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Abstract: Cr-doped ZnO (CrZnO) thin films were deposited on glass substrates using chemical spray pyrolysis (CSP). The 

study systematically investigates the influence of Cr concentration (0–2 at%), substrate temperature (300–450 °C), and spray 

parameters on structural, morphological, and photoluminescence (PL) properties. X-ray diffraction (XRD) analysis reveals 

that all films crystallize in the wurtzite ZnO structure with preferential orientation; low-level Cr incorporation leads to a 

modest decrease in crystallite size and a small lattice distortion, while higher doping (≥3 at%) introduces secondary-phase 

features and increased defect density. Scanning electron microscopy (SEM) show grain refinement and reduced surface 

roughness at optimized doping and deposition conditions. Room-temperature PL spectra show a strong near-band-edge 

(NBE) UV emission and a reduced visible deep-level emission (DLE) for films optimized at 1–2 at% Cr, indicating lower 

nonradiative recombination and fewer oxygen-vacancy-related defects. The optimized CrZnO films (2 at% Cr, substrate 

temperature 375 °C, precursor concentration 0.1 M, spray rate 2 mL min⁻¹) demonstrated the best combined structural 

order, strong NBE PL, and smooth morphology, making them promising for optoelectronic and sensing applications. 
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I. INTRODUCTION 

 

Zinc oxide (ZnO) is a wide-band-gap (∼3.3 eV at room 

temperature) II–VI semiconductor with attractive optical, 

electronic, and chemical properties, which make it a 

candidate material for transparent conducting oxides, 

ultraviolet (UV) light-emitting devices, photodetectors, and 

gas sensors [1,2,3]. Tuning ZnO’s electrical and optical 

properties through controlled impurity doping is extensively 

studied; transition-metal dopants such as Cr have attracted 
attention because they can alter carrier concentration, defect 

populations, and local electronic structure, thereby affecting 

photoluminescence and morphological evolution [4,5]. 

Chemical spray pyrolysis (CSP) is a low-cost, scalable 

deposition technique that enables compositional control and 

is widely used for oxide thin films. In this work, we perform 

a systematic optimization of Cr-doped ZnO thin films 

deposited by CSP with the objective of improving structural 

crystallinity, enhancing near-band-edge photoluminescence, 

and achieving favorable surface morphology. Although 

several studies report transition-metal doping of ZnO, a 

comprehensive optimization study focused on Cr doping 

deposited by chemical spray pyrolysis—linking deposition 

parameters, doping concentration, structural metrics, PL 

behavior, and morphology in a single study—is still needed 

[6,7]. Our research maps how Cr content and key CSP 

parameters (substrate temperature and spray rate) influence: 

(i) phase purity and texture, (ii) crystallite size, strain and 

dislocation density, (iii) surface morphology and roughness, 

and (iv) optical absorption and PL response. We identify 
optimized processing windows and provide mechanistic 

interpretation for observed trends, supported by standard 

analytical models. 

 

II. EXPERIMENTAL 

 

 Materials and Substrate Preparation 

Cr-doped ZnO thin films were prepared using a simple 

and cost-effective spray pyrolysis technique, as illustrated in 

Fig 1. The precursor solution was formulated by dissolving 
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0.1 M zinc acetate dihydrate [Zn (CH₃COO) ₂·2H₂O] and an 
appropriate amount of chromium acetate [Cr (CH₃COO) ₂] in 

20 mL of deionized water (DI). The Cr doping concentration 

was varied at 0,1and 2 mol% relative to Zn. The mixture was 

magnetically stirred for approximately 30 minutes at room 

temperature to obtain a clear and homogeneous solution, 

followed by filtration to remove any undissolved residues. 

 

The resulting precursor solution was then sprayed onto 

microscope glass substrates preheated to 350 °C, as 

monitored by a high-temperature infrared pyrometer. The 

deposition time was 20 minutes, with a spray rate of 3 
mL·min⁻¹ and a nozzle-to-substrate distance of 25 cm. 

