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Abstract

This study discussed the effect of temperatures on the structural and optical properties of the
Cr,03 thin films. Thin films of Cr,0; were deposited using the spray pyrolysis technique with
different growth temperatures. The primary solution of 0.1 mole was sprayed on glass substrates
at 250,350, and 450 °C using air as the carrier gas. According to XRD, SEM, and Visible - UV optical
spectroscopy measurements, the samples were characterized by a polycrystalline structure and
distinctive optical properties of thin films. The XRD analysis confirmed the hexagonal structure of
thin films, and the average crystallite size of the samples prepared at the highest temperature
(450 °C) is 13.17 nm. Scanning electron microscopy (SEM) illustrated the morphology of coated
samples and showed the spherical configuration of crystals. These samples exhibit a direct band
gap, and the band gap energy increased from 2.47585 at 250 °C to 3.0343 eV at 450 °C.
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1. Introduction

In recent years, nanoscience and nanotechnology have significantly increased their application
within scientific research. Nanoscience and nanotechnology encompass the study, manipulation,
and implementation of materials, phenomena, and devices at nanometer dimensions—typically
less than 100 nanometers. At this scale, the fundamental behavior of materials often deviates
from classical laws and instead adheres to quantum mechanics. This results in novel mechanical,
electrical, optical, thermal, and chemical properties [1]. Among the most prominent
nanostructures are thin films, which are classified as two-dimensional materials—such as
nanolayers and nanosheets—due to their extremely small thickness and extended lateral
dimensions. Their distinct characteristics make them ideal candidates for a wide range of
advanced technological applications [2].

Metal oxides have excellent features and have a huge number of applications in numerous
areas, including gas sensors, optoelectronics, electrochemistry, microelectronics, optics, p-type
transparent conducting oxides, hydrogen storage, catalysts, buffer layers in organic solar cells,
wear resistance materials, and other Fields [3-8]. Metal oxides are of two kinds, namely: i)
Transition metal oxides and ii) Non-transition metal oxides [9]. Transition metal oxides have
gained significant attention in environmental technologies owing to their adaptable chemical
composition, adjustable bandgaps, natural abundance, promising optoelectronic characteristics,
responsiveness to visible light, and stable catalytic performance. Among them, Cr,0; stands out as
a representative material, offering a tunable optical bandgap and strong visible-light absorption,
making it highly suitable for applications in photocatalysis and optoelectronics [10].
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Chromium (Ill) oxide (Cr203) is one of the transition metal oxides with specified material
properties of technological importance and is extensively researched due to its attractive physical
and chemical properties. Among chromium oxides (Cr20, Cr304, CrO, CrO;, CrO3, CrsO11), chromium
sesquioxide (Cr.03) exhibits the greatest stability [11-14]. Cr.03 has been the main subject of
several types of studies and research, especially in thin layers due to its unique properties and its
extensive use in industrial applications, and concurrently, thin film applications possess great
interest because of their wide variety of technological uses [12]. The high hardness, corrosion
resistance, and selective absorption film properties of Cr,O3 are raising significant concerns.
Chromium oxide (Cr,0s) demonstrates significant potential for various advanced applications due
to its strong nonlinear optical properties. Its nonlinear absorption makes it a promising material
for use in nonlinear optical devices and into photonic and optoelectronic systems. Additionally,
Cr,0;5's excited-state interactions render it suitable for laser-based technologies and optical
switching applications [15].

