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A B S T R A C T   

Pure zinc oxide and gallium-doped ZnO films have been deposited on a glass substrate using a sol-gel assisted 
spin coating technique. The prepared films were characterized by structural, morphological, optical, and the 
effect of doping is studied. XRD analyses of the films confirm amorphous nature. Raman studies give support to 
XRD and confirm secondary phases are absent in the film. The AFM images give the grain size, which decreases 
with an increase in doping concentration from 116 nm to 81 nm. Roughness, Skewness, and Kurtosis factor are 
varying from 45.694 nm to 29.153 nm 1.085 to 0.453, 3.583 to 2.605, respectively. Kramers-Kronig equations 
are the most accurate methodology for optical thin-film technology for the calculations of optical linearity and 
nonlinearity parameters. The bandgap values are decreasing with increasing thickness from 2.97 to 2.79, 
respectively. The doped films are more transparent compared to the pure ZnO films. The enhancement in the 
linear optical properties such as refractive index, absorption index, and dielectric constant are also observed with 
an increase in the doping concentration. The nonlinear optical properties such as χ(1), χ(3) and n(2) are varying in 
the range of 0.288 esu to 0.252 esu, 1.1 × 10−12 esu to 7 × 10−13 esu, 1.92 × 10−11 esu to 1.30 × 10−11 esu, 
respectively. The enhancement in optical properties with increasing the doping concentration suggests the 
present films are useful for various optical device applications.   

1. Introduction 

In the recent past, there is a considerable demand for the synthesis of 
transitions metal oxide thin films as they possess potential applications 
in various fields such as gas sensors materials [1], electrochromic films 
[2], catalysts, electrodes, acoustic wave devices, etc. [3–9]. Amongst all 
the metal oxide, ZnO is a promising candidate due to its potential ap-
plications in optoelectronics and electronic devices. ZnO also possesses 
several properties like thermal stability, low-cost, high resistance to 
chemical attack, lower toxicity [10,11], and suitable adhesive with 
several substrates [12]. Furthermore, ZnO is an n-type semiconductor 
with wide bandgap (3.37 eV) and low resistivity, making it convenient 

to use transparent electrodes in electronic displays [13]. 
Almost all the available techniques have been adopted to deposit 

pure and doped-ZnO films. Chemical vapor deposition technique [14], 
pulsed laser deposition [15], RF-magnetron sputtering [16], molecular 
beam epitaxy [17], chemical spray pyrolysis [18] yields a good quality 
film. Here in the present study, we have adopted the sol-gel assisted spin 
coating technique to deposit the ZnO films. To improve the optical and 
electrical properties of the films, doping is an effective favorable tech-
nique adopted by many researchers and been successful [19,20]. To 
enhance the properties of the films, the researchers have focused on 
varying the deposition techniques, annealing the films at different 
temperatures, doping with suitable elements. Dopants such as Al-, Cu-, 
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Sn-, Cd-, Ag- have been doped in ZnO films [19,20], and the properties 
have been studied extensively. ZnO is an n-type material consisting of 
dominant Zinc interstitials, oxygen vacancies that generate donor levels 
[21,22]. Among all the dopants, Gallium is attracted many researchers 
due to its potential applications in the field of UV-detectors, optoelec-
tronic, TCO, and bandgap narrowing for photoelectron, nonlinear op-
tical applications [23–26]. It is also an n-type dopant which controls the 
n-type electrical conductivity in ZnO material, and useful for optoelec-
tronic applications. 

There are many reports available on Ga-doped thin films in the 
literature, but in the filed systematical study of nonlinear optical prop-
erties is still lacking. Especially in Kramers-Kronig calculations of optical 
constant, there very few reports are reported until now [27]. Kramers- 
Kronig dispersion relations are the most useful for accurate calculation 
of the optical parameters like refractive index and absorption index from 
reflectance data. Thus, it is worthwhile to calculate the optical linear 
and nonlinear properties of Ga-doped ZnO films Viz., Kramers-Kronig 
relation. To the best of our knowledge, this is the first report work to 
calculate the optical parameters of Ga: ZnO thin films using Kramers- 
Kronig relations. The detailed study is discussed in successive parts. 

