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Using radiofrequency magnetron deposition method, thin ZnO films modified with aluminum
were obtained. The aluminum modification was carried out by placing aluminum plates with a
size of 0.5x0.5 cm? on a zinc oxide target during the synthesis. The effect of aluminum substitu-
tion on the electronic, morphological, and optical properties of the thin films was studied. It is
shown that the films have a developed surface with clusters of close to spherical shape. A change
in the average size of the clusters, as well as an increase in the cluster size dispersion with in-
creasing aluminum concentration was observed. X-ray photoelectron spectroscopy revealed that
the binding energy of O 1s electrons decreases with increasing aluminum concentration, indi-
cating an increase in the electron density on oxygen atoms. Spectrophotometric studies showed
an increase in the transparency of the films in the visible and infrared ranges with increasing
aluminum concentration. The optical spectroscopy method was used to estimate the band gap,
which varies from 3.42 to 4.00 eV depending on the aluminum concentration.

Keywords: ZnO thin films, morphology, electronic structure, band gap, aluminum influ-
ence, transmission spectra, radiofrequency magnetron deposition.

Broiius amominio Ha mopdosioriyHi, ONTUYHI BJIACTUBOCTI TA €JIEKTPOHY OYyIOBY
Toukux miaiBok ZnO. B.B.Baika, H.K. Ilsauro, B.X. Kacianenro, B.JI. Kapb6iecvruii,
B.O.Mockanwk, 1.B.Cyxenuro, A.Il. Copora

MetogoM pagiovyacTOTHONO MATHETPOHHOIO OCAIMKEHHs OTpUMAaHl TOHKI IwiiBku ZnO 3
3amimeHHaMu agomidiem. Moandikailia ajloMiHieM 3O1MCHIOBAJIOCH 34 PAXYHOK PO3MIIIEHHS
AIIOMiHiIeBHX ILTACTHHOK poamipoMm 0.5x0.5 cm? Ha MimIeHI 3 OKCHIOM IIHHKY B IIPOIIECi CHHTE3y
wiiBoK. JlocaimikeHo BIUIMB aTIOMIHIEBUX 3aMIIIEHb HA €JIEKTPOHHI, MOPQOJIOTIYHI Ta OITHYHI
BJIACTHBOCTI TOHKHX ILTIBOK. llokasaHo, IO ILTIBKK BOJIOMIIOTH PO3BHUHEHOK IIOBEPXHE 3
YTBOPEHHAMH KJiacTepiB dopmu 0Osm3bkoi 10 cepuunoi. Crmocrepiraerbcss 3MiHa CepeHbOrO
poO3Mipy KJIACTEPIB, a TAKOYK 30LIBIIEHHS JUCIIePCil 3a PO3MIpOM KJIACTEPIB IIpy 30LIBITEHH]
KOHIIEHTPAI] aJIFOMIHI0. 3a JIOIIOMOr0K METO/IY PEHTTeHIBChKOI DOTOEJIEKTPOHHOI CITEKTPOCKOITIT
BCTAHOBJIEHO 3MeHIeHHsT eHeprii 3B's3ky O 1s eseKTpoHIB 31 3017bIIeHHSM KOHIIEHTpAITi
AJTFOMIHIIO, IT[0 CBLTYUTE ITPO IIPUTIK €JIEKTPOHHOI I'YCTUHH 10 aToMI1B KrcHi0. CriekTpodoroMmerpudsi
JIOCJTIPKeHHA IT0KA3aJii 301JIbIIEHHs] IIPO30POCTI ILIIBOK Yy BUIMMOMY Ta 1HQpPaYepBOHOMY
IianasoHi 31 30LIBIIEHHAM KOHIIEHTPAIll aaoMinio. MeToaoM ONTUYHOI CIIEKTPOCKOIIIT OIiHeHa
muprHAa 3a00POHEH0I 30HHU, AKA 3MiHIBasIach Bix 3.42 1o 4.00 eB B 3asiesxHOCT] Bi KOHIIEHTPALIIT
ATIOMIHITO.
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1. Introduction

