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The structural, electronic, and optical properties of zinc oxide thin films with Al-doping have been 

investigated experimentally and with density functional theory (DFT) calculations. Changes in properties of 

doped thin films, which are deposited on a glass substrate by a high-frequency magnetron sputtering method, are 

monitored using X-ray diffraction data and UV measurements. Our theoretical calculations show that the 

electronic structure of ZnO: Al can be well described by the DFT+U method. The XRD measurements 

demonstrated the formation of a pure single ZnO phase and Al atoms is well incorporated in the ZnO lattice. 

Also, we determine the optical constants such as optical dielectric function, refractive index, optical band gap 

values, extinction coefficient, and optical conductivity of the doping films through transmittance spectra. The 

calculated results show the change of lattice parameters Al-doped ZnO. The optical band gap of ZnO: Al is 

increased compared with pure ZnO. Besides, around the Fermi level of Al-doped ZnO was emerged the shallow 

donor states from mainly 3s-Al states. Our DFT calculations of optical properties Al-doped ZnO agree 

satisfactorily with the experimentally measured transmittance values. 
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Introduction  

The zinc oxide (ZnO) is well known as a wide-band 

semiconductor with a bandgap = 3.44 eV and exists in 

the hexagonal wurtzite-type form under normal 

conditions [1]. The ZnO-based materials have many 

prospective implementations in various spintronic and 

optoelectronic devices involving light-emitting diodes, 

lasers, photodetectors, solar cells, magnetic memory 

devices, etc. Also, their remarkable structural, electronic, 

sensor, optical, and electrical properties, together with a 

large number of different preparation methods 

appropriate to the production of a high-quality film make 

them one of the most all-purpose materials in nowadays 

technology [2]. An efficient method for enhancing the 

electric and optical characteristics of ZnO is doping them 

thin film of impurities [3]. Among different kinds of 

doped ZnO, aluminum-doped ZnO (ZnO: Al) is a cheap, 

most stable material, has great electric and optical 

properties, and environmentally friendly, which causes 

considerable scientific interest. The ZnO: Al has wide 

possible applications as potential solar cell electrodes [4], 

transparent conductive oxide, and electrical conductivity 

[5], optoelectronic and photonic devices [6]. Among 

numerous techniques of growth of thin films, magnetron 

sputtering is one of the most favored methods for 

growing ZnO films because of its simpleness, low 

operating temperature, and low cost.  

In this work, we report experimental and theoretical 

investigations of the structural and optical properties of 

Al-doped ZnO thin films. ZnO: Al thin films were 

synthesized by the magnetron sputtering method. 

Additionally, we model a 3×3×3 ZnO supercell to 

perform a theoretical study of Al-doped ZnO using the 

first-principles method, including examination of 

electronic structures and optical properties. Using these 

results, we presented the possibility of using calculated 
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results to explain experimental data and indicate a 

definite theoretical direction for the research of ZnO-

based doped structures. 

I. 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 sputtering 

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

Ukraine) [7, 8]. As a target, the disc from sintered ZnO 

(purity of 99.99 %) powder with Al2O3 (2.5 wt.%) 

admixture was used. The target–substrate distance was 

equal to 60 mm. The start and end of the sputtering 

process were controlled by means of a movable shutter. 

Before the sputtering process, the chamber was 

pumped out. The gas pressure inside the chamber during 

the film sputtering was equal to 4×10-4 Pa. This pressure 

is achievable when using a polyphenyl ether (5F4E) as a 

diffusion fluid in the vapor oil vacuum pump, which 

possesses a low vapor pressure of 9×10-7 Pa. 

The power of the HF magnetron was maintained at 

the level of 30 W and the temperature of the substrate at 

~ 373 K. For heating the substrates a high-temperature 

tungsten heater with a power of 300 W was used. The 

temperature was controlled using a proportional–

integral–derivative (PID) controller for controlling 

heating and cooling rates, as well as for ensuring the 

temperature conditions of deposition. 

The phase analysis and crystal structure refinement 

was examined using X-ray diffraction data (XRD) 

obtained on DRON-2.0M diffractometer at room 

temperature with the Kα radiation (λ = 1.936087 Å) 

of Fe. 

