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EFFECT OF GAS PRESSURE AND FILM THICKNESS ON THE OPTICAL CONSTANTS 
OF TRANSPARENT CONDUCTING OXIDE BASED ON ZINC OXIDE
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Thin films of aluminum zinc oxide are prepared using DC magnetron sputtering.  
It was found that changing the thickness of the film as well as the pressure of argon affect 
the transmittance, optical gap, width of the band tails of the localized state, refractive 
index, real and imaginary parts of the dielectric function. The real and imaginary parts of 
optical conductivity as well as volume and surface energy loss functions are investigated 
in the light of changing the thickness of the films and argon pressure.
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1. Introduction

Transparent conductive zinc oxide thin films 
have been investigated because of their good elec-
trical and optical properties in addition to their 
large band gap, abundance in nature and absence 
of toxicity. The properties of ZnO thin films de-
pend on the non-stoichiometry of the films, re-
sulting from the presence of oxygen vacancies 
and interstitial zinc [1]. Besides, aluminum-doped 
zinc oxide (AZO) films can be deposited at rela-
tively low deposition temperature [2, 3] with good 
stability [4]. The electrical behavior of ZnO thin 
films could be improved by replacing Zn ions spe-
cies by elements with higher valence, such as In, 
Al or Ga [5] using the metal-organic chemical va-
por deposition method [4], the sol–gel method [6], 
spray pyrolysis [7], pulsed laser deposition [8] or 
sputtering [9]. The electrical and optical proper-
ties are dependent on the deposition [10] and post 
deposition condition [11], because these properties 
change with the absorption and desorption of ox-
ygen that occurs during these processes. Alumi-
num-doped zinc oxide ceramics with 0–2.5 mas %  
alumina (Al2O3) content were prepared using a 
solid-state reaction technique. It was found that 
aluminum zinc oxide grains became finer in size 
and more irregular in shape than undoped ZnO 
as the Al2O3 content increased [12]. Aluminum-

doped zinc oxide polycrystalline thin films were 
prepared by sol–gel dip-coating process on opti-
cal glass substrates [13]. It was found that with 
the annealing temperature from 300 to 500 °C, 
the film was oriented along the (002) direction, 
the grain size of the film increased, the transmit-
tance also became higher and the electrical re-
sistivity decreased. Kim and coworkers reported 
that 0.8 at % Al was the optimal concentration 
in order to obtain the lowest resistivity in AZO 
samples grown using the PLD technique [14]. As 
for the target materials, usually the composite 
target sintered ceramic ZnO:Al2O3 (98:2) target is 
used for RF sputtering [15]. Alloy target contain-
ing 1.5 mas % Al in Al-Zn is also used as the tar-
get material for AZO growth [16]. The reported 
resistivity of AZO varies greatly from 9.8×10–2 
to 1.5×10–4 Ω cm, resulting from different de-
position conditions [17–20]. The characteristics 
of AZO thin films can be adjusted by adequate 
doping processes where, AZO thin films have 
been prepared on glass substrates using a sol–gel 
route and the radio-frequency magnetron sput-
tering process [21]. It was found that stoichiom-
etry could be easily adjusted by controlling then 
anosized precursor concentration and the thick-
ness by dip-coating cycles. In addition, the AZO 
(2 at % Al) films exhibited the hexagonal wurz-
ite structure with (002) preferred crystal orienta-
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tion. Nanocrystalline AZO thin films have been 
prepared by reactive RF-magnetron sputtering, 
the AFM result shows that the grain size of the 
un-doped ZnO film is larger than that of 4 mas 
% Al-doped ZnO film, suggesting that the par-
ticles in ZnO films become smaller with increas-
ing Al-contents [22]. It was found also that the 
optical transmittance of AZO thin films was not 
influenced by RF-power. It was reported that the 
maximum value of the transmittance of AZO thin 
films deposited using magnetron sputtering were 
in the range from 85 to 90% depending on the 
condition of preparation [23].