ZnO thin films attract more attention due
to their unique properties, in particular, a sig-
nificant exciton binding energy (60 meV), good
transparency in the visible and infrared spec-
tral regions (>80%), as well as a band gap of
3.37 eV [1]. Therefore, this material can be used
in various industries, namely in thin-film tran-
sistors, gas sensors, white LEDs, solar cells,
and as piezoelectric semiconductors [2]. Low
cost and environmental friendliness combined
with high stability and easy availability make
Zn0O a promising material. ZnO thin films have
many advantages over the industrially used
indium tin oxide (ITO) as transparent conduc-
tive oxides. However, ZnO thin films are still
inferior in transparency and electrical conduc-
tivity to I'TO, and thus require further labora-
tory research to be implemented in industrial
processes.

There are many synthesis methods for
obtaining ZnO thin films, including sol-gel,
chemical vapor deposition, spray pyrolysis, and
magnetron deposition [3-5]. Among all meth-
ods, radiofrequency (RF-) magnetron deposi-
tion provides good film homogeneity on large-
area substrates, low synthesis temperature,
simplicity and scalability of the process. The
deposition of thin films requires careful prepa-
ration of the target. The target can be created
by pressing zinc oxide powder, which makes
the synthesis process more flexible. Aluminum
plates placed on a ZnO target (Fig. 1) make it
possible to modify ZnO films with aluminum to
obtain functional AZO films with desired char-
acteristics. Laboratory studies are required to
determine the physical properties of the result-
ing AZO films.

Many studies have been devoted to alumi-
num-substituted ZnO thin films obtained by
RF-magnetron deposition. In [6], the effect of
synthesis temperature on electrical, optical,
and morphological properties was studied.
There are works on the effect of magnetron
deposition power, synthesis pressure, anneal-
ing, etc. on the obtained properties [7]. How-
ever, the effect of aluminum on the electronic
structure of AZO thin films remains unclear.
For example, in [8] it was shown that the O 1s
spectrum differs significantly for films with an
aluminum content of 10%, 15%, and 40%. This
fact remains to be clarified. Also, in [9], the de-
gree of aluminum oxidation was assessed using
the XPS method, but the effect of aluminum on
the electronic structure was not analyzed in de-
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Fig. 1 Illustration of AZO thin film synthesis by
RF-magnetron deposition

tail. Thus, there is still a need for a detailed
investigation of the effect of aluminum on the
electronic structure of ZnO thin films.

2. Experimental

ZnO thin films were deposited by RF-mag-
netron deposition (13.56+0.135 MHz) from a
target with a diameter of 4.0 cm (12.57 cm?)
made from pressed ZnO powder of high purity
(99.9%). For modification, Al (99.5%) was intro-
duced in the form of squares with an area of
0.25 + 0.05 cm?, which were evenly distributed
on top of the ZnO target (Fig. 1). A glass slide
(1x1 cm?2) was used as a substrate, pre-cleaned
with acetone and isopropyl alcohol in an ultra-
sonic bath for 20 minutes and washed with de-
ionized water. After that, the glass was trans-
ported to a vacuum chamber and placed at a
distance of 4.5 + 0.1 cm above the ZnO target.
A pre-vacuum pump and a nitrogen trap diffu-
sion pump were used to obtain a high vacuum of
5.0-107° Pa. Argon (99.9%) was used to produce
the plasma. The pressure inside the chamber
during deposition was 8-101+2.1072 Pa. The
films were deposited at a magnetron power of
100+20 W. Aluminum doping was carried out
by placing of aluminum plates on the ZnO tar-
get: 2, 4, and 9 plates for AlI05, Al10, and Al25
samples, respectively (Table 1). The target was
pre-evaporated for 10 minutes to clean its sur-
face, and then the films were deposited during
60 minutes.

The surface morphology of the ZnO thin films
was analyzed by scanning electron microscopy
(SEM) using a Tescan Mira 3 microscope.

