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The results of studies of the dispersion of optical functions and optical constants for zinc oxide thin film 

doped with aluminum are presented. The deposition of Al-doped ZnO (2.5 wt. %) thin films is performed by 

magnetron sputtering. Al-doped ZnO thin film crystallizes in a hexagonal structure (structure type ZnO, 

space group P63mc (No. 186) with unit-cell dimensions a  3.226(2) Å and c  5.155(6) Å (V 46.49(6) Å3). 

Optical transmittance spectra (300-2500 nm) shows that the Al-doped ZnO thin film is of high optical qual-

ity, and the value of the optical band gap (3.26 eV) is very close to undoped samples. The study of optical 

functions is performed on the basis of the experimentally measured transmission spectrum using the by-

pass method. The spectral behavior of optical functions, such as refractive index, extinction coefficient, ab-

sorption index, dielectric functions and optical conductivity, is established. The value of Urbach energy and 

the dependence of oscillator strength on the size of the band gap and the concentration of doping element 

are determined. It is observed an increase in Urbach energy for the Al-doped ZnO thin film in comparison 

to the undoped ones. An almost twofold increase in the optical oscillator strength value is revealed for the 

thin film studied. The influence of aluminum doping on the dynamic change of optical mobility, optical re-

sistance and relaxation time is established for the first time for the studied compound. The value of the 

plasma frequency is also determined and its correlation with the carrier density is defined. The doping of 

ZnO thin films with aluminum leads to an increase in optical mobility, relaxation time and plasma fre-

quency that is revealed by comparison with reference data for the undoped ZnO. Due to good optical prop-

erties, this thin film is a good candidate as a material for optoelectronic devices. 
 

Keywords: Thin films, Absorption, Dispersion, Refractive index, Transmission, Optical function, Relaxation 

time. 
 

DOI: 10.21272/jnep.13(4).04006 PACS numbers: 78.20. − e, 78.20.Ci, 78.55.Et 

 

 

                                                           
* AndriyKashuba07@gmail.com  

1. INTRODUCTION 
 

ZnO thin films attract considerable attention of re-

searchers as a promising material for solar energy, gas 

sensors and other applications [1-7]. In the classical 

case, zinc oxide is a wide band gap semiconductor with 

high exciton binding energy of 60 meV [8]. 

It is known that optical properties of semiconductor 

thin films depend on the deposition method [9, 10]. 

Currently, various methods are used to obtain ZnO thin 

films: radio frequency (RF) or direct current sputtering, 

spray pyrolysis, spin coating, metal organic chemical 

vapor deposition and pulsed laser deposition [5-7, 9-19]. 

ZnO is usually doped with different chemical ele-

ments to modify the optical transmittance and band 

gap of the corresponding thin films by changing their 

electrical, optical and other properties. Degree of Al-

doping plays a major role in increasing the optical band 

gap of ZnO thin films and the enhancement of their 

optical transparency. 

Doping of zinc oxide thin films results in different 

changes of physical properties. In most cases, doping of 

thin films results in an increase in the band gap value 

[11-13, 15-22] caused by the influence of the Burstein-

Moss effect [20-22] and increased contribution of de-

fects [21] (Zn, O vacancies). In several studies [23-26], 

doping with different chemical elements leads to a 

decrease in the band gap, or the value of the band gap 

remains almost independent of doping. 

As a consequence, the physical properties of zinc ox-

ide thin films may depend on the deposition method or 

the alloying chemical element. Since one of the predom-

inant applications of zinc oxide thin films is solar ener-

gy (ZnO as a conductive material) and gas sensors, it is 

important to know the behavior of optical functions and 

optical constants (including optical mobility, relaxation 

time and optical resistance). 

Aluminum (2.5 wt. %) as the doping element and 

RF sputtering as the preparing method were chosen in 

the present study. Currently, no reference data on the 

main optical parameters (optical mobility, relaxation 

time, optical resistance) of ZnO:Al thin films obtained 

by RF sputtering are available. 