II. Computational methodology 

In this work, the total energies calculations were 

carried out using the first-principles method within 

density functional theory (DFT) and implemented in the 

QUANTUM-ESPRESSO package [9]. Exchange and 

correlation interactions are described using the 

generalized gradient approximation (GGA) in 

combination with ultrasoft pseudopotentials [10]. The 

considered valence electron are 3d10 4s2 for Zn, 2s2 2p4 

for O and 3s2 2p1 for Al, respectively. Before property 

calculations were performed structure optimization of 

pure and doped ZnO using the Broyden–Fletcher–

Goldfarb–Shannon minimizer [11-14]. Well known that 

GGA suffers from the unavoidable underestimate of 

bandgap [15], and this difficulty may manipulate the 

accuracy of the calculated bandgap. To correct the 

deviation from bandgap many previous works used 

approximation with Hubbard corrections or the so-called 

DFT+U [16-18]. When considering calculations for ZnO, 

GGA underestimates the Zn 3d electrons energy. The top 

of the valence band forms with the pair Zn d-states and O 

p-states shifting upwards and essentially narrowing the 

bandgap [19]. Including the Hubbard U corrections to 

calculating the insufficient binding of the Zn d electrons 

lead to adjust the position of the restricted d states and 

impacts both the valence band maximum (VBM) and the 

conduction band minimum (CBM) [16]. In this study 

were used two Hubbard U corrections: Ud for 3d states of 

Zn and Up for 2p states of O. Using two U values which 

are equal to Ud = 10 eV and Up = 7 eV lead to the 

bandgap of pure ZnO is 3.4 eV which in turn is excellent 

agreement with experimental data [20]. In this 

methodology, we were successfully tested on many 

objects of different dimensions [21-25].  

III. Results and discussion 

3.1. Experimental results 

ZnO:Al thin film crystallizes in hexagonal structure 

(structure type - ZnO, space group P63mc (No. 186), with 

the unit-cell dimensions a = 3.226(2) Å and  

c = 5.155(6) Å (V = 46.49(6) Å3). No additional peaks 

(from X-ray analysis) belonging to other oxides can be 

detected thereby indicating the formation of pure single 

ZnO phase, as well as that Al is well incorporated within 

ZnO lattice. 

Then by plotting (α·hν)2 versus hν (α·is the 

absorption coefficient and hν is the photon energy) one 

has a possibility to obtain the direct optical band gap Eg 

from extrapolation of the linear part of the plot to the 

photon energy axis (see Fig. 1). The estimated optical 

band gap of the ZnO:Al thin films has been found to be 

equal to Eg = 3.26 eV. 

To determine the thickness of the films under 

investigation, we can use the following equation: 
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where, λ1 and λ2 are wavelengths corresponding to 

neighboring extreme points in the transmission spectrum 

and M = 1 for two neighboring extrema of one type 

(max–max, min–min) and M = 0.5 for two neighboring 

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

obtained value of the ZnO: Al thin film thickness is 

454.83 nm. 

 
 

Fig. 1. The spectral dependence of optical absorption 

for the ZnO:Al thin films.  
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The optical properties of a thin film (refractive index 

n(λ), absorption coefficient α(λ), extinction coefficient 

k(λ), dielectric functions ε(λ), optical conductivity σ(λ) 

and thickness d) can be easily evaluated from a 

transmission spectrum with interference effects using the 

envelope method [26-31] (Fig. 2). This method is 

applicable in the case of a weakly absorbing thin film on 

an entirely transparent substrate that is much thicker than 

the thin film. These conditions are met in this work. 

