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Abstract: Electrochemical formation of transparent semiconductive oxide (TSO) coatings based on zincite is an attractive, 
versatile and easily scalable method,which is promising for optoelectronics and chemical sensors. The complexity of the 
formation of zinc oxide and doped compounds such as ZnO(Al) coatings by electrochemical co-precipitation of zinc and 
aluminum compounds in aqueous media is connected with both different redox potentials of two metals and the formation 
of galvanic precipitates of significantly hydrated zinc and aluminum oxides. Application of non-aqueous media for zinc 
electrolytes can form a bimetallic deposit for the following gently oxidation to oxide (AZO). In the present study, 
dimethylsulfoxide (DMSO) is applied as a solvent. It is shown that the specifics of nucleation of zincite phase in DMSO 
electrolytes results in more porous coatings in comparison to the processes in aqueous plating solutions. Here, 
compositions of non-aqueous electrolytes and corresponding deposition potentials in potentiostatic mode have been 
optimized. The correlations of microstructure and elemental composition of the coatings with parameters of galvanic 
process have been studied. The presence aluminum at the surface of the samples in two different valent states have been 
shown using X-ray photoelectron spectroscopy. This is the result of the deficiency of wurtzite structure and the presence of 
γ-Al2O3 phases, most likely, resulted from segregation. It is shown that the developed synthesis method is promising for 
direct synthesis of porous coatings of zincite with a variable deficiency of the structure. 
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Аннотация: Электрохимическое формирование покрытий прозрачных полупроводниковых оксидов на основе 
цинкита – привлекательный универсальный и легкомасштабируемый метод, который является многообещающим 
для оптоэлектроники и химических сенсоров. Сложность в формировании покрытий на основе оксида цинка  
и легированных составов, таких как ZnO(Al), путем электрохимического соосаждения производных цинка  

Original papers 
Nanostructured, nanoscale materials and nanodevices



 

Martynova N.A., Lepnev L.S., Tsymbarenko D.M., Maslakov K.I., Shatalova T.B., Savilov S.V., Grigorieva A.V. 

 

Journal of Advanced Materials and Technologies. 2023. Vol. 8, No. 1

9

и алюминия в водных средах связана с различием окислительно-восстановительных потенциалов двух металлов и 
формированием гальванических осадков гидратированных оксидов цинка и алюминия. Применение неводных 
сред в роли электролитов цинкования может позволить сформировать биметаллический осадок для последующего 
контролируемого окисления до оксида (AZO). В рамках данной статьи в роли растворителя выступал 
диметилсульфоксид (ДМСО). Показано, что особенности нуклеации и роста фазы цинкита в электролитах на 
основе ДМСО приводят к образованию значительно более пористых покрытий металлического цинка, 
окисляемого в дальнейшем до цинкита, по сравнению с процессами вводных электролитах. Оптимизированы 
составы неводных электролитов и потенциалы формирования пленок в потенциостатическом режиме. Изучены 
корреляции микроструктуры и элементного состава от условий протекания гальванического процесса. Методом 
рентгеновской фотоэлектронной спектроскопии показано присутствие алюминия на поверхности образцов  
в двух различных валентных состояниях, что может быть следствием дефектности структуры вюрцита  
и присутствием фазы γ-Al2O3 – вероятного продукта сегрегации. Показано, что предложенный синтетический 
подход может быть перспективен для направленного формирования пористых тонкостенных покрытий цинкита  
с варьируемой степенью дефектности структуры.  
 