 

2. EXPERIMENTAL DETAILS 
 

Al-doped ZnO (ZnO:Al) thin films were deposited 

on glass substrates with a size of 16  8  1.1 mm3 by 

the method of high-frequency (HF) magnetron sputter-

ing (~ 13.6 МHz) using a VUP-5M vacuum station 

(Selmi, Ukraine) [9, 27]. As a target the disc from sin-

tered ZnO (purity of 99.99 %) powder with Al2O3 

(2.5 wt.%) admixture was used. The target-substrate 

distance was 60 mm. The start and end of the process 

were controlled by means of a movable shutter. 

The power of the HF magnetron was maintained at 

a level of 30 W, and the substrate temperature was 

373 K. A high-temperature tungsten heater with a 

power of 300 W was used to heat the substrates. The 

temperature was controlled by means of a proportional-
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integral-derivative (PID) controller for controlling heat-

ing and cooling rates, as well as for ensuring the tem-

perature conditions of deposition. 

Spectral dependences of the optical transmittance 

(Shimadzu UV-3600) of the title samples have been 

measured in the visible and near infrared regions (300-

2500 nm) at room temperature [9, 27]. 

 

3. RESULTS AND DISCUSSION 
 

3.1 The Optical Band Gap Eg and Urbach  

Parameter E0 
 

The transmittance spectrum of ZnO:Al thin films is 

given in Fig. 1. As-grown thin films are found to exhibit 

high transparency in the wavelength range 300-2500 nm. 

Here, the average transmittance is close to 78 %. 

To determine the thickness of the films under inves-

tigation, we can use the following equation: 
 

 1 2

1 2 2 1

· ·

2·( ( )· ( )· )

M
d

n n

 

   



, (1) 

 

where 1 and 2 are the wavelengths corresponding to 

the neighboring extreme points in the transmission 

spectrum, M  1 for two neighboring extrema of one 

type (max-max, min-min) and M  0.5 for two neighbor-

ing extrema of opposite types (max-min, min-max). The 

thickness of ZnO:Al thin films calculated by Eq. (1) is 

equal to 455 nm. 

To estimate the absorption band edge energy of the 

films, the first derivative of the optical transmittance 

can be used. The dependence of dT/d versus wave-

length  is plotted, as shown in the inset of Fig. 1. Posi-

tion of the characteristic highest first peak of dT/d 

corresponds to the optical band gap energy Eg  3.22 eV. 

The optical band gap Eg is also determined from the 

spectrum of the absorption coefficient (hν). For this 

purpose, the known Tauc relation for the direct optical 

transition between the valence and conduction bands is 

used [9, 27], 
 

  
2

· ( )gh A h E    , (2) 

 

where A is an energy-independent constant and hν is 

the photon energy. Here, the absorption spectrum (hν) 

is calculated from the transmittance data in the spec-

tral range of stronger absorption [28]. The direct optical 

band gap Eg is obtained by plotting the dependence of 

(hν)2 versus hν and following linear approximation of 

this dependence to the value (hν)2  0 (Fig. 2). Thus, 

we have evaluated the exact value of the direct optical 

band gap for the films studied equal to Eg
(d)  3.26 eV. 

The estimated band gap values of the studied ZnO:Al 

films obtained by two above mentioned methods are 

presented in Table 1. 

The spectral dependence (hν) near the band edge 

reveals an exponential dependence on the photon ener-

gy and obeys Urbach empirical formula (3), 
 

 0( ) exp( )
u

h
h

E


   , (3) 

 

where 0 and Eu (Urbach energy) are the characteristic 

parameters of the material studied. One can determine 

the parameters  and Eu from the experimental de-

pendence (hν) (Fig. 3). The value of Urbach energy Eu 

depends on the structural disorder and temperature of 

the material. Temperature dependence of this energy is 

formed by the interaction of electrons/excitons with 

optical phonons [24]. 
 

