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MORPHOLOGICAL, OPTICAL PROPERTIES AND ELECTRONIC
STRUCTURE OF ZnO THIN FILMS DOPED WITH ALUMINUM

V. V. Zaika, N. K. Shvachko

Abstract. This paper presents the results of investigation of aluminum-doped zinc oxide thin
films obtained by radio-frequency magnetron deposition on a glass substrate. It was shown by energy
dispersion X-ray spectroscopy that the average aluminum content in the thin films was 0.2-0.8
at.%. An increase in the average grain size with increasing aluminum concentration was shown,
and column-like growth of the films was established using microscopic images. Investigation of the
electronic structure showed a redistribution of intensity in the O ls spectrum with aluminum doping.
The valence band spectra were also obtained, and theoretical calculations were performed within the
framework of density functional theory to better understanding the results. Using a spectrophotometer,
the transparency of the films obtained after aluminum doping was shown to increase. With the help of
the Tauc method, the band gap was determined to be 3.41 eV, while DFT calculations showed a band
gap of 1.25 eV.
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MOP®OJIOI'TYHI, OIITUYHI BIACTUBOCTI TA EJIEKTPOHHA BY/1IOBA
TOHKHUX JIIBOK ZnO JOIMOBAHUX AJTIOMIHIEM

B. B. 3aixa, H. K. lllsauxo

AHoTauis. B naniit po6oTi peacTasieHi pe3yabTaTy J0CHIPKeHb TOHKUX TUTIBOK OKHUCI IIMHKY
JIONIOBAaHMX AJTIOMIHIEM, SIKI OTPUMaHi METO/IOM Pa/lio4acTOTHOTO MarHETPOHHOTO HAHECEHHS Ha CKJIS-
Hil miKTazni. 3a J0moMOror eHeproIucIiepCiifHOro peHTIeHIBCHKOTO aHalli3y MMOKa3aHo, 1110 CepeIHIN
BMICT aJIFOMiHIIO B TOHKHX TutiBKax cTaHoBuB 0.2—0.8 at.%. byno moka3zaHo picT cepeTHpOro po3Mipy
HaHO3epEeH NpH 30UIbIIEHH] KOHLIEHTPALIi] aJIOMiHI0, @ TAKOX 32 JIOTIOMOT00 MIKPOCKOIUHUX 3HIM-
KiB MOMEPEYHOTO Tepepi3zy Oya0 BCTAHOBIEHO CTOBMYACTHUH PICT IITIBOK. J{OCHiIKEHHS €1eKTPOHHOT
OyJOBH TMTOKa3aJIH MepPepo3noiia iHTeHCUBHOCTI B O /s CIIEKTPi MiCHs TOMyBaHHs antoMiHieM. Takox
OyaM OTpUMaHi CIIEKTPU BaJIEHTHOI 30HM, Ta MPOBEJCHI TEOPETUUHI PO3PAXyHKH B paMKax Teopil
(GyHKIIOHATY TYCTHHHM JJIsl Kpaloi iHTeprpeTalii oTpuManux pe3ynsrariB. Metogom Tayka Oyna
BH3HaueHa MIMPHHA 3a00pOHEHOT 30HHU sika cTaHoBWiIa 3.41eB, Toni sk B pamkax DFT po3paxyHkis

3a0opoHeHa 30Ha ctaHoBuia 1.25 eB.

Ku1r0uoBi cj10Ba: HaHOCTPYKTYpOBaH1 TOHKI IUTiBKK, BU MarueTpoHHe po3NuiieHHs, JIETyBaHHS,

€JIEKTPOHHA CTPYKTYpa

Introduction

Zinc oxide (Zn0O) is a well-known material
due to its wide range of applications, that include
varistors, additives for paints, cement, and rubber,
thin-film transistors, visible-blind photodetectors,
gas sensors, transparent conductive oxides, and
other devices. These diverse applications are
due to a set of unique properties of ZnO. These
include a straight, wide band gap, a high exciton
binding energy, good transparency in the visible
and infrared spectrum, low cost of ZnO, and
environmental safety.

