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POWER-DEPENDENT EVOLUTION OF STRUCTURE
AND OPTICAL PROPERTIES IN GALLIUM-DOPED ZnO
MAGNETRON SPUTTERING THIN FILMS:
EXPERIMENTAL AND DFT + U EXPLORATION

The effect of radiofrequency magnetron sputtering power on the morphology and optical proper-
ties gallium-doped ZnO (GZO) thin films has been investigated. It is found that the sputtering
power increasing leads to a decreasing in the size of clusters on the film surface and the thick-
ness of the crystallite columnar structure. It is shown that the optical bandgap decreasing may
be due to the appearance of interstitial defects in the crystal lattice. Despite maintaining, a
constant weight ratio of ZnO and Ga in the initial target mizture, an Ga concentration increas-
ing in GZO thin films is observed for higher sputtering powers. The formation mechanism for
GZO thin films under increasing magnetron sputtering power is proposed. It is associated with
the appearance of Zn and O interstitial inclusions in the ZnO crystal lattice. Density func-
tional theory (DFT) calculations (with Hubbard correction, DF'T + U) show that the increased
Ga concentration does not cause a narrowing of the optical band gap. Instead, an increase in
the Ga content leads to the appearance of additional electronic states in the valence band (-
5.0 eV), which is associated with Zn 3d and O 2p hybridization with Ga 4s and Ga 4p states,
a Zn 3d and O 2p energy levels position changing due to changes in interatomic distances and
bond symmetry, and a redistribution of the electron density around Ga atoms.

Keywords: ZnO, radiofrequency magnetron sputtering, DFT, morphology, transparency,
thin films.

1. Introduction

The interest in materials based on zinc oxide (ZnO)
is related to its unique properties: a wide direct
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bandgap [1, 2], high transparency in the visible range
[3, 4], high electrical conductivity [3], significant ex-
citon binding energy (60 meV) [5, 6], etc. All of this
leads to a wide range of ZnO applications: as hydro-
gen sensors [7], transparent conductive electrodes [8],
piezoelectric sensors [9], ete.

A significant number of scientific publications fo-
cus on the investigation of ZnO thin films that
can be used as an electron transport layer (ETL)
in various photovoltaic and optoelectronic devices
[10,11]. Moreover, ZnO thin films have attracted con-
siderable attention due to a number of important ad-
vantages in comparison to indium tin oxide (ITO)

609



S.1. Shulyma, I.V. Sukhenko, V.Kh. Kasyanenko et al.

Fig. 1. Photo of GZO target for RF-magnetron sputtering

thin films: environmental safety [12, 13], low cost
[12, 13], and the ability to be deposited on flexible
substrates [14, 15].

However, unmodified ZnO films have certain dis-
advantages compared to ITO films, in particular:
lower electrical conductivity [16], lower optical trans-
parency (the average optical transparency of unmod-
ified ZnO thin films is typically above 80% in the vis-
ible region [17, 18] in comparison with above 90% for
ITO [19-21]), etc. Thus, there is a need to improve
these ZnO thin films’ properties for their potential
applications.

To improve the optical and electrophysical proper-
ties of ZnO thin films, considerable attention is paid
to their modification: doping [22-24], nanostructur-
ing [25, 26], etc. One of the most accessible methods
for enhancing the ZnO films properties is their dop-
ing with various elements: aluminum [27,28], gallium
[29, 30], indium [30], etc.

One of the most promising elements for the ZnO
thin films doping is gallium (Ga), since its ionic ra-
dius (7jon = 0.47 A) is well matched to zinc ionic ra-
dius (rion = 0.60 A) This facilitates the reduction of
electron scattering on impurity atoms [16]. Further-
more, the incorporation of Ga into the ZnO lattice
enhances the conductive properties of the films be-
cause Ga has three valence electrons (while Zn has
two valence electrons).

There are various methods for producing ZnO thin
films: chemical vapor deposition (CVD) [31], sol-
gel method [32, 33|, spray pyrolysis [34], etc. Ho-
wever, radiofrequency (RF) magnetron sputtering
[14, 16,27, 28] remains a relatively simple, easily scal-
able, and cost-effective method for the ZnO thin films
formation, which allows to obtain highly uniform thin
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films. The magnetron power density during RF mag-
netron sputtering of thin films effects on their uni-
formity and density, and can also change their elec-
trical and optical properties [35-37]. The formation
peculiarities of undoped and doped ZnO thin films at
different magnetron sputtering powers attract consid-
erable interest to researchers because of the possibil-
ity of improving their characteristics, which will allow
them to be used as ETL layers [35, 37, 38]. However,
the available data on the formation peculiarities of
such films remain insufficiently investigated and re-
quire further exploration and clarification.