 
 

Fig. 1 – Transmission spectrum of ZnO:Al thin film. Plot of the 

transmittance first derivative dT/d vs.  of ZnO:Al thin film 
 

 
 

Fig. 2 – Plots of (hν)2 vs. photon energy of ZnO:Al thin film 
 

 
 

Fig. 3 – Urbach plots of ZnO:Al thin film 
 

It is found that Urbach energy of ZnO:Al films 

studied increases with increasing doping of zinc oxide 

by aluminum (Table 1) that may be caused by an in-

crease in the energy width of localized energy states of 

thin films. However, a more elaborated theory of the 

experimentally observed exponential dependence (hν) 

is still absent. This dependence may arise from the 

random fluctuations of the internal fields associated 
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with structural disorder in many amorphous materi-

als. The exponential dependence of the optical absorp-

tion coefficient with photon energy may arise from the 

electronic transitions between localized states [29]. In 

many cases, the density of the top valence and bottom 

conduction band states of materials depend exponen-

tially on the energy in the band gap region that is 

consistent with Tauc theory. 
 

Table 1 – Optical parameters of ZnO and ZnO:X (X  Al, Cu, In, Sn, Mn, Mg, Ni, NiO and Fe-Ni) thin films 
 

Sample Method of deposition d, nm Tave, % Eg, eV Eg(dT/d), eV Eu, meV Ref. 

ZnO:Al (2.5 wt.%) RF 455 77.78 3.26 3.22 86.32 This work 

ZnO:Al Spray Pyrolysis – ≥ 80 % 3.30 – 91 [15] 

ZnO:Cu Spray Pyrolysis – ≥ 70 % 3.27 – 98 [15] 

ZnO:Sn Spray Pyrolysis – ≥ 80 % 3.28 – 101 [15] 

ZnO Sol-Gel – ~ 90 3.29 – 367 [24] 

ZnO:In (1.0 %) Sol-Gel – ~ 90 3.26 – 390 [24] 

ZnO Coating – ≥ 80 % 3.288 – – [23] 

ZnO:Fe-Ni (2 %) Coating – ≥ 80 % 3.258 – – [23] 

ZnO (1:1) Sol-Gel spin coating method – ≥ 85 % 3.37 3.31 – [30] 

ZnO (0 kGy) RF 134 – 3.26 – 116.71 [14] 

ZnO Spray Pyrolysis 210 – 3 – ~ 730 [13] 

ZnO:Sn (4 at.%) Spray Pyrolysis 223 – 3.25 – ~ 200 [13] 

ZnO:Mn (4 at.%) Spray Pyrolysis 192 – 3.17 – ~ 210 [13] 

ZnO:Al (4 at.%) Spray Pyrolysis 178 – 3.08 – ~ 400 [13] 

ZnO Sol-Gel – ~ 85 % 3.36 – 255 [16] 

ZnO:Mg (6 wt.%) Sol-Gel – ~ 85 % 3.73 – 307 [16] 

ZnO Spray pneumatic method 149.65 ~ 80 % 3.26 – 92 [18] 

ZnO:NiO (3 %) Spray pneumatic method 101.4 ~ 80 % 3.28 – 91 [18] 

ZnO Spray Pyrolysis ~ 400 60-70 % ~ 3.27 – 23.34 [19] 

ZnO:Ni (5 at.%) Spray Pyrolysis ~ 400 60-70 % ~ 3.27 – ~ 120 [19] 

 

3.2 Analysis of the Refractive Index 
 

The dispersions of the refractive index n() and ex-

tinction coefficient k() (k()  ()/4) (Fig. 4) of a 

thin film can be easily evaluated from the transmission 

spectrum with interference effects using the envelope 

method [9, 31-32]. This method is applicable in the case 

of a weakly absorbing thin film on an entirely trans-

parent substrate, which is much thicker than a thin 

film. These conditions are met in this work. 