Cr20; raises significant concern because it shows high hardness and corrosion resistance and
perfect selective absorption films for converting solar energy, which was explained by studying
thin films' electrical and optical properties. Its unique contribution to electronics includes
applications in solar energy harvesting, sensor development, and photocatalysis [16, 17].
Chromium Oxide thin films have been prepared using various techniques, including spin coating,
pulsed laser deposition, thermal evaporation, e-beam evaporation, and spray pyrolysis deposition
[12, 13, 18-20]. In previous study, it was reported that Cr,0; thin films exhibit a tunable optical
band gap ranging from 2.70 to 2.99 eV. This variation is influenced by the oxygen content during
deposition, making the material suitable for adjustable optoelectronic applications [21]. Another
study reported that the optical band gap of pure Cr,0; was reported as 3.0 eV, measured using
UV-Vis spectroscopy and Tauc plot analysis [22]. The optical band gap of Cr,03 thin films prepared
by pneumatic spray pyrolysis was found to decrease from 3.53 eV to 3.38 eV with increasing
precursor concentration, depending on the type of chromium salt used [23]. While the Urbach
energy values for Cr,0O; thin films prepared by pneumatic spray using the chromium nitrate
(Cr(NOs)s) precursor were reported to decrease fromo.97 to 0.68 eV as the solution concentration
was decreased, indicating growing disorder in the film structure [23]. Tauc plot analysis of green-
synthesized Cr,03 nanoparticles, using Opuntia dillenii extract, reveals a direct optical band gap
near 2.93 eV, according to Muzammal et al. [24]. This value shows significant visible-light
absorption, making them suitable for photocatalysis and optoelectronics [24].

In the present study, spray pyrolysis was employed to deposit Chromium Oxide thin films onto
glass substrates [25, 26]. This technique is widely recognized for its simplicity and effectiveness in
producing films of varying thicknesses. The setup of the spray pyrolysis technique includes an
atomizer, a substrate heater, a temperature controller, and a precursor solution reservoir
(steering pump). During deposition, the atomizer generates a fine mist of the precursor solution,
which reacts upon contact with the heated substrate to form the chemical compound. The impact
of substrate temperature on the structural and optical properties of the films was systematically
investigated.
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2. Experimental
2.1 Materials and methods

The spray pyrolysis technique synthesized (Cr,03) thin films. Before the deposition of thin films,
the glass substrates were chemically cleaned in distilled water and soap, then washed with
deionized water before being left in action, Finally, the substrates were dried in a drying oven at
100 °C. Pure Chromium(lll)Chloride Hexahydrate (CrCl36H,0, Sigma-Aldrich) was used as a single
source of Chrome and oxygen for the deposition of sprayed Cr,Os thin films. For preparing the
starting solution, 0.7994 g of CrCl36H,0 was dissolved in 30 mL of deionized water, and this
aqueous solution was continuously stirred for 15 min at 500 rpm until a homogenous clear
solution was achieved. Thus, a 0. 1M precursor solution was prepared for performing the Cr.0;
films deposition. The SP technique was optimized extensively before these films were spray
deposited. Spray parameters were controlled by a separate control box, where several conditions
influenced spray deposition. The nozzle and hot plate separation distance was adjusted to 30 cm,
and air pressure was set to 3.5 bar. In contrast, the spray time and interval time were set at 4 and
10 seconds for 350 seconds continuously to perform (Cr,0s) thin films consisting of 25 layers.
Three thin film samples were produced by adjusting the hot plate temperature at 250, 350, and
450 °C while maintaining optimal settings for all other spray parameters. The film structure relies
primarily on three parameters: precursor solution concentration, the number of deposition cycles
and the temperature of the substrate hot plate. Herein, different temperatures were performed
on the substrate hot plate, while other parameters remained constant to study the impact of
temperature on the structural, morphological, and optical properties.

2.2 Characterization techniques

The structural analysis of deposited films was performed using an X-ray diffractometer (Bruker
D8 Advance) using Cu ka monochromatic radiation (A = 1.5406 A). While studying the morphology
of the particles in the thin films applied using scanning electron microscopy (SEM). On the other
hand, the optical properties of the Cr.0s3 sprayed thin films were studied using a
spectrophotometer model UV-Vis-NIR JASCO V-670.