This work is intended to study the effect of 
changing the pressure of argon and thickness 
of the thin films on the optical properties of 
aluminum zinc oxide Al2ZnO4.

2. Methodology

The thin films under test (Al doped ZnO thin 
films) were deposited on a pre-cleaned glass sub-
strate using UNIVEX 350 SPUTTERING UNIT 
with DC POWER MODEL Turbo drive TD20 classic 
(Leybold), and rate thickness monitor model INFI-
CON AQM-160. The Al2ZnO4 target was purchesed 
from Catheyand used as a sputtering source. The 
mass ratio of Al2O3 to ZnO (both were 99.99% pu-
rity) was 20%. The high vacuum of the chamber 
was better than 2×10–6 Torr and sputtering was 
carried out in argon (99.999%) atmosphere of  
5×10–2 Torr. The substrate temperature was kept 
at 25 °C during deposition. The target-substrate 
distance was 10 cm with an angle of 65°. The rate 
of deposition was 15 sc/cm. A set of films was pre-
pared under different pressure of argon (5×10–2, 

10×10–2, 15×10–2, 20×10–2, 50×10–2 Torr). Another 
set of films was prepared with different thickness 
(300, 400, 500, 600, 700 and 800 nm). The struc-
tural characteristics of Al2ZnO4 thin films were 
investigated by X-ray diffraction pattern. Philips 
X-ray diffractometer model X¢ Pert was used for 
the measurements which utilized monochromatic 
CuKα = 1.5406 Å and radiation operated at 40 kV 
and 25 mA. The diffraction patterns were recorded 
automatically with scanning speed of 2 deg/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. Results and discussions

3.1. Effect of argon pressure and thickness 
of the films on the optical gap, Urbach tails, 

refractive index, carrier concentrations

The variations of both transmittance and 
reflectance with the incident wavelength of 
Al2ZnO4 thin films deposited under different 
pressure of argon are demonstrated in Fig. 1a. 
It is clear that the behavior of the reflectance 
is reversing that of the transmittance. Also, 
it is obvious that the maximum value of the 
transmittance of all the films is 85% and shifted 
toward the longer wavelength with increasing 
the pressure of the gas. Besides, the minimum 
value of the reflectance for the films under test 
is 10%. On the other hand, the transmittance and 
reflectance of the films of different thicknesses 
are shown in Fig. 1b indicating that the number  
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Fig. 1. Spectra of transmittance and reflectance for Al2ZnO4 thin films deposited under different pressures 
of argon (a: 1 – 5×10–2, 2 – 10×10–2, 3 – 15×10–2, 4 – 20×10–2, 5 – 25×10–2 Torr) and for different thickness-
es (b: 1 – 300, 2 – 400, 3 – 500, 4 – 600, 5 – 700, 6 – 800 nm).
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of interference fringes increases with increasing 
the film thickness confirming the best surface 
quality and homogeneity of the film [24].  
The maximum value of the transmittance was 
found to be 85% for all the films of the considered 
set, and these maxima are shifted toward the 
longer wavelength too. The allowed indirect 
optical energy gap Eop was estimated from 
optical measurements using the following expres- 
sion [25]:

(αhν)1/2 = A(hν – Eop ),                (1)

where α is the absorption coefficient, ν is the fre-
quency of the incident wavelength, h is Plank’s 
constant. The values of the allowed indirect opti-
cal energy gap Eop for both of the two sets of the 
films can be obtained from the plots of (αhν)1/2 
versus (hν) by extrapolating the linear portion of 
the plots of (αhν)1/2 versus to (hν) = 0.0 as shown 
in Figs. 2a, b respectively. The optical gap of the 
prepared films under different pressure were 3.7, 
3.88, 4.88, 3.9, and 3.98 eV for the films prepared 
under the pressures 5×10–2, 10×10–2, 15×10–2, 
20×10–2, 25×10–2 Torr respectively revealing that 
Eop increases with increasing the gas pressure as 
shown in Fig 2a. This increase in the optical band 
gap can be explained by the Burstein-Mosse effect 
[26] caused by an increased free-carrier concen-
tration with a decrease in Ar pressure. The opti-
cal gap of the other set of films are 3.82, 3.84, 
3.86, 3.86, and 3.9 eV for the films of thicknesses 
300, 400, 500, 600, and 700 nm respectively as 
seen in Fig. 2b indicating that the optical gap in-
creases with increasing the film thickness. This 
can be attributed to the improvement in the crys-
tals, in morphological changes of the films, in 

changes of atomic distances and grain size and 
structural defects in the films [23]. 