ZnO thin films can be obtained by various
physical and chemical methods of deposition,
in particular, sol-gel, radiofrequency magnetron
deposition, and molecular beam epitaxy [1-3].
Among the above methods, radiofrequency
magnetron deposition stands out due to the
simplicity of the process, homogeneity of the
films obtained, and their elemental purity.
Additionally, the synthesis can be economically
optimized by eliminating the process of
baking of the ceramic target, which requires
high temperatures and, therefore, significant
energy consumption. One way to realize this
is the production of thin films using magnetron
deposition of a pressed powder target.
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Despite a considerable number of studies
of aluminum-doped ZnO films [4-6], the effect
of aluminum on morphological properties and
electronic structure is still not sufficiently covered.

Based on this, the objectives of this work
are:

— Synthesize ZnO thin films as well as ZnO
films doped with aluminum using pressed
powder targets.

— Study their morphological and optical
properties and electronic structure.

— Determine the chemical composition of the
obtained films.

— Determine the effect of aluminum on the
morphological and optical properties and
establish its influence on the electronic
structure.

Methods of synthesis and charac-
terization

ZnO thin films were deposited by radio-
frequency magnetron deposition using a high-
purity target of pressed ZnO (99.9%) powder
with a diameter of 4.0 cm (12.57 cm?). Aluminum
doping was performed by mixing ZnO (99.9%)
and AL O, (>98%) powders in a weight ratio
of 99:1, 98:2, 97:3 for ZnO1%, Zn02%, and
Zn03% samples, respectively, and then mixing
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the powders for an hour. A microscopy glass
slide (1x1 cm?) was used as a substrate. It was
cleaned beforehand with acetone and isopropyl
alcohol in an ultrasonic bath for 20 minutes and
rinsed with deionized water. After that, the glass
was transported to a vacuum chamber and placed
above the ZnO target at a distance of 4.5 cm.
A pre-vacuum and a diffusion pump equipped
with a nitrogen trap were used to obtain a high
vacuum of 5.0x10~° Pa. Argon (99.9%) was used
to produce the plasma. The pressure inside the
chamber during deposition was 1.0x10* Pa. The
films were deposited at a magnetron power of
100 W. The target was pre-deposited for 10
minutes to clean its surface, and then the films
were deposited during 60 minutes and under the
identical synthesis conditions.

The morphological analysis of the surface
after the growth of ZnO thin films was performed
by scanning electron microscopy (SEM) using a
Tescan Mira 3 microscope. This microscope is
equipped with an EDX detector, which allows to
perform the chemical analysis.

The X-ray photoelectron spectroscopy
(XPS) spectra of the core levels of the samples
were obtained on a JEOL XPS2400 X-ray
spectrometer. The operating pressure during the
experiment was no more than 1.0x10”7 Pa. The
radiation of the magnesium anode with the
energy of the Mg Ka line of 1253.6 eV was used.
The energy resolution was 0.1 eV. The charge
correction was performed by using the Cls
spectral line centroid with an energy of 284.0 eV
as a reference point.

We used the Quantum Espresso Simulation
Package [7] for all density functional theory
(DFT) calculations with projector augmented
wave (PAW) pseudopotentials [8]. We used a
plane wave cut-off energy of 816 eV and a 9x9x3
Gamma-centered k-point grid for structural
optimizations and a 32x32x16 Gamma-centered
k-point grid for density of states calculations.
All calculations are done using the generalized
gradient approximation (GGA) based exchange-
correlation functional PBEsol [9], with a
Hubbard-U of 7.5 eV (as per [10]) applied to the
Zn-d states as implemented with the Dudarev[11]
approach unless otherwise stated.

Results and discussion

The morphological features of the thin films
were studied by SEM (Fig. 1). The morphology
of the ZnO film consists of densely packed
grains of almost spherical shape. The ZnO1%
film also consists of almost spherical grains,
but the coalescence of some grains can be
observed, resulting in the formation of elongated
particles with a more elliptical shape. It is easy
to notice a significant increase in nanograins
size for the Zn0O2% film due to a higher degree
of coalescence. However, for the ZnO3% film,
the number of large grains as well as their size
decreased. It can be observed that a small number
of petal-like grains appear (Fig. 1 d), which may
indicate a change in the growth kinetics. It is
worth noting the developed nanoscale structure of
the surface of obtained films despite their relative
smoothness. Thus, it can be assumed that the
addition of aluminum leads to a decrease in the
surface area, which can alter both the adsorption
properties of the film and the surface energy.

