
Indonesian Journal of Electrical Engineering and Informatics (IJEEI) 
Vol. 3, No. 1, March 2015, pp. 21~29 
ISSN: 2089-3272     21 

  

Received October 31, 2014; Revised January 29, 2015; Accepted February 10, 2015 

Influence of Doping and Annealing on Structural, 
Optical and Electrical properties Amorphous ZnO Thin 

Films Prepared by PLD 
 
 

Azhar AbduAlwahab Ali, K.T. Al-Rasoul, Issam M. Ibrahim  
Iraqi Ministry of Sciences and Technology, Iraq  

 
 

Abstract 
In this work, ZnO thin films pure and doped with GaO were deposited using pulsed laser 

deposition (PLD). Technique using a double frequency Q-switching Nd:YAG laser beam (λ = 532) nm, 
repetition rate 6 Hz and the pulse duration 10 ns. After the end of wet mixing and drying process, the 
ZnO:GaO mixtures were pressed to form pellets (1.3 cm) diameter by using 3 ton pressure and sintered at 
1373 K for 5 h. The product was investigated using XRD. The data of X-ray diffraction shows 
polycrystalline structure, and exhibited hexagonal structure. The film thickness was equal to 300 nm with 
rate of deposition of 0.5 nm/s. ZnO thin films pure and GaO-doped from the pellets with 0.02, 0.06 and 0.1 
wt% of were deposited on glass substrates at room temperature. These films were annealed at different 
temperatures (373, 473 and 673K). The structural characteristics of the pure and GaO-doped ZnO films 
show that all the films have amorphous structure at room temperature and 373K, but when the samples 
are annealed at 473 and 673K; the XRD detected a hexagonal phase of ZnO. The surface morphology of 
the deposit materials was studied using atomic force microscope (AFM). The grain size of the particles 
observed at the surface depended on the annealing temperature. UV-VIS transmittance measurements 
showed that the films are highly transparent in the visible wavelength region for samples annealed up to 
473K, while at annealing temperature of 673 K the absorption edge of ZnO doped with GaO was shifted to 
near-infrared region. The optical gap of the films was calculated from the curve of absorption coefficient 
(αhע)2 vs. hע and was found to be 3.8 eV at room temperature, and this value decreases from 3.8 to 3.58 
eV with increasing of annealing temperature up to 473-673 K, and increases with the Ga doping. λ cutoff was 
calculated for ZnO and showed an increase with increasing annealing temperature and shifting to longer 
wavelength, while with doping the λcutoff shifted to shorter wavelength. The photoluminescence (PL) results 
indicate that the pure ZnO thin films grown at room temperature show strong peaks at 640 nm , but  GaO 
doped ZnO films showed a band emission in the yellow-green spectral region (380 to 450nm). 
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1. Introduction 

Transparent conducting oxide (TCO) is very important in optoelectronic application, 
such as solar cell, sensor, and liquid crystal displays. In recent years, the appropriate materials 
of TCO are SnO2, In2O3, Sn:In2O3 (ITO), Cd2SnO4 [1], and ZnO [2]. ITO is used usually to be a 
transparent conducting film [3-5], but the cost of ITO is too high to reduce the price of products 
which have a TCO film. ZnO is a semiconductor with a wide direct band gap (3.37 eV) and large 
exciton binding energy (60 meV). Exciton lasing mechanism from ZnO films at room 
temperature was reported recently [6]. Strong room temperature luminescence, high electron 
mobility, good transparency, etc. are some the advantages of ZnO [7, 8]. Wurtzite structured 
ZnO, a wide band gap semiconductor is a potential candidate for optoelectronics devices [9]. 
The conductivity of ZnO without intentionally doping is not high enough as TCO films. Thus, 
improving the conductivity of ZnO must rely upon doping elements into ZnO. The group-III 
elements, such as Al [10-14], Ga [15, 16], and In [17], are usually served as dopants for 
substituting zinc in order to increase more electronic carriers, then the conductivity can be 
improved. As doping concentration increased heavily, the amount of electronic carriers are also 
increased in general. Generally, ZnO films are fabricated by RF magnetron sputtering [18, 19], 
chemical vapor deposition [20], spray pyrolysis [21, 22] and sol–gel process [23, 24], etc. 
Among them, pulsed laser deposition [25] technique, metal-organic chemical vapour deposition 
(MOCVD) [26], arc plasma evaporation [27], dip-coating [28] and ion plating [29]. This outline 
provides a good context in which is pulsed laser deposition (PLD) can be viewed. PLD is a 
physical deposition technique: a physical process is used to deposit a vaporized form of the 
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material onto a surface (substrate). No chemical reactions are involved. The advantages of 
pulsed laser ablation are flexibility, fast response, energetic evaporants and congruent 
evaporation 
 
 
2. Experimentation 

ZnO: GaO powders were mixed for 2h to obtained highly homogeneity samples. The 
powder then pressed to form a pellet of 1.3cm diameter at a pressure of 3 ton, using uniaxial 
hydraulic press. These pellets were then sintered at 1373K for 5hr.The concentrations of added 
oxide are given in Table 1. 
 
