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ABSTRACT: 

Transparent conductive thin films based on Tin (Sn) doped zinc oxide (TZO) were prepared using 
the chemical spray pyrolysis technique. The crystalline structure, strain, stress, roughness 
characteristics, electrical and nonlinear optical susceptibility of TZO were studied The films have 
been investigated using x-ray diffraction, atomic force microscopy (AFM), electrical resistivity, and 
third harmonic generation (THG) techniques. The greatest value of the susceptibility χ(3) was about 
10.91×10-12(esu) obtained from the 2% doped films, which  have less roughness and the low 
electrical resistivity of 5×10−2 Ω cm. Moreover, third order non-linear optical susceptibilities were 
of the order of 10-12 (esu), higher than that of the undoped ZnO. 
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1. Introduction 
In recent years, transparent conducting oxides (TCOs) interested researchers due to their exceptional 
physical properties and their wide variety of applications in commercial devices, especially in data storage 
applications. Moreover, physics Nobel laureates succeeded in generating blue emission to fabricate the 
new light [1]. Among TCOs, zinc oxide is one of the most promising materials for the next generation of 
optoelectronic manufacturing devices [2].Indeed, due to their wide band-gap energy, low resistivity and 
high transparency in the visible wavelength range, these semiconductors own high light trapping 
characteristics, which ensure efficient ultraviolet (UV) emission [3]. They are used as gas detectors, 
surface acoustic devices, transparent electrodes and solar cells [4-7]. Recently, the second and third order 
non-linear optical properties have been studied while the structural characteristics, electrical and optical 
properties of ZnO films have been widely investigated [8–12]. The possibility to get a nonlinear optical 
response in thin films makes them especially attractive since they can easily be used for integrated 
nonlinear optical devices such as optoelectronic components, optical switching, sensor protection, and 
optical data storage [13].More particularly, ZnO films have strong nonlinearities with third-order 
susceptibility χ(3) [14], that are well suited for all these nonlinear optical applications. Furthermore, third 

http://www.sedoptica.es/
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Maker-fringe (Silica reference) 
---------- Experimental 
 ---------- Theoretical 
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harmonic generation (THG) is responsible of new frequency generation starting from ω and frequencies 
3ω, via the third-order susceptibility χ(3)(-3ω,ω,ω,ω) which is symmetry-allowed in all materials [13]. 

Effects of doping on the several properties of tin doped zinc oxide (TZO) were reported in literature 
[2,15]. However, there aren’t many reports on study of nonlinear optical (NLO) properties of these films. 
(TZO) thin films can be prepared by various deposition techniques, such as sputtering, metal-organic 
chemical vapor deposition (MOCVD), vapor transport, pulsed laser deposition and spray pyrolysis 
[2,6,7,13,15-16].The spray pyrolysis technique has many advantages such as its simplicity, safety, and it 
can be adapted easily for the production of large surface films. Hence, this study investigates the 
correlation between crystalline structure, strain-stress relationship, surface roughness, electrical and NLO 
properties of THG of TZO thin films deposited on glass substrate using the chemical spray pyrolysis. This 
work is a continuation of previous ones on NLO properties in ZnO nanostructures [11, 17-19]. 

2.   Experimental 
 

 
Fig.1. THG experimental setup: Phs: synchronization photodiode; Phc: control photodiode; k/2: half wave plate; BS: beam splitter; 

P: polarizer; F: transmitting filter for 355 nm; PMT: photomultiplier tube. 

