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Al3+ ion doped and un-doped ZnO thin films deposited by nebulized spray pyrolysis method have been studied in the 
present work. The transmittance spectrum from UV-VIS-NIR spectrophotometer in 200 to 1100 nm wavelength range  was 
used to retrieve the optical parameters: Optical band gap, Refractive index, Dielectric constant, Packing density, Dissipation 
factor, Optical conductivity, Relaxation time, carrier concentration to effective mass ratio, plasma frequency and Thickness 
for all films. Instead of entire Swanepoel algorithm, we used minimization approach which is appropriate to achieve an 
absolute optical properties and thickness as well, from the transmittance spectra even if it devoid of enough interference 
fringes. The analysis of the optical data revealed that the percentage of transmittance decreases gradually and there is 
widening of optical band gap to certain percentage of Al doping inside the ZnO. However, the other optical parameters 
showed dominant characteristics only at 3 mol% of Al3+ doping inside the ZnO. 
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1. Introduction 
 
Zinc oxide thin films continue to attract wide spread 

scientific attention because of its low toxicity as opposed 
to indium coated tin oxide film. These can be used in 
fabricating a variety of devices including phosphor for 
color displays “Vanheusden et al [1]” and electrode 
material in LED and photovoltaic cells “Jiang et al [2]”, 
gas sensors “Lin et al  [3]” and varistors “Sato & Takada 
[4].” A transparent conductive oxide (TCO) layer is used 
as anode “Hartnagel et al [5].” Due to its high 
conductivity, suitable work function and transparency in 
the visible spectral range “Seki et al [6]” tin-doped indium 
oxides (ITO) are the most widely used TCO films. The 
problem is that Indium is a relatively scarce element in the 
earth’s crust, which implies that ITO is a costly material. 
The other drawback of ITO films is being its chemical 
instability in a reduced ambient: the indium of ITO layer 
can simply diffuse into the organic materials, leading to 
degradation of LED performance. Besides, the toxic nature 
of indium could be hazardous to both human health and 
environment. These entail that LED industry is in a need 
for a better electrode material with improved device 
performance and lower production cost.  

On the other hand, ZnO films are more stable in 
reducing ambient, more abundant and less expensive as 
opposed to ITO. In the past, Al and Ga ion doped 
transparent conductive zinc oxide films have been 
extensively examined as an alternative to ITO films 
“Coutts et. al. [7].”  As a wide band gap photoelectric 
material, ZnO has unique electrical and optical properties, 
such as low dielectric constant, high chemical stability, 
and good photoelectric and piezoelectric behaviors. Zinc 
oxide, with a direct bandgap of 3.37 eV and an exciton 

binding energy of  60 meV, is a promising semiconductor 
for the fabrication of ultraviolet light-emitting diodes 
suitable for operation in harsh reduced environments and 
at high temperatures. ZnO has a number of advantages 
compared to those in other wide-band semiconductors 
such as GaN, SiC. These include higher quantum 
efficiency, greater resistance to high-energy radiation, and 
the possibility of wet chemical etching.  However, despite 
much progress in ZnO technology in recent years, high-
quality p-type ZnO and therefore, the manufacture of ZnO 
homojunctions, continues to be problematic. The 
properties of ZnO might be best exploited by constructing 
heterojunctions with ZnO active regions; in this way, the 
emission properties of an LED can still be determined by 
the advantageous properties of ZnO. 

The problem is that ZnO itself suffers from the lack of 
a reproducible, high-quality, p-type epitaxial growth 
technology. Although much progress has been made in 
this area, the fabrication of effective ZnO-based devices is 
a challenging work, in terms of reproducibility. Currently, 
however, several groups have demonstrated good-quality 
p-type GaN  (p GaN) and used these in fabricating LED 
thin film junction consisting of  n ZnO with p GaN in 
combination “Chu  et. al. [8].” The advantage of ZnO/GaN 
LEDs is that these heterostructure-based devices exhibit 
improved current confinement compared to 
homojunctions, which leads to higher recombination and 
improved device efficiency “Battaglia & George, Migliore 
[9-10].” The present work aims at casting aluminum doped 
zinc oxide films of improved quality.  The advantage is 
that the optical and properties of TCO films can be 
controlled and tailored by optimizing fabrication 
conditions, matrix compositions and sintering temperature 
“Minami [11].”A variety of methods have been developed 
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for the preparation of ZnO thin films. These include 
thermal evaporation “Sato & Sati [12]”, rf sputtering “Shih 
& Wu [13]”, chemical vapor deposition “Natsume [14]”, 
laser ablation “Dinesscu, P Verardi [15]”, spray coating 
“Studemikin  [16]” and dip-coating “Radhouane, & Maity 
et. al. [17-18].” 