Compressed air served as the carrier gas, maintained at a 

constant pressure of 35 psi. Under these conditions, uniform 

and well-adhered Cr-doped ZnO thin films were successfully 

deposited. 

 

 

 Chemical Spray Pyrolysis Deposition 
Films were deposited using a laboratory CSP setup 

consisting of an ultrasonic nebulizer / atomizer, a carrier gas 

supply, and a heated substrate holder with temperature 

control. Key deposition parameters were varied as part of the 

optimization study: 

 

 Substrate temperature (T_s): 300, 350, 375, 400, 450 °C. 

 Spray rate: 1.0, 2.0, 3.0 mL min⁻¹. 

 Nozzle-to-substrate distance: ~25 cm. 

 Carrier gas: Compressed air at ~2 L min⁻¹. 

 Solution concentration: 0.10 M (Zn), with Cr at 0–5 at.%. 

 Spray duration: adjusted to obtain film thicknesses in the 

range 200–600 nm (typically 20–45 min depending on 

spray rate). 

 After deposition, selected films were annealed in air at 400 

°C for 1 hour to improve crystallinity and remove residual 

organics. 

 
Fig 1 Spray Pyrolysis Technique 

 
 Characterization Techniques: 

 

 X-ray diffraction (XRD): 

 Crystallite size (D) was estimated using the Scherrer 

equation: 

 D = kλ/ β cosθ 

 

Where, λ = 1.5406 Å K = 0.9 is the shape factor, β is the 

full-width at half maximum (FWHM) of the diffraction peak 

(radians), and θ is the Bragg angle. 

 
Macrostrain (ε) and dislocation density (δ) were estimated 

using standard relations ε = β/4tanθ and δ = 1/D². 

 

 Field emission scanning electron microscopy (FESEM): 

surface morphology and grain size distributions were 

studied. 

 Photoluminescence (PL): steady-state PL spectra were 

recorded at room temperature using a 325–330 nm 

excitation source. Emissions were analysed in the UV 

(NBE) and visible (DLE) ranges. 

 Film thickness: weight difference measurements were 

used to obtain film thickness for optical and structural 

calculations. 

 

III. RESULTS 

 

 Structural Analysis (XRD) 

The X-ray diffraction (XRD) patterns of undoped and 

Cr-doped ZnO thin films with different Cr concentrations 

ranging from 0% to 2% are displayed in the Fig. 2 The most 

intense peaks are found at 2θ ≈ 31.7°, 34.4°, and 36.2°, which 
correspond to the (100), (002), and (101) planes, respectively. 

This data is well matched with JCPDS card no. 36-1451[1,2]. 

All films showed diffraction peaks that match the hexagonal 

wurtzite ZnO phase with dominant (002) orientation. With 

increasing Cr content up to 2 at%, the (002) peak shows a 

small shift toward higher 2θ (indicating a slight decrease in 

lattice c-parameter) and a narrowing of FWHM, suggesting 

improved crystal ordering at low Cr doping. Crystallite sizes 

calculated from Scherrer formula. For Cr concentrations ≥2 

at%, additional weak features near small angles and peak 
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broadening were observed, which may indicate defect cluster 
formation or incipient secondary-phase precipitation. 

 

The lattice parameters for the wurtzite phase were 

determined using the following equation [3] 

 
1

𝑑2 =
4

3
[

ℎ2+ℎ𝑘+𝑘2

𝑎2
] +

𝑙2

𝑐2                                      (1) 

 

Where d is the interplanar spacing and the h, k and l are 
the Miller indices. The d-spacing is given by Braggs law [4] 

 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃              (2) 

 

Here we use λ = 1.5406Å, wavelength of X-ray 

radiation, n = 1, order of diffraction. 

 

The unit cell volume of (V) of the hexagonal structure 

of the ZnO films, is calculated using the equation. 

