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 In this study, undoped and different concentrations (3%, 6%, and 9%) of chromium-doped ZnO thin films 

were deposited using the ultrasonic spray pyrolysis technique, and the significant effects of the dopant 

concentration on the physical properties of the deposited films, including structural, morphological, and 
electrical characteristics, were investigated. The structural analysis revealed that the thin films possessed a 

hexagonal wurtzite structure, and the intensity of the peak corresponding to the (002) plane initially 

increased with the increasing dopant concentration, then decreased, and increased again. Morphological 
analysis showed that there were no regular changes in the crystal sizes with increasing dopant concentration, 

but noticeable alterations occurred on the film surfaces. The optical band gaps of the deposited films 

increased from 3.24 eV to 3.31 eV with the increasing dopant concentration. The electrical resistivity values 
of the films varied between 3.04x101 Ωcm and 3.35x106 Ωcm, indicating that higher dopant concentrations 

led to an increase in resistivity. 
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1. Introduction 

Zinc oxide (ZnO) is a binary semiconductor oxide 

belonging to the II-VI group and is highly investigated both in 

bulk and nanostructured forms due to its versatile properties [1–

3]. With a hexagonal wurtzite crystal structure, this compound 

exhibits n-type electrical conductivity inherently, mainly due to 

structural defects such as Zn interstitial atoms and O vacancies 

[4]. Moreover, it possesses a direct bandgap of around 3.3 eV 

and a high exciton binding energy of 60 meV at room 

temperature [4–6]. These characteristics make ZnO an excellent 

candidate for optoelectronic applications. Particularly, the high 

exciton binding energy helps to lower the threshold energy and 

achieve high radiative efficiency in UV laser applications. This 

feature makes ZnO materials suitable for devices that emit 

radiation in the UV region [7]. Additionally, its abundance in 

nature leads to cost-effectiveness, and its properties, such as 

high optical transparency and high electrical resistivity control, 

as well as its non-toxic nature, give ZnO advantages over other 

metal oxide semiconductors like In2O3 and SnO2 [8–10]. 

Consequently, ZnO becomes a favorable choice for various 

applications. 

Doping ZnO with different metal ions can further modify 

its suitability for various application areas by enhancing 

electrical conductivity (Al, Ga, Cl, I, etc.), achieving p-type 

conductivity (Li, Na, P, Sb, etc.), and inducing room 

temperature ferromagnetic properties with transition metals 

(Mn, Fe, Co, Ni, etc.). These modifications open up various 

application areas for ZnO [11–13]. One of the metal ions used 
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for doping is chromium (Cr), which can exist in different 

valence states (2+, 3+, and 6+) and forms various ions. In 

particular, Cr3+ ions have a similar ionic radius (Zn=0.74 Å, 

Cr=0.63 Å) to Zn2+ ions, making them easily incorporable into 

the ZnO crystal lattice or readily substituting Zn ions within the 

crystal [1,2,14]. Therefore, it can be said that chromium doping 

significantly affects the physical properties of ZnO films. 

ZnO films are grown using various physical vapor 

deposition techniques as well as solution-based methods in the 

literature [15,16]. Among these techniques, the ultrasonic spray 

pyrolysis (USP) technique stands out due to its simplicity, 

relatively low cost, and significant advantages compared to 

many other film growth methods. One of the most crucial 

advantages is that the properties of the grown materials can be 

controlled and modified by appropriately adjusting the spray 

conditions. These advantages are essential for the development 

of technological applications. In this study focuses on the 

growth of undoped and different concentrations (3%, 6%, and 

9%) of chromium-doped ZnO films using the ultrasonic spray 

pyrolysis technique to enhance their physical properties. 

2. Material and Method 

2.1. Deposition of ZnO:Cr Thin Films 

Undoped and different concentrations (3%, 6%, and 9%) 

of chromium-doped ZnO thin films were deposited onto glass 

substrates using the ultrasonic spray pyrolysis technique. 

Initially, a two-step cleaning procedure was applied to the glass 
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substrates using an ultrasonic bath, with each step lasting 20 

minutes. The cleaning steps involved washing with detergent-

mixed deionized (DI) water, followed by rinsing with only DI 

water. Subsequently, 0.1 M spray solutions were prepared from 

zinc acetate [Zn(CH3COO)2.2H2O] and chromium chloride 

[CrCl3.6H2O] salts. The prepared spray solutions were atomized 

using an ultrasonic nozzle at a flow rate of 5 ml/min and a 

working frequency of 100 kHz. The atomized solutions were 

sprayed onto the preheated substrates at 350°C using 

compressed air at 1 bar pressure for 30 minutes. The distance 

between the ultrasonic nozzle and the heating plate was set to 

35 cm. For convenience during the investigation of the physical 

properties of the thin films, the undoped and 3%, 6%, and 9% 

chromium-doped ZnO films were labeled as ZC-0, ZC-3, ZC-6, 

and ZC-9, respectively. 