The interest arase in spray coating method in 
fabricating thin films springs from a number of practical 
considerations. Among other, these include its simplicity 
and room temperature based solution chemistry, which 
helps homogenous mixing of chemicals, yielding 
homogeneous distribution of dopant ion on host matrix. 
Secondly, since it does not require vacuum it is very 
economic as opposed to chemical vapor deposition 
technique and rf sputtering technique. Also, it can be 
adapted for making large-area films such as those 
employed in display technology. 

Numerous investigations were reported on optical 
properties of Al ion doped and un-doped ZnO films 
prepared by several techniques. However, our study of 
already performed investigations found that there are 
several variation as well as missing on some major optical 
constraints of both Al doped and un-doped ZnO films. 
Furthermore, ZnO based thin films have not analyzed 
previously, their complete optical properties in UV region 
as it has several medical applications [19, 20]. Hence in 
this work, we tried to cover and elaborate those missed 
optical constraints by simple way. Previously reported 
results by “Pal et.al. [21]” have been found to have flaw in 
mathematical expression derived from KK model. 
Consequently, all the results obtained from that expression 
have to have imperfection. So here in this communication, 
we tried to elaborate the modified form of the 
mathematical expression with brief description and 
presented the results for Al doped ZnO films obtained by 
using newly derived expression. 

 
 
2. Mathematical and computational methods 
 
The real part of the refractive index as a function of 

wavelength, n (λ) of a semiconductor material can be 
related to the optical absorption coefficient α (λ) as 
described by “Kramer’s Kronig (KK) model [22]” shown 
in Eq. (1).[Pankove, 1971, P. 92]: 

1 α(ψ)
n(λ) = 1 + 2 2

2π ψ
1 20 λ

∞

−

⌠
⎮
⎮
⌡

                          (1) 

where ϕ  is the running variable in the wavelength range 
[0,∞ ]. 

The KK model demand very wide range of 
wavelength of spectrophotometer to estimate the 
absorption coefficient for the determination of optical 
constants and accurate thickness of the film. However, any 
UV-VIS-NIR spectrophotometers only have the finite 
range of wavelength to estimate absorption coefficient. 
The spectral distribution of the absorption coefficient α of 

the film has been determined from the relation as 
expressed by Eq. (2) “Tan et. al. [23]”:  
  

( )ln T
α = 

d
−                                    (2) 

 
where, T is the transmittance and d is the film thickness 
which is necessary to get exact optical properties of the 
film.  

So, the wavelength range from 0 to ∞ used in KK 
relation is resolved in to three parts: one is in the range 
below the lower limit of UV-VIS-Spectrophotometer i.e 

10 to λ  and another higher range which is above the 
highest limit of UV-VIS-Spectrophotometer i.e 

2λ  to ∞ . 
And the range in between is the estimable wavelength 
range from 

1 2λ  to λ  which could be asserted by the UV-
VIS-NIR Spectrophotometer. That is, 

 
n(λ) = I  + I  + I1 2 3  
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then, 
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Where, 
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Where, 
hc hc2 2

C  =  + E   and  D  = Eg g
λ λ

−  

For I2, the estimable wavelength range from
1 2λ  to λ , the 

absorption coefficient can be calculated using Eq. 1 for 
any arbitrary value of d. Therefore,  
 

 
λ2 α(ψ)
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                         (5) 

where Δψ is the computational steps  

2 2

2
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For I3, We have 
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Since λ is less than all ψ,  
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                            (6) 

 
Finally, adding the values of I1, I2 and I3 as depicted in Eq. 
(3), (4), (5) and (6),  the real part of the refractive index 
may be asserted.  

