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The dc sputtering technique was used to deposit Al2ZnO4 thin films. X-ray diffraction 
(XRD) of as-prepared aluminum zinc oxide Al2ZnO4 thin films showed that the films 
showed amorphous nature, whereas, the annealed films showed some crystallinity with 
amorphous background. The optical constants such as the refractive index n, the 
absorption index k, and the absorption coefficient α of Al2ZnO4 thin films were 
determined using spectrophotometric measurements of transmittance and reflectance in the 
spectral range from 200 to 1200 nm. The maximum value of the transmittance were in the 
range from 85% to 90% depending on the condition of preparation. Furthermore, the effect 
of both thickness and annealing temperature on optical energy gap Eop, width of the band 
tails of the localized states Eu plasma frequency ωp, and relaxation time τ of the carriers 
were studied. The allowed indirect optical energy gap found to be around 3.5eV. 
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1. Introduction 
 
Formation and characterization of zinc oxide and doped zinc oxide via different 

techniques have attracted considerable attention due to their important applications in the 
development of materials science. ZnO has high transparency in the visible and near-ultraviolet 
spectral regions and a wide range of conductivity which can be changed under photo 
reduction/oxidation condition [1]. Pure ZnO thin films lack stability in terms of thermal aging in 
air and corrosive environment [2]. Thus, polycrystalline ZnO films have been doped with elements 
from group II and III metal ions such as In, Al, Ga, Cu Cd etc. to enhance their structural, optical 
and electrical properties [3-8]. Doping is required to get high transparency, stability and high 
conductivity. Aluminum doped ZnO thin films have high transmittance in the visible region, and 
low resistivity, and the optical band gap can be controlled by using Al doping amount [9]. It has 
been reported that the optical band gap of ZnO is approximately 3.2 eV at room temperature [4], 
and for Al2ZnO4 is in the range of 3.14 - 3.32 eV [10]. This wide band gap of Al2ZnO4 
semiconductors show optical transmission in the visible and near-infrared regions. This unique 
property has been widely studied for various practical applications such as solar cells [11] and flat 
panel display electrodes [12]. In addition, it is also find applications as surface acoustic devices, 
optical waveguide, gas sensors, and micro-machined actuators [13-15]. The physical properties of 
the films depend strongly on the deposition technique, the growth conditions and post deposition 
treatment. Several techniques have been used for preparing ZnO thin films such as sputtering [16-
17], spray pyrolysis [18], pulsed laser ablation [19], reactive evaporation [20], chemical vapor 
deposition [21], solution growth [22], sol-gel [23-24], and cathodic vacuum arc techniques [25]. 
____________________________                                                                                                       
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The simultaneous occurrence of high visible transparency and high electrical conductivity 
can be controlled through the material parameters like dielectric constant ε', carrier concentration 
N and mobility [26-28]. 

As far as the authors know that little attention has been  paid to characterizing the  
structural and optical properties of Al2ZnO4 thin films deposited at room temperature. So, in the 
present work, the structural and optical properties of Al2ZnO4 thin films deposited using dc 
sputtering technique at substrate room temperature are studied. 

 
2. Experimental details 
 
The Al doped ZnO thin films were deposited on a pre-cleaned glass substrate using 

UNIVEX 350 SPUTTERING UNIT with  DC POWER MODEL Turbo drive TD20 classic 
(Leybold).and rate thickness monitor model INFICON AQM-160. The Al2ZnO4 target, from 
Cathey was used as a sputtering source. The weight ratio of Al2O3 to ZnO (both were 99.99% 
pure) was 20%. The high vacuum of the chamber was better than 2x10-6 torr and sputtering was 
carried out in an argon (99.999%) atmosphere of 2x10-2 torr. The target substrate distance was 10 
cm with an  angle 65o. The substrate temperature was kept at 25 oC during deposition. The 
structural characteristics of Al2ZnO4  thin films  was investigated by X-ray diffraction pattern. 
Philips X-ray diffractometer model X' Pert was used for the measurements which utilized 
monochromatic CuK1.5406=ߙ Å radiation operated at 40 kV and 25 mA. The diffraction patterns 
were recorded automatically with scanning speed of 2deg/min. The optical transmittance and 
absorbance of the films were measured in the wavelength range of 200-1200 nm at normal 
incidence by using double beam spectrophotometer (JASCO model V-670 UV-VIS-NIR). 

 
3. Method of calculation 
 
The study of the fundamental absorption edge provides useful complementary information 

concerning energy band structure and the type of transition of the charge carriers. The absorption 
coefficient   of the films was determined using the formula [29]: 
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Where T and R are the transmittance and reflectance of the films respectively and d is the film 
thickness. 