This paper presents the experimental results of in-
vestigating the magnetron sputtering power density
effect on the morphological and optical properties of
gallium-doped ZnO (GZO) thin films obtained by RF
magnetron deposition. Such studies are necessary to
establish the optimal parameters (sputtering power
density, optical and morphological properties etc.)
for the formation of GZO thin films with improved
properties.

To compare the experimental and theoretical re-
sults, quantum mechanical calculations were per-
formed within the framework of density functional
theory (DFT). Such calculations allowed us to ex-
plain some experimental results and verify the pro-
posed hypotheses regarding the peculiarities of the
GZO thin films formation at different magnetron
sputtering powers. Furthermore, the DFT method
made it possible to study the change in ZnO band
structure and its density of states at doping with dif-
ferent gallium concentrations.

2. Methods of Synthesis
and Characterization

The GZO thin films’ deposition was carried out by
bottom-up RF magnetron sputtering method. ZnO
powder (99.9% purity) was mixed with dispersed Ga
particles (99.9% purity) in a weight ratio 97:3, re-
spectively. The average size of the dispersed Ga par-
ticles was ~100-200 pm. The resulting mixture was
pressed into a disk with a diameter 4.0 cm (Fig. 1)
using a hydraulic press with a pressure of 796 kg/cm?
to form the target, which was transported to the
vacuum universal post (VUP-5M) chamber for syn-
thesis. Since metallic Ga is ductile and fusible (Ga
melting point is ~29.8°C) even at room temperature,
large Ga agglomerates (average size ~1-2 mm) were
observed in the obtained targets after pressing.
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Slide glasses (1 x 1 cm?, Rollmed, China) were used
as substrates for the thin films, which were previ-
ously cleaned with acetone and isopropyl alcohol in
an ultrasonic bath for 20 minutes and then rinsed
with deionized water. After that, the substrates were
transported to a vacuum chamber and placed above
the target at a distance 4.5 £0.1 cm. A high vacuum
(5.0 x 107® Pa) in the VUP-5M chamber was created
by a rotary vane vacuum pump and diffusion pump
with a cryogenic nitrogen trap. Argon (99.9% purity)
was used to produce the plasma. The pressure inside
the chamber during deposition was 1.0 Pa. GZO thin
films were deposited at different magnetron power
densities: S = 9.55 W/cm? (magnetron power P =
= 120 W), S = 11.9 W/em? (P = 150 W), and
S =159 W/cm? (P = 200 W). In order to obtain
thin films with a given thickness (~500 nm), the de-
position time (t) at different magnetron power densi-
ties was different: for S = 9.55 W /cm? — ¢ = 60 min-
utes, for S = 11.9 W/cm? — ¢ = 30 minutes, and for
S =15.9 W/cm? — t = 30 minutes.

The morphological analysis of GZO thin films
surfaces was performed by scanning electron mi-
croscopy (SEM) using a Tescan Mira 3 microscope
with an accelerating voltage of 5 to 20 kV. For SEM
cross-sectional images obtaining, the films were de-
stroyed by scratching the film surface with a scalpel
and transported to carbon tape, where the images
were acquired. Energy dispersive X-ray (EDX) stud-
ies were performed using an built-in Oxford X-max
80 mm? setup.

Spectrophotometric studies of the samples were
performed on a single-beam UV-vis-NIR spectropho-
tometer Spekol 1500 in the wavelength range 190-
1100 nm (scanning step 1 nm). The slide glass was
used as the measurement reference for the optical
transmittance.