 

Table 1. The concentration of added oxide 
material ZnO Doped with GaO 
 (9.998 gm) 0.002gm 
 (9.994 gm) 0.006gm 
 (9.990 gm) 0.010gm 

 
 
3. Results and discussion 

Figure 1 shows the X-ray diffraction pattern of ZnO thin films prepared by pulsed laser 
deposition (PLD) technique on glass substrate at room temperature with different annealing 
temperatures (373, 473K and 673K). There is not evidence of any phase present that means 
the formation of ZnO phase weak or amorphous. After annealing at 673K for (2hr), X-ray 
diffraction detected a growth of ZnO on glass. We can be noticed from the X-ray pattern that the 
peaks at (2θ = 31.826 ο, 34.481 ο, 36.307 ο, 56.598 ο) referred to (100), (002), (101) and (110) 
crystalline planes, respectively. The X-ray diffraction data of thin films coincides with that of the 
known hexagonal structure. Table (2) shows the experiment and the standard peaks from 
International Centre for Diffraction Data [Card No. ( # 96-901-1663 )] of ZnO thin film annealed 
at 473K and 673K. The grain sizes of the prepared films after annealing 473K and 673K were 
calculated using the Scherrer’s formula [30]:   

 
D = k λ /β cosθ          (1) 
D:( G.S)  is the grain size,   
K: is a constant (0.94) 
λ: is the wavelength of Cu Kα =1.54060 (⁰A) 
θ: is the Bragg’s angle  
β : Full Width at  Half Maximum (FWHM)of the preferential plane. 
 

  

 
 

Figure 1. The X-ray diffraction patterns (XRD) of the un-doped ZnO thin film with different 
annealing temperature: (a) RT, (b) 373K, (c) 437 K, (d) 673K 
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Table 2. Represent the XRD parameters 2θ, hkl ,d exp, FWHM and Grain size for doped  ZnO 

\Ta  
(K) 

2θ 
(deg) 

hkl 
FWHM 
(deg) 

Int 
(arb. unit) 

dhklExp(Å) 
dhklStd 
(Å) 

G.S (Å) 
uniform 

strain*10-4 

303 - - - - - - - - 

373 - - - - - - - - 

473 

32.033 (100) 0.332 52.917 2.7918 2.8137 235 -77.83 

34.730 (002) 0.332 70.828 2.5809 2.6035 236 -86.81 

36.432 (101) 0.332 55.360 2.4642 2.4754 237 -45.25 

673 

31.826 (100) 0.539 76.526 2.8095 2.8137 144 -14.93 

34.481 (002) 0.290 154.681 2.5990 2.6035 270 -17.28 

36.307 (101) 0.332 110.719 2.4724 2.4754 237 -12.12 

56.598 (110) 0.456 35.821 1.6249 1.6245 186 2.46 

 
 

 
 

Figure 2. The X-ray diffraction patterns (XRD) of doped ZnO: Ga thin film  with different 
annealing temperature: (a)  RT, (b) 373K, (c) 437 K, (d) 673K 

 
 

Table 3. Represent the XRD parameters 2θ, hkl ,d exp, FWHM and Grain size for Ga doped  
ZnO 

Ta 
(K) 

2θ  
(deg)  

hkl 
FWHM 
(deg) 

Int 
(arb. unit) 

dhklExp(Å) 
dhklStd 
(Å) 

G.S (Å) 
uniform 

strain*10-4 

303 - - - - - - - - 

373 - - - - - - - - 

473 

31.743 (100) 0.581 61.058 2.8167 2.8137 134 10.66 

34.564 (002) 0.373 38.263 2.5929 2.6035 210 -40.71 

36.224 (101) 0.415 52.103 2.4778 2.4754 190 9.70 

56.598 (110) 0.332 32.564 1.6249 1.6245 256 2.46 

673 

31.784 (100) 0.705 112.347 2.8131 2.8137 110 -2.13 

34.440 (002) 0.498 51.289 2.6020 2.6035 157 -5.76 

36.266 (101) 0.456 90.366 2.4751 2.4754 173 -1.21 

47.676 (012) 0.290 47.218 1.9060 1.9110 282 -26.16 

56.473 (110) 0.539 38.263 1.6282 1.6245 157 22.78 

 
 

Figure 2 shows the XRD pattern for ZnO thin films doped with GaO in θ range from (20-
60ο), prepared by Pulsed laser deposition (PLD) technique  on glass at room temperatures and 
with different annealing temperatures (373K, 473K and 673K). No evidence of any phases 
present on glass substrate as deposited that means the formation of ZnO phase is weak or 
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amorphous. On the other hand, the XRD patterns of doped ZnO films with annealing 
temperature (673K) the structure of these films showed be a polycrystalline. We can be noticed 
from the X-ray pattern that the peaks at (2θ=31.784ο, 34.440 ο, 36.266 ο, 47.676 ο and 56.473ο) 
referred to (100), (002), (101), (012) and (110) direction, respectively. Table 3 shows 
experimental (2θ) shifting for (GaO ) and (hkl) for film deposed on glass substrate. 
 