2.2. Characterization of ZnO:Cr Thin Films 

The thicknesses of the thin films were determined using 

the PHE-102 Spectroscopic Ellipsometer (SE) instrument. The 

thicknesses of the undoped and 3%, 6%, and 9% chromium-

doped ZnO thin films were measured as 332 nm, 312 nm, 328 

nm, and 399 nm, respectively. The structural analysis of the thin 

films was performed by obtaining the X-ray diffraction (XRD) 

patterns using a PANalytical Empyrean X-ray diffractometer. 

CuKα radiation with a wavelength of 1.5405 Å was used, and 

the scan range was set between 20° and 80° (2θ) with a step size 

of 0.013°. The surface morphology and roughness of the thin 

films were examined using a Park System XE 70 model Atomic 

Force Microscope (AFM) in non-contact mode at room 

temperature. Additionally, the surface morphology of the thin 

films was analyzed from the Scanning Electron Microscope 

(SEM), SEM images obtained using a JEOL JSM-7100-F. 

Elemental analyses of the thin films were performed 

simultaneously using Energy Dispersive X-ray Spectroscopy 

(EDS) through an EDS detector. The optical analyses of the thin 

films were conducted by obtaining the transmission, absorption, 

and reflection spectra in the wavelength range of 200-900 nm 

using a Shimadzu UV-2600 model spectrophotometer. For the 

electrical analysis of the thin films, electrical resistivity values 

were measured at room temperature using the Lucas Labs Pro4 

four-probe system. 

3. Results and Discussion 

3.1. XRD Analysis 

The XRD patterns obtained for undoped and different 

concentrations of Cr-doped ZnO thin films are presented in Fig. 

1. These diffraction patterns exhibit a good agreement with the 

hexagonal wurtzite structure of ZnO (JCPDS Card No: 36-

1451). The presence of multiple peaks in the XRD patterns 

indicates that the thin films possess a polycrystalline structure, 

while the sharp, narrow, and intense peaks suggest a high degree 

of crystallinity. For ZC-0 and ZC-3 thin films, six distinct peaks 

corresponding to (100), (002), (101), (110), (103), and (112) 

crystallographic planes were observed at approximately 2θ 

values of 32.2°, 34.8°, 36.7°, 57.0°, 63.3°, and 68.3°, 

respectively. With an increasing Cr doping concentration in ZC-

6 and ZC-9 thin films, an additional peak attributed to the (102) 

plane appeared at around 2θ = 48.0°. However, for all the 

deposited thin films except ZC-9, it was found that all the peaks 

belonged to the ZnO phase, and there was no evidence of a 

different phase likely to be formed by the dopant atoms. In 

contrast, for the ZC-9 thin film, a peak related to the chromium 

oxide compound phase of Cr2O3 (JCPDS Card No: 06-0504) 

was observed at around 2θ=23.0°. Additionally, the peak 

intensity corresponding to the (002) plane initially increased and 

then decreased with an increasing doping concentration. The 

variation in peak intensities associated with other planes showed 

an inverse relationship with the intensity of the (002) plane. The 

relationship between the calculated texture coefficients (TC) for 

each peak, as given in Table 1, and the changes in peak 

intensities is evident. 

𝑇𝐶(ℎ𝑘𝑙) =
𝐼(ℎ𝑘𝑙)/𝐼0(ℎ𝑘𝑙)

1 𝑁[⁄ ∑ 𝐼(ℎ𝑘𝑙)/𝐼0(ℎ𝑘𝑙)
]
                                                                     (1) 

where I(hkl) is the intensity value of the corresponding diffraction 

peak, I0(hkl) is the standard intensity value obtained from the 

JCPDS card, and N is the number of diffraction peaks. As seen 

in Table 1, the (002) preferred orientation is evident in the ZC-

3 thin film, while in the ZC-0 & ZC-6 thin films, growth is 

dominant along the (100), (002), and (110) orientations, and in 

the ZC-9 thin film, growth is dominant along the (100), (002), 

and (102) orientations. The crystal size was determined using 

the Debye-Scherrer equation [17], based on the positions and 

full-width half-maximum (FWHM) values of the diffraction 

peaks, and these values are provided in Table 1. 