The calculated refractive index n of the thin film 

studied decreases with increasing wavelength  (see 

Fig. 4). Here, the dispersion n() is normal and may be 

well approximated by the single oscillator model. In 

Fig. 5 and Fig. 6, the dashed straight lines are the 

linear fits of the refractive index dispersions corre-

sponding to the single oscillator model in the form pro-

posed by Wemple and DiDomenico [9], 
 

 2 0

2 2
0

·
( ) 1

( )

dE E
n h

E h



 


, (4) 

 

where E0 is the single oscillator energy, Ed is the dis-

persion energy, and hν is the photon energy. Both 

Wemple parameters, E0 and Ed, can be obtained from 

the parameters of the above-mentioned linear fit  

(n2 – 1) – 1 ~ (hν)2 of the dependence (4). The values of 

these parameters are summarized in Table 2. The 

refractive index n0  n(hν  0) can be determined by 

using the expression 0

0

1 dEn
E

  . The value n0 usual-

ly increases with doping of ZnO by aluminum (Table 2) 

that may be considered together with the characteris-

tic dimensions of Al atoms in the ZnO structure [33]. 

 
 

Fig. 4 – Refractive index (left) and extinction coefficient (right) 

depending on wavelength of ZnO:Al thin film 
 

 
 

Fig. 5 – Plot of (n2 – 1) – 1~ vs. (hν)2 for ZnO:Al thin film 
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Fig. 6 – Plot of (n2 – 1) – 1 ~ vs.  – 2 for ZnO:Al thin film 
 

The M−1 and M−3 moments of the optical spectra can 

be obtained from the following relations [29]: 
 

 
3

2 21 1
0

3 3

, .d

M M
E E

M M
 

 

   (5) 

 

The obtained values are given in Table 2. In addi-

tion, the oscillator strength (f) is expressed according to 

Wemple and DiDomenico via the following formula [24]: 
 

 0 df E E
. (6) 

 

Aluminium doping of ZnO film (ZnO:Al, 2.5 wt.%) 

leads to an increase in the oscillator strength value 

from 35.48 (ZnO [24]) to 90.68 eV2 (Table 2). Similar 

fluctuations of the oscillator strength for the doped thin 

films were observed in other studies [29], but there is 

no clear understanding of such behavior of the oscilla-

tor strength till now. 

The refractive index dispersion n() in the range of 

transparency can be approximated also by using Sell-

meier dispersion Eq. (7), 
 

 

2

0

2 1

2
0 0

1

( 1)n
S









 
  
   , (7) 

 

where S0 is the average oscillator strength and 0 is the 

average interband oscillator wavelength. When the 

dependence of (n2 – 1) – 1 vs.  – 2 is plotted and the 

straight-line fit is performed, then the values of S0 and 

0 can be determined from the relation (7) (Table 2). 

Table 2 – Single oscillator parameters of ZnO:Al thin films 
 

Sample 
Method of 

deposition 
E0, eV Ed, eV n0 M–1 M–3, eV – 2 f 0, nm S0, nm – 2 Ref. 

ZnO:Al 

(2.5 wt. %) 
RF 4.48 20.24 2.35 4.52 0.23 90.68 136.1 2.5 10 – 4 

This 

work 

ZnO Sol-Gel 6.62 5.36 1.35 0.89 0.020 35.48 285 1.06·10 – 5 [24] 

ZnO:In 

(1.0 %) 
Sol-Gel 6.80 8.56 1.50 0.81 0.017 58.20 305 1.34·10 – 5 [24] 

 

3.3 The Complex Dielectric Function 
 

It is known that the real and imaginary parts, ε1 and 

ε2, of the complex dielectric permittivity ε, 
 

 1 2·i    , (8) 

 

are related to the refractive index n and extinction 

coefficient k by Eqs. (9) and (10), 
 

 2 2
1 n k   , (9) 

 

 2 2· ·n k  . (10) 

 

For the values of n much greater than k, the value 

of ε1 is approximately equal to n2, and the dependence 

of ε1() can be fitted using the relation [9] valid for the 

free electron light absorption, 
 

 
2

2 2
1 2 *

· ·
·

cNe
n

c m
  




   
       

  
, (11) 

 

where c is the speed of light, m* is the effective mass of 

the carrier, Nc is the carrier density, e is the electronic 

charge, and ε∞ is the high-frequency dielectric constant. 