3.2. Optical Microscopic Examination  

Figure 3 shows the results of microscopic examination (Nikon- Japan) of the ZnO  thin 
films before and after doping with GaO. Observed  before doping the presence of two phases 
one crystalline of ZnO, and the other for amorphous phase as proved by XRD. In case of doping 
samples the surface appear clear that mean has less voids  and looks smooth and 
homogenous.  

 
 

 
 

Figure 3. The image  of Optical Microscopic of ZnO thin film. (a) ZnO without doped, (b) Doped 
with 2% Ga, (c) Doped with 0.06 wt% Ga, (d) Doped with0.1 wt % Ga 

 
 

After annealing as show in Figure 4 and 5 observe the effect of annealing on the 
structural properties, when annealing at 473K note smoothing and clearly on the surface 
membranes, some disappearance of the voids and granular border as well as starts to 
crystallize and impurities are almost virtually non-existent, while annealing at 673K observe the 
disappearance of the most defects crystal line's improved the crystal structure and the surface 
becomes more homogeneity and fine. 

 
 

 
 

Figure 4. The image  of Optical Microscopic of ZnO thin film annealing at 473K. (a) ZnO without 
doped, (b) Doped with 0.02 wt % Ga, (c) Doped with 0.06 wt% Ga, (d) Doped with 0.1 wt % Ga 
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Figure 5. The image of Optical Microscopic of ZnO thin film annealing at 673K. (a) ZnO without 
doped,  (b) Doped with 0.02   wt % Ga, (c) Doped with 0.06 wt% Ga, (d) Doped with 0.1 wt % 

Ga 
 
 

3.3. Atomic Force Microscopy (AFM) 
Figure 6 shows the influence of impurities on the grain size, where the  doped  leads to 

the decrease grain which that means  with 0.06wt%  Ga doping the crystalline nature of the film 
are decreased and also makes the surface more smoother and uniformed. In addition to taking 
into consideration the influence annealing at 673K on the grain size, the annealing cause 
increased the  grain size and crystallized the membranes. Figure 7 shows the crystallization in 
the film was improved by a sufficient thermal crystallization at 673K.  

 
 

 
 

Figure 6. The AFM image of ZnO thin films at 
RT. (a) as- deposited, (b) Doped with 0.06 wt 

% Ga 

Figure 7. The AFM image of ZnO thin films 
annealing at 673K. (a) as- deposited, (b) Doped 

with 0.06 wt % Ga 
 
 
5, Optical Properties of ZnO films 

The optical properties of the deposited amorphous ZnO films on glass at room substrate 
temperature have thickness of (300) nm, at different annealing temperatures ranging  from (373-
673)K doping with different concentration of oxides, have been determined using UV-VIS in the 
region (200–1200) nm .The properties include the UV-VIS absorption, transmission spectrum 
have been measured. The optical energy gap is given by Tauc relationship [31]. 

 
αhυ = A(hυ - Eg)

n          (2) 
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Where, α is the absorption coefficient, A is the constant, h is the Planck’s constant, υ is the 
photon frequency, Eg is the optical energy  gap and n is the 1/2 for direct energy gap 
semiconductors. The optical energy gap decrease with increasing annealing temperature [32, 
33], as show in Table 4. The direct energy gap values for amorphous ZnO pure and doped with 
different elements of mixed oxides (GaO) for doped is (0.02, 0.06 and 0.1)wt ٪  are in the range 
of (3.8 –4.1) eV, as shown in the Figure 8. It is also observed that the direct energy gap energy 
inecreases with doping elements. This is presumably because of the effect exerted by the 
perturbation in the carrier concentration in the conduction band. The λ cut off calculate when 
wavelength = 0. The λ cut off increase shift to short of wavelength  with increasing impurities 
ration [34] as show in Figure 7. The Table 5 explain effect doping on λ cut off. 
 