 
The spray pyrolysis set up used to obtain tin-doped zinc oxide thin films has been previously described, as 
well as the optimum conditions of samples preparation [15].Original solution (0.05M) was prepared by 
dissolving zinc chloride (ZnCl2) in deionized water and tin chloride (SnCl2 ; 2H2O) was used as the dopant 
compound source. The X-ray diffraction (XRD) profiles were recorded using Cu (Kα) radiation in the range 
of 20°-60°. Morphology and roughness of the deposited films were examined by scanning electron 
microscope (SEM) and atomic force microscope (AFM) respectively. The latter was carried out using a 
Nanosurf Flex FM digital instruments operated in tapping mode. The electrical resistivity was measured at 
room temperature by the Van Der Paw method. The experimental setup for (THG) is presented in figure 1. 
It is a Q-switched mode-locked Nd:YAG laser (Model: Quantum elite) which works as the pump beam (λ = 
1064 nm) and that offers 1.62 mJ per pulse at 10 Hz; each pulse lasts 16 ps. The fundamental beam energy 
was controlled with a polarizer and a half wave plate focalized it on the sample through lens with focal of 
25 cm. The beam diameter and the applied power density were 0.65 mm and 2 GW/cm² respectively. A 
selective filter (at 355 nm) was used to absorb the pump beam letting only the generated one being 
collected in a tube photomultiplier (PMT, Model: Hamamatsu). Moreover, the used density filter also 
reduces the generated intensity by the nonlinear sample. The third harmonic signal was detected by 
(PMT) which was integrated with a box-car and processed by a computer. A portion of the input beam was 
picked off and measured by fast photo-diode to monitor the input energy. Finally The so-called Maker-
fringes were generated by rotating the sample through the range from ±40° to the normal, giving then the 
values of third-order susceptibility χ(3) . Figure 2 shows Maker Fringes of silica taken as a reference material 

to calibrate the experimental set-up; a value of (3) = 2.62×10-14 esu was used [19]. 
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Fig.2. Experimental and theoretical Maker fringes of silica [19]. 
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3. Results and discussion 
 
Figure 3 shows the effects of dopant tin atoms on ZnO films. First, all diffraction peaks can be well indexed 
to the hexagonal phase following the same preferential direction (002) as for undoped ZnO,on the other 
hand, we can note that only the peaks related to the ZnO structure are present and no peak indicating the 
formation of tin oxide SnO2 is observed. Then, we can point out that for all doping concentrations, the 
location of the measured diffraction peaks does not change. Nevertheless, peak intensities are more 
intense and sharper specially at doping ratio of 2%. 
 

 
Fig.3.X-ray spectra of undoped and doped ZnO thin films for different concentrations of tin. 

 
These results which are in good agreement with those noted by Paraguay et al [20] indicate the good 
crystallinity of doped films. The grain sizes D (diameters) of deposited films were estimated in the 
direction (002) (table 1) using Sherrer’s formula [21]: 

 
 D = (𝟎. 𝟗𝝀)/(𝜷𝒄𝒐𝒔𝜽)   (1) 

 
Where 0.9 is the shape factor, λ is the wavelength of incident radiation (λ = 1.542Å), θ is the Bragg 
diffraction angle and β is the FWHM of the hkl diffraction peak measured at half of its maximum intensity 
(in radians). 

 
Table 1: Lattice parameters, grain size, strain and stress of Sn-doped ZnO thin films. 

 
Peak intensities as well as grain size are represented as a function of tin doping concentration (figure 4); it 
shows that the doped films at a ratio of 2% have the strongest peak and the greatest grain size. A similar 
effect has been reported in the work of M. Sathiya et al. [22] on tin-doped ZnO deposited by the same 
technique. 

Simple Lattice 

constant 

(C-axis) (A°) 

Grain size 

(nm ) 

Compression strain (%) 

 

Elastic 

Constant 

𝐶33
𝑓𝑖𝑙𝑚

 

Stress (GPa) 

PureZnO 5.2168 31 -0.207 206.28 0.91 

2%Sn-ZnO 5.2029 46 0.059 208.49 -0.26 

4%Sn-ZnO 5.2244 35 -0.353 205.08 1.55 

6%Sn-ZnO 5.2200 30 -0.268 205.77 1.18 
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Fig.4.The variation of grain size and XRD intensity as a function of Tin doping concentration. 