3. Results and discussion
3.1. Structural characterization
3.1.1 (X-Ray Diffraction)

The XRD patterns shown in Fig.1 are of Cr.0s3 films made by spray pyrolysis at different
temperatures. Samples deposited at 250°C, 350°C, and 450°C showed a substantial correlation
between temperature and crystallinity, where the increase in the degree of crystallinity was
observed significantly for samples with the increase in growth temperature. The X-ray diffraction
pattern of Cr,03 thin films showed at the temperature of 250°C a weak reflex at 2theta values
36.19, 39.93, 41.59, and 55.01, followed by an increase in crystallization with the rise of growth
temperature to 350°C. As a result, the appearance of strong peaks at 29 = 33.872°, 36.562°,
39.93°, 41.89°and 55.32°, as shown in Fig.1. while appearing of new peaks at 22.556, 40.07°,
50.595°, and 65.525°. At growth temperature 450° C, there was a displacement for peaks 22.556°
to 24.56°and 39.93° to 40.070°, which matched perfectly with the standard JCPDS card of Cr.03
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number 00—-038-1479. The intensity of peaks increased, and this confirmed the increase in
crystallization. peaks of XRD pattern (24.56°, 33.872°, 36.562°, 40.070°,50.674°, 55.32°, and
65.551°) correspond respectively to (012), (104), (110), (006), (113), (024), and (116) planes. These
reflections are the fingerprints of the Cr203 crystalline lattice structure, which are attributed to
the hexagonal structure of Cr20:s.

450 °C

Intensity (a.u)
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AP AN NN AN g \p o AP NP pimoprmtroomad o,
‘ ‘ ‘ ‘ JCPD No. 00-038-1479
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20 30 40 50 60 70 80
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Fig.1. XRD patterns of the Cr,0s; thin films at different growth temperatures, compared to the card (JCPDG
No. 00-038-1479) of Cr,03 nanocrystal.
The average crystal size was calculated using the Debye-Sherrer equation [27, 28]: -

kA
- BcosO (1)

Where K = 0.9; Sherrer constant, A = 0.15406 nm; is the wavelength of the X-ray source, B full
width half maximum, 6 is the peak position, and D is the crystallite size. Here, the crystal size can
be controlled by controlling the number of film layers sprayed by spray pyrolysis.

Table.1 shows the change in crystal size of deposited Cr,0s3 thin film with various growth
temperatures, and this indicates that the growth temperature of the spray pyrolysis technique is
the dominant factor controlling grain size.

Table.1
Growth temperature” C Crystallinity ratio Average value of crystallite size
250 15.1897 15.373
350 45.34485 14.98902
450 67.78988 13.17151

The crystallinity ratio of samples, as shown in Table.1 was determined using the following
equation [29]:

area of crystalline peaks

Crystallinity ratio = * 100 (2)

area of all peaks

The values from Table.1 establish the significant effect of growth temperature on the
crystallinity of Cr203 thin films.
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3.1.2 SEM analysis

Fig.2 shows the SEM images of (Cr.03) thin film at different magnification degrees taken by
scanning electron microscopy, which was deposited onto a glass substrate by spray pyrolysis at a
hotplate temperature of 450°C by using a precursor solution with a concentration of 0.1M, and the
result is that the thin film consists of 25 layers. The morphology of the (Cr203) calcined at 450 °C
displays a fantastic uniform distribution, as obvious in Fig.2. The deposited (Cr.03) film exhibited
quasi-spherical-shaped particles (spherical and ellipsoidal) with an average particle size of 191 nm.
The nanoparticles are in the form of clusters with some distance in between. The distribution is
more granular, and it shows uniformity in particle size.

Fig.2. SEM images of the Cr,03 thin films at 450° C growth temperature, a(500 nm),b(1um).
3.2. Optical spectroscopy

UV/vis/NIR spectroscopy is very useful for the optical analysis of nanomaterials. Figs. 3 and 4
depict the optical transmittance and absorbance spectra of deposited (Cr203) thin films within the
200-1700 nm wavelength range. Fig.3 shows a dramatic increase in the transmission of samples
by increasing growth temperature, especially in the visible spectrum range from 300 nm to 750
nm. A significant increase in the transmittance, explained by this, confirms the XRD result of
crystal size [30]. The increase in transmittance is met with a decrease in absorption [31], as shown
in Fig.4 for the same region.
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Fig. 3. The transmittance spectra of Cr,03 thin films grown at different growth temperatures
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Fig. 4. The absorbance spectra of Cr,0s3 thin films grown at different growth temperatures

In the present work, the absorption coefficient (@) was determined, based on the transmission
spectra (T) and the film thickness (t) as described below [32].

a==.In(3) (3)

The absorption coefficient (a) is the key to calculating the energy gap (Eg), which is the basic
feature of the optical spectra measurement, and it is determined by:

a = % [B(hv — Eg)™] (4)