 

𝐷 =
(0.94)

𝑐𝑜𝑠
      (2) 

where D is the crystallite size, λ is the wavelength of the X-rays 

used, β is the full-width half- maximum (FWHM) in radians, 

and θ is the Bragg angle in radians. In all the deposited films, 

the crystallite sizes varied between 22 nm and 15 nm, 

considering the dominant orientation. Consequently, there was 

no consistent change observed in FWHM and, thus, in crystallite 

sizes  with   respect  to   the  increasing  dopant  concentration. 

 

 

Fig. 1 XRD patterns of ZnO:Cr thin films. 
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Table 1. Diffraction angles (2), Miller indices (hkl), full-width half-maxima (), texture coefficient (TC), crystallite size (D), lattice 

constants (a and c), c/a ratio and unit cell volume (V) of ZnO:Cr thin films. 

Sample 2(°) (hkl)  (°) TC D(Å) a (Å) c (Å) c/a V (Å3) 

ZC-0 32.19 (100) 0.4080 1.41 211 3.219 5.151 1.600 46.25 

34.82 (002) 0.3847 1.53 225 

36.64 (101) 0.6589 0.54 132 

57.03 (110) 0.5302 1.04 178 

63.30 (103) 1.3117 0.58 74 

68.43 (112) 0.7876 0.89 127 

ZC-3 32.26 (100) 0.5598 0.98 154 3.210 5.149 1.603 45.98 

34.84 (002) 0.5582 2.59 156 

36.73 (101) 0.6344 0.51 137 

57.03 (110) 0.6642 0.65 142 

63.31 (103) 0.9025 0.58 108 

68.28 (112) 0.7349 0.68 136 

ZC-6 32.19 (100) 0.4814 1.35 179 3.218 5.153 1.601 46.24 

34.81 (002) 0.6115 1.21 142 

36.65 (101) 0.5998 0.91 145 

48.05 (102) 0.8925 0.87 101 

57.16 (110) 0.5925 1.01 159 

63.30 (103) 0.9325 0.67 104 

68.34 (112) 0.7638 0.95 131 

ZC-9 32.32 (100) 0.6793 1.04 127 3.228 5.146 1.593 46.45 

34.86 (002) 0.5794 1.64 150 

36.57 (101) 0.67949 0.71 128 

48.01 (102) 0.6374 1.21 142 

56.96 (110) 0.8533 0.75 110 

63.29 (103) 0.7375 0.76 132 

68.23 (112) 0.7986 0.84 125 

 

The lattice constants and unit cell volume for materials with a 

hexagonal crystal structure were calculated using the equations 

provided below [17]. 

1

𝑑2 =
4

3
(

ℎ2+ℎ𝑘+ 𝑘2

𝑎2
) + (

𝑙2

𝑐2
)                     (3) 

𝑉 =
√3

2
𝑎2𝑐                                    (4) 

where d is the interplanar spacing, V is the unit cell volume, h, 

k, and l are Miller indices, and a and c are lattice constants. As 

seen in Table 1, when compared with the values obtained from 

JCPDS Card No: 36-1451 (a=b=3.249 Å, c=5.206 Å, and 

V=47.62), the values for the deposited films are relatively low. 

Additionally, the ratio of lattice constants (c/a) for an ideal ZnO 

hexagonal crystal structure is approximately 1.63. The films 

deposited showed a c/a ratio around 1.60, and these two values 
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are found to be in good agreement with each other. Despite 

studies suggesting that high Cr content (as Cr2O3) generally 

impedes the growth of ZnO crystallites, practical observations 

reveal the opposite [18]. This discrepancy can be attributed to 

the ability of Cr doping to reduce the c lattice parameter of the 

ZnO structure. This reduction in the lattice constant affects the 

lattice strain and, contrary to expectations, leads to an increase 

in the crystallite size [18–21]. 

3.2. Morphological and Compositional Analysis 

Atomic force microscopy (AFM) and scanning electron 

microscopy (SEM) were used to analyze the surface properties 

of the deposited thin films. The 3-D AFM images of the thin 

films are shown in Fig. 2(a-d). Upon examining the AFM 

images, the presence of dark and bright regions is noticeable in 

all the films. The dark regions represent the formation of pits on 

the film surfaces, while the bright regions represent the 

formation of peaks that could result from the stacking of 

particles, possibly due to island-type growth mechanisms. It is 

evident that the grains observed on the surface of the ZC-3 thin 

film are of smaller size compared to the ZC-0 thin films. 

Furthermore, the sizes of the grains on the surface of the ZC-9 

thin films appear to be similar to those of the ZC-6 thin films. 