In order to estimate the thickness of the
samples, the surfaces of the films were locally
destroyed by scratching the surface with a scalpel
(Fig. 2). The thicknesses of the films were 270.0,
292.0,410.0, 349.0 nm for ZnO, ZnO1%, Zn02%,
and ZnO3% samples, respectively. The increase in
the growth rate may be due to the greater number
of electrons in an Al** ion compared to Zn*",
which affects the number of nucleation centers
in the initial stages of growth. From the cross-
sectional image, the column-like structure of the
films can be established. The explanation for this
phenomenon is described in [12]. It consists in
the selection of crystals with the fastest growth
rates perpendicular to the substrate, which is
governed by the principle of “survival of the
fastest”. This growth is also characterized in the
structural zone model proposed by J. V. Sanders
[13], which states that the temperature range 0.1
< synthesis temperature/melting temperature <
0.3 corresponds to the conditions when surface
diffusion becomes noticeable and as a result,
a column-like structure with impermeable
boundaries is formed.

Given that the mean free path of
characteristic X-rays is much longer than the
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Fig. 1. SEM images of samples. a) ZnO b) ZnO1% c) Zn0O2% d) ZnO3%.

thickness of the films obtained, in order to perform
the EDX analysis the films were scraped off with a
scalpel and transported onto a conductive carbon
tape. The EDX analysis revealed the presence
of 4 elements, namely Zn, O, Al and C (Fig. 3).
Taking into account the chemical composition
of the tape, carbon was excluded from the EDX
analysis. The results of EDX analysis revealed
successful doping of the films with aluminum,
but its concentration was lower than expected. A
larger amount of zinc than oxygen was observed,
which is typical for films obtained by radio-
frequency magnetron deposition using argon.
Also, the non-stoichiometric Zn/O ratio may
indicate a significant amount of oxygen vacancies
or interstitial zinc atoms. Given the low migration
energy barrier for interstitial zinc of 0.57 eV [14],
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the oxygen deficiency can be explained by a large
number of oxygen vacancies.

To clarify the features of the electronic
structure, XPS studies were performed (Fig. 4).
The energy of Zn 2p, , is 1021.4 eV, and Zn 2p, ,
is 1044.5 V. The spin-orbit splitting for Zn, 2p, —
2p, ., amounts to 23.1 eV, which is characteristic
of ZnO. The peaks with energies of 1036.0 and
1012.9 appear due to satellites from Mg K a,,
[15], which are located in the direction of lower
binding energies at a distance of 8.5 eV.

Changes in the O s spectrum after the
doping of ZnO with aluminum were attested. In
the literature, the decomposition of O Is peak
into 3 components is accepted. The low-energy
peak is attributed to O* ions in the ZnO matrix
with predominantly Zn-O (or Zn substituted by
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Fig. 2. Estimation of film thickness by SEM. a) ZnO b) ZnO1% c¢) Zn03% d) ZnO3%.

Sample/Element Zn( at. %) O (at. %) Al (at. %)
0,
ZnO1% 7 Zn01% 51.1 487 0.2
Zn02% N | zn02% 533 46.2 05
Zn03% Zn03% 53.6 456 0.8
Al zoomed
L} L} L} L} L] 1
0 1 4 5

2 3
Energy (KeV)

Fig. 3. EDX analysis of ZnO1%, Zn02%, Zn03%.
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Fig. 4. XPS spectra of a) Zn 2p; b) O 1s.

Al) ionic bonds [16], while middle peak belongs
to O* ions in oxygen-deficient regions [17], and
the high-energy peak stems from the adsorbed or
chemically adsorbed forms of oxygen, namely
CO, H,O, or surface hydroxyl groups [18].
Thus, the decrease in the intensity of the higher-
energy components of the O 1s spectrum can be
explained by a decrease in the number of adsorbed
oxygen species on the surface. This statement also
correlates with a decrease in oxygen in the EDX
spectra and an increase in the size of nanograins
on the surface, which ultimately reduces the total
surface area.

Figure 5 (a) shows the valence band of
Zn0O and aluminum-doped ZnO thin films. DFT
calculations of electronic structure of ZnO were
also performed (Fig. 5b) for a better interpretation
of the results. Comparing the experimental data
with the calculated data, one can notice a good
agreement of the total density of states (DOS)
between experiment and theory. Thus, it is easy
to see that the top of the valence band is almost
entirely composed of 2p oxygen states and the
bottom of the valence band is composed of 3d
zinc states. Given the almost identical energy
of the states near the top of the valence band
of Zn 4s and O 2p, we can assume their partial
hybridization. After the addition of aluminum,
a significant decrease in the electron density in
the range from 2.0 to 5.0 eV is observed, which
to the best of our knowledge is the first time it
has been reported. Within the framework of DFT
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calculations, it was determined that ZnO has a
direct band gap at the I" point of the Brillouin zone
with a width of 1.25 eV.