The allowed indirect  optical energy gap opE  was estimated from optical measurements 

using the following expression [30]: 
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where h is the photon energy, A  is a constant characteristic parameter independent of photon 
energy, and h is Planck's constant. opE  values were obtained by extrapolating the linear portion of 

the plots of  2/1)( h  versus h  to 0.0 . 

The refractive index n  was calculated from the following equation: 
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where  4/k  is the absorption index, and   the is incident wavelength. The relation 

between the real dielectric constant '  and the wavelength, λ, in the normal dispersion region is 
given by [31, 32]: 
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where   is the residual dielectric constant, c  is the light velocity, N  is the free carrier 

concentration, m  is the electron effective mass), e  is the electronic charge and o  is the 

permittivity of free space. The plasma frequency is in the form: 
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For one kind of free carrier the relaxation time   can be determined by plotting '  versus 
2  and calculating the slope and intercept of the straight line using the following equation: 

 

3
33

2
''

4
2 





c

nk p                                                    (6) 

 

where ''  is the imaginary part of the complex dielectric function. It is worth mentioning that the 
real part generally related to dispersion, while the imaginary part provides a measure to the 
dissipative rate of the wave in the medium [33] 

The dispersion data of the refractive index has been analyzed on the basis of the Wample 
and DiDomenco (WD) model which is based on the single oscillator formulae [34-37]:  
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where Eo is the oscillator energy and Ed is the dispersion energy which is a measure of the strength 
of interband optical transition. The values of Eo and Ed can be directly determined by plotting 
ሺ݊ଶ െ 1ሻ-1 against ሺ݄ߴሻଶ . 

The amount of tailing can be estimated to a first approximation by plotting the absorption 
edge data in terms of an equation originally given by Urbach [38], which has been applied to many 
glassy materials. The exponential depends on the absorption coefficient, (α) and photon energy 
(hν).  It has been found that hν holds over several decades for a glassy material and takes the 
formula [38]   
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Where αo is a constant and Eu is interpreted as the width of the tail of the localized state (Urbach 
tails) in the forbidden band gap. 
 

4. Results and discussion 
 
4.1 Structural investigations 
 
XRD of the as-prepared and annealed thin film at 200oC , 300oC and 500oC in air for 6 hrs 

has a crystalline nature with (004) plane preferred  orientation at 2θ =72.5o , followed by 
amorphous background as seen in figure (1). This plane (004) has been detected at 2θ =72.5o by 
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Joeng et al [39]. The intensity of the peak representing the preferred plane was found to increase 
with increasing the annealing temperature as revealed in figure (1). This can be interpreted as due 
to an improvement of the crystallinity of the films.  
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Fig. (1) : X-ray diffraction patterns of as-prepared and annealed Al2ZnO4 thin films of  

400 nm thick at 200oC, 300oC and 500oCfor 6hrs. 
 

 
4.2 Optical characterization 
 
4.2.1 Effect of thickness of Al2ZnO4 thin films on the optical properties 
 
Fig. 2 reveals the variations of transmittance with the incident wavelength. It is clear from 

Fig. 2 that the transmittance increases with prolongating the incident wavelength from 
nm280  to nm600  reaching maximum value of 90%, for the films with 100 and 150 nm 

thick respectively. Also, the transmittance of the films of thickness 200, 250 and 300 nm is 85, 77, 
and 75% respectively within the visible range of frequency. Increasing the incident wavelength is 
accompanied with a decrease in the transmittance of the thicker films reaching a lower value of 
75%. The decrease in the transmittance with increasing the film thickness may be due to an 
increase in both reflection and absorption in the thin films. In addition, film structure may lose its 
homogeneity with increasing the film thickness due to accumulation of different types of structural 
faults, hence increasing film absorption. The transmittance loss at longer wavelengths results from 
photon-electron interaction, which can scatter the photons. This loss occur from both reflection 
and absorption. Reflection in this range is not strictly a surface phenomenon [40]. However, 
reflection from the bulk of the material can occur, provided that the electron escapes the surface 
[40]. If the scattered electron does not escape the surface, it can be concluded to have been 
absorbed [40]. It could be noted that at longer wavelength nm420 , all films become 

transparent, whereas, at shorter wavelength nm420   known as absorbing region is due to the 

existence of absorption. Figure 3 shows the relation 2/1)( h  vs. )( h  for as-prepared Al2ZnO4 
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thin films with different thicknesses. The values of the allowed indirect optical energy gap opE  

can be obtained from the plots of 2/1)( h  versus )( h  by extrapolating the linear portion of the 

plots of  2/1)( h  versus to 0.0   as shown in figure 3. The estimated values of the 
optical energy gap found to increase with increasing the thickness of the films as shown in table 1. 
This can be attributed to improvement in the crystals, in morphological changes of the films, in 
changes of atomic distances and grain size and structural defects in the films. 

 

 
 

Fig.2. Variation of transmittance T with wavelength λ for as-prepared Al2ZnO4 thin films 
 of different thicknesses. 