This indicates that there is no systematic change in the grain 

sizes with an increasing doping concentration. Additionally, 

using the AFM images, the average surface roughness values 

(Ra) of the deposited thin films were determined to be 13 nm, 9 

nm, 16 nm, and 32 nm for undoped, ZC-3, ZC-6, and ZC-9 thin 

films, respectively. In this regard, it can be stated that the 

increased roughness of the ZC-9 thin film and its distinct surface 

appearance compared to the surfaces of other films can be 

attributed to a noticeable change in the surface properties of the 

thin films with an increasing Cr doping. 

SEM images at x30K magnification of undoped and 

different concentrations of Cr-doped ZnO thin films are 

presented in Fig. 3(a-d). These images reveal that the surfaces 

of ZC-0 and ZC-3 thin films consist of homogeneously 

distributed grains with varying sizes, tightly packed in an 

orderly arrangement. This suggests that these thin films exhibit 

a well-formed structure and good adhesion to the substrate. On 

the other hand, upon examining the images of ZC-6 and ZC-9 

thin films, it is observed that their surfaces exhibit formations 

of different forms compared to ZC-0 and ZC-3 thin films. In this 

regard, it can be inferred that a high concentration of Cr doping 

leads to noticeable changes in both the surface morphology and 

structural properties of ZnO thin films 

Energy Dispersive X-ray Spectroscopy (EDS) was used 

for the elemental analysis of the deposited thin films. The EDS 

spectra of the thin films are shown in Fig. 4(a-d). Upon 

examination of these spectra, it is observed that the expected 

peaks corresponding to Zn and O atoms are present. . On the 

other hand, it has been determined that the other peaks seen in 

the spectra originate from elements such as Mg, Ca, and Si, 

which are present in the microscope slides used as substrates. 

From the intensities of the peaks in the spectra, it is evident that 

there is a higher proportion of Zn atoms compared to O atoms 

in the structure. 

 

Fig. 2 AFM image of ZnO:Cr thin films. 
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Fig. 3  30K magnified SEM images of ZnO:Cr thin films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 EDS spectra of ZnO:Cr thin films. 
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Additionally, with an increasing Cr doping concentration, there 

is a decrease in the proportion of Zn atoms within the structure. 

3.3. Optical Analysis 

The optical analyses of undoped and different 

concentrations of Cr-doped ZnO thin films were conducted by 

obtaining optical transmittance (T), absorbance (A), and 

reflectance (R) spectra in the wavelength range of 300 nm to 900 

nm (Fig. 5(a-c)). From these spectra, optical band gaps (Eg) and 

Urbach (EU) parameters were determined (Fig. 5(d-e)). 

The optical transmittance spectra of the thin films are 

shown in Fig. 5(a). In the visible range (650 nm), it was 

determined that the undoped and increasing Cr-doped thin films 

have transmittance values of approximately 70%, 80%, 80%, 

and 56%, respectively. This indicates a nearly regular variation 

in the thin film thicknesses. However, the changes observed in 

the optical transmittance of the thin films can also be associated 

with the variation in crystallite sizes, as observed in the 

structural analyses. The absorbance spectra of the thin films are 

shown in Fig. 5(b). Upon examining the absorbance spectra of 

the thin films, it is observed that they exhibit low absorption in 

the range of 380 nm to 900 nm, with absorbance values ranging 

from 0.5 to 0.8. There is a sharp increase in absorbance at 

wavelengths shorter than 380 nm. Accordingly, it is evident that 

the absorption edge changes in the range of 370 nm to 380 nm. 

The reflection spectra of the thin films are shown in Fig. 5(c). 

Upon examining the reflection spectra of the thin films, it was 

found that they exhibit optical reflection of approximately 9%, 

6%, 6%, and 32% in the visible range (650 nm) for undoped 

and increasing Cr-doped thin films, respectively. In this regard, 

it is observed that the surface properties of the thin films 

significantly influence their reflection values, with smoother 

surfaces exhibiting higher reflectivity. The optical band gaps of 

the thin films were determined by plotting (αh)2  h graphs 

according to the Tauc’s method [22] and are shown in Fig. 5(d). 

(𝛼ℎ)2 = 𝐴(ℎ − 𝐸𝑔)                                                              (5) 

where Eg is the optical band gap, hν is the photon energy, A is a 

constant, and α is the absorption coefficient. According to this 

equation,   the    optical    band  gaps  of  the   thin  films   were 

 

 

 

 

 

 

Fig. 5 (a) Transmittance spectra, (b) Absorbance spectra, (c) Reflectance spectra, (d) (h)2  h plots, (e) ln  h plots of ZnO:Cr thin 

films. 