Ключевые слова: оксид цинка; алюминий; прозрачные проводящие покрытия; пористые покрытия;  
электроосаждение, диметилсульфоксид; микроструктура; элементный состав; рентгеноспектральный 
микроанализ; рентгеновская фотоэлектронная спектроскопия. 
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1. Introduction 
 

A new synthesis method for Al-doped ZnO 
coatings (ZnO(Al), AZO) with the required 
conductivity and transparency, compact or with 
developed surface, with good adhesion and also 
mechanically strong is a difficult challenge for 
researchers working on new light-emitting diodes 
(LED) [1], photovoltaics (PV) [2–5], resistive gas 
sensors [6, 7], photocatalytic reactors [8, 9], fuel cells 
[10], etc. Electrochemical synthesis of ZnO films, 
and the more Al-doped ZnO films using aqueous and 
non-aqueous baths is a growing field which might be 
scrutinized in detail. Obviously, the electroplating 
provides precise control of some geometric 
parameters of precipitate including film thickness and 
average particle size controlling both nucleation and 
crystal growth rate. On the other hand, the resulting 
crystallinity and porosity of the coatings are varying 
with parameters, for instance, if use aqueous or non-
aqueous electrolytic baths [11]. 

According to the literature, metal zinc coatings 
can be obtained by electroplating from aqueous or 
non-aqueous electrolytes. Generally, when an 
aqueous electrolyte is applied, lower current 
efficiency is observed which is caused by hydrogen 
production in the over-potential [12]. Also, Zn(OH)2 
is formed competing with ZnO oxide formation 
during electrodeposition in aqueous electrolytes. 
Non-aqueous electrolytes do not produce hydroxide 
anions, and so higher quality of Zn coatings is 
expected [13]. To decrease porosity and delamination 
of electrochemically formed coatings of zincite here 

we present the Zn and Al electrolytic baths based on 
dimethylsulfoxide (DMSO) which are to avoid 
formation hydrogen bubbles on the cathode.  

It is noticeable that only in a few works the 
development of ZnO coatings has been performed by 
electrochemical deposition of zinc compounds from 
non-aqueous electrolytic baths [12–16]. The established 
results concerning the optimal grain size, film 
thickness and resulting composition are not detailed 
for non-aqueous electrolytic baths or contradict each 
other [16–18]. Riveros et al. [16] discuss the specifics 
of nucleation of zinc from DMSO electrolytic baths.  

For electrochemical synthesis of AZO coatings 
Kang et al. [17] used zinc nitrate as a precursor and 
DMSO as a solvent for (001) oriented films of ZnO 
nanorods. Within non-aqueous baths, DMSO is a 
very useful solvent in fabricating metals due to its 
high dielectric constant, excellent solvating capacity 
and low toxicity. Since in aqueous electrolytes the 
formation of hydroxides of both zinc and aluminum 
is observed [12, 14], this paper proposes a group of 
new non-aqueous electrolytes for co-precipitation of 
zinc and aluminum at the cathode with the following 
oxidation by molecular oxygen on sintering. 

 
2.  Materials and Methods 

 
2.1. Materials 

 

ZnO and ZnO(Al) coatings were prepared by 
electrochemical plating of zinc in its DMSO solution, 
the process was carried out in a three-electrode cell at 
room temperature. The working and counter 
electrodes were placed parallel to each other and 
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separated by a distance of 2 cm. Composition of 
electrolyte was following: 0.2 M Zn(CH3COO)2–2H2O 
(dihydrate, purum, “Chimmed”), Al(NO3)3–9H2O 
(nonahydrate, purum, “Chimmed”), 0.05 M hydrogen 
peroxide H2O2 (p.a., 33 %, “Spectrum-Chim”) and 
0.5 M KNO3 (unhydrous, purum, “Reachim”) in 
DMSO (99.9 % CAS 67-68-5) solution. The reference 
electrode was a saturated aqueous Ag/AgCl electrode 
[12]. A platinum wire of 0.5 mm diameter was 
applied as a counter electrode. All films obtained 
were deposited in potentiostatic mode at –1.6 V while 
for the samples of 0 mol. % of Al the deposition 
potential was varied to minimize the crystallite 
growth rate. 