 

The two main properties extracted from peak width analysis are crystallite size and lattice strain. The 
biaxial strain model [23] was used to calculate the stress of the films. The strain ezz along the c axis, i.e. 
perpendicular to the substrate surface, was obtained using equation 2: 
             

     𝒆𝒛𝒛 =
𝑪𝟎−𝑪

𝑪𝟎
      (2) 

Where Co = 5.206 is the corresponding parameter taken from the ASTM sheets. 
The layer stress σ parallel to the film surface in hexagonal lattice was derived from the relationship 3: 
 

    𝝈 = [𝟐𝑪𝟏𝟑 −
(𝑪𝟏𝟏+𝑪𝟏𝟐)𝑪𝟑𝟑

𝒍𝒂𝒚𝒆𝒓

𝑪𝟏𝟑
] 𝒆𝒛𝒛              (3) 

  

Equation 4 was applied to obtain the elastic constant C33
layer

: 

     𝐂𝟑𝟑
𝐥𝐚𝐲𝐞𝐫

=
𝟎.𝟗𝟗𝐂𝟑𝟑

𝐂𝐫𝐲𝐬𝐭𝐚𝐥

(𝟏−𝐞𝐳𝐳)𝟒      (4) 

The elastic stiffness constants of ZnO bulk, which have been used, are: 

C11=211.7; C12 = 121.1; C13 = 105.1 and C33
crystal

= 201. 

 

 

 

The sources of stress in the samples are the structural defects and doping concentration. The effect of tin 
doping on the stress of the films is shown in Figure 5. Kumari et al [14] also observed and reported this 
effect. The calculated stress parallel to the films is negative only at 2% indicating that the planar stress is 
in compression condition at this concentration. Indeed, Figure 6 illustrates the widening of the peak (002) 
which shows a displacement towards the large angles for the doped layer at 2% of tin. This shift is the 
consequence of compression of the lattice. The calculation of the parameters c, the grain size, strain, stress 
and elastic constants for different concentrations of tin, are grouped together in table1. The formula used 

Fig.5.Evolution of the stress as a function of tin concentration. 
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(a) 

for the determination of the stress, is given above in the relationship (3), considering the intrinsic stress 
due to the structure and the density and neglecting the thermal and vibrational stresses. 

 

                                  Fig.6.Peaks shift  (002) with tin concentration. 

 
Figure 7 displays the optical transmission spectra of the undoped ZnO and that of the 2% Sn samples. The 
transmission occurs in the visible range and is about 85% with well-contrasted interference fringes for 
ZnO doped Sn while it is 76% for the undoped film. This high transmission is attributed to the 
improvement of crystallinity [24-25]. 

 

 

 

 

Regarding nonlinear optical properties, the nonlinear response of TZO is more important than that of ZnO 
layers elaborated by other techniques [19], so it makes it the best candidate for nonlinear optical 
applications. The third susceptibility χ(3) has been investigated using THG technique in earlier work [26], 
and the harmonic signal generated in a very thin film does not exhibit losses, and dispersion. The intensity 
of THG is expressed through the following formula [27]:      
           

   𝑰𝟑𝝎 =
𝟓𝟕𝟔𝝅𝟔

𝒏𝟑𝝎𝒏𝝎
𝟑 𝝀𝝎

𝟐 𝒄𝟐 |𝝌(𝟑)|
𝟐

𝑰𝝎
𝟑 𝑳𝟐 𝒔𝒊𝒏𝟐(𝜟𝒌𝑳/𝟐)

(𝜟𝒌𝑳/𝟐)𝟐    (5)  

  
Where: nω and n3ω are the refractive indices of the film at the fundamental frequency and the frequency of 
the third harmonic (TH) respectively, λω is the wavelength of the fundamental radiation,c is the speed of 
light in vacuum, L is the film thickness, (3) is the third order nonlinear optical susceptibility of the film,Iω 
is the power of the incident radiation and Δk is the wave-vector mismatch between the fundamental and 
TH waves in a film, given by equation 6: 

     𝜟𝒌 =
𝟔𝝅

𝝀𝝎
(𝒏𝟑𝝎 − 𝒏𝝎)     (6) 

         
It should be noted, due to the high frequencies involved, that the THG can probe purely coherent 
electronic nonlinearity. Figure 8 shows maker fringes for undoped ZnO (a) and 2 % Sn-doped ZnO thin 

Fig.7.Transmission spectra of undoped ZnO and Sn-doped thin films. 
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layers (b). From the THG intensities and using equation 5, nonlinear susceptibilities values are calculated 
then given in table 2. The third susceptibility value of Tin-doped ZnO at 2 % is two orders of magnitude 
higher than the reference material and matches well with those already reported for doped ZnO films [6, 
7, 18].This increase of (3) is attributed to the redistribution of the electronic charge density, which induce 
a substantial polarization. Thus, the substitution of Zn2+ ions by the Sn4+ ions (2 %) introduces an 
additional difference, leading to an additional polarization that allows the improvement of the nonlinear 
response. 
 

