. Conductivity determination

There are many methods to determine conductivity type, either
n-type or p-type, in a semiconductor material. In this work,
conductivity type was determined by applying probe method. A
standard multimeter and a soldering iron are used to diagnose that
whether a semiconductor is n-type or p-type. The probes
connected to the multimeter are placed on the surface of sample.

We heated the positive terminal (anode) of multimeter and kept
negative terminal at environmental temperature. In Figure 14, the
conductivity determination procedure of all prepared samples is
presented; Figure 14(a) is the experimental setup and Figure 14(b)
shows the response of prepared thin films. In hot-probe technique,
if both probes of voltmeter are placed on the surface of a n-type
sample and heated anode probe then multimeter would show a
positive response. But when probes are placed on the surface of a
p-type sample, then a negative response will be displaced on the
panel of multimeter. We observed that the multimeter showed not
any noticeable response on heating the anode probe. Only a small
fluctuating response was observed around equilibrium. This
behavior confirmed the intrinsic nature of prepared of perovskite
CsPbIBr; thin films.

3.5. Thickness measurement

The thin film thickness was estimated by weight difference
method where the substrate weight was measured two times: (i)
before deposition (1) and (ii) after deposition (m,) of thin film on
substrate. A precise electronic balance with sensitivity of (1076 g)
was used to determine the mass difference (Am = m, — m;). In this
case, it refers to how much film has been applied to a substrate.
The following equation can be used to calculate the film thickness:

(= 2 ®)
PA
where density p of CsPbIBr, thin film is 4.44 g/cm?, ¢ is the
thickness, Am is the mass in gm of deposited thin film and 4 is
the area of deposited thin film in cm?. All thin films have almost
same thickness of 140 nm.

4. Conclusion

Thin films of CsPbIBr, perovskite materials were deposited on
the glass substrates by spin-coating method and then annealed at
120 °C for 20 min to improve their structural properties. The thin
films were characterized by their optical parameters, conductivity
type and structural properties. The XRD analysis revealed the
polycrystalline structure of these thin films, and larger crystallite
size was observed for higher concentration ratio CsI:PbBr, of 1:1.6.
This increase in crystallite size effected other physical properties.
The XRD analysis revealed the polycrystalline structure of these

Figure 14
Conductivity type determination: (a) experimental setup, (b) response of prepared thin films
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thin films, and larger crystallite size was observed for higher
concentration ratio Csl:PbBr, of 1:1.6.
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