Quantum mechanical calculations were performed
using the Quantum ESPRESSO package [39-41].
GGA-PBEsol [42] was used as an exchange-correla-
tion pseudopotential. In order to better describe lo-
calized states and prevent excessive hybridization, the
DFT + U approach [43]| applied Hubbard corrections
to the 3d zinc, 2p oxygen, and 3d gallium states,
which were 9.5 eV, 7.5 eV, and 7.0 eV, respectively. It
was shown in [44, 45] that these values best repro-
duce the experimental results. The following model
crystals were considered: ZnO, GZO (1 at.%) (Ga
dopant concentration — 1 at.%), GZO (2.8 at.%)
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(Ga dopant concentration — 2.8 at.%). To simu-
late the doped crystals, ZnO supercells were con-
structed: 5x5x 1 and 3 x 3 x 1 for dopant concen-
trations of 1% and 2.8%, respectively; after that one
of the zinc atoms was replaced by a dopant atom.
The k-point density of the Brillouin zone was cho-
sen as follows (sequentially for structural relax-
ation, self-consistent electronic density calculation,
and density of states calculation): 8 x 8 x 6, 8 x 8 X 6,
16 x 16 x 12 for ZnO; 1 x1x3, 3x3x9, 5x5x15
for GZO(1 at.%); 1 x1x2, 3x3x6, and 5 x5 x 10
for GZO(2.8 at.%). The plane-wave cutoff energy pa-
rameter was 1224 eV for undoped ZnO and 952 eV
for supercells.

3. Results and Discussion

Figure 2 shows SEM images of the GZO thin films’
surfaces obtained at different magnetron power val-
ues: P = 120 W: 120W-GZO sample (Fig. 2, a),
P =150 W: 150W-GZO sample (Fig. 2, b), and P =
= 200 W: 200W-GZO sample (Fig. 2, ¢). The charac-
teristic surface morphology of the obtained thin films
is a developed surface consisting of densely packed
clusters of different sizes. The average size (I) de-
creased with increasing magnetron sputtering power
density.

The clusters’ shape varies from almost round to
elongated ellipse (Fig. 2, a—c). All films are charac-
terized by the absence of foreign inclusions. An in-
creasing magnetron sputtering power density leads to
decrease in the clusters’ size on the film surface. The
clusters’ average longitudinal sizes (I;) (along the
y-axis in Fig. 2) for 120W-GZO, 150W-GZO, and
200W-GZO thin films are (I;) = 91.1 & 23.4 nm,
(I1) = 55.0 £ 15.0 nm and (I;) = 46.8 4+ 11.9 nm,
respectively; and the average transverse sizes (lo)
(along the z-axis in Fig. 2) are (l3) = 65.2 & 8.9 nm,
(l3) = 34.3 4+ 6.4 nm, and (l3) = 30.5 + 9.6 nm, re-
spectively.

Columnar growth is characteristic for all the
studied thin films (Fig. 3). It confirms the texture
of 120W-GZO, 150W-GZO and 200W-GZO thin
films. As demonstrated in [46-48|, ZnO films grow
by the Volmer—Weber mechanism during magnetron
sputtering. The columnar crystallite structure orien-
tation corresponds to the [002] direction for both
doped and undoped ZnO thin films |2, 46-48|. The
formation of a columnar crystallite structure perpen-
dicular to the substrate surface (Fig. 3, a—c), which
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Fig. 8. SEM cross-sectional images of thin films: 120W-GZO (a), 150W-GZO (b), 200W-GZO (c¢).
formations are shown on the film’s top surface

aligns with the [002] direction of ZnO, supports the
occurrence of this growth mode.

An increase in the magnetron power density during
the thin films deposition leads to a decrease in the av-

erage column thickness (d) (Fig. 3): for 120W-GZO

(d) = 62.2 £ 16.6 nm, for 150W-GZO (d) = 40.8 +
+4.5 nm, and for 200W-GZO — (d) = 29.2 £ 5.9 nm.
At the final stages of growth, the columns end in
either round or elongated elliptical clusters on the
film surface. The clusters’ size and shape depend on
the sputtering power density (as shown above). Thus,
higher power promotes the formation of smaller and
denser clusters due to the increased number of atoms
sputtered from the target.

The thicknesses of 120W-GZO, 150W-GZO, and
200W-GZO thin films were determined from SEM im-
ages of their cross-section (Fig. 4) and were equal to
486 nm, 425 nm, and 497 nm, respectively. Taking
into account the film deposition time, the thin film
growth rate R was calculated as a function of the
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The structured grain-like

magnetron power. The growth rate R for 120-GZO,
150W-GZO, and 200W-GZO thin films was R =
8.1 nm/min, R = 14.2 nm/min, and R = =
16.5 nm/min, respectively.

Thus, by changing the magnetron sputtering power
density and measuring the deposition time, it is pos-
sible to form films with predetermined structural pa-
rameters: film thickness, crystallites’ columnar struc-
ture width, and surface clusters’ size.