𝑉 =
√3

2
 × 𝑎 × 𝑐2              (3) 

 

The bond length (L) of the Zn-O for the undoped and 

Cr-doped ZnO thin films was determined using the lattice 

parameters using equation (7): 

 

𝐿 = √(
𝑎2

3
+ (

1

2
− 𝑢2) 𝑐2)           (4) 

 

Where u is the positional parameters which is determined by 

 

U=  
1

3
[

a2

c2
] + 0.25.                                                                (5) 

 
Table 1 gives structural parameters of Cr-doped ZnO 

thin films prepared through spray pyrolysis. 

 
Table 1 Structural Parameters of Cr-doped ZnO thin Films Prepared by Spray Pyrolysis. 

Sample Pos. [2θ0] a (Å) c (Å) c/a V (Å3) u parameter L (nm) 

0% Cr 31.74 3.2510 5.2033 1.6004 47.62 0.3801 1.9779 

1% Cr 31.70 3.2545 5.1960 1.5965 47.66 0.3807 1.9785 

2% Cr 31.66 3.2590 5.2013 1.5959 47.84 0.3808 1.9810 

 

From the above table Lattice constants 'a' and 'c' vary 

with Cr doping, reflecting minor lattice distortions with the 

substitutional incorporation of Cr³⁺ ions into Zn²⁺ sites. For 

instance, the 'a' parameter varies from 3.2511 Å (0% Cr) to a 

high of 3.2590 Å at 2% Cr, whereas the 'c' parameter varies 

between 5.1901 Å and 5.2013Å. The c/a ratio is near ideal 

value (~1.60), which shows the maintenance of hexagonal 

wurtzite ZnO structure, although minor deviations show 

negligible strain. The u parameter remains almost constant at 

0.380, indicating hardly any displacement of Zn atoms along 

the c-axis. The bond length also varies slightly in the range of 

1.9725 Å to 1.9810 Å, indicating local structural distortion 

due to Cr incorporation. Generally, the evidence supports that 

Cr doping subtly changes the ZnO lattice without breaking its 

crystal symmetry, something that can affect its physical and 

functional properties. 

 

 
Fig 2 XRD Pattern of Undoped and Cr doped ZnO thin Film. 
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The crystalline size (D), micro strain (ε) and dislocation 
density (δ) for Cr-doped ZnO films were estimated with the 

help of equations (1), (2) and (3) respectively: 

 

𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
              (6) 

 

𝜀 =
𝛽

4𝑡𝑎𝑛𝜃
                                                                  (7) 

 

𝛿 =
1

𝑟2                          (8) 

 

Where k is the shape factor, λ denotes the wavelength 

of X-ray radiation, β is the full width at half maximum 

(FWHM) is adjusted for baseline correction, and the most 
prominent diffraction angle corresponds to the peak 

maximum position. Table 2 shows the change in average 
crystallite size (D), dislocation density (δ), and micro strain 

(ε) for Cr-doped ZnO thin films deposited through spray 

pyrolysis. The size of the crystallites varies with Cr content, 

ranging from 18.26 nm in the undoped sample to a high of 

24.34 nm at 2% doping in Cr. This indicates that increased Cr 

doping can encourage grain growth or enhance film 

crystallinity under some circumstances. The micro strain (ε) 

also fluctuates minimally, with the greatest strain (0.007248) 

in the undoped sample and the lowest at 2% Cr doping of 

0.00545. Such microstructural parameter variations are a 

response to the effect of Cr incorporation on the defect 
concentration and lattice structure of ZnO thin films, which 

can have a direct impact on their optical, electrical, and 

sensing properties. 

 

Table 2 Average Crystallite size (D), Dislocation Density (δ) and Strain (ε) of Cr-doped ZnO thin Films Prepared by Spray 

Pyrolysis. 

Sample D (nm) δ × 1015 /m2 ε × 10-3 

0% Cr 18.26 2.772 7.248 

1% Cr 24.35 2.845 5.442 

2% Cr 24.34 2.301 5.45 

 

 Morphological Study (FESEM) 

The surface morphology of undoped and chromium 

(Cr)-doped zinc oxide (ZnO) thin films was characterized by 

field emission scanning electron microscopy (FESEM), as 

presented in Fig.3 (a, b, c). All micrographs were acquired at 

a magnification of 100,000×; a 100 nm scale bar is provided 

for reference. 
 