For many applications, transparency in the
visible range is an extremely important parameter.
Relatively high transparency was observed for
all the films obtained, as well as a clear onset of
the absorption edge at 370 nm. The transparency
of all films was > 75% in the entire visible and
near-infrared range (Fig. 6a). Transparency
fluctuations are associated with interference
effects and confirm the smooth surface of the
films obtained. Using the Tauc plot [20], the band
gap was determined to be 3.41 eV (Fig. 6b). An
observed increase in the band gap after aluminum
doping might occur due to the Moss-Berstein
effect [21]. For example, in [22], an increase in the
band gap from 3.33 eV to 3.36 eV was observed
after aluminum doping, but the resolution of our
spectrophotometer does not allow us to determine
such small changes.

Conclusions

In the present work, aluminum-doped ZnO
thin films were successfully synthesized using
radio-frequency magnetron deposition with using
a powder target. Upon doping with aluminum, an
increase in the average nanograin size is observed
due to increased coalescence, which can affect the
adsorption properties and surface energy of the
thin films. Using SEM cross-sectional images of
thin films the columnar growth of the films was
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Fig. 5. (a) XPS spectra of the valence band. Taking into account the small photoionization cross
section under Mg Ka irradiation for O 2p = 0.0193 [19], part of the spectrum was multiplied by 10.
b) ZnO band structure and the density of states obtained by DFT calculations.
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Fig. 6. (a) Transmission spectra of thin films. b) Determination of the band gap of ZnO
by the Tauc plot.

observed, which is explained by the selectivity of
crystals with the fastest growth rates perpendicular
to the substrate. The oxygen deficiency in the
obtained films was found to be due to a large

number of oxygen vacancies. The decrease of
adsorbed oxygen species was established from
the redistribution of O 1s intensity. The top of the
valence band is predominantly composed of 2p

17
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oxygen states, while the bottom is characterized
by the presence of 3d zinc states. To the best
of our knowledge, a decrease in the density of
states in the energy range from 2.0 to 5.0 eV
after aluminum doping is observed for the first
time. The obtained films have relatively good
transparency of more than 75% in the visible
and near-infrared spectral region. The band gap
determined by the Tauc plot was 3.41 eV, and the
one obtained in DFT calculations was 1.25 eV.
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Summary

The aim of the work was to determine the effect of aluminium on the morphological and optical
properties of ZnO thin films, as well as to clarify its influence on the electronic structure. To achieve
these goals, scanning electron microscopy, energy-dispersive X-ray spectroscopy, X-ray photoelectron
spectroscopy, and spectrophotometric methods were chosen. It was found that the average size of
nanograins on the surface increased after aluminium doping, and that the films demonstrated columnar
growth, as cross-sectional images show. An increase in the growth rate of the films after aluminium
doping was also observed. Using energy-dispersive X-ray spectroscopy, it was found that the films
are characterised by the presence of oxygen deficiency, which is explained by a large number of
oxygen vacancies. It is reasonable to assume a decrease in the amount of adsorbed oxygen species on
the surface of the films after aluminium doping, based on the redistribution of the O /s line intensity.
For a better explanation of the photoelectron spectra of the occupied part of the valence band, density
functional theory (DFT) calculations were performed. It is shown that the ceiling of the valence band
is almost entirely composed of 2p oxygen electrons, and the bottom of the valence band is composed
of 3d zinc electrons. Also, taking into account the same energy of O 2p and Zn 4s electrons, we
can assume their partial hybridization. Furthermore, after the addition of aluminium, a decrease in
the intensity in energy range from 2.0 to 5.0 eV within the valence band was observed, to our best
knowledge, for the first time. The transparency of all the films obtained in the visible spectral region
was > 75%. Also, using the Tauc method, the band gap was found to be 3.41 eV. Within the framework
of the DFT, the value of the band gap was 1.25 eV, which is explained by the well-known fact that the
band gap decreases in DFT calculations.