Where hu is the photon energy, the transition probability is estimated by the constant B, and
the exponent n is an index that characterizes the type of optical transition occurring in the film
sample. The value of nisequalto 2,1/2, 3, or 3/2 for the indirect allowed, direct allowed, indirect
forbidden, or direct forbidden transitions, respectively [33, 34]. At the exponent n=1/2 and
through the following formula:

(ahv)? = B(hv — Eg) (5)
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From this relation between (ahv)? and hv, through extrapolating the linear portion of the
curve, the optical band gap can be estimated, where it intersects the x-axis of photon energy. The
Tauc plots for all deposited (Cr.0s) nanostructured thin films are shown in Fig.5 with different
growth temperatures and a direct band gap. Tauc plots are fitted by the variation of the quantity
(ahv)? as a function of the photon energy. The values of optical band gap energies (in eV) are
2.476, 2.762, and 3.034 for samples 250,350, and 450, respectively. A direct correlation exists
between optical band gap and growth temperature; this is explained as a result of the decline in
crystallite size with the increase in growth temperature. These findings lead us to conclude that
the band gap energy increases as the crystallite size decreases and this can be attributed to the
guantum confinement effect which occurs in nanomaterials when the size of the crystallite
becomes comparable to or smaller than the material’s exciton Bohr radius [35, 36].
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Fig. 5. Tauc plot of Cr,0s3 thin films grown at different growth temperatures.

Urbach energy is a function of defect states between the conduction and the valence bands.
Urbach energy at a specific temperature is determined by the relationship between the optical
absorption coefficient and incident photon energy [37]:

In(a) = ﬁ (hv) + In(ay) (6)

Where () is a constant; the incident photon energy is hv while Eu is the Urbach energy
ascribed as a width of the band tail of localized states in the band gap. Fig.6. shows the linear
relation between the optical absorption coefficient (a) and the incident photon energy Fig. 6.
demonstrates a linear correlation between the optical absorption coefficient (a) and the incident
photon energy, where the Urbach energy is determined from the inverse slope of the linear region
of the exponential curve. A slight decrease in Urbach energy with increasing growth temperature
was observed, indicating a direct relationship between Urbach energy and crystallite size. This
trend is further supported by Fig. 7. which highlights an inverse relationship between the optical
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band gap and crystallite size, with a clear direct correlation between crystallite size and Urbach
energy. These findings collectively confirm an inverse correlation between Urbach energy and
band gap energy, both of which are significantly influenced by changes in crystallite size as a
function of the deposition temperature. In light of these results, the observed increase in band gap
energy (Eg) suggests enhanced crystallinity and reduced structural disorder, which consequently
leads to a lower Urbach energy (Eu), reflecting the improved quality of the thin film [38].
Understanding these correlations is essential for tailoring the optical properties of Cr,0; thin films
to suit specific applications. Given the observed nonlinear optical behavior and optical properties,
these films exhibit strong potential for use in optoelectronic and photonic devices as
photovoltaics, laser diodes devices.
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Fig. 6. The relation of In(a) against the photon energy for Cr,0s3 thin films grown at different temperatures
to determine Urbach energy.
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Fig. 7. The dependence of band gap energy and Urbach energy on the crystal size of deposited thin films.
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4. Conclusion:

This work reports the successful fabrication of Cr,03 nanoparticle thin films using an affordable
and straightforward spray pyrolysis technique. Structural analysis via X-ray diffraction (XRD)
confirmed the polycrystalline nature of the films synthesized at different growth temperatures.
Morphological examination using scanning electron microscopy (SEM) revealed quasi-spherical
nanoparticles. Variations in growth temperature were found to significantly influence both the
intensity of the XRD peaks and the degree of crystallinity. The estimated crystallite sizes ranged
from 13.17nm to 15.32 nm and the crystallinity ratio improved to become 67.78988% at growth
temperature 450 °C. Optical measurements indicated an increase in the optical band gap to 3.034
eV with temperature. The Urbach energy exhibited a slight decrease from 0.84 to 0.81 eV,
suggesting an inverse correlation of band gap energy with the crystallite size and Urbach energy.
These structural and optical properties highlight the potential of Cr,O; nanoparticle films for
applications in photovoltaics, laser diodes, and optoelectronic devices.
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