The Urbach tails (width of the band tails of the 
localized states) Eu, that represents the degree 
of disorder in an amorphous semiconductor for 
Al2ZnO4 thin films prepared under different 
argon pressure can be obtained using the 
expression

α = α0exp(hν/Eu).                     (2)

Eu is estimated from the slopes of the straight 
lines of the relation (plot lnα versus (hν) as shown 
in Fig. 3a. The results of Urbach tails reveal that 
Eu has the same value of 0.69±0.02 eV within the 
experimental error for all the considered films. 
Concerning the set of films of different thickness-
es, Urbach results estimated from Fig. 3b were 
0.400, 0.457, 0.445, 0.471, 0.712 and 0.456 eV for 
the films with thicknesses of 300, 400, 500, 600, 
700, and 800 nm respectively. It is noticed that 
the film with a thickness of 700 nm has an ex-
tremely higher value of Eu than those of the other  
films.

The refractive index can be estimated using 
the following equation [27]:

n = (1 + R)/(1 – R) + [4R/(R – 1)2 – k2]1/2.    (3)

Fig. 4 represents the variation of the refractive 
index with photon energy for both of the two 
sets of the films under test. It is clear that the 
refractive indices have the normal dispersion; in 
addition, the refractive indices have the trend to 
increase with increasing both of argon pressure 
and film thickness, due to increasing the 
thickness as a result of increasing the pressure  
of the gas.

Fig. 2. Plots of (αhν)2 vs. photon energy for as-prepared Al2ZnO4 thin films at different argon pressure  
(a: 1 – 5×10–2, 2 – 10×10–2, 3 – 15×10–2, 4 – 20×10–2, 5 – 25×10–2 Torr) and for different thicknesses (b: 1 – 
300, 2 – 400, 3 – 500, 4 – 600, 5 – 700 nm).
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*   *   *   *   *

Fig. 3. Plots of lnα vs. photon energy for as-prepared Al2ZnO4 thin films at different pressure of argon 
gas (a: 1 – 5×10–2, 2 – 10×10–2, 3 – 15×10–2, 4 – 20×10–2, 5 – 25×10–2 Torr) and for different thicknesses  
(b: 1 – 300, 2 – 400, 3 – 500, 4 – 600, 5 – 700, 6 – 800 nm).
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Fig. 4. Spectra of refractive index n for Al2ZnO4 thin films deposited under different pressure of argon  
(a: 1 – 5×10–2, 2 – 10×10–2, 3 – 15×10–2, 4 – 20×10–2, 5 – 25×10–2 Torr) and for different thicknesses  
(b: 1 – 300, 2 – 400, 3 – 600, 4 – 700, 5 – 800 nm).

Fig. 5. Plots of ε1 vs. λ2 for Al2ZnO4 thin films deposited under different pressure of argon (a: 1 – 5×10–2,  
2 – 10×10–2, 3 – 15×10–2, 4 – 20×10–2, 5 – 25×10–2 Torr) and for different thicknesses (b: 1 – 300, 2 – 400, 
3 – 600, 4 – 700, 5 – 800 nm).
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The carrier concentration N can be obtained 
using the equation [28]

2
2 2

1 L 2
04 * ,

e N
n

m c
ε ε λ

πε
= = -

   