Analysis of the FESEM micrograph for the undoped 

ZnO film (Fig. 3 a) reveals a porous morphology 

characterized by an uneven distribution of grains. The 

presence of intergranular voids suggests incomplete packing 

and a less dense film growth. 

 

In marked contrast, the microstructure of the 1% Cr-

doped ZnO film (Fig. 3 b) exhibits a significant 

transformation. The morphology is dominated by broader, 

more compact grains with a substantial reduction in porosity. 

This evolution indicates enhanced grain growth and a more 

uniform, densely packed structure at low doping 

concentrations. 

 

Increasing the Cr doping concentration to 2% (Fig. 3 c) 
gives the appearance of reduced grain size and the packed 

surface morphology further reduced in porosity with even 

finer grains and grain packing denser. Thus, the reduction in 

grain size attributable to the Cr content could be attributed to 

Cr uptake in the ZnO lattice suppressing grain growth with Cr 

ionic incorporation acting as nucleators to prevent grain 

coalescence [5] 

 

 
Fig 3 Field Emission Scanning Electron Microscopic (FE-SEM) Images of a) Undoped b) 1% Cr c) 2% Cr doped ZnO thin Films. 
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 Optical Absorption Study 
The optical properties of undoped and Cr-doped ZnO 

thin films with varying doping concentrations (0% to 2% Cr) 

were systematically investigated using UV–Vis absorption 

spectroscopy. The corresponding absorption spectra are 

illustrated in Fig 4. All samples exhibited strong absorption 

in the ultraviolet (UV) region (300–400 nm), which is 

characteristic of ZnO due to its wide band gap nature. 

 

With the introduction of Cr, a noticeable shift in the 

absorption edge was observed. At lower Cr concentrations 

(1–2%), the absorption edge exhibited a slight blue shift, 
which can be ascribed to the incorporation of Cr³⁺ ions 

creating localized electronic states near the conduction band. 

These localized states facilitate marginal band gap narrowing 

and enhance absorption efficiency. Conversely, at higher 

doping levels the absorption edge demonstrated a red shift. 
This behavior can be attributed to the increased defect density 

and the possible influence of the Burstein–Moss effect, which 

results in band filling and subsequent modification of optical 

transitions [6] Such an enhancement highlights the ability of 

Cr doping to significantly tailor the optical response of ZnO 

films. 

 

Overall, the UV–Vis analysis strongly suggests that 

controlled Cr incorporation modifies the electronic structure 

of ZnO and optimizes its light absorption behavior. These 

findings confirm that Cr doping exerts a pronounced 
influence on the optical properties of ZnO thin films, 

rendering them highly promising candidates for applications 

in optoelectronic devices, photocatalysis, and gas sensing 

technologies [7]. 

 

 
Fig 4 Absorbance Spectra of Cr-doped ZnO Films 

 

The broadening is due to the Burstein–Moss effect in 

which higher carrier concentration causes band filling [8,9]. 
These findings establish Cr doping as an efficient means of 

engineering ZnO band structure, which is essential for the 

tailoring of its optical and electronic properties for device 

applications [10]. 

 

Transmission spectra for all films show high 

transparency (>80%) in the visible range for optimized 

samples. Tauc plots reveal a direct band gap with values 

varying slightly with Cr content. A modest increase in E.g 

(∼3.30 → 3.34 eV) is seen up to 1–2 at% Cr, which may be 
attributed to the Burstein–Moss effect caused by an increase 

in carrier concentration and filling of lower conduction band 

states. For higher Cr levels, band-edge absorption broadens 

and Urbach tails appear due to increased disorder and defect 

states, leading to an apparent reduction or smearing of the 
band gap. 

 

 Photoluminescence (PL) 

The photoluminescence (PL) spectra of pure and Cr-

doped ZnO thin films were recorded at room temperature 

using an excitation wavelength of 325 nm to investigate the 

influence of chromium incorporation on the optical emission 

behavior. All films exhibited two major emission bands: a 

strong near-band-edge (NBE) ultraviolet (UV) emission 

centered around 380–385 nm, and a broad visible emission 

band extending from 480 to 550 nm. The NBE emission 
corresponds to the recombination of free excitons through 
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band-to-band transitions, confirming the high optical quality 
of the ZnO lattice [11]. Fig 5 indicates the results. 