 
2.2. The deposition of ZnO and ZnO(Al) coatings 

 

Experiments for the deposition of ZnO and 
ZnO(Al) coatings were carried out using conductive 
transparent ITO substrates to examine microstructure 
and composition for further application as 
photoanodes. Potentiostat-galvanostat P-45X with IR 
compensation (Electrochemical Instruments, Russia) 
was applied for electrochemical experiments.  
The corresponding cyclic voltammetry (CV) curves 
and preferred electroplating modes are shown in  
Fig. 1 and Table 1. For the Al-doped samples 
formation a non-aqueous acetate zinc electrolyte with 
the addition of aluminum nitrate was chosen because 
of its higher solubility in DMSO in comparison with 
aluminum chloride and acetate. A number of samples 
with a theoretical ratio (Al/Zn)∙100 %  of 1, 2, 4, 6, 8 
and 10 % were synthesized in two series at –1.6 V 
(Al-0, etc.) and –1.4 V (Al-0’, etc.), respectively.  
In comparison to the coatings deposited from aqueous 
zinc electrolytes [12] the obtained samples contained  

 

 

Fig. 1. Cyclic voltammograms of ITO electrode  
in DMSO acetate electrolyte for ZnO(Al) deposition.  

Scan rate – 50 mV⋅s–1 

crystalline zinc oxide only but the samples were 
sintered at 500 °C for 1 hour in air to remove 
adsorbates. 
 

2.3. Analytic methods 
 

The sample morphologies of ZnO coatings were 
examined with a Leo Supra 50 VP (Carl Zeiss, 
Germany) scanning electron microscope and a Carl 
Zeiss NVision 40 (Carl Zeiss, Germany) scanning 
electron microscope (SEM) equipped with EDX 
Oxford Instruments X-MAX attachments for the local 
chemical analysis. 

The TG-DTA analysis was performed with 
preliminary delaminated pristine coverages of 
complex composition using STA 409 PC Luxx 
coupled with a quadrupole mass spectrometer QMS 
403С Aëolos (NETZSCH, Germany). Annealing was 
done in argon as a gas carrier with a flow rate of  
30 mL⋅min–1. The samples were delaminated and 
then annealed up to 800 °C with a heating rate of 
5 °/min and an isotherm at 800 °C for 30 min.  

The GIXRD characterization of thin films was 
performed using Rigaku (Rigaku, Japan) SmartLab 
diffractometer equipped by 9 kW rotating Cu anode 
and Goebel mirror for parallel beam. Grazing 
incident geometry (omega = 0.5°) was appliedwith 
parallel slit analyzer of 0.5° on diffracted beam. 

The X-ray photoelectron spectroscopy (XPS) 
data were acquired on an Axis Ultra DLD 
spectrometer (Kratos Analytical, UK) with a 
monochromatic AlKα radiation source (hν = 1486.7 eV, 
150 W). The pass energies of the analyser were  
160 eV for survey spectra and 40 eV for high 
resolution scans. The charge neutralizer system was 
not used, but because of the slight charge of the 
sample surface during analysis the spectra were 
charge-corrected to give the C1s peak a binding 
energy of 285.0 eV. 

Photoemission spectra were obtained using a 
multichannel spectrometer S2000 (Ocean Optics, 
USA) with a nitrogen laser LGI-21 (λex = 337 nm) as 
an excitation source at 77 K. All spectra are corrected 
for the wavelength response of the system. 

 
3. Results and Discussion 

 

The characteristic CV curves obtained for zinc 
andzinc-aluminum (2 %) electrolytes are presented in 
Fig. 1. The cathodic current at –1.2 V observed 
towards negative potentials is attributed to the zinc 
cathodic reduction to metal zinc. Judging by the CV 
curves, an advantage of non-aqueous electrolytes 
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Table 1. Compositions of zinc DMSO-based electrolytes  and applied deposition methods 
 

Sample Name Electrolyte Composition Deposition Range, Deposition Pote 

Al-0  
(Al-0’) 

0.2 М Zn(CH3COO)2  
0.5 M KNO3 
0.05 M H2O2 

–1.6 V (–1.4 V) 
(–1.8 ÷ –1.2 V) vs. Ag/AgCl/KCl(s) 

Al-1  
(Al-1’) 