The wavelength dependent extinction coefficient K 
(λ) is found by the relation described by Eq. (7). 

 

 
α(λ) × λ

k(λ) = 
4π

                                (7) 

 
The findings of real and imaginary parts of refractive 

index invoke us to estimate the transmittance for arbitrary 
value of film thickness by applying the Swanepoel 
equation, referred to as Tcalc.  Then, after the minimization 
between measured and calculated transmittance for 
arbitrary value of film thickness by iterative method, exact 
film thickness can be calculated. Knowing the exact value 
of the film thickness, the real and imaginary part of the 
refractive index could be determined which bring in to 
play to estimate the other interrelated optical constants as 
described in this communication for Al doped ZnO films.  
 
 

3. Experimental detail 
 
The syntheses of ZnO and Al3+ ion doped ZnO (AZO) 

films have been performed by using ultrasonic spray 
nebulizer [SONAER]. This apparatus is capable of 
spraying a gel like solution at continuous and constant 

flow rate so as to get a film of very smooth surface. The 
starting material used in our experiment was dehydrated 
zinc acetate and the substrate material was quartz. 

We prepared a 0.1M aqueous solution of zinc acetate 
in ethanol as the precursor of the thin film. To dope 
aluminum, we used aluminum acetate solution prepared in 
ethanol and mixed with 0.1M zinc acetate solution at 
different molar concentration varying from 1 to 10 mol %. 
Few drops of acetic acid was added in the final solution to 
get complete dissociation of zinc acetate and then stirred 
with magnetic stirrer at 600C for 10 minutes to obtain clear 
homogeneous solution. The homogeneous solution was 
kept in ultrasonic vibrator for 10 minutes just before the 
deposition. 

The Al doped and un-doped zinc acetate solution was 
deposited on quartz substrate cleaned ultrasonically with 
ethanol and initially heated to a temperature 
of 0500 ± 10  C . But, during the deposition the substrate 
temperature falls to 0325 ± 10  C . The measurement of 
substrate temperature was obtained by K-type 
thermocouple probe as well as laser temperature detector 
and maintained constant with temperature controlled 
electric heater. The thicknesses of all films were 
maintained constant in certain range by controlling flow 
rate and sprayed volume. The flow rate of the solution 
throughout the experiment was maintained at 5 ml per 
minute, keeping the spray nozzle 20 cm away from the 
substrate. The prepared films were dried at 5000C for 2 
minutes just after the deposition so as to evaporate the 
solvent and to increase the smoothness of the film surface.  

 
 
4. Results and discussion 
 
4.1. Transmittance as a function of wavelength 
 
Spectral distribution of transmittance as a function of 

wavelength T(λ) from UV region-200 nm to NIR-1100 nm 
was studied using spectrophotometer (GENESYS UV-10). 
The spectra were retrieved at 1 nm wavelength interval at 
room temperature. The observed transmittances are about 
90 to 97% in the visible region for un-doped and Al doped 
thin film as shown in Fig. 1, which is important for its 
application such as transparent conducting films and solar 
cell windows “Yang et. al. and sang et. al. [24, 25].”   

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Spectral distribution of transmittance as a 
function of wavelength for different doping (Al) 

concentration varying from 1-10 mol %. 
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Moreover, in the UV region the transmittance is near 
to zero and increases with the wavelength towards the 
visible region for all doped and un-doped films. The high 
value of transmittance is probably due to the existence of 
an interfacial layer with very low refractive index between 
the film and substrate “Porqueras et. al. [26]” 

The interference fringes in the spectra reveals that all 
the doped and un-doped ZnO film are optically smooth 
surfaces and that the interface with the quartz substrate is 
also smooth. 