 

 
 

Fig. 3: Plots of (αhν)1/2vs. hν for as-prepared Al2ZnO4 thin films of different thicknesses. 
 
 

The width of the band tails of the localized states Eu for as-prepared Al2ZnO4 thin films 
can be obtained from the slopes of the straight lines of the plot Ln( ) versus  h  as shown in Fig. 
4. The values of Eu were found to have the tendency of decreasing with increasing the thickness of 
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the films as seen in table 1. These results of the Urbach tails confirm those of the optical energy 
gap. 

 

 
Fig. 4: Plots of Ln(α) vs. ν for as-prepared Al2ZnO4 thin films of different thicknesses. 

 
 

Fig. 5 shows the variations of the refractive index n with changing the incident 
wavelength. It is obvious that the refractive index decreases drastically in the range of wavelength 
from 450 to 700 nm for the films of thickness 200 and 250 nm. The refractive index decreases 
monotonically with increasing the wavelength from 800 to 2000 nm for the films with the 
thicknesses 150, 200, 250 and 300 nm. The decreasing of the refractive index with increasing the 
wavelength confirms the semiconductor behavior. 
 

 
 

Fig. 5. Variations of the refractive index (n) with wavelength λ for as-prepared Al2ZnO4 

 thin films of different thicknesses. 
 

 
The oscillator energy Eo and the dispersion energy Ed can be determined from the slope 

and intercept of the straight lines of the plot  (n2 – 1)-1  versus  h   as shown in Fig.6. The values 
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of Eo and Ed are listed in table I. It is obvious from table I that both Eo and Ed increase with 
increasing the film thickness. 

 
Fig. 6: Plots of( n2 -1)-1 vs. (h ν)2 for as prepared Al2ZnO4 thin films of different thicknesses. 

 

The ratio of the carrier concentration N to the effective mass m ; ( mN / ) can be 
determined from the slope of the straight lines of the plots of the real part of the dielectric function 

'  vs. 2  as seen in Fig.7. This leads to the calculation of the plasma frequency p . The values 

of ( mN /  ) and p  are listed in table I. It is found from table I that both( mN / ) and p  are 

decreasing with increasing the film thickness. 
 

 
Fig. 7: Plots of dielectric constant ε’ with λ2 for as-prepared Al2ZnO4  

thin films of different thicknesses. 
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The relaxation time has been determined from the slope of the relation between the 

imaginary part of the dielectric function ''  and 3   as shown in figure 8. The calculated values of 
the relaxation time are listed in table 1 revealing that the relaxation time increases with increasing 
the film thickness. 

 

 
Fig. 8: Plots of ε’’ with λ3 for as-prepared Al2ZnO4  

thin films of different thicknesses. 
 
 

Table 1: Optical parameters for Al2ZnO4 thin films at different thicknesses 
 
Film 
Thickness 
nm 

Eop 

(eV) 
Eu 

(eV) 
Ed 

(eV) 
Eo (eV) '

  N/m*x1047gm-

1cm-3 p x1012 

Hz 

 x10-14 
S 

100  3.53 0.64 2.70 0.87 3.095 2.93 5.20 1.27 
150  3.60 0.55 2.97 0.92 3.071 2.15 4.5 1.32 
200 3.62 0.55 3.23 1.29 3.061 1.37 3.61 1.41 
250 3.65 0.58 3.47 1.42 3.078 1.37 3.59 1.44 
300 3.78 0.70 3.64 1.41 3.192 1.37 3.54 1.51 
 
 

4.2.2 Effect of annealing temperatures on the optical properties of Al2ZnO4  
         thin films 
 
Fig. 9 shows the spectral behavior of the transmittance T in the wavelength range (300-

1000 nm) for as-prepared and annealed Al2ZnO4 thin films of the same thickness 200 nm at 
different annealing temperature.  
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Fig. 9: Variation of transmittance T  with wavelength  λ for as-prepared and annealed Al2ZnO4  

thin films of 250 nm thick at different annealing temperature. 
 
 

It is clear that annealing results in a decrease in the maximum value of the transmittance 
by about 2%. The decrease of transmittance with increasing annealing temperature may be due to 
an improvement of the degree of crystallinity of the films and/or an increase of the grain size 
which is confirmed by the X-ray analysis [41].  

The values of the allowed indirect optical energy gap opE  can be obtained from the plots 

of 2/1)( h  versus )( h  by extrapolating the linear portion of the plots of  2/1)( h  versus 

to 0.0   as shown in Fig.10. The obtained values of  opE  are listed in table 2, where Eop 

increasing with increasing the annealing temperature. This may be explained as due to quantum 
size effect. Also, this can be interpreted by assuming that during the annealing process the films 
will have time for some atomic rearrangement to take place. So, some defects will be removed 
which reducing the density of dangling bonds, redistributing atomic distances and bond angles and 
the optical gap will then increases. Some authors have observed the band gap growth phenomenon 
in the Al doped ZnO, but the physical origins causing such an increase are still not clarified [42]. 
On the other hand, physically, the band gap growth effect in Al doped ZnO system may originate 
from the change in the nature and strength of the interaction potentials between donors and host 
crystals [43]. It is generally believed that the Burstein-Moss shift plays a key role in this 
phenomenon [44]. 