0.2 М Zn(CH3COO)2  
0.5 M KNO3 
0.05 M H2O2 

0.0032 М Al(NO3) 3 

–1.6 V  
(–1.8 ÷ –1.5 V) vs. Ag/AgCl/KCl(s) 

Al-2  
(Al-2’) 

0.2 М Zn(CH3COO)2  
0.5 M KNO3 
0.05 M H2O2 

0.0064М Al(NO3)3

–1.6 V  
(–1.8 ÷ –1.5 V) vs. Ag/AgCl/KCl(s) 

Al-4  
(Al-4’) 

0.2 М Zn(CH3COO)2  
0.5 M KNO3 
0.05 M H2O2 

0.0128 М Al(NO3)3 

–1.6 V  
(–1.8 ÷ –1.5 V) vs. Ag/AgCl/KCl(s) 

Al-6  
(Al-6’) 

0.2 М Zn(CH3COO)2  
0.5 M KNO3 
0.05 M H2O2 

0.0192 М Al(NO3)3 

–1.6 V  
(–1.8 ÷ –1.5 V) vs. Ag/AgCl/KCl(s) 

Al-10  
(Al-10’) 

0.2 М Zn(CH3COO)2  
0.5 M KNO3 
0.05 M H2O2 

0.0256 М Al(NO3)3 

–1.6 V  
(–1.8 ÷ –1.5 V) vs. Ag/AgCl/KCl(s) 

 
originates from no hydrogen release at the cathode 
below –1.05 V vs. Ag|AgCl|KCl(s) [19]. This fact 
makes the basis for expectation of lower roughness 
and higher uniformity of the zinc and aluminum 
coatings deposited in DMSO-based baths.  

The coatings produced in electroplating process 
demonstrated metallic luster. In comparison to the 
deposits produced in aqueous electrolytes the zinc did 
not form oxide or oxyhydroxide in electrochemical 
bath directly [12].  

Figure 2 shows MS TG-DTA data for the 
coating annealing in air. All vapors of the solvent 
(DMSO) release below 200 °C and the removal of 
any carbon oxides from organic compounds 
(including acetate) performed at higher temperatures. 
At about 360 °C the release of CO2 is significant but 
this temperature of annealing does not provide 
complete removal of carbon from the grey-colored 
samples. Also, full oxidation of metal zinc to ZnO 
occurs at higher temperatures only (above 400 °C). 
For complete transition of zinc compounds to zincite 
all samples were annealed at 500 °C for 1 h before 

the following examination. Longer sintering (up to  
48 h) at 500 °C showed no changes in phase 
composition of the samples but resulted in 
recrystallization and growth of ZnO grain size.  

Figure 3 shows the GIXRD data for the coatings 
annealed at 500 °C. The phase composition of the 
films corresponds to zincite structure (ICDD PDF-2 
Database, file 36-1451) and indium oxide (ICDD 
PDF-2 Database, file 89-2595) originated from the 
ITO conductive glass substrate. The most intensive 
reflections of ZnO are the following (100), (101), 
(103), (112). The reflection (002) is overlapped with 
the strong (400) reflection of In2O3 phase from ITO 
substrate. Reflections of any other phases, including 
metal zinc, are not observed after the thermal 
treatment. 

Most often, high overvoltage results in growth of 
dendritic deposits. The deposition potential varied in 
the range of –1.2 ÷ –1.8 V to optimize microstructure 
of the coatings (Fig. 4). 

It is remarkable that the growth of deposition 
potential up to –1.8 V leads to flake-like  zinc  and/or 
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Fig. 2. TG-DTA data for ZnO (Al-0) coatings deposited from DMSO acetate bath at RT before the annealing at 500 °C in air. 
1 – weight loss in w%, 2 – DSC effect, 3 and 4 are MS data for release of gas products with mass numbers  

of 18 and 44, respectively  

 
 

Fig. 3. GIXRD data for ZnO (Al_0) coatings after the annealing at 500 °C in air 
 
ZnO particles which form the porous architecture. 
For comparison, the coatings obtained from metal 
zinc deposited under lower overvoltage of –1.2 V 
show higher uniformity.  