 
4.2. Film thickness 
 
The thickness can be obtained from transmittance 

spectra quite accurately with the so called envelop method 
“Manifacier et. al., Goodman et. al., Swanepoel et. al. [27-
30].” The main shortcoming of such methods, however, is 
that they can’t be used in the case of rather thin films, 
because their transmittance doesn’t contain an enough 
interference fringe pattern to apply the envelop method. 
So, to estimate the thickness of the film, we applied a 
minimization approach (described in section 2.) between 
the measured transmittance by spectrophotometer and 
calculated transmittance from Swanepoel equation [29, 30] 
for different arbitrary values of thickness. The obtained 
values of thickness for doped and un-doped ZnO for 
different doping concentration are shown in Fig.2. 
 
 
 
 
  
 
 
 
 
 
 

 
 
 
 
 

Fig. 2. ΔT (Texp-Tcal) vs. thickness (nm) for different doping 
concentration varying from 1-10 mol %. 

 
4.3. Absorption coefficient and optical band gap 
 
The obtained values of absorption coefficient already 

expressed in Eq. 1 were used to determine the optical band 
gap. By applying the Tauc model “Tauc et. al. [31]” and 
the Davis and Mott model “David and Mott et. al. [32]” in 
the high absorption region described by Eq. (8): 

 
n

gα hυ = D (hυ E )−                        (8) 

 
where hυ is the photon energy, Eg is the optical band gap 
and D is a constant which doesn’t depend on the photon 
energy and has a four numeric values, n = 1/2 for allowed 
direct, 2 for allowed indirect, 3 for forbidden direct and 

3/2 for forbidden indirect optical transition. As ZnO is a 
direct band gap semiconductor material, n = 1/2 is found 
to be more suitable for ZnO thin film since it gives the best 
linear curve in the band-edge region “Tan et. al., Lu et. al. 
[23, 33].” 
Applying the least square method to ensure linearity 
behavior of the curve (αhυ)2 vs. hυ, the value of Eg was 
obtained by extrapolating the linear portion to the photon 
energy axis as explained elsewhere [23]. 

We found that the optical gap increases with the 
percentage of doping concentration up to 5 mol% and 
random variation on further increase of Al doping as 
shown in Fig. 3. As some researchers mentioned that only 
widening in band gap of ZnO with Al doping, this results 
shows controversial with the previously reported results of 
Al doped ZnO films. This may be due to the deformation 
of crystallanity of ZnO which invoke further 
investigations. For undoped ZnO the bandgap is 3.2508 eV 
whereas it increased to 3.2608 eV for 1 mol% of doping, 
3.2663 eV for 3 mol% of doping, 3.2747 eV for 5 mol% of 
doping whereas the band gap is 3.2601 eV for 7 mol% of 
doping and 3.2724 eV for 10 mol% of doping. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Band gap of ZnO film as a function of Al doping 
concentration. 

 
 

The obtained optical band gap from Fig. 4 
concentrates on the electron density and the so called band 
effective mass described by Eq. (9). 

 
2 2/3h n

E  = E + g g o 2/3 *8π m eff

                          (9) 

 
where 

g oE is the fundamental direct band gap, n and m*
eff 

are the density and the effective mass of electron 
respectively. The second term is called Burstein-Moss; the 
latter contributes in the gap enlargement ΔE known as 
Moss-Burstein energy. This expression suggests that the 
optical gap is broadened as the free charge carrier 
concentration enhances as reported by “Benouis et. al. 
[34]” for their indium doped ZnO films. 

The doping effect is associated with the excess of 
Zinc atom acting as a donor. The point defects can be 
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interstitials or oxygen vacancies. The free electron 
increases in proportion with the doping atoms increasing 
in the film network. The impurities are singly ionized and 
the associated electrons occupy the bottom of the 
conduction band as a free electron gas “Jin et.al. [35].”  

 
4.4. Complex refractive index 
 
As discussed before, the value of thickness was 

asserted using minimization approach. The absorption 
coefficient was also determined. Once the value of 
thickness and absorption coefficient are determined, the 
obtained values of real and imaginary part of refractive 
index have been plotted as shown in Fig. 4 and 5 
respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Refractive index vs wavelength for different doping 
concentration varying from 1-10 mol %. 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Fig. 5. Extinction coefficient  vs wavelength for different 
doping concentration varying from 1-10 mol %. 

