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ABSTRACT 

 
In this study, ZnO films were produced by hydrothermal synthesis onto glass substrates. The structural properties of ZnO 

films were examined using X-ray diffraction (XRD) techniques. According to XRD results, the high quality polycrystalline 

ZnO films were achieved at low temperature. Spectroscopic ellipsometry (SE) technique and Cauchy-Urbach model were 

used to the important optic constants of films as the thickness (d), refractive index (n) and extinction coefficient (k). The 

transmittance, absorbance and reflectance spectra of films were obtained by Uv-vis spectrophotometer and optical properties 

were analyzed using these spectra. Also, the surface properties, roughness and electrical resistivity values were investigated 

by atomic force microscopy (AFM), field emission scanning electron microscopy (FESEM) and four-probe technique, 

respectively. Finally, the characterization results of ZnO films showed that, hydrothermal synthesis allowed production of 

ZnO films which higher quality than other techniques at low temperature. 
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1. INTRODUCTION 

 

Recently, ZnO semiconductors have been comprehensively studied because of their potential 

applications in optoelectronics, microelectronics, catalysis, and piezoelectricity. For these application 

areas, ZnO films are one of the most important materials. ZnO films have wide direct band gap (3.37 

eV), high binding exciton energy (60 meV) and unique physical properties such as optical, electrical, 

structural, mechanical and piezoelectric properties [1].  

 

ZnO films have been produced various chemical and physical techniques as sol-gel [2], spray 

pyrolysis [3], hydrothermal synthesis [4], chemical bath deposition [5], pulsed laser deposition [6], 

thermal evaporation [7]. The best part of these techniques has some advantages and disadvantages. 

Especially, although chemical techniques have practically and easy to growth control, a lot of these 

techniques have not the controlling of homogeneity and structure. Also, these techniques mostly allow 

to the production of films at high temperature. So, the surface morphology and structure of films 

which are produced chemical techniques have not control and this case induces restriction of 

application areas. Among these techniques, hydrothermal synthesis is an aqueous solution-based 

technique such as chemical bath deposition for deposition of various films and it is simple, economical 

[8-12]. Recently, this technique has been attracted attention the production of films at significantly low 

temperature [8, 13]. Because this technique has some advantages such as low temperature, inexpensive 

equipment, easy to prepare and nontoxic. Also, hydrothermal synthesis allows for large-scale 

manufacturing materials with various morphology and structure. These properties are very important 

for ZnO films production in the different application areas of usage. There are many studies on the 

nanostructure ZnO production by hydrothermal synthesis. But, to our knowledge, there is too little 

study about production of ZnO films at low substrate temperatures by hydrothermal synthesis. 

Although there are many studies on the physical properties of ZnO films, spectroscopic ellipsometry 

(SE) studies of  ZnO films, which are produced at low deposition temperature, have not been reported 

in detail. 
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For these reason, in this study, we focused on the production of ZnO films at low substrate 

temperature. In this study, the production of ZnO films on a glass substrate using hydrothermal 

synthesis at low substrate temperature. Besides, we have been reported on the structural, optical 

[thickness (d), refractive index (n) and extinction coefficient (k)], surface, and electrical properties of 

ZnO films which have been investigated by spectroscopic ellipsometry (SE) and suitable analysis 

techniques. 

 

2. EXPERIMENTAL 

 

2.1. Film Formation 

 

ZnO films were produced using hydrothermal synthesis onto a glass substrate. 0.1 M (30 ml) of zinc 

nitrate hexahydrate [Zn(NO3)2.H2O] and 0.05 M (30 ml) sodium hydroxide [NaOH] aqueous solutions  

were solved with deionized water and these solutions were stirred with magnetic stirring at 50 C 

during 1 hour. Afterwards, NaOH solution was vigilantly added into the [Zn(NO3)2.H2O] solution until 

pH value reach 10 and this solution was stirred at 120 C during 3 hours. The glass substrate was 

placed into the solution, which the reaction was completed, and this solution was cooled to room 

temperature normally. The synthesized ZnO sample was washed deionized water, ethanol and acetone, 

respectively and final sample was dried in an oven at 80 C during 1 hours. 