To obtain the high frequency dielectric constant ε∞, we 

plot a graph n2 as a function of 2 and extrapolate the 

linear part of the curve to 2= 0 (Fig. 7). 

Furthermore, the dispersion of the imaginary part 

of the dielectric function ε2() is used to estimate the 

relaxation time (τ), optical mobility (opt) and optical 

resistivity (opt) in the framework of the Drude free 

electron model [23, 34] using the relation 
 

 
2

3
2 3 3 *

0

1
· ·

4 ·

cNe

c m
 

 

     
           

. (12) 

 

The parameter τ is found from the slope of the plot 

ε2(3), where the value of Nc/m* is taken from Eq. (11). 

Afterwards, the optical mobility opt and optical resis-

tivity opt of ZnO:Al thin films are calculated by the 

relations (13) and (14) [34], 
 

 
*opt

e

m


  , (13) 

 

 
1

opt

opt ce N



 . (14) 

 

The calculated values of the relaxation time τ, opti-

cal mobility opt and optical resistivity opt are present-

ed in Table 3. 

It is found that the aluminium doping of ZnO thin 

films increases the values of optical mobility and relax-

ation time (Table 3). In addition, it is revealed that 

2.5 wt. % doping of ZnO by aluminium leads to higher 

values of optical mobility and relaxation time than 

those for ZnO thin films doped with Fe-Ni [23]. 

Additionally, the electron plasma frequency (ωp) is 

calculated using relation (15) [35], 
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Fig. 7 – Real (ε1) and imaginary (ε2) parts of dielectric func-

tions depending on photon energy of ZnO:Al thin film 
 

 
 

Fig. 8 – Variation of the real part of the dielectric coefficient 

(ε1) with 2 for ZnO:Al thin film 
 

 

1/2
2

*
0

c
p

e N

m




 
   
 

. (15) 

 

As expected, aluminium doping of ZnO thin films 

leads to an increase in ωp value in comparison to pure 

ZnO (Table 3). 

The dielectric loss factor tanδ is determined by the 

known relation 
 

 2

1

tan





 , (16) 

and the corresponding photon energy dependence tanδ(E) 

is presented in Fig. 9. The complex optical conductivity 

( 1 2i    ) is known to be related to the complex 

dielectric constant (8) [29], 
 

 1 2 0 2 1 0,       , (17) 

 

where ω is the angular frequency, ε0 is the dielectric 

constant. Both components 1 and 2 of the optical con-

ductivity  increase with increasing frequency ω (Fig. 10). 
 

 
 

Fig. 9 – Variation of dielectric loss with energy for ZnO:Al 

thin film 
 

 
 

Fig. 10 – The optical conductivity dependence of frequency for 

ZnO:Al thin film 

 

 

Table 3 – Optoelectronic constants of ZnO:Al thin films obtained from analysis of optical dielectric functions 
 

Sample 
Method of 

deposition 
ε∞ *

cN

m

 
 
 

,  

kg – 1 m – 3 

opt, m2/V·s 
opt, 

Ω – 1·m – 1 
τ, s ωp, s – 1 Ref. 

ZnO:Al RF 5.48 1.231057 6.710 – 3 310 – 5 1.6810 – 14 6108 
This 

work 

ZnO Coating 2.993 1.2081057 3.64310 – 3 3.54410 – 6 0.91310 – 14 5.720107 [23] 

ZnO:Fe-Ni 

(2 %) 
Coating 3.562 2.1671057 5.09510 – 3 1.41210 – 6 1.27610 – 14 8.620107 [23] 

ZnO Sol-Gel 2.14 2.111056 – – – – [24] 

ZnO:In 

(1.0 %) 
Sol-Gel 2.71 5.771056 – – – – [24] 
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4. CONCLUSIONS 
 

Optical characteristics of zinc oxide thin films with 

2.5 wt. % aluminium content obtained by the RF meth-

od have been studied by the transmittance measure-

ments in the wavelength spectral range of 300-2500 nm 

by the interferometry method. The data obtained have 

been used to calculate the complex dielectric function 

ε  ε1 + iε2, complex refractive index n  n1 + in2 and 

several associated optical values of ZnO:Al thin films. 