Keywords: nanostructured thin films, RF magnetron sputtering, doping, electronic structure
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Pedepar

Merta po0oTu mossirana y BU3HAYCHHI BIUIMBY aJIFOMiHII0 Ha MOP(OJIOTi4HI, ONTHYHI BIaCTH-
BOCTI TOHKUX IJTIBOK ZnO, a TakoX 3’sICyBaHHI HOTO BIJIUBY Ha €JEKTPOHY OynoBY. J{j1s1 1oCATHEHHS
MOCTaBJIEHUX L1l Oynu oOpaHi METO/1 CKaHyBaJbHOI €JIEKTPOHHOI MIKPOCKOMII, pEHTI€HIBChKOL
€HEeproANCIepCiiHOT CEKTPOCKOMIl, PEHTTE€HIBChKOI (DOTOETEKTPOHHOI CIIEKTPOCKOIIT Ta CIIEKTPO-
(hoTOMETPUYHI METOIN JOCIIKEHB. Byiio BUSBIICHO, IO TICIIS AOMTYBaHHS ATFOMIHIEM 301TBITYE€THCS
cepe/Hiil po3Mip HAaHO3EPEH Ha MOBEPXHI, a TAKOXK 31 3HIMKIB MTOMIEPEUYHOTO Mepepi3y MIIBOK BCTa-
HOBJIEHO iX cTOBMYacTUi picT. Takok croctepiranocs 30UIbLIEHHS HIBUAKOCTI POCTY IUIIBOK IICIIS
JOTTyBaHHSI AJIFOMIHIEM. 32 TOMOMOTOI0 PEHTIEHIBCHKOT €HEPrOAUCIIEPCIMHOT CIIEKTPOCKOIIT OyI10
3’SCOBaHO, [0 OTPUMAHHUM IUTIBKaM MPHUTAMaHHUH Ne(DIiIUT KUCHIO, SIKHI TOSCHIOETHCS BEITUKOIO
KUIbKICTIO KUCHEBUX BakaHCIA. MOXHa NPUIYCTUTH 3MEHILEHHS KIJIBKOCTI acopOOBaHUX BUAIB
KHMCHIO Ha MOBEPXHI IUTIBOK MICJIsl JOMYBAHHS aIOMIHIEM, BUXOJSUYU 3 IEPEPO3NOALTY IHTEHCUBHOCTI
minii O Is. [lnsa kpamoi iHTeprperarii (POTOENEKTPOHHNUX CIIEKTPIiB 3aiHATOI CMyTH BaJICHTHOT 30HU
Oy IpoBeNieH1 po3paxyHKH B paMkax Teopii ¢ynkiionany ryctunu (T®I'). [TokazaHo, mo cremns
BaJICHTHOI CMYTH Maii’ke MOBHICTIO CKJIAAA€ThCA 3 2p €JEKTPOHIB KHCHIO, a JIHO BaJIEHTHOI 30HU —
3 3d enexTpoHiB LIMHKY. Takox, BpaxoByIOUM OJHAKOBY €HEprio eneKkTpoHiB O 2p Ta Zn 4s, MOXKHa
MIPUITYCTUTH iX 4acTKOBY ridpuaumzanito. KpiM Toro, micis A0myBaHHS allOMIHIEM CIIOCTEPIraeThCs
3MEHIIEHHS IHTEHCUBHOCTI1 y BajeHTHIH 30H1 3 2.0 10 5.0 eB, 110, Ha Hally TyMKYy, CIOCTEPIra€Th-
cs Briepire. [Tpo3opicThk yCiX OTpUMaHUX IUTIBOK y BUAMMINA 00NacTi cuekrpy Oyma > 75%. Takox,
MetonioM Tayka Oyina 3HalijieHa muprHa 3a00poHeHO01 30HH 31 3HaueHHsM 3.41eB. B pamkax teopii
TOI" 3HaueHHsT 3200pOHEHOT 30HH CTAaHOBIIIO 1.25€¢B, 0 MOSICHIOETHCS 3arajlbHOBIIOMUM (hakToM
3MEHIIECHHS 3HaY€HHS 3200POHEHOT 30HU B TEOPETUYHUX PO3pPaxXyHKaXx.

Ku1ro4oBi cj10Ba: HaHOCTPYKTYpOBaHi TOHKI IJTiBKY, BU MarueTpoHHe po3NuiieHHs, JeryBaHHs,
€JIEKTPOHHA CTPYKTypa
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