To determine the chemical composition of the thin
films, a quantitative chemical analysis by EDX was
performed (Table 1). The results were compared with
EDX data for undoped ZnO thin films obtained by
RF magnetron sputtering at a magnetron power den-
sity S = 9.55 W/cm? (P = 120 W): 120W-ZnO sam-
ples (Table 1).

An oxygen deficiency was observed in the bulk
of 120W-ZnO and 120W-GZO thin films. Such oxy-
gen deficiency can be explained by both the presence
of oxygen vacancies and interstitial zinc atoms. The
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Fig. 4. SEM images of thin films and thickness measurements: 120W-GZO (a), 150W-GZO (b), 200W-GZO (c)

Ga doping at the same magnetron power density
(S = 9.55 W/cm?) did not lead to a significant change
in the oxygen concentration (co) and was within the
measurement error (Table 1). In contrast to oxygen, a
decrease in the Zn concentration (¢z,) with a simulta-
neous Ga concentration increase (cg,) was observed
for 120W-GZO thin films compared to undoped ZnO
films. This behavior confirms the replacement of Zn
ions by Ga ions in the crystal lattice during the for-
mation of doped GZO thin films.

A significant oxygen concentration increase was
observed along with a sharp decrease in zinc con-
centration for 150W-GZO compared to 120W-GZO
thin films. Moreover, at magnetron power densities
S =11.9 W/em? and S = 15.9 W/cm? an increase
in the Ga concentration was observed for 150W-GZO
and 200W-GZO thin films (Table 1) that were equal
t0 cqa = 1.08 £0.05 at.% and cg, = 1.5 £0.01 at.%,
respectively. To explain this behavior, a model of thin
film formation with increasing magnetron power den-
sity was proposed.

It is known that the magnetron power density in-
creasing leads to an increase in temperature and
plasma density. Since the dependence of the plasma
thermal power on the magnetron deposition power
density is linear [49], an increase in the magnetron
deposition power should result in an increase in
the target temperature. Moreover, such an enhance-
ment leads to an increase in the substrate tempera-
ture. Purposeful target heating during sputtering was
not performed, but it is known that a plasma tem-
perature increase (and thus the target temperature)
leads to a raising the temperature of deposited films
during film synthesis [50]. That’s why the temper-
ature of the substrate during magnetron deposition
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was determined solely by the energy of plasma ions
reaching the samples’ surface. Furthermore, there is
an enhancement in the number of high-energy ar-
gon ions, which transfer more energy to the target
(ZnO/Ga) during the collision. The influence of these
factors leads to the effect that at S = 11.9 W /cm?,
partial dissociation of ZnO in the gas phase (aver-
age Zn—O bond dissociation energy is roughly 280-
290 kJ/mol [51]) can occur, while at a lower power
(S = 9.55 W/cm? and below), the energy of argon
ions is sufficient only to knock out ZnO molecules
from the powder target. As a result, during the for-
mation of thin films under intense plasma excitation
(S = 11.9 W/cm? and above), the stoichiometry in
the ratio between zinc and oxygen is disturbed. Thus,
this leads to the appearance of excess oxygen in the
deposited films, which is incorporated in the ZnO
crystal lattice interstitial sites. Such an oxygen excess
was observed for 150W-GZO thin films (Table 1).
Besides, the average Ga—O bond dissociation en-
ergy is 354-376 kJ/mol and it is slightly higher
than Zn—O bond dissociation energy [51]. That means
that gallium oxide formation in Ga—Zn—O plasma is
slightly preferable than Zn—-O. However, given the rel-

Table 1. Elemental analysis data of thin films

Element
Sample

O (at.%) Zn (at.%) Ga (at.%)
120W-ZnO | 45.37 +0.87 | 54.73 £0.87 -
120W-GZO | 47.84+1.56 | 51.32+1.58 | 0.84 £+ 0.02
150W-GZO | 62.62 £ 3.27 36.3 £2.97 1.08 £ 0.05
200W-GZO | 57.07+£0.58 | 41.43+0.59 | 1.5040.01
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Fig. 5. GZO thin films optical transmission spectra (a), an
optical band gap determination by the Tauc method (b). X is
the optical radiation wavelength

atively small concentration of Ga in the initial target,
the probability of such formation is negligible.