 

3.1. Theoretical results 

To analyze the properties of the Al-doped structure 

was used a 3×3×3 supercell which including 54 Zn atoms 

and 54 O atoms and present in Fig. 3. In our supercell 

model, one Zn atom is substituted with one dopant 

aluminum atom which corresponds to the impurity 

concentration close to 1.85 at. %. After structure 

relaxation the lattice parameters ZnO:Al were a = b = 

3.462 Å and c = 5.663 Å, which are bigger than for pure 

ZnO (a = b = 3.251 Å and c = 5.213 [21]). Also, the  

Zn–O bond lengths for ZnO: Al was 2.08 Å which is 

longer than those of the pure ZnO (1.98 Å [22]), and the 

Al–O bond length was 1.86 Å that is shorter than the  

Zn–O bond lengths. All changes of structure geometry 

for Al-doped ZnO related to the smaller ionic radius of 

Al3+ (0.54 Å) compared with replaced Zn ion (0.74 Å). 

The calculated Mulliken population analysis showed that 

for ZnO:Al the atomic population of Al was 1.60 e and is 

bigger than of Zn which is 0.94e [22] and indicates that 

the valence of Al is larger than of Zn. The higher valence 

of Al also leads to higher values of Al–O bond 

population (0.47 e) compared with the Zn–O bond 

 
 

Fig. 2. The dielectric functions (a), absorption coefficient (b), refractive index (c), extinction coefficient (d) 

and optical conductivity (e) of Al doped ZnO. 
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population of pure ZnO (0.40 e). 

Next, we investigated the electronic properties of 

ZnO: Al. The calculated band structure of this model is 

presented in Fig. 4. The Fermi level is set to 0 eV. The 

Al-doped ZnO displayed n-type conduction as indicates 

shifted up into conduction band of the Fermi level, and 

refers to a well-known effect of the Burstein–Moss [32]. 

At the bottom of the conduction band, the occupied states 

can be considered as an additional energy barrier that 

needed overcome before the electron can be excited from 

the valence band to the conduction band. This energy 

barrier is also known as the optical band gap and denotes 

the energy region from the top of the valence band to the 

Fermi level. The optical bandgap of the ZnO: Al is 

3.43 eV which is bigger than for pure ZnO calculated 

using the same GGA+U method (3.4 eV [22]). At the 

same time, it should be noted that the fundamental band 

gap is 3.3 eV which is smaller compared with undoped 

ZnO. 

Fig. 5a presented the partial density of states (PDOS) 

of Al-doped ZnO. As can be seen, the calculation results 

showed the major contribution to the PDOS in the 

conduction band close by the Fermi level derived from 

the s-orbitals of the Al atom. Moreover, the  

s-contribution in the PDOS at the impurity ion place is 

considerably larger than that of the Zn atom and leads to 

an improved electron conductivity of the ZnO: Al  

(Fig. 5b). 

To investigate the optical properties of the ZnO: Al 

system the dielectric function 𝜀(𝜔) = 𝜀1 + 𝑖𝜀2 was 

calculated. Ordinarily, the electronic band structure is 

directly related with ε2(ω) (imaginary part of dielectric 

function) and it can be calculated by add together all 

probable occupied states to the unoccupied states of 

transitions. The ε2(ω) was calculated from the following 

expression: 

 

𝜀2(𝜔) =  
2𝑒2𝜋

Ω𝜀0
∑ |〈𝜓𝑘

𝑐 |𝑢 ̂ × 𝑟|𝜓𝑘
𝑣〉|𝛿(𝐸𝑘

𝑐 − 𝐸𝑘
𝑣 − 𝐸)𝑘,𝑣,𝑐 ,   (2) 

 

where ω is the frequency of light, Ω is the volume of a 

unit cell, u is polarization vector, 𝜓𝑘
𝑐  and 𝜓𝑘

𝑣  are the wave 

functions of valence and conduction bands, respectively. 

The real part of dielectric function ε1 (ω) can be 

calculated using Kramers-Kronig relation, based on ε2  

(ω): 

 
 

Fig. 3. The supercell model of Al doped-ZnO. Grey, 

red and pink balls display the zinc, oxygen, and 

aluminum atoms, respectively. 

 
 

Fig. 5. The partial density of states of Al-doped ZnO (a) and the partial density of s-orbital of Al and Zn (b). 