 

2.2. Film Characterization 

 

The crystallographic studies were performed using Bruker D8 Advance X-ray diffractometer using 

CuK wavelength (k = 1.5406 Å) and scanning in 2 range from 20 to 70. Optical transmittance, 

absorbance and reflectance of films were carried out on UV-2550 UV–Vis spectrophotometer. The 

band gap energy values for these films were calculated by optic method. Ellipsometric measurements 

[thickness (d), refractive index (n) and extinction coefficient (k)] of films were made on PHE102 

spectroscopic ellipsometer. Electrical resistivity values of films were determined using Keithley 2601 

A System Source meter Lucas Labs four-point probe setup. The surface morphology were investigated 

using ZEISS Ultraplus model field emission scanning electron microscopy (FESEM) and Park System 

XE atomic force microscopy (AFM) where topography images were taken in noncontact mode, 300 

kHz frequency and 0.90 Hz scan rate in air at room temperature. A silicon cantilever which has a 

spring constant of 40 N/m was used. Also, the roughness values of films (root mean square (rms, Rq), 

average (Ra) and peak valley (Rpv)) were obtained using XEI version 1.7.1 software in AFM.  

 

 

3. RESULTS AND DISCUSSION 

 

XRD pattern (Fig. 1) of ZnO film produced by hydrothermal synthesized on glass substrate.      We 

observed that ZnO film have very sharper diffraction peak for (002) orientations and good crystalline 

structure according to other chemical techniques [14-16]. The film has a polycrystalline hexagonal 

wurtzite crystal structure and the best crystallization level. The ZnO film has (002) as the preferred 

orientation. Other orientations similar (100), (101), (102), (110), (103) are also seen relatively lower 

intensities. There are no characteristic peaks of other impurities. 

 

Also, we calculated some the structural parameters to obtain information about the structural 

properties in detail using the formulas below [17, 18]. 

 

TC (hkl) =
I(hkl) I0(hkl)⁄

N−1 ∑ I(hkl) I0(hkl)⁄n
                          (1) 

 

                                                                      D =
0.9 

 cos
                                                   (2) 
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                                                                        =
1

D2                                                                               (3) 

 

                                                                     < 𝑒 >=
𝑑

𝑑−𝑑0
                                                                     (4) 

 

where I0 represents the standard intensity (ASTM), I the observed intensity of (hkl) plane, n the 

reflection number, D the grain size size of the films, (=1.5405 Å) the wavelength of X-rays used,  the 

broadening of diffraction line measured at half its maximum intensity in radians,  the angle of 

diffraction, d the interplanar spacing, and d0 the interplanar spacing without deformation. All calculated 

values and structural parameters are given in Table I. As seen from Table I and XRD pattern of ZnO 

film produced in NaOH solution present the highest preferential orientation of the ZnO film along the c-

axis at (002) plane. 

 

 

Table 1. Structural parameters of the ZnO film 

 

Figure 1. XRD pattern of ZnO film 

 

The several techniques are used to the determination of optical constants. As an optical technique, 

SE is non-destructive, very sensitive and contactless to the optical parameters, especially 

semiconductors.  This technique depends on the analysis of the change of the polarization of light 

upon the reflection from the film surface. This change can be represented by the ratio of reflection 

coefficient; 

 

                                                                 
𝑅𝑝

𝑅𝑠
= 𝑡𝑔 𝑒𝑖∆                             (5) 

 

where Rp and Rs are ratios of the reflected wave amplitude to the indecent wave amplitude for the p and 

s-component, respectively. The shape of the ellipse is depicted by, which reflects the change in phase 

difference between p-polarized component 1 and the s-polarized  component 2 of the incident and 

reflected wave.  depicts the orientation of the ellipse and tg () is the absolute value of Rp/Rs [19]. 