2. Experimental details 

2.1. Synthesis of Ga-doped ZnO nanostructured films. 

The films of pure ZnO and Ga-doped ZnO were deposited on the glass 
substrate by the sol-gel assisted spin-coating technique. All the chem-
icals used in the preparation process are of analar grade and purchased 
from Sigma-Aldrich. The starting solution is of 0.2 M concentration Zinc 
acetate dehydrate dissolved in 2-methoxyphenyl and continuously stir-
red at 60 ◦C for 1 h. Monoethanolamine (MEA), as the complexing agent, 
and stabilizer are added to the solution maintaining the molar ratio 
MEA/Zn as 1. To obtain the homogeneous mixture, the solution is 
continuously stirred for an hour and thus obtained a clear solution is 
termed as a -sol. Gallium nitrate is used as the source of dopant and 
added in stoichiometric quantities to prepare the Ga-doped ZnO films. 
The glass substrates were cleaned with distilled water, followed by an 
isopropanol solution. Thus, the preapared solution is used to coat the 
films using the spin coater at a speed of 1500 rpm, same procedure is 
repeated for the coating of ten layers. After the coating is completed, the 
substrates will dry at 125 ◦C and for 10 min between each layer. All the 
doped films are prepared similarly. The final films will be subjected to 
annealing at 450 ◦C temperature inside the muffle furnace to have the 
nanostrctured Ga-doped ZnO samples. Further, the thickness of the films 
were measured using thickness monitor instrument. 

2.2. Devices and measurements. 

The structural characteristics of Ga-doped and pure ZnO thin films 
were investigated using the X-ray diffractometer (Shimadzu LabX, 
wavelength 6000) with monochromatic CuKα source operated at 30 kV 
and 25 mA. 

The surface morphologies and its related parameters, i.e., the grain 
sizes of the pure and Ga-doped ZnO films, were studied by the Atomic 
force microscope (AFM). (Solver next Russia) 

Raman spectrometer (TS, DXR) is used in 200–1400 cm−1 to obtain 
information about secondary phases and vibrational modes inside the 
studied samples. 

Transmittance, reflectance, and absorbance measurements were 
measured using the JASCO UV–VIS-NIR-570 spectrophotometer in the 
range from 290 to 1000 nm. 

3. Results and discussions 

3.1. XRD measurements of nanostructured Ga-doped ZnO films 

The X-ray diffraction studies of pure, and 1%, 10%, 15% Ga-doped 
ZnO thin films are depicted in Fig. 1. It is inferred that all the films 
deposited are amorphous. The broad hump in all the samples indicates 
the nanostructured nature of the present samples [27]. There is a small 
peak observed at 34◦ in 1% Ga-samples. The intensity of the peak is 
decreased with higher doping concentration and become amorphous. 
The reason for this type of nature is attributed to occupation of the Ga+3- 
ions occupy the site of Zn2+and higher ionic radius of Ga+3 ions ompare 
to Zn2+ ions. Reza Ebrahimifard et al. have studied Al-Ga co-doped ZnO 
thin films, and they concluded in their detail study that at higher con-
centration of doping atoms occupy the interstitial positions or form Al- 
and Ga- oxides (more than 5%), which entirely distort ZnO crystal 
structure [24]. Shuqun Chen et al. also explained the reason for 
decreasing crystallinity at higher concentration of Ga-doped ZnO is due 
to increase the segregation of extra Ga-atoms at grain boundaries sup-
presses the grain growth and, the films are thickened by isolated parti-
cles resulting the crystal quality is reduced [28]. The detail explanation 

Fig. 1. XRD patterns of pure and Ga: ZnO nanostructured thin films.  