 
 

The lower value of refractive index in the visible 
region reflects the low absorption in this region which 
shows good agreement with transmittance spectra. The 
existence of this low refractive index interfacial layer can 
be attributed to the singular ear structure, which could 
grow from the first nucleation. 

Moreover, many researchers reported that the change 
in refractive index of ZnO film with the wavelength occurs 
only in the visible region but not in the UV region. Here, 
in this communication, we have mentioned the nature of 
the change in refractive index in the UV region which 
shows very peculiar characteristics in this region and our 
achievements is tailed quite well with the results reported 
by “Debnath et. al. [36]” for their CeO2 thin films. The 
variations in refractive index depend not only on the 
wavelength but also on the doping concentration as shown 
in Fig. 14. 

Furthermore, the refractive index of the film increases 
with increasing doping concentration up to 3 mol% and 
decreases thereafter as shown in Fig. 14. This increase in 
refractive index can be attributed to the increase in 
packing density with the concentration. The packing 
density of the film can be estimated from the Eq. (10). 
“Macleod et. al. [37]”:     

 
( ) ( )
( ) ( )

4 21 P n  + 1 + P n n2 v v sn  = f 2 21 + P n  + 1 P nv s

−

−
                   (10) 

 
where, nf is the refractive index of AZO film, ns is the 
refractive index of the solid part of the film, that for single 
crystal, nv is refractive index of voids (equals one for air), 
and P is the packing density. Therefore, the packing 
density P can be explained by Eq. (11). 
 

 ( )( )
( )( )

2 2
s f

2 2
s f

n  + 1 n 1
P = 

n 1 n  + 1

−

−
                           (11) 

 
The spectral distribution of packing density is shown 

in Fig. 6 whereas Inset of Fig. 6[a] shows their change 
with doping concentration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Packing density vs wavelength for different doping 
concentration varying from 1-10 mol %. 

 
 

It has been found that the estimated value of packing 
density increases with increasing Al doping concentration 
up to 3 mol%. This could be correlated to the decrease in 
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transmittance with increasing doping level. The decrease 
in refractive index after 3 mol% may be due to the excess 
increase in dopant ion which deteriorates the crystallinity 
of films, which may be due to the formation of stresses by 
the difference in ion size between zinc and the dopant and 
the segregation of dopant in grain boundaries for high 
doping concentration.  
 

4.5. Complex dielectric constant 
 
Optical properties of TCO’S in the longer wavelength 

region , where plasma edge occurs, is based on Maxwell’s 
equations and Drude theory of free electrons. A complex 
permittivity that is function of frequency and conductivity 
can be defined using Maxwell’s equations. From the 
complex permittivity and conductivity, expressions are 
derived for the real and imaginary part of the permittivity 
as a function of the material parameters. The plasma 
resonance frequency ωp can be determined from the 
spectral dependence of these expressions of the dielectric 
constant, which are given by Eq. (12) and Eq. (13). 

 
2

2 2 2
1 2 2 *

0

e  Nε  = n k  = ε  λ
4 π  C  ε  m∞

⎛ ⎞
− − ⎜ ⎟

⎝ ⎠
             (12) 

 
2
p 3

2 2 3

ε  ω
ε  = 2nk =  λ

8 π  c  τ
∞⎛ ⎞

⎜ ⎟⎜ ⎟
⎝ ⎠

                          (13) 

 
where, 1ε  is the real part, 2ε  is the imaginary part of the 

dielectric constant, ε∞  is the high frequency dielectric 

constant, pω  is the plasma frequency, τ  the optical 

relaxation time and α λk = 
4 π

. The real and imaginary parts 

of the dielectric constant can be calculated as it is directly 
related to the density of states within the forbidden gap of 
the investigated sample “El-Korashy et. al. and Wakad et. 
al. [38,39].” The real and imaginary part of the dielectric 
constant of the films is shown in Fig. 7 and Fig. 8 
respectively and their insets shows the enlarge version of 
the same figures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Real part of dielectric constant vs. wavelength for 
different doping concentration varying from 1-10 mol %.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8.  Imaginary  part of dielectric constant  vs. 
wavelength for different doping concentration varying 

from 1-10 mol %. 
 