Film 2 () d (Å) (hkl) Crystal 

System 
TC (hkl)  (line/nm

2
) D (nm) <e> 

  
ZnO 
  

  
34.488 

  
2.5844 

  
(002) 

  
ZnO 

Hexagonal 

  
4.96 

  

1.02×10
-3
 

  
28.3 

  

2.07×10
-2
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SE measurements have been done in a wavelength range of 300-900 nm at the three different indicent 

angles and cos (delta) spectra have been recorded at each wavelength and angle of incidence. Cauchy–

Urbach dispersion model, which is suitable for semiconductors, was used to fit the experimental data. 

In the Cauchy–Urbach dispersion model, the refractive index n () and the extinction coefficient k () 

as a function of the wavelength are given by, 

 

                                                                   𝑛 () = 𝐴𝑛 +
𝐵𝑛

2 +
𝐶𝑛

4                     (6) 

 

                                                                  𝑘 () = 𝐴𝑘 . 𝑒𝐵𝑘(𝐸−𝐸𝑏)                                                                  (7) 

 

where An, Bn, Cn, Ak, and Bk are model parameters [20]. For the samples having depolarization effect, 

the incident angle is an important factor. Three different incident angles (50°, 60° and 70°) were tried 

to take the measurements. The best angle was determined to be 60° using experimental w spectra. 

Then, the parameters (An, Bn, Cn, Ak, Bk) related to the Cauchy–Urbach model have been determined. 

Cauchy–Urbach model determined an approximate film thickness and refractive index. It is desirable 

to find a region of the measured spectral range where the film is nearly transparent. This allows 

simpler models with fewer parameters to be used in the fitting the data. The measured values were best 

fitted using Cauchy–Urbach dispersion model. Figure 2 shows cos (delta) fit to the experimental data 

over the spectral range 300 to 900 nm. A good fit is found between experimental and model data. 

However, there are some small deviations on cos (delta) values between model and experimental data. 

We think that, these deviations are probably due to the depolarizing effect of roughness, backside 

reflection of glass substrates, grain boundaries, and morphologies of the films which affect the 

experimental data. Also, thicknesses and model parameters are given in Table 2. 

 

Refractive index values are an important optic parameter for the alternative applications and the TCO 

materials. Also, the chemical production technique of ZnO film has an important effect on refractive 

index and extinction coefficient. Figure 3 shows the n and k spectra of ZnO films. It is clear that ZnO 

film have nearly the same behavior for refractive index and extinction coefficient spectra. The ZnO 

films had normal dispersion for the entire range of wavelength studied. The refractive index value of 

ZnO film is determined 2.1 in visible region and this value conform to in literature. The refractive 

index and extinction coefficient values are nearly remain constant in long wavelength. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Spectroscopic ellipsometry (SE) spectra of ZnO film 
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Table 2. Thicknesses and SE model parameters  

 

Film d (nm) A
n
 B

n
×10

-2

  
(nm)

2
 C

n
×10

-2

  
 (nm)

4
 A

k
 B

k 
(eV)

-1
 MSE 

ZnO 96 2.35 3.36 1.20 1.16 2.72 0.22 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Refractive index (n) and extinction coefficient (k) spectra of ZnO film 

 

The optical properties were examined by UV-Visible (UV-Vis) spectrophotometer and the optical 

characterization ZnO films were performed by transmittance (T), absorbance (A) and reflectance (R) 

spectra from 300 to 900 nm. The all spectra of films are presented in Figure4. From Figure 4 (a) it is 

clear that the optical transmittance value of ZnO film is around 80 % in the visible region (400-700 

nm). This value may be low for some application areas but it is average value for ZnO film in 

literature [21-24]. This case may be the optical scattering mechanisms of film. So, the low 

transmittance value may be attributed to the high light scattering due to more rough surface properties 

according to literature. Also, the film has sharp absorption edge in the wavelength region between 

360-380 nm. The reflectance spectrum shows in Figure 4 (c). It was investigated that the average 

reflectance value of ZnO film is below 10 % in the visible region of spectrum. 