Fig. 2. Raman spectra of pure and Ga: ZnO nanostructured thin films.  
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about the amorphous nature of present samples and with some other 
dopants was explained in earlier studies [24,27] 

3.2. Raman analysis of nanostructured Ga-doped ZnO films 

The modes of vibrations of pure ZnO and Ga-doped ZnO films are 
shown in Fig. 2. The peaks are observed at 100, 273, 330, 435, and 580 
cm−1, indeed correspond to the optical and acoustic modes of vibration. 
The peaks centered at 100 and 435 cm−1 are attributed to doubly 
degenerate acoustic and optical modes, respectively. The peaks at 273 
cm−1 and 332 cm−1 correspond to the singly degenerate acoustic 

vibrational mode and transverse optical mode, whereas the peak at 583 
cm−1 corresponds to longitudinal optical mode. The shift in the peaks 
and broadening of the peaks is due to the doping of Ga-, which may be 
the reason behind defects and oxygen vacancies. Similar behavior is 
observed on pure and Al-, Fe-, Sb-doped ZnO thin films [29–32]. 

3.3. Morphology study of nanostructured Ga-doped ZnO films 

It is well known that the films optical and electrical properties are 
connected with the grain size. Hence, it is worthwhile to look at the 
morphology of Ga-doped and pure ZnO films. Thus, the AFM images are 

Pure ZnO ZnO/ 1% Ga3+

ZnO/ 10% Ga3+ /OnZ 15% Ga3+

Fig. 3. AFM images of pure and Ga: ZnO nanostructured thin films.  

Table 1 
Surface morphological, grain size analysis and roughness analysis of nanostructured Ga-doped ZnO thin films.  

Materials Mean The mean values of the grain 
Size, (nm) 

Ra, The arithmetical mean deviation of 
the profile 

Rq, Root-mean-square deviation of 
the profile 

Rsk, Skewness of 
profile 

Rku, Kurtosis of 
profile 

Pure Zno 116 nm 45.694 60.169 1.085 3.583 
ZnO/1% Ga 111 nm 24.068 29.702 0.287 2.610 
ZnO/10% 

Ga 
126 nm 19.517 22.713 0.448 2.480 

ZnO/15% 
Ga 

81 nm 29.153 36.189 0.453 2.605  
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depicted in Fig. 3, from which the grain size is evaluated. Moreover, it is 
observed that the grains are spherical. The grain size and roughness 
decrease with an increase in the concentration of doping Ga- in ZnO 
films is attributed to the effect of doping and increases the quality of the 
film. Some other properties like Skewness and Kurtosis factor are also 
studies to understand the quality of the prepared films. The values of 
roughness Skewness and Kurtosis factor varying from 45.694 nm to 
29.153 nm 1.085 to 0.453, 3.583 to 2.605, respectively are given in 
Table 1. A similar type of results is observed in previously reported data 
[27]. 

3.4. Linear optical analysis of nanostructured Ga-doped ZnO thin films 

Fig. 4. represents the optical transmittance and reflectance spectra in 
the range of 290–1000 nm for pure and Ga- (1–15%) doped ZnO sam-
ples. It is evident from the figure that all the films are highly transparent 
in the visible region, and its average is found to be around 80–90%. As 
explained earlier, doping of Ga- on to ZnO films inhibits the trans-
mittance of the films, i.e., the transmittance decreases slightly on 
doping, which may be attributed to the change in grain size as observed 

in the AFM images. The increase in the doping transmittance is observed 
for the doped film, which is in correlation with our previously reported 
data of Rhodamine B dye and Rose Bengal thin films [21,27,29]. The 
increase in transmittance and a decrease in reflectance of Ga: ZnO thin 
films indicate the present films are useful for optoelectronic 
applications. 

The absorbance edge increase with the doping concentration of Ga-, 
moreover the absorption shows (Fig. 5) a bump in the UV-region than in 
visible region, which is making these films to have application in many 
optoelectronic devices. Similar behavior is absorbed for many oxide 
films like CdO, NiO, etc in several reports [33,34]. 