 



Chromium-Doped Zinc Oxide Thin Films Journal of Balkan Science and Technology 2023: 2(2): 62-70 
 

68 

 

 

determined by using the point where the linear part of the (αh)2 

 (h) graphs intersects the hν axis. Accordingly, the optical 

band gaps of the thin films, depending on undoped and 

increasing Cr doping, were calculated as 3.24 eV, 3.28 eV, 3.30 

eV, and 3.31 eV, respectively. It was observed that these values 

are in good agreement with the data reported in the literature 

[18,23,24]. In addition, Urbach parameters, which are a measure 

of band tailing due to localized states within the band gap, were 

calculated using the slope of ln(α) versus (hν) graphs in the 

linear region, as given by the equation [25] below, and presented 

in Fig. 6(e). 

𝛼 = 𝛼0𝑒𝑥𝑝(ℎ 𝐸𝑈⁄ )                                                                                     (6) 

where α0 is a constant, and EU is the Urbach energy. The Urbach 

energies of the thin films, depending on undoped and increasing 

Cr doping, were determined as 99 meV, 113 meV, 96 meV, and 

95 meV, respectively. In this regard, it was observed that the 

Urbach energy shows a relatively higher increase in the ZC-3 

thin film due to Cr doping, while there is not a significant 

change in the other thin films. This increase is believed to be 

primarily caused by an increase in trap density resulting from 

the presence of squeezed atoms such as Zn and Cr within the 

material, as well as an increase in oxygen vacancies within the 

crystal lattice, accompanying the Cr doping. 

3.4. Electrical Analysis 

Electrical analysis of the deposited thin films, the type of 

electrical conductivity was first determined using the hot-probe 

technique, revealing that all the thin films exhibited n-type 

electrical conductivity. Subsequently, the electrical resistivity 

values at room temperature were determined using the four-

probe technique (Table 2). Depending on undoped and 

increasing Cr doping, the electrical resistivity values were found 

to be 1.38x102 Ωcm, 3.04x101 Ωcm, 2.25x105 Ωcm, and 

3.35x106 Ωcm, respectively (Fig. 6). In addition to being in 

good agreement with the data reported in the literature, it should 

be noted that some studies have reported even larger values for 

these parameters [26,27]. Here, it became evident that the 

electrical resistivity decreased in the ZC-3 thin film, but 

significantly increased in the ZC-6 and ZC-9 thin films as the 

doping concentration increased. This phenomenon suggests that 

the observed changes in the crystal structures of the ZC-6 and 

ZC-9 thin films, along with a decrease in free carrier density due 

to the increase in doping ratio, might be the main reasons for 

this behavior. Moreover, it can be attributed to a relatively 

smaller crystallite size caused by Cr doping. As a result, the 

reduction in crystallite size leads to an increase in scattering 

centers represented by crystallite boundaries, resulting in a 

decrease in the mobility of free carriers. 

4. Conclusion 

In this study, the physical properties of Cr-doped ZnO thin 

films deposited using the low-cost, large-area-coating-capable, 

and user-friendly ultrasonic spray pyrolysis technique were 

investigated. Structural analysis revealed that the crystallinity of 

the thin films changed with the dopant concentration. The 

intensity of the peak corresponding to the (002) plane initially 

increased and then decreased, with a subsequent increase, 

indicating a significant variation in crystallinity at different 

dopant concentrations. Morphological analysis demonstrated 

noticeable changes on the film surfaces in conjunction with the 

dopant. The optical band gaps of the films exhibited a smooth 

increase from 3.24 eV to 3.31 eV with increasing dopant 

concentration. The electrical resistivity values of the films 

varied between 3.04x101 Ωcm and 3.35x106 Ωcm, with a 

remarkable increase in electrical resistivity observed at high 

dopant concentrations. These results indicate substantial 

variations in the physical properties of ZnO thin films with the 

chromium doping concentration. Further research could address 

whether these properties can be enhanced for specific 

applications, posing an important research question. The 

findings from this study could serve as a valuable reference for 

various technological applications. 

 

Fig. 6 The variation of resistivity in ZnO:Cr thin films. 

Table 2. Optical band gap (Eg), Urbach energy (Eu) and 

resistivity () of ZnO:Cr thin films. 

Sample Eg (eV) Eu (meV)  (cm) 

ZC-0 3.24 99 1.38x102 

ZC-3 3.28 113 3.04x101 

ZC-6 3.30 96 2.25x105 

ZC-9 3.31 95 3.35x106 
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