The CV curves (see Fig. 1) for the electrolytes 
with different aluminum content demonstrate an 
increase of characteristic half-wave potential of the 
cathodic reduction process. A good matching of the 
growth rate with a uniformity and dense 
microstructure with a grain size of about (150 ± 50) nm 
is achieved at –1.6 V. This deposition potential was 
used to include much more aluminum in the coating 
keeping the flat microstructure of the zincite coating.  

Figure 4 shows the evolution of microstructure 
of the coverages with a deposition potential. For the 

samples deposited at dE′  of –1.2 and –1.4 V the 
microstructure of ZnO particles is flake-like and 
particles are partially oriented forming bundles as 
shown in Fig. 4b. The flake-like particles are of  
10–20 nm thick and up to 500 nm in lateral 
dimension. For the ZnO (Al-0) sample deposited at  
–1.6 V the round shaped particles (D 200 nm) of 
zincite are observed. At –1.8 V a porous product of 
disordered ZnO flake-like particle with large pores up 

The surface morphology of polycrystalline 
ZnO(Al) coatings deposited at Ed of –1.6 V 
demonstrates different particle morphology and 
aggregate structure and porosity (Fig. 5). According 
to micrographs, the crystallite size decreases as Al 
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Fig. 4. SEM images data for ZnO coatings deposited using DMSO acetate bath at RT and annealed at 500 °C in oxygen: 
a – –1.2 V; b – –1.4 V; c – –1.6 V; d –  –1.8 V 

 
percentage increased that correlates with CV curves 
(see Fig. 1). The samples Al-6, Al-8, Al-10 show 
lower crystallinity and complex sponge-like 
microstructure of thin platelets bended as flakes [12]. 
This effect could be explained by an increased Al3+ 
capture from electrolytes, decreased current and 
electrodeposition rates resulting in smaller particles. 
Thus, the thin flake-like ZnO crystallites (which are 
typical for ZnO) transform to round-shaped 
nanocrystallites. At greater overvoltage ZnO 
crystallites grow faster and forming a very porous 
deposit of round-shaped particles. The resulting 
structure is more heterogeneous in thickness, and the 
coverage itself is more friable and amorphous. 

For a series obtained at lower overvoltage of Ed  
–1.4 V, the presence of two kinds of grains is 
observed. The first kind is (20 ± 10) nm thick flake-
like particles (a lateral size up to 1 – 2 μm) and the 
second kind is shape-less cohesive material (Fig. 6). 
The platelets are thinner than their analogues grown 
under –1.6 V at higher overvoltage. The percentage 
of thin flake-like particle decreased as Al 
concentration increased up to 6 at. %. For samples 
Al-6’ and Al-10’ the flake-like particles form a 
composite with different sizes of grains.  

The EDX data show a uniform distribution of 
zinc and aluminum over the surface of the films. The 
analysis of Al to Zn ratios in the films obtained from 

DMSO-based electrolytes confirms compliance of the 
compositions. Aluminum content values are below 
the estimated values due to the slow diffusion rate of 
aluminum ions compared to the rate of 
electrochemical deposition of zinc (Table 2). On the 
other hand, the EDX data confirm well the effect of 
an increased aluminum percentage in the sample Al-6 
that matches well to XPS data (see Fig. 1).  

According to XPS data the percentage of 
aluminum in the samples correlates to its 
concentration in electrolyte but higher than expected 
for Al-6 (Table 2). The increased percentage of Al at 
the surface proceeded, likely, from segregation of Al 
because of sintering at 500 °C.  