 
 

Fig. 4. The band structure of Al doped-ZnO. 
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 𝜀1(𝜔) = 1 +
2

𝜋
𝑝 ∫

𝜔′𝜀2(𝜔′)

𝜔′2−𝜔2 𝑑𝜔′∞

0
, (3) 

 

where p indicates the main value of integral. The other 

optical functions, e.g. absorption coefficient α (ω), 

refractive index n (ω), extinction coefficient k (ω) and 

optical conductivity σ (ω) can be determined by ε1 (ω) 

and ε2 (ω) [33]. 

Fig. 6 displayed the real ε1 and imaginary part ε2 of 

Al-doped ZnO for different polarization vector of light. If 

compared the theoretical results with the experimental 

ones presented above (Fig. 2a), we can be seen that the 

main trend is well consistent with the experimental 

results. But it is necessary to note the shift of a curve 

upwards energy region compared with experimental 

curves because the difference between experimental and 

theoretical band gaps received.  

The adsorption and conductivity spectrum of  

Al-doped ZnO is presented in Fig. 7a. As in the case of 

the dielectric function, the theoretical adsorption 

spectrum tendency well agrees with the experimental 

spectrum that is displayed in Fig. 2b. Similar results were 

obtained in the case of conductivity (Fig. 7b). 

For the full display of experimental results (Fig. 2), 

we additionally calculated the refractive index and 

extinction coefficient of Al-doped ZnO that are presented 

in Fig. 8. 

 
 

Fig. 6. The real ε1 (a) and imaginary part ε2 (b) of Al-doped ZnO. 

 

 
 

Fig. 7. The adsorption (a) and optical conductivity (b) spectrum of ZnO: Al. 

 

 
 

Fig. 8. The refractive index (a) and extinction coefficient (b) of ZnO: Al. 
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Conclusions 

In this work, the electronic and optical properties of 

Al-doped ZnO were studied by means of experimental 

and first-principles calculation approaches. The Al-doped 

ZnO thin films were grown using the high-frequency 

magnetron sputtering method. The X-ray analysis 

approves that the major phase of the prepared samples is 

the wurtzite structure without secondary phases observed 

and Al is well incorporated within the ZnO lattice. 

Additionally, the DFT+U study is used for calculating 

the band structure of Al-doped ZnO. It was found that 

adding an Al atom into ZnO enables changes of the ZnO 

band structure. New states at the top of the valence band, 

derived from the interaction of valence electrons of Zn, 

O, and Al atoms. The change of the band structure and 

PDOS of the ZnO after Al doping means that the doped 

system may show distinct optical properties. It is 

important to note that the theoretically obtained results 

are in good agreement with experimental observations, 

and the appropriate properties received by calculations 

for Al-doped ZnO were also established in the actual 

materials. 
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Проведено дослідження впливу легування атомами алюмінію на структурні, електронні і оптичні 

властивості тонких плівок оксиду цинку, використовуючи експериментальні методи та розрахунки в 

межах теорії функціонала густини. Зміни властивостей легованих тонких плівок, які були нанесенні на 

скляну підкладку методом високочастотного магнетронного розпилення, контролювалися за допомогою 

даних X-променевої дифракції та спектрів пропускання. Результати теоретичних розрахунків показують, 

що електронна структура ZnO:Al добре узгоджується з експериментальними даними при використанні 

методу DFT + U. На основі спектрів пропускання визначено оптичні константи для легованих плівок, такі 

як діелектрична проникність, показник заломлення, ширина оптичної забороненої зони, коефіцієнт 

екстинкції та оптична провідність. Результати розрахунків показали, що при внесенні домішкового атома 

Al в суперкомірку ZnO, спостерігається зміна параметрів цієї ґратки. Ширина оптичної забороненої зони 

ZnO:Al зростає порівняно з нелегованим ZnO. Крім того, навколо рівня Фермі, в ZnO:Al, виникають 

неглибокі донорні рівні, які переважно походять від 3s-орбіталей Al. Результати наших розрахунків 

оптичних властивостей ZnO, легованого Al, в межах DFT, задовільно узгоджуються з експериментально 

виміряними значеннями коефіцієнта пропускання. 

Keywords: легований ZnO, DFT+U, ширина оптичної забороненої зони, зонно-енергетична 

структура, оптичні властивості. 
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