A slight increase in zinc concentration with a si-
multaneous decrease in oxygen concentration was ob-
served for 200W-GZO compared to 150W-GZO thin
films (Table 1). Such behavior, in our opinion, is due
to the partial recombination of oxygen into Os, which
is more difficult to attach to the substrate. Since the
typical Oz bond formation energy (~498-499 kJ/mol
[51]) is bigger than for Zn-O and Ga-O bonds disso-
ciation energies and taking into consideration a sig-
nificant quantity of oxygen in initial target (almost
50%) than O formation at such conditions are quite
probable. Moreover, there may be an interstitial zinc
concentration enhancement with an increase in the
power of magnetron sputtering. Since Zn ions can be
placed in the ZnO crystal lattice interstitial sites un-
der its heating [52], the magnetron power density in-
crease to S = 15.9 W/cm? leads to the appearance
of a larger number of interstitial Zn ions during GZO
thin films formation. Thus, all this, in our opinion,
leads to the ¢z, increase in 200W-GZO compared to
150W-GZO thin films.
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Since the ZnO/Ga target formation process in-
volved intensive mixing of the mixture components,
heavier Ga particles settled down in the deeper mix-
tures layers. Therefore, the Ga agglomerates concen-
tration in the pressed targets was also higher in the
deeper target layers. The magnetron power density
enhancement causes the ZnO/Ga target sputtering
with higher-energy argon ions and this process accom-
panied by the plasma temperature increasing. The-
refore, the low-melting Ga was able to evaporate more
intensively and from deeper target layers with higher
Ga agglomerates concentration.

To determine the RF magnetron sputtering power
effect on the optical properties of the investigated
films, optical transmission spectra were obtained
(Fig. 5, a). The optical bandgap width E, investi-
gated thin films were determined by using the Tauc
method [53, 54] (Fig. 5, b). The E, value can be cal-
culated by the equation [27, 55, 56]:

(ah)'" = B(hw — E,), (1)

where « is the absorption coefficient, v is the optical
radiation frequency, h is Planck’s constant, B is the
characteristic constant, and ~ is a parameter related
to the type of electronic transition. Since ZnO is a
semiconductor with a direct bandgap, v = 1/2 [56].

All the analyzed thin films are characterized by
high transparency in the visible and near-infrared
ranges (Fig. 5, a). The maximum value of optical
transparency was observed for 120W-GZO films and
was equal to 92.8 + 0.5%. GZO thin films deposited
at higher magnetron power density manifested lower
optical transparency values. Such behavior for higher
S values is associated with the crystallites’ grain size
decreasing on the surface and in the volume of thin
films (Figs. 2, 3) and following the light scattering
increasing at the such grain boundaries.

A slight increase of Fy to 3.22 £ 0.01 eV was ob-
served for 120W-GZO thin films (inset Fig. 5, b) com-
pared to undoped 120W-ZnO films with optical band
gap Ey =3.20£0.01 €V [46]. Since, as shown above,
the replacement of Zn ions in the ZnO lattice dur-
ing the 120W-GZO thin films magnetron sputtering
occurs primarily with Ga ions, such an increase in
E, can be explained by the population of unoccupied
states at the bottom of the ZnO conduction band
with free electrons from Ga (the Moss—Berstein effect
[57,58]).
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The magnetron sputtering power increase leads to
the decreasing of E, value (Fig. 5, b). The optical
band gap value was E; = 3.13 £0.01 ¢V and E, =
= 3.00 £ 0.0 eV for 150W-GZO samples and 200W-
GZO samples, respectively.

As noted above, 150W-GZO thin films are charac-
terized by an excess of oxygen compared to 120W-
GZO thin films (Table 1), which, in our opinion, is
partially placed in the crystal lattice interstitial posi-
tions. This leads to the appearance of acceptor impu-
rity levels [59], which form localized electronic states
in the band gap near the valence zone. The appear-
ance of such impurity levels causes the optical band
gap value to decrease.

The fact that the magnetron power density en-
hancement to P = 200 W (200W-GZO thin films)
causes a further decrease in the value of E, (Fig. 5, b)
is associated with the growing amount of interstitial
zinc in the ZnO crystal lattice. Such defects act as
donor impurities, creating additional electronic states
near the bottom of the conduction band [60]. As a
result, the optical band gap value E,; decreases to
3.00 £ 0.01 eV.