The binding energies of the XPS lines, the 
kinetic energies of the Auger lines, and the Auger 
values of the zinc parameter indicate the oxidized 
state of zinc (Table 3). An analysis of the Al2p line 
profiles showed the presence of the Al 2p3/2 and 
weak Al 2p1/2 bands in spectra. The binding energy 
(BE) Al 2p peak centered at 74.10 eV is typical for 
samples Al-1’, Al-2’, Al-4’, Al-6’ (deposited at –1.4 V). 
It can be related to γ-Al2O3 phase [20, 21] observed 
by XRD above. For samples, prepared at Ed of  
–1.6 V, the XPS data show the presence of the  
γ-Al2O3 phase with the binding energy (BE) 
maximum of 74.10 eV for all percentages of Al 
(Table 3). 

(a)                                                        (b) 

(c)                                                        (d) 

1 μm 2 μm 

1 μm 1 μm 
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Fig. 5. SEM micrographs ZnO and ZnO(Al) coatings deposited at Ed = –1.6 V  
from different DMSO acetate electrolytes, namely:  

a – Al-0; b – Al-1; c – Al-2; d – Al-4; e – Al-6 and f – Al-10 
 

Formation aluminum oxyhydroxide AlOOH 
(BE = 74.20 eV) and aluminum hydroxide Al(OH)3 
(BE of 74.30 eV) [21] admixtures are hardly 
believable because all syntheses have been performed 
in DMSO electrolyte.  

At the same time, according to Pelicano et 
Yanagi [22] the BE of 73.9 eV could be related to  
Al substitution of zinc in Zn sublattice of ZnO. The 
BE of Al 2p3/2 is close also to a phase of nitride AlN 
when concentration of Al-1 is low (BE = 73.90 eV). 
This shift to lower binding energies, probably, 

corresponds to the structure of AZO while the BE 
values are higher than for AZO films deposited by 
magnetron sputtering [23]. The yellowish color of the 
samples, most likely, originated from any kind of 
point defects. 

At the same time, the XPS data discussed above 
are related to surface states of the coatings and do not 
characterize its bulk composition. Also, the limit of 
the XPS accuracy and low theoretical percentage of 
Al incorporation to the zuncite make all the 
speculations above uncertain. 

(a)                                                          (b) 

(c)                                                             (d) 

(e)                                                        (f ) 

1 μm 1 μm 

1 μm 1 μm 

1 μm 

1 μm 1 μm 
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Fig. 6. SEM micrographs ZnO and ZnO(Al) coatings deposited at Ed = –1.4 V  
from different DMSO acetate electrolytes, namely:  

a – Al-0’; b – Al-1’; c – Al-2’; d – Al-4’; e – Al-6’ and f – Al-10’ 
 

Table 2. Characteristics of ZnO(Al) coatings after annealing at 500 °C for 1 hour  
(1 μm thick coatings analyzed by EDX and XPS) 

 

Samples 
(methods) 

Al/Zn 
(theory) 

Zn (EDX), 
at. % 

Al (EDX), 
at. % 

Al/Zn  
(EDX) 

Zn (XPS), 
at. % 

Al (XPS), 
at. % Al/Zn (XPS) 

Al-1 0.010 20.4 0.6 0.027 14.3 1.0 0.070 

Al-2 0.020 24.7 0.9 0.035 23.0 0.5 0.022 
Al-4 0.042 20.7 0.9 0.042 21.2 4.2 0.198 
Al-6 0.064 20.0 1.8 0.082 18.1 8.1 0.448 
Al-1’ 0.010 2.8 0.7 0.26 29.8 2.5 0.084 
Al-2’ 0.020 2.3 0.6 0.24 25.2 6.3 0.196 
Al-4’ 0.042 2.7 0.6 0.24 29.2 2.5 0.086 
Al-6’ 0.064 2.4 0.6 0.20 16.3 9.6 0.589 

(a)                                                                  (b) 

(c)                                                                  (d) 

(e)                                                                  (f ) 

1 μm 1 μm 

1 μm 1 μm 

1 μm 1 μm 
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Table 3. XPS data: binding energy characterization of ZnO(Al) coatings after annealing at 500 °C for 1 h 
 