 

Also, we calculated the band gap value of ZnO film. The sharp step required for measuring the 

thickness in this method. So, we used the thickness value which determined by spectroscopic 

ellipsometry. This measured thickness value was used to calculate the absorption coefficient and band 

gap value of ZnO film. For this calculation, we used the optical method and the Tauc relationship [25] 

as follows: 

 

                                                              h = A(h − Eg)n                                                           (8) 

 

where α is the absorption coefficient, A the constant, h the Planck’s constant, n the photon frequency, 

Eg the optical band gap, and n the 1/2 for direct band gap semiconductors. Since Eg=hν when     

(αhν)2= 0, an extrapolation of the linear region of the plot of (αhν)2 versus photon energy (hν) on the 

x-axis gives the value of the optical band gap Eg. According to this calculation, we calculated the bad 

gap value as 3.21 eV for the ZnO film and the (αhν)2 versus photon energy (hν) graphic is shown in 

Figure 5.  
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Figure 4.  The optical (a) transmittance (T), (b) absorbance (A) and (c) reflectance (R) spectra 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. (αhν)2 versus photon energy (hν) graphic of ZnO film 
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The surface morphology, size and roughness value of produced ZnO film were analyzed by using the 

field emission scanning (FESEM) and atomic force microscopes (AFM). Figure 6 shows the 

respective FESEM image at different magnification ratio. It can be seen that the surface of ZnO film is 

generally dense, smooth, uniform and homogeneous. ZnO film has well-grown flower-like 

morphology, uniform size distribution and less aggregate. Flower-like structure of size is approximate 

40 nm in width. Also, the some anisotropic column structure occurred due to the accumulated densely 

particle on the surface of film. We think that these areas have denser Zn+2 concentration and larger 

particles, because as it is known the alkaline solution type and amount as NaOH play significantly role 

crystalline and surface morphology during hydrothermal process. The similar results have been 

observed by Le et. al [26]. The AFM images of all films were taken from an area of 5 × 5 µm2 and the 

roughness values belong to all scanned area. These images are shown in Figure 7. As seen in Fig. 7, all 

the films look dense with a smoother surface and there are different regions on the film surface as 

deposited ZnO film with various heights. It is assumed that this smooth and flower structure may 

probably have positive effect on the optical and structural properties, as mentioned before. The Rpv 

(peak-valley), Rq (rms/root-mean-square) and Ra (average roughness) values of the ZnO films are 

listed in Table 3. 

 

The electrical resistivity values of ZnO films were recorded at room temperature. The four probe and 

hot probe technique were used to find the resistivity of the films. The electrical resistivity values were 

displayed in Table III. Also, the films were found to be n-type as determined from the hot probe. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. SEM images of ZnO films 
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Figure 7. AFM images of ZnO films 

 

 

Table 3. The roughness and electrical resistivity values of ZnO films 

 

 

4. CONCLUSION 

 

In this study, ZnO films were successfully produced on glass substrates using hydrothermal synthesis 

at low temperature. The effects of on the structural, optical, surface and electrical properties of ZnO 

film, which are produced at low temperature, were studied. The results show that hydrothermal 

synthesis, which is the low cost of the production system, is an advantage for potential applications of 

ZnO films. The XRD results indicated that the higher quality crystalline structure according to other 

chemical synthesis techniques. The Cauchy-Urbach dispersion model was used for the determination 

of the thickness and optical constants of ZnO films. The refractive index value was investigated as 

2.1. The band gap values calculated as 3.21 eV using the optical method. Also, SEM and AFM 

images exhibited a flower-like morphology, homogeneous and low roughness values. We contained 

that NaOH solution, which was used in chemical solution, prominently affected in both the structure 

and surface properties of ZnO films. However, more research is needed to production parameter 

effects for various structure ZnO films and improving. The achieved results show that these ZnO films 

can effectively be used for many material researches and various application areas. 
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