The key parameters in deciding the quality and nature of optoelec-
tronic devices are Refractive index n and extinction coefficient k. These 
parameters are evaluated from the Kramers-Kronig method by using the 
given equations [35] for the whole wavelength range. The values of T 
and R are taken from Fig. 4 [29]. 

Fig. 7. absorption coefficient plots as a function of wavelength for pure and Ga: 
ZnO nanostructured thin films. 

Fig. 6. Refractive index plots as a function of wavelength for pure and Ga: ZnO 
nanostructured thin films. 

Fig. 5. Absorption spectra plots as a function of wavelength for pure and Ga: 
ZnO nanostructured thin films. 

Fig. 4. Transmission and reflectance spectra plots as a function of wavelength 
for pure and Ga: ZnO nanostructured thin films. 
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ϕ(ω) = −ω
π

∫ ∞

0

lnR(ω′ ) − lnR(ω)
ω′ 2 − ω2

dω′ (3) 

The refractive index “n” as a function of wavelength is depicted in 
Fig. 6. The increase in the value of “n” is observed with an increase in Ga- 
concentrations. The minimum value of “n” is observed at a wavelength 
corresponding to hυ = Eg. The absorption coefficient “k” an important 
optical constant calculated and is plotted as a function of wavelength. 
Similar to refractive index, the absorption coefficient also increases with 
increasing in the Ga-doping percentage (Fig. 7). Moreover, the value of 
“k” is very less at a higher wavelength, which indicates the films are 
highly transparent at higher wavelengths. A similar type of behavior is 
observed in our earlier reported data [27,29]. 

The absorption coefficient (a = 4πk/λ) is calculated from the band to 
band transition, and it pursues the following condition [36]: 

(αE)h = Q
(
E−Eg

)
(4)  

where E is the incident photon energy, Eg is the energy gap, Q is a 
bandgap constant. h is a constant which describes the electronic tran-
sition, and it takes value 2 for direct transition and 1/2 for the indirect 
transition. The variation of (αhυ)2 as a function of (hυ), as shown in 
Fig. 8. It has been absorbed that the direct bandgap is decreasing with an 
increase in the concentration of Ga- in ZnO films. The decrease in the 
transmittance of the films results in the decrease of energy gap values, 
making these films suitbale for optoelectronic applications. The 
observed bandgap values are quite high from the previously reported of 
Kramers–Kronig approach of these films. This results are useful for op-
toelectronic device applications [27–29] 

Knowing the values of n and k, the optical dielectric constants (real 
and imaginary parts) can be expressed from the following relations [37] 

εr = n2 − k2 (5)  

εi = 2nk, (6) 

Fig. 9(a,b) showed the variation of dielectric constant and dielectric 
loss with wavelength. The dielectric values showed a peak at lower 
wavelengths and seemed to be constant for the higher wavelengths. 
Moreover, the low values of the dielectric constants in the range of 
4.03–4.50 for all the doped films. The calculated optical parameters of 
the studied films are depicted in Table 2. From this table, it is clear that 
the optical parameters showed higher values than the earlier reported 
data of thin films. This indicating that the present Ga-dopant showing 
remarkable effect on ZnO for various device applications. The compar-
ison data of present work and various other thin films are given in 
Table 3. 

3.5. Nonlinear optical analysis of nanostructured Ga-doped ZnO thin 
films 

When the films are exposed to high energy radiation like a laser, 
second and higher-order harmonics are generated. Thus at high in-
tensities, the polarization is a non-linear function of an electric field, 
whereas linear function at low intensity. Therefore, it is necessary to 

Fig. 9. (a, b) The variation of dielectric constant and dielectric loss as a 
function of wavelength for pure and Ga: ZnO nanostructured thin films. 