The width of the band tails of the localized states uE of as-prepared and annealed Al2ZnO4 

thin films can be calculated from the slope of the straight lines of the plots of Ln( ) versus h ) 
as shown in Figure 11. The calculated vales of uE  are recorded in table 2 which revealed that 

Urbach tails decreased with increasing the annealing temperatures. These results are consistent 
with those belonging to optical energy gap of the annealed films. 
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Fig. 11: Plots of Ln (α) hν for as-prepared and annealed Al2ZnO4  

thin films of 250 nm thick at different annealing temperature. 
 
 

The variations of refractive index in the spectral range of as-prepared and annealed 
Al2ZnO4 thin films at 300 0C are shown in figure 12. The refractive index of the films decreases 
with annealing which can be attributed to the decrease in the packing density with increasing the 
annealing temperature [10]. 

In order to calculate the values of the single oscillator energy oE  (the average excitation 

energy for electronic transition) and the dispersion energy dE  (a measure of the strength of 

interband optical transition),  (n2-1)-1 is plotted against (h )2 are drawn and fitted with a straight 
line as shown in figure 13. 
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Fig. 12: Plots of refractive index n vs. wavelength λ for as-prepared and annealed Al2ZnO4  

thin films of 250 nm thick at different annealing temperatures. 
 

 
Fig. 13: Plots of refractive index n vs. wavelength λ for as-prepared and annealed Al2ZnO4  

thin films of 250 nm thick at different annealing temperatures. 
 
 

The values of both oE and dE  can be determined directly from the slope (EoEd)
-1 and the 
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Fig. 13: Plots of (n2 -1)-1 vs. (hν)2  for as-prepared and annealed Al2ZnO4  

thin films of 250 nm thick at different annealing temperatures. 
 
 

Table 2: The calculated values of allowed direct the optical energy gap opE  and the width 

of the band tails of the localized states uE , single oscillator energy Eo and the dispersion 

energy Ed for as-deposited and annealed Al2ZnO4 thin films. 
 

Annealing 
temperature 0C 

opE  (eV) uE  (eV) Eo (eV) Ed (eV) N/m*X1045 
gm-1cm-3 p X1014 

Hz 
As-prepared 3.62 0.67 3.15 2.01 4.85 1.71 

300 3.70 0.70 3.32 2.37 4.70 1.70 

400 3.75 0.62 3.01 1.01 5.20 1.74 

500 3.80 0.60 3.11 2.74 5.50 1.79 
 
 

It is obvious that Eo decreases with increasing annealing temperature, except for the as-
prepared film. This may be due to the behavior of the optical energy gap [10]. It is clear that the 
dispersion energy has an opposite behavior of the single oscillator energy. 
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Fig. 14: Plots of dielectric constant ε’ vs. λ2  for as-prepared and annealed Al2ZnO4  

thin  films of 250 nm thick at different annealing temperature. 
 
 

The ratio (N/m* ) and then the carrier concentration can be calculated from the slope the 

plots of  '  versus 2  as shown in figure 14, besides the residual dielectric constant   can be 

calculated from the intercept of the same plots. The values of, (N/m*), ,and p  are lited in table 2. 

Table 2 indicates also that N increase with annealing temperature. The increase of the carrier 
density N with increasing the annealing temperature is considered to be a results of the desorption 
of oxygen from Al2ZnO4 film surface. Furthermore, the plasma frequency increases with 
increasing the temperature of annealing, which is directly proportion with the free carrier 
concentration. This result is in good agreement with Drude's theory.  

 
 
5. Conclusion 
 
It can be concluded that, the Al2ZnO4 thin films deposited by dc sputtering showed an 

increase in the optical energy gap and a decrease in Urbach tails with increasing the film thickness. 
Whereas, dispersion energy, oscillator energy, infinite dielectric constant and relaxation time 
increase with increasing the thickness of the films. Besides, transmittance, the ratio (N/m ), and 
plasma frequency decrease with increasing the film thickness.  

The annealed Al2ZnO4 thin films of 250 nm thick, showed that, the optical energy gap, 
oscillator energy, the ratio (N/m ), plasma frequency increase with increasing the annealing 
temperature. On the other hand, Urbach tails and the dispersion energy decreases with increasing 
annealing temperature. Moreover, annealing results in a decrease in the transmittance by about 
2%. 
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