 

Upon Cr doping, the PL intensity of the UV emission 

initially increased up to an optimal Cr concentration (≈2–3 

at%), indicating an improvement in crystalline quality and a 

reduction in nonradiative defect centers. This enhancement 

can be attributed to the substitution of Zn²⁺ ions (0.74 Å) by 
smaller Cr³⁺ ions (0.62 Å), which induces moderate lattice 

distortion and facilitates excitonic recombination. Beyond the 

optimal doping level, a quenching of UV emission intensity 

was observed, which is ascribed to the introduction of excess 

defect states and nonradiative recombination centers caused 

by Cr clustering and oxygen vacancies. 

 

 
A) PL spectra of undoped 

 

 
B) 1% Cr doped 
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C) 2% Cr doped 

Fig 5 (A), (B), (C) PL Spectra of cr Undoped and doped Films. 

 

The visible green emission band (~520 nm) is 

associated with deep-level defects such as singly ionized 

oxygen vacancies (VO+_O^+O+) and zinc interstitials 

(Zni_ii), which act as radiative centers in the forbidden band 

gap. The intensity of this green emission increased with 

higher Cr content, confirming that excessive Cr incorporation 

promotes defect generation within the ZnO lattice. The 

variation in the UV visible ratio with Cr doping clearly 

indicates that controlled doping improves optical purity, 
while excessive doping deteriorates it. 

 

Overall, the PL results reveal that a moderate Cr doping 

concentration (2–3 at%) optimizes the optical emission, 

yielding enhanced UV luminescence and suppressed deep-

level emissions [12]. This tunable emission behavior 

demonstrates that Cr-doped ZnO thin films synthesized by 

chemical spray pyrolysis possess strong potential for UV 

optoelectronic and photonic applications. Room-temperature 

PL spectra of the films exhibit two main features: (i) a near-

band-edge (NBE) UV emission around 375–385 nm and (ii) 

a visible deep-level emission (DLE) peaking broadly between 
450–650 nm, typically associated with intrinsic defects (e.g., 

oxygen vacancies, zinc interstitials). [13] 

 

IV. CONCLUSION 

 

In this study, Cr-doped ZnO thin films were 

successfully synthesized using the chemical spray pyrolysis 

(CSP) technique, and the influence of chromium 

incorporation on the structural, photoluminescence, and 

morphological properties was systematically investigated. 

XRD analysis confirmed the formation of a single-phase 
wurtzite ZnO structure without any secondary impurity 

phases, indicating successful substitution of Cr ions into the 

Zn²⁺ lattice sites. The optimized Cr concentration led to 

improved crystallinity, reduced lattice strain, and smaller 

crystallite size, reflecting enhanced structural order. [14,15] 

 

Photoluminescence (PL) studies revealed a strong near-

band-edge (NBE) emission in the UV region accompanied by 

a suppressed visible emission, suggesting a reduction in 

intrinsic defects such as oxygen vacancies at the optimized 

doping level. This indicates improved optical quality and 

efficient radiative recombination in the films. [16] 
 

Morphological analysis showed that Cr doping 

significantly influenced the surface microstructure, resulting 

in uniformly distributed, densely packed grains with reduced 

surface roughness, which is favorable for optoelectronic and 

sensing applications. The observed improvements in 

microstructural and optical characteristics demonstrate that 

controlled Cr incorporation effectively tailors the properties 

of ZnO thin films. [17] 

 

Overall, the optimized Cr-doped ZnO thin films exhibit 

enhanced structural stability, superior photoluminescence 
behavior, and improved surface morphology, making them 

promising candidates for applications in UV optoelectronics, 

transparent conductive devices, and gas sensors. Future work 

can focus on correlating these material enhancements with 

their functional device performance to further validate their 

potential. [18] 
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