 

It has been found that the imaginary part of dielectric 
constant decreases sharply in the visible region and the 
value is near to zero. The low value of 2ε  indicates low 
dielectric loss in the obtained films. 

 
4.6. High frequency dielectric constant 
 
The determined refractive index for doped and un-

doped ZnO film is analyzed to obtain their high frequency 
dielectric constant via procedures “Zemel et. al. [40]” 
describes the contribution of the free carriers and the 
lattice vibration modes of the dispersion. The high 
frequency dielectric constant has been reported by “Zemel 
et. al [40]”as described by Eq. (14). 

 
2

1ε  = ε B λ∞ − ; 2

2 2 *
0

e  NB = 
4 π  C  ε  m

                       (14) 

 
where, 1ε  is the real part of dielectric constant, ε∞  is the 
high frequency dielectric constant, N the free charge 
carrier concentration, 0ε  the permittivity of the free space 

( -128.85 × 10  F/m ), *m the effective mass of the charge 
carrier and C the velocity of light.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9. Real part of dielectric constant   vs. square of 
wavelength for different doping concentration varying  
                                 from 1-10 mol %.  
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Earlier obtained value of 1ε  as a function of 

wavelength λ  is re-plotted as a function of 2λ as shown in 
Fig. 9. 

It has been found that the trace of 1ε  versus 2λ  is 
linear at longer wavelengths. Applying the least square 
method to ensure linearity behavior of the determined 
curve, extrapolate the best fit curve to zero wavelength 
gives the value of ε∞  and from slope of these lines, Value 
of 

*
N
m

 for the measured sample was determined according 

to Eq.10 of constant B. 
In a semiconductor the carrier concentration (N) 

varies according to the plasma frequency pω  as 
“Pankove, PP 89, Manifacier et. al. 1977, Lyden et. al., 
Ferry. Ch 5, [41, 42-44]” described by Eq. (15). 
 
 

2

p *
0

N eω  = 
m  ε  ε∞

                                 (15) 

 
4.7. Dissipation Factor 
 
Loss-rate of power of a mechanical mode, such as an 

oscillation in dissipative system can be measured by 
dissipation factor. For example, electric power is lost in all 
dielectric materials, in the form of heat, light, sound etc. 
The dissipation factor tanδ  can be calculated according 
to the Eq. (16). “Yakuphanoglu et. al. [48]”: 

 
2

1

εtanδ = 
ε

                                       (16) 

 
The variation of dissipation factor of the fabricated 

films as a function of wavelength is shown in Fig.10. It is 
found that the dissipation factor value is high in the UV 
region and decreases sharply at 400 nm and saturating 
after that up to 1100 nm. However, the wavelength near to 
the band gap energy, the value of tanδ  decreases sharply 
near to zero. Finally it’s constant in whole visible region. 

 
  
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10.  Dissipation factor vs wavelength for different 
doping concentration varying from 1-10 mol %. 

 

4.8. Optical Conductivity 
 
The optical conductivity optσ  can be defined in terms 

of absorption coefficient α  as follow with Eq. (17). 
“Pankove, P. 91, [49]”: 

 

opt
α n cσ  = 
4 π

                                     (17) 

 
Fig. 11 shows the variation of optical conductivity 

optσ  as a function of photon energy. We found that the 
optical conductivity is low for low value of photon energy 
and increases drastically from the energy corresponding to 
band gap energy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11. Optical conductivity vs. wavelength for different 
doping concentration varying from 1-10 mol %. 

 
 

Increase in optical conductivity at high photon 
energies is due to high absorbance of doped and un-doped 
ZnO film. It may be due to the electron excited by photon 
energy “Yakuphanoglu et. al. [50].” 

Optical conductivity as a function of Al doping 
concentration is shown in Fig. 13(d), which shows good 
agreement with 

*
N
m

 versus Al doping concentration plot 

[Fig.13(b)]. 
 
 
4.9. Relaxation time 
 
The properties of a dielectric change on a time scale is 

determined by the relaxation time when an external 
electric field is changed. The dielectric relaxation time is a 
property of a solid that is closely related to its 
conductivity. 