Fig. 8. Bandgap analysis for pure and Ga: ZnO nanostructured thin films.  
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study the variation of the first-order susceptibility χ(1), third-order op-
tical susceptibility χ(3), and nonlinear refractive index n2 as a function of 
wavelength. Hence enabling films for applications like communication 
system, optical signal processing, electro-optic modulators, optical cir-
cuits [38,39]. Thus the equations are calculated as follows [40–42]: 

χ(1) = n2
o − 1
4π (7)  

χ(3) = A
(

n2
o − 1
4π

)4
(8)  

n(2) = 12πχ(3)

n0
(9)  

where A is a constant, and its value is 1.7 × 10−10 esu [28]. Fig. 10(a-c) 
gives the variation of χ(1), χ(3), and n(2) as a function of wavelength. It is 
understood that the nonlinear susceptibilities and non-linear refractive 
index behave similarly. The calculated values of χ(1)and χ(3) are varying 
in the range of 0.288 to 0.252 and 1.1 × 10−12 esu to 7 × 10−13 esu, 
respectively. Similarly, the nonlinear refractive index varies in the range 
of 1.92 × 10−11 esu to 1.30 × 10−11 esu. The observed values of 
nonlinear optical parameters are quite higher than earlier reported data 
of other thin films [27,29]. This suggests that these materials are useful 
for nonlinear optical applications. 

4. Conclusions 

This paper deals with the preparation of ZnO and Ga-doped ZnO 
films by spin-coating technique on a glass substrate. The XRD and 
Raman studies indicated that these films possess amorphous nature. The 
decline in the grain size is observed from the AFM images, which affects 
the film's optical properties. The high transmittance of the pure and Ga- 
doped ZnO film are around 90%, in which can be used in optoelectronic 
devices, and the lower values of dielectric constant 4.03–4.50 make 
them more efficient. The bandgap values are decreasing with increasing 
doping concentration. The Kramers-Kronig equations are used to 
calculate the linear and nonlinear optical parameters with high accu-
racy. The obtained n, k values for pure and Ga: ZnO thin films are 
varying from 2.04 to 2.15, 0.94 to 1.05, respectively, indicates the 
quality of the studied thin films. Furthermore, the nonlinear optical 
constants were also calculated. The χ(1) and χ(3) are varying in the range 
of 0.288–0.252 and 1.1 × 10−12 esu to 7 × 10−13 esu, respectively. 
Similarly, the nonlinear refractive index varies in the range of 1.92 ×
10−11 esu to 1.30 × 10−11 esu. The observed values of nonlinear optical 

Fig. 10. (a-c). The variation of χ(1), χ (3) and n(2) as a function of wavelength for 
pure and Ga: ZnO nanostructured thin films. 

Table 2 
Optical and dielectric parameters of analysis of nanostructured Ga-doped ZnO thin films.  

Materials Thickness, (nm) Bandgap, (eV) Refractive index, (n) Absorption coefficient, (k) ε1 ε2 

Pure Zno 226 2.97 2.04 0.94 4.03 3.40 
ZnO/1% Ga 227 2.82 2.08 0.91 4.22 3.24 
ZnO/10% Ga 229 2.80 2.13 1.02 4.41 3.66 
ZnO/15% Ga 228 2.79 2.15 1.05 4.50 3.87  

Table 3 
Comparative Eg and ε1 and ε2 values of previously reported optical parameters 
thin films by Kramers-Kronig analysis.  

Authors Material Eg, (eV) ε1 ε2 

Aslam et al. (Optics and 
Laser Technology, 112 
(2019) 207–214) 

Rose Bengal 1.92–1979 4.03 3.40 

Abutalib et al. [Optik, 127 
(2016) 6601–6609] 

Fluorescein 
dye 

1.95–1.99 2.7–4.9 0.05–1.1 

I.S. Yahia et al. [Physica B, 
490 (2016) 25–30] 

Rhodamine 2.10 0.02–5.5 –  
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parameters are quite higher than earlier reported data. Thus, the ob-
tained results showed that the Ga-doped ZnO nanostructured films can 
be useful for the fabrication of optoelectronic devices. 
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