 

Table 4. Gives the evolution of the band gap with deferent annealing temperature 
Samples Optical energy gab (eV)  (direct) 

ZnO  at RT     3.8  
ZnO  at 373K  3.78 
ZnO  at473K  3.7 
ZnO  at 673K 3.58 

 
 

 
 
Figure 8. Measurement of energy band gap for   ZnO pure  and ZnO:Ga (0.02- 0.1%) thin films 

 
 
Table 5. λ cut off values of ZnO undoped  and doped thin film with deferent annealing temperature 

Type of th film λ cut off (nm) at RT λ cut off (nm) at 373K   λ cut off (nm) at 473K   λ cut off (nm)at 673K   
ZnO pure 340 350 350 358 

ZnO:Ga0.02wt% 325 330 390 370 
ZnO:Ga0.06wt% 320 325 395 380 
ZnO:Ga0.1wt% 318 320 360 460 
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Figure 9 and 10 shows the spectral optical transmittance and absorbance as a function 
of wavelength in the range 200–1200 nm for amorphous ZnO thin films and doped with different 
elements of mixed oxides (GaO) of (0.02,0.06 and 0.1)wt٪ on glass substrate at room 
temperature by pulse laser deposition. An increment in the transmittance is observed as the 
doping oxides were changed from (GaO). The films were found to be highly transmittance in the 
visible wavelength region. The maximum transmission observed for amorphous ZnO was 
almost (70%)up to 400nm, while for the doped films, the maximum transmittance equal (90%) 
for ZnO:GaO of  (0.1 wt٪).  

 
 

 
 

Figure 9. ZnO and ZnO: Ga (0.02-0.1) wt% 
thin films transmittance. a) ZnO pure,  b) ZnO 
0.02% Ga, c) ZnO 0.06 % Ga, d) ZnO 0.1% 

Ga with deferent tempareture 

Figure10. ZnO and ZnO: Ga (0.02-0.1) wt% 
thin films absorbance. a) ZnO pure, b) ZnO 
0.02% Ga, c) ZnO 0.06 % Ga, d) ZnO 0.1% 

Ga with deferent tempareture 
 
 
The maximum transmittance observed for amorphous ZnO deposited at room 

temperature equal to (70%) in the UV region, while for the annealing films. the maximum 
transmittance equal (89%) at annealing temperature (373K). The behavior of the transmittance 
spectra is opposite completely to that of the absorption spectra. In general, we can observe 
from this figures that transmittance increases with increasing of annealing temperature and this 
may be due to improving the crystallite size which means a decrease in the absorption. The 
films were found to be highly transmittance in the visible wavelength region with an average 
transmittance in excess of 80%. This is probably ascribed to the increase of particle sizes and 
surface roughness. 

The variation of absorption coefficient with wavelength for amorphous ZnO films 
deposited on glass substrate at room temperature at different annealing temperatures (373, 473 
and 673) K are shown Figure 11. It is observed that the absorption coefficient decreases with 
increasing wavelength. This means that direct electronic transition happens. Also, we can notice 
from this figure that (α) in general increases with the incrase of annealing temperatures 
 

 
 

Figure 11. The absorption coefficient α (cm-1) vs wavelength (nm) of ZnO undoped and doped 
thin films. a) ZnO 0.02% Ga, b) ZnO 0.06 % Ga, c) ZnO 0.1 % Ga calculate λ cut off values with 

different temperature 
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6. Conclusion 
Undoped and doped ZnO with (Ga) oxide   films were successfully deposition on glass 

and silicon substrates by pulsed laser technique and thermally annealed at (373, 473 and 
673)K, states were investigated. All films are semiconducting in nature with n-type conductivity. 

The XRD results for undoped, doped and heated samples at 373K of ZnO thin films 
were amorphous. Thin films exhibit hexagonal crystal structure of undoped ZnO thin film at 
473K and 673K. The intensity of peaks increased with increasing growth temperature at 673K. 

The optical microscopic examination of   thin film samples show the disappearance of 
voids, with smooth and relatively high homogenity, AFM images also support the slow growth of 
crystallite sizes for the undoped and doped ZnO and also for the annealed films. 

The transmission of undoped ZnO thin film was found to be above 70%, but higher for 
other doped one (85-90)%. After annealing an improvement were found in transmission for both 
undoped and doped film samples. In case of Samples annealed at 673K show low in 
transmission in UV region for ZnO thin film doped with Ga. The  band gap for as prepaded was  
3.8 eV ,then after annealed at 373K slightly decreased to be 3.78eV, then show a value of  3.70 
eV at 473K and 3.59 eV at 673K. The λ cut off increase shift to shorter wavelength with doping, 
while the λ cut off increase with increasing annealing and shifted to longer wavelength. 

PL emission spectrum from undoped ZnO thin film has a broad yellow-orange at wave 
length (610 nm). For doping ZnO with (0.02 and0.0 6)wt% Ga have a band emission in yellow-
green regions (380-450)nm, In addition to the first emission(broad yellow-orange) and less 
intensity. ZnO doped with Ga 0.1wt%, give high intensity in the region of yellow-orange band, 
and then vanished at yellow-green band.  
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