The data obtained have been also elaborated using the 

Urbach approximation. 

One of the main findings is the increase in Urbach 

energy for ZnO:Al thin films in comparison to the 

undoped ones. This probably is caused by an increase 

in the energy width of the localized electronic energy 

states of thin films due to increased atomic disorder. 

Also, an almost twofold increase in the optical oscilla-

tor strength value has been revealed for the thin film 

studied. 

Several electronic and optical parameters of the 

Drude free electron model (relaxation time, optical 

mobility and optical resistivity) for the thin films stud-

ied have been estimated for the first time. The doping 

of ZnO thin films with Al leads to an increase in the 

optical mobility, relaxation time and plasma frequency 

that was revealed by comparison with reference data 

for undoped ZnO. 

Numerous optical parameters of ZnO:Al thin films 

obtained allow us to recommend these samples for 

applications in optoelectronic devices. 
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Оптичні та дисперсійні параметри тонких плівок ZnO:Al 
 

A.I. Кашуба1, Б. Андрієвський2, Г.А. Ільчук1, Р.Ю. Петрусь1, Т.С. Малий3, І.В. Семків1 

 
1 Національний університет «Львівська політехніка», вул. С. Бандери, 12, 79646 Львів, Україна 
2 Факультет електроніки та комп'ютерних наук, Кошалінський технологічний університет, 
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Представлені результати досліджень дисперсії параметрів та оптичних функцій для тонкої плівки 

оксиду цинку, легованої алюмінієм. Осадження тонких плівок ZnO, легованих Al (2,5 мас. %), викону-

валось методом високочастотного магнетронного напилення. Тонка плівка ZnO:Al кристалізується в 

гексагональній структурі (тип структури ZnO, просторова група P63mc (No. 186), з параметрами еле-

ментарної комірки a  3.226(2) Å і c  5.155(6) Å (V  46.49 (6) Å3). Спектри оптичного пропускання 

(300-2500 нм) показали, що тонка плівка ZnO:Al має високу оптичну якість, а значення величини оп-

тичної ширини забороненої зони (3,26 еВ) є дуже близьким до нелегованих зразків. Встановлено спек-

тральну поведінку оптичних функцій: показника заломлення, коефіцієнта екстинкції, показника по-

глинання, діелектричних функції та оптичної провідності. Встановлено значення енергії Урбаха та 

залежність сили осцилятора від оптичної ширини забороненої зони та концентрації легуючого елеме-

нта. Спостерігається збільшення енергії Урбаха для легованої Al тонкої плівки ZnO порівняно з неле-

гованою. Для досліджуваної тонкої плівки виявлено майже подвійне збільшення значення сили оп-

тичного осцилятора в порівняні із нелегованими зразками. Вплив легування алюмінієм тонких плі-

вок ZnO на динаміку зміни оптичної рухливості, оптичного опору та часу релаксації встановлено впе-

рше для досліджуваної сполуки. Також, визначається значення плазмової частоти та її кореляція з 

концентрацією носіїв. Легування тонких плівок ZnO алюмінієм призводить до збільшення оптичної 

рухливості, часу релаксації та плазмової частоти, що було виявлено порівнянням з відомими даними 

для нелегованих тонких плівок ZnO. Виявлені оптичні властивості досліджуваної тонкої плівки вка-

зують на перспективи її практичного використання як матеріалу для оптоелектронних пристроїв. 
 

Ключові слова: Тонкі плівки, Поглинання, Дисперсія, Показник заломлення, Пропускання, Оптичні 

функції, Час релаксації. 