Samples Al/Zn (XPS) Al2p3/2  Probable Composition 

Al-1 0.070 73.9 ZnO:Al, γ-Al2O3  
Al-2 0.022 74.1 

γ-Al2O3 

Al-4 0.198 74.1 
Al-6 0.448 74.1 

Al-10 0.157 74.1 
Al-1’ 0.084 74.2 
Al-2’ 0.250 74.1 
Al-4’ 0.086 74.1 
Al-6’ 0.589 74.1 

Al-10’ 0.188 74.3 
 

 
a)                                                                                     b) 

 
Fig. 7. Photoluminescence spectra of ZnO(Al) coatings, deposited electrochemically from zinc DMSO acetate electrolytes: 

a – samples deposited at –1.6 V; b – samples deposited at –1.4 V  
(The excitation laser was 337 nm, the spectra collected at 77 K) 

 
The heat treatment conditions are important for 

characteristic continuity of the films, as well as 
optimal optical characteristics, and lifetime and 
mobility of charge carriers. All these characteristics 
depend on the grain size. The crystalline ZnO 
coatings are obtained using an acetate nonaqueous 
electrolyte and then sintered at 500 °C for zincite 
formation. 

Photoluminescence (PL) was applied to analyze 
the effects of doping on point defects of the zincite 
(Fig. 7). Pure zinc oxide is characterized by a wide 
band in the blue, green or yellow spectral region and 
the exciton peak near the NBE at 385 nm (3.22 eV). 
Figure shows the room temperature PL spectra of 
undoped ZnO and ZnO(Al) coverages. As the PL 
spectra show several bands, the deconvolution of 
spectrum obtained for the samples deposited at  
2 at. % Al electrolyte.  

The intensity of 377 nm may be due to the 
bandwidth transition, the intensity of 385 nm  
(3.22 V) may be due to free exciton recombination 
and is close to electron-hole recombination from the 
bottom of conduction band to the top of the valence 
band. An increase in the total intensity is observed up 
to a concentration of 4 at. % Al.  

Generally, luminescence properties of the thin 
films have a close relation with crystallinity because 
the density of defects reduces with an improvement 
of the crystallinity. Thus, intensity of the UV 
emission of ZnO films is dependent on the 
microcrystalline structure and stoichiometry, which is 
in agreement with the XRD results. The energy levels 
of intrinsic defects in ZnO were calculated by 
applying full-potential linear muffin-tin orbital 
method and the results are presented in [24].  
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The peak at about 530 nm is due to the radiative  
 

recombination of a photogenerated hole in the 
valence band with an electron occupying the deep 
oxygen vacancy energy band. The undoped ZnO film 
shows a very broad feature below 530 nm due to the 
presence of interstitial oxygen defects in ZnO film.  

The obtained ZnO(Al) coatings have been 
characterized by a high transmittance in the visible 
range. The 300 nm – thick coverages the light 
transmission values are in the range of 85–90 at. % 
550 nm in the case of 4–6 at. % of Al content. 

 
4.  Conclusion 

 

The electrochemical co-precipitation of zinc and 
aluminum using DMSO-based acetate electrolytes 
with the following oxidation is a promising method 
for double-oxide coating formation. The method 
requires an accurate post-deposition thermal 
treatment in oxidative atmosphere to reach zinc and 
aluminum oxides. The thermal oxidation of metal by 
molecular oxygen performed at 500 °C for 1 h could 
be substituted by other mild and inexpensive 
technique to prevent segregation of alumina. There 
are also no noticeable changes in the lattice parameter 
of zincite with aluminum content, probably, as a 
result of inaccuracy of XRD data refinement, because 
the expected growth of parameters is only 1–2 % of 
the unit cell value. On the other hand, the analysis of 
Al 2p3/2 band in XPS spectra and photoluminescence 
spectroscopy data could be interpreted as a deficiency 
growth in ZnO lattice including aluminum in zinc 
sublattice of ZnO. The formation of γ-Al2O3 is 
observed by XPS only while according to XRD data 
no separate phase of alumina is present. This means 
that crystallites of alumina are nano-sized, and could 
be a product of a segregation or oxidation of fine and 
evenly diffused aluminum particles. 
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