The dielectric relaxation time is a measure of the time 
it takes for charge in a semiconductor to become 
neutralized by conduction process. The dielectric 
relaxation time τ  can be evaluated by using the relation 
shown in Eq. (18). “Abdel-Aziz et. al., Bell et. al., Han et. 
al. [51-53]. 
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1

2

ε ετ = 
ω ε
∞ −                                (18) 

Fig. 12 shows the dielectric relaxation time as a 
function of wavelength λ  for doped and un-doped ZnO 
film. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12. Relaxation time vs wavelength for different doping 
concentration varying from 1-10 mol %. 

 
 

It is found that the relaxation time increases with the 
incorporation of Al inside the ZnO and has a maximum 
value at 3 mol%, it may be due to the excess carrier 
concentration on this concentration. This maximum can 
also be tailed with the parameters like ε∞ , 

*
N
m

 and pω  

which has a similar effects. 
 
4.10. Effect of doping concentration 
 
The obtained value of high frequency dielectric 

constant ( ε∞ ), ratio of charge carrier to their effective 
mass (

*
N
m

), plasma frequency ( pω ) and optical 

conductivity ( optσ ) are plotted as a function of doping 
concentration as shown in Fig.13 [a], [b], [c] and [d] 
respectively. 

 
 

 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13. Variation of [a] ε∞  [b] 
*

N
m

 [c] pω  [d] optσ  as a function of doping concentration. 
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Fig. 14. Comparision of 
1n, ε , and tanδ  as a function of 

doping concentration. 
 

 
Moreover, the parameters like refractive index, 

dielectric constant and dissipation factor depends not only 
on the wavelength but also on the doping concentration. 
Therefore, their relative comparison of the effect of 
addition of Al3+ ion inside the ZnO is depicted in Fig. 14.  

It is found that all these parameters shows higher 
value at doping concentration of 3 mol%. This result 
shows good agreement with peak optical conductivity 
versus doping concentration.  

The obtained results reveals that very high dose of 
doping concentration might not occupy the correct places 
inside the zinc oxide crystallites because of the limited 
solubility of aluminum inside ZnO. This result tailed quite 
well with the result obtained by “Alam et.al. [45]” for the 
determination of electrical conductivity, also tailed with 
the result reported by “Kuo et. al. [46]” for the findings of 
diffraction peak intensities.  

Therefore, excess aluminum may occupy interstitial 
positions “Alam et. al., Cossement & Streydio et. al. 
[45,47]” leading to distortion of the crystal structure. 
Hence the dopant atoms become ineffective as donors, as 
the higher level of Al incorporation lead to interstitial 
incorporation of Al in the form of 2 3Al O  “Cossement & 
Streydio et. al. [47]” giving rise to the greater electron 
scattering. The aluminum atoms may also segregate to the 
grain boundaries in the form of 2 3Al O , which will 
increase the grain boundary barrier and hence the optical 
conductivity increases after a certain level of doping 
concentration. 

 
 
4. Conclusions 
 
Un-doped and doped with aluminum ZnO films of 

different doping concentration characterized by UV-VIS-
NIR reached on the following conclusive remarks: 
(i) Regarding the Al doping inside the ZnO in 
normal condition, the optical studies conclude that only 

certain percentage of Al can be doped to avoid the 
degradation of crystallinity of films. 
(ii)  The spectral distribution of refractive index reveals 
that it has sharp change in UV   region for both un-doped 
and Al-doped films. However, 3 mol% doped films shows 
highest value of refractive index at mid-band of visible 
region and corresponding packing density were studied. 
(iii) The investigation of dielectric constant for ZnO 
and ZnO:Al films performs that they  gives low dielectric 
loss in visible region. However, the dissipation factor 
decreases sharply at 400 nm and constant after this. 
(iv) The optical conductivity increases with photon energy. 
However, the effect of doping shows that 3 mol% doping 
concentration shows highest conductivity. This result 
tailed quite well with the obtained data of plasma 
frequency, N/m* ratio and high frequency dielectric 
constant. Moreover, this dominant concentration has been 
proved by the results on relaxation time. 
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