           (4)

where e is the elementary charge, ε0 is the permit-
tivity of free space, N/m* is the real part of the 
dielectric constant, ratio of free carrier concentra-
tion to the effective mass, εL is the lattice dielectric 
constant. The plots of ε1 vs. λ2 for the two sets of 
the films under test are shown in Fig. 5. The car-
rier concentrations were calculated from the slope 
of the straight lines. The values of N were found to 
be 3.34×1025, 3.53×1025, 3.50×1025, 2.86×1025 and 
2.39×1025 m–3 for the films deposited under the 
pressures 5×10–2, 10×10–2, 15×10–2, 20×10–2 and 
25×10–2 Torr respectively. Excepting the film de-
posited under pressure 5×10–2 Torr, it can be said 
that the free carrier concentration decreases with 
increasing the pressure of the gas, which can be 
owed to the decrease of the grain size with increas-
ing the pressure [29]. On the other side, the values 
of N belonging to the second set of films were found 
to be 2.19×1026, 1.83×1026, 9.01×1026, 10.08×1026, 
and 7.19×1026 m–3 for the films of thicknesses 300, 
400, 600, 700, and 800 nm respectively. This indi-
cates that the carrier concentration has the tenden-
cy to increase with increasing the film thickness.

3.2. Effect of gas pressure and film thickness  
on the loss factor, optical conductivity,  

loss energy factor

The complex dielectric constant ε(hν) is de-
scribed by [30]

ε(hν) = ε1(hν) – ε2(hν),                   (6)

tanδ = ε2/ε1,                         (7)

where ε1 = n2 – k2 is the real, ε2 = 2nk is the imag-
inary parts of the dielectric constant and tanδ  
is the loss factor. The variation in the loss factor 
with photon energy is displayed Fig. 6. It is clear 
from the figure that dissipation factor increases 
with increasing the frequency. The real σ1 and 
imaginary σ2 components of optical conductivity 
are described as [31]

σ1 = ωε2ε0, σ2 = ωε1ε0,               (8)

where ω is the angular frequency, ε0 is the per-
mittivity of free space. The spectra of real and 
imaginary parts of the optical conductivity are 
shown in Fig. 7. It is seen that the real part of 
the optical conductivity σ1 increases by increas-
ing photon energy which is owed to increasing the 
electrons excited by photon energy [31].

The volume (bulk) energy loss function (VELF) 
and the surface energy loss function (SELF) are 
related to the real and imaginary parts of the 
dielectric constants by the relations [32]

2
2

2 2
1 2

VELF ,
ε

ε ε
=

-
                     (10)

( )

2
2
2 2

1 2

SELF
1

.
ε

ε ε
=

+ +
                  (11)

The distribution of the volume and surface 
energy loss of the two sets of films as a function 
of the photon energy are shown in Fig. 8. The 
observed dispersion behavior can be explained 
if it is assumed to be the response of a set of 
Lorentzian oscillators of adjustable strength and 
position [33].

Fig. 6. Variations of average loss factor tan δ with photon energy for Al2ZnO4 thin films deposited under dif-
ferent pressure of argon (a) and variations of the mean loss factor with photon energy for the as-prepared 
Al2ZnO4 thin films (b).
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4. Conclusions

Our results reveal that, the maximum value 
of the transmittance was 80%. The optical 
energy gap increases with increasing both of 
the gas pressure and thickness of the film. 
Urbach tails were found to increase with film 
thickness. The refractive index has a normal 

Fig. 7. Changes of the mean value of the real (1) and imaginary (2) parts of the optical conductivity with 
photon energy for Al2ZnO4 thin films deposited under different pressure of argon (a) and for different thick-
nesses (b).

Fig. 8. Distributions of the mean value of the volume and the surface energy for Al2ZnO4 thin films depos-
ited under different pressure of argon (a) and for different thicknesses (b). VELF – 1, SELF – 2.
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dispersion. The carrier concentration decreases 
with increasing argon pressure and tends to 
increase with increasing the film thickness. 
The real and imaginary parts of the optical 
conductivity as well as the loss factor increase 
with increasing gas pressure. Both of the volume 
and surface energy loss increases with photon  
energy.
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