Table 2: The Values of Third Order Non-Linear Susceptibilities for undoped and Sn-doped thin films. 

 

 

 

 
Figure 9 illustrates the morphology of undoped and 2% tin-doped ZnO thin films. For the doped samples, 
the AFM micrograph (figure 9b) reveals a smooth surface, which confirms the good crystallized layer 
indicated also from the XRD results given in previous work [15]. Bahedi et al [17] have concluded 
previously that the surface roughness is one of the most effects acting on the nonlinear properties. Indeed, 
rough surfaces scatter more light from the fundamental beam thereby generating low nonlinear optical 
response. Moreover, the surface roughness is also associated with the optical transmission as it has 
already been reported [15].Finally, the 2% ZnO: Sn appears to be the most transparent sample, exceeding 
80% in the visible region. Its smoothness can anticipate less scattering light, which corresponds to good 
transparency and thereafter contributes to a higher nonlinear optical response [28]. 

 

 
Fig.8.Third harmonic response for undoped ZnO (a) and 2% Sn-doped ZnOthin layers (b) deposited at 450 °C (-Fit, …  Experimental). 

 

 
Fig.9. AFM images of (a) undoped and (b) 2% Sn-doped ZnO thin films. 

 
On the other hand, according to the work of Ghorsh et al [29], the electrical properties of the transparent 
conductive oxides depend on their microstructure. Hence, the study of the influence of doping 
concentration on the resistivity of tin ZnO doped films seems of significant interest. Figure 10 shows the 
results of such a study at room temperature. It is obvious that tin concentration is one of the most 
important parameters to affect the electrical properties of these films. Initially, the resistivity decreases 
with doping concentration up to 2% reaching a minimum value of 5×10−2 Ω cm, then it increases as it has 
already reported in previous work [15]. 

Tin concentration (%) (3)х 10-12 (esu) 

0 0.93 

2 10.916 

http://www.sedoptica.es/


ÓPTICA PURA Y APLICADA 

www.sedoptica.es 

 

Opt. Pura Apl. 55 (2) 51069 (2022)  © Sociedad Española de Óptica

  

 

  

8 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
The high free carrier concentration in Sn doped ZnO films with a ratio of 2% is responsible of the observed 
low resistivity which generates a high value of the third susceptibility, confirmed by the results presented 
in table 2.Fellahi et al [30] has argued that the electrical resistivity is one of the most effects acting on the 
nonlinear properties.Indeed, when the resistivity decreases, the values of nonlinear optical properties 
increase. Thus, all these results allow us to conclude qualitatively that a smooth and homogenous surface 
combined with good crystallinity is necessary to get high third harmonic conversion efficiency, which 
confirms the optical transmission results already quoted in previous reports [6, 15, 17]. Moreover, when 
the electric conductivity increases, the value of nonlinear optical properties increases. This behavior has 
been confirmed already in other studies [9]. 
 

3. Conclusion 
 
Highly transparent and conductive Sn-doped ZnO thin films have been obtained by the simple chemical 
spray pyrolysis technique and their crystalline structure, strain-stress relationship, roughness 
characteristics, electrical and nonlinear optical susceptibility were studied. TZO layers with resistivity as 
low as 5×10-2 Ω.cm were obtained for the low doping ones. The results show a strong dependence of the 
third order non-linear susceptibility on the surface roughness but also on the sample crystallinity and 
resistivity. The THG response has been measured for all studied samples and the highest value has been 
found for the films with a ratio of 2% in tin concentration. 
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Fig.10 Evolution of the resistivity of a ZnO layer as a function of the doping level with tin. 
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