The XPS spectra of the the samples were ob-
tained on a JEOL XPS 2400 X-ray spectrometer.
The operating pressure during the experiment

Functional materials, 31, 2, 2024
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500nm

was no more than 1.0-10"7 Pa. The radiation of
a magnesium anode with an energy of 1253.6
eV of the Mg Ka line was used. The energy
resolution was 0.1 eV. During the imaging, the
charging of the samples was not observed for
Zn0O, Al05, and Al10 films, with the exception
of the Al25 sample. The charge correction was
carried out using the C 1s line with an energy
of 284.2 eV.

The optical transmission curves were ob-
tained using a Spekol-1500 UV-vis-NIR spec-
trophotometer in the wavelength range of 190-
1100 nm with a resolution of £2 nm and an
error in determining transparency of no more
than 0.5%.

Functional materials, 31, 2, 2024

Fig. 2 SEM images of the film surface:
a) ZnO, b) Al05, c) Al10.

3. Results and discussion

SEM images of the surface of ZnO thin films
were obtained. Figure 2 shows the character-
istic morphology of the films with a developed
surface consisting of almost spherical clusters.
These clusters are densely packed and form a
slightly textured surface. The films are fairly
homogeneous without obvious foreign inclu-
sions over a rather large area. The morphology
of the surface changed slightly after aluminum
modification. A comparison of SEM images of
Zn0O, AIO5 and Al10 samples shows that with
increasing aluminum concentration the aver-
age cluster size changes, as well as the cluster
size dispersion. The average cluster sizes are
approximately 34.0 + 8.3, 31.6 + 9.0, and 42.6
+ 11.0 nm for ZnO, AIO5, and Al10 samples, re-
spectively (Fig. 2). A detailed analysis reveals
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Fig. 3 Estimation of film thickness by SEM: a) ZnO, b) Al05, c¢) Al10, d) Al25.

an increase in the maximum size of some clus-
ters with increasing aluminum concentration
compared to the pure ZnO sample.

To assess the thickness of the samples,
the surface of the films was scratched with a
scalpel (Fig. 3). The film thickness was 270+5,
20243, 211+5 and 211+3 nm for the ZnO, Al05,
Al10 and Al25 samples, respectively (Fig. 3).
To assess the uniformity of the film thickness
over the area of the AlI05 and AI10 samples,
the film was torn in the middle and along the
edges. In the AIO5 sample, the film thickness
was 200+4 nm at the edge and 220+3 nm in
the middle. For the Al10 sample, the thickness
at the edge was 210+4 nm, and in the middle -
242+7 nm. Thus, we can say that for the AlI05
sample the thickness varies within 10%, and
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for the AI10 sample — within 20%. Considering
the columnar growth of the films observed in
Fig. 3, it can be argued that the films are poly-
crystalline and textured, and the polycrystals
are oriented along the c-axis perpendicular to
the substrate. Regarding film thickness, ques-
tions may arise about the influence of quantum
size effects on the properties of ZnO thin films.
Thus, in [10], thin ZnO films with a thickness
of 2+-300 nm were obtained, and the authors ob-
served a decrease in the band gap from 3.34 eV
to 3.72 eV due to quantum size effects when go-
ing from films with a thickness of 21.3 nm to 4.7
nm. However, the difference between the band
gap values for the 21.7 nm and 14.0 nm films
did not exceed 0.05 eV. In another work [11],
the results of ellipsometric studies show that

Functional materials, 31, 2, 2024
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Fig. 4. XPS spectra of O1s level of thin films: a) ZnO, b) Al05, c) Al10, d) Al25.

quantum-size effects are clearly manifested
for films with a thickness of less than 20.0 nm.
Since the thicknesses of the films we obtained
are equal to or greater than 200 nm, quantum
size effects are insignificant or even absent.

To determine the electronic structure and
chemical composition of the surface, XPS stud-
ies were performed. Quantitative chemical
analysis was carried out over a wide spectrum
by comparing the intensity of the Zn 2p,,, O 1s,
Al 2s peaks taking into account the photoioniza-
tion cross section using the SpecSurf software
(Table 2). The quantitative analysis shows that
the atomic concentration of aluminum in AZO
samples is higher than that estimated from the
ratio of the areas of aluminum plates and the
Zn0O target during RF- magnetron deposition.
The O 1s spectrum of oxygen was decomposed
into 3 components (Fig. 4). The low-energy
peak corresponds to O2~ ions in the ZnO matrix
with a wurtzite structure with predominantly
ionic Zn-O (or Al-O in the case of substitution)
chemical bonds [12]. The middle peak belongs
to 02~ ions in regions with oxygen deficiency in
the ZnO matrix [13], or to oxygen in the surface
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Table 1: Ratios of the areas of Al and ZnO tar-
gets used to obtain AZO films

Sample Slab area (cm?) Ratio
name of areas (%)
ZnO 0.0 0.00
Al05 0.5 3.98
Al10 1.0 7.96
Al25 2.5 19.89

layers. The high-energy peak is associated with
adsorbed or chemically adsorbed forms of oxy-
gen, namely 02’ CO, H,0, or surface hydroxyl
groups [14]. With increasing aluminum concen-
tration, the binding energy of O1s decreases, in-
dicating an increase in the electron density on
oxygen atoms. This feature can be associated
with both a larger number of valence electrons
in the case of aluminum (3 vs. 2 in zinc) and
with a lower electronegativity of aluminum on
the Pauling scale.

Optical absorption spectra were obtained to
determine the optical transparency of the films
and the value of the band gap. The effect of alu-
minum doping on the optical properties of ZnO
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Fig. 5. a) Transmission spectra of ZnO thin films. b) Determination of the band gap by the Tauc method.

thin films has been studied. Fig. 5a shows the
transmission spectra of ZnO films and films af-
ter their modification with aluminum. The best
transparency of 93.6+0.5% was observed for
the AIO5 sample at a wavelength of 614+2 nm.
It can be seen that all synthesized films have
good transparency in the visible spectral range
and strong absorption in the wavelength range
below 400 nm, which 1s associated with the
optical absorption edge. The sharp increase
in absorption is associated with the energy of
incident photons, which is sufficient to excite
electrons from the occupied part of the valence
band to free states in the conduction band.
This also indicates that transparency increases
with increasing aluminum concentration in the
films. Consequently, these films can be used as
functional UV protective coatings that require
good transparency in the visible spectrum. The
band gap was determined via the Tauc method
[15] and is shown in Fig. 5b. The band gap in-
creases from 3.42+0.02 to 4.00+0.02 eV with
increasing aluminum dopant. The widening
of the band gap can be explained by the fact
that the states at the bottom of the conduction
band are being populated by free electrons from
aluminum, and as a result, the optical width
increases: thus, the Moss-Berstein effect is ob-
served [16, 17].

Table 2: Quantitative chemical analysis data

4. Conclusions

Zn0 thin films modified with aluminum were
synthesized by RF-magnetron deposition. The
surface morphology studied by SEM shows the
formation of clusters in the films with a shape
close to spherical. A change in the average clus-
ter size from 34.0+ 8.3 nm to 42.6 £ 11.0 nm was
detected with increasing aluminum concentra-
tion in the ZnO thin films. By scratching part of
the film surface, its thickness was estimated to
be 270+5 nm for pure ZnO and 202+240+5 nm
for samples with different degrees of Al doping.
Spectrophotometric studies have shown that
all the films have good transparency in the vis-
ible range, and transparency increases with
increasing aluminum concentration. Also, with
increasing aluminum concentration, an in-
crease in the band gap from 3.42 + 0.02 to 4.00
+ 0.02 eV was observed. Based on the results
obtained, these films can be used as protective
coatings against ultraviolet radiation.
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Sample Element Zn(at,%) O(at, %) Al(at,%)
ZnO 45.8+2.3 54.2+ 2.7
AlO5 49.0+2.5 51.0+2.6
Al10 48.24+2.4 51.8+2.6
Al25 31.6+ 1.6 44.8+2.2 22.6+1.1
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