To verify the proposed hypotheses regarding GZO
thin films formation peculiarities at different mag-
netron powers, as well as the influence of inter-
nal structure changes on their optical and structural
properties the calculation using the DFT + U theory
was performed. As shown from the EDX results (Ta-
ble 1), the magnetron sputtering power density en-
hancement leads to Ga concentration increasing for
investigated GZO thin films under the given experi-
mental conditions. Since ZnO thin films doping with
Ga results in Zn?* replacement by Ga3* in the crys-
tal lattice, the initial model crystal was selected and
calculated based on these considerations (Fig. 6, a —
calculation of the model crystal for GZO(1 at.%)
within the DFT + U theory framework). The total
and partial density of states (DOS) for undoped
Zn0O and doped with different gallium concentrations
Zn0O (GZO (1 at.%) and GZO (2.8 at.%)) thin films
have been investigated within the framework of the
DFT + U theory (Fig. 6, b).

The valence band upper part almost entirely con-
sisted of 2p oxygen states, but the valence band mid-
dle part consisted of 3d zinc states (Fig. 6, b) for both
undoped and gallium-doped ZnO crystal lattices. Ho-
wever, gallium doping of ZnO led to the appearance of
additional electronic states in the vicinity of —5.0 eV
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Fig. 6. An example of a model crystal GZO(1 at.%) for DOS
calculations within the framework of the DFT + U theory (a).
Valence and conduction bands total and partial densities of
states for ZnO, GZO (1 at.%), GZO (2.8 at.%) compounds (b):
O 2p states (1), O 2s states (2), Zn 3d states (3), Zn 4p states
(4), Zn 4s states (5), total density of states (6). EFnowmo is
the highest occupied molecular orbital energy, Erumo is the
lowest unoccupied molecular orbital energy, Er is the Fermi
energy (the dotted line shows the Fermi level position)

in the valence band, which were formed by Zn 3d
and O 2p states. Such appearance of additional elec-
tronic states can be attributed to the following phys-
ical mechanisms: 1) 3d Zn and 2p O states hybridiza-
tion with 4s and 4p Ga states, which leads to new en-
ergy levels formation; 2) 3d Zn and 2p O energy levels
position shift due to changes in interatomic distances
and bond symmetry (Fig. 6, a); 3) the electron den-
sity redistribution around impurity atoms, since Ga
has a different electronic configuration (3d'°4s%4p')
compared to Zn (3d'%4s?), which can affect the elec-
tronic structure of the crystal lattice.

The ZnO, GZO (1 at.%) and GZO (2.8 at.%) con-
duction bands almost entirely consisted of hybridized
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Zn 4s, Zn 4p, and O 2p states (Fig. 6, b). The slight
decrease in energy gap A(ELumo — Fuomo) with
Ga dopant concentration enhancement was observed
(Fig. 6, b, Table 2).

Ga is characterized by the presence of Ga 4s and
Ga 4p states whose interaction with ZnO electronic
states can cause hybridization of electronic states. It
can lead to a decrease in the energy gap (A(ELumo —

— Enowmo)). Moreover, Ga doping causes a slight
crystal lattice deformation and the local states’ for-
mation in the band gap, which can lead to the band
structure changes (Fig. 6, b).

At the same time, the Fermi level shifts to the
conduction band (Fig. 6, b, Table 2) for GZO sam-
ples. The Ga concentration enhancement in the GZO
crystal structure caused a significant increase in the
energy distance A(Erp — Eyomo) between the Fermi
level (Er) and the highest occupied molecular orbital
level (Enomo)- Such behavior is due to Ga electrons
occupying the free states in the lower part of the
Zn0O conduction band. Since gallium has three va-
lence electrons but zinc has only two, gallium doping
of ZnO increases free electrons concentration in the
material. Such A(Er — Fyomo) increasing is mani-
fested in the optical band gap £, magnification with
Ga dopant concentration increasing (Moss—Berstein
effect [57, 58]), which was experimentally observed
for 120W-GZO samples compared to undoped ZnO
thin films.

The experimental and DFT + U simulation results
show opposite trends concern the Ga dopant concen-
tration effect on the optical bandgap value E,. In
the experiment, the magnetron sputtering power en-
hancement caused the Ga concentration increasing
and the optical band gap E, decreasing (Fig. 5, b). In-
stead, in the DFT + U simulation, the Ga concentra-
tion increasing caused the optical band gap F, mag-
nification (Fig. 6, b, Table 2).

Thus, the Ga dopant concentration increasing can-
not be the cause of E, decreasing with an increase
in the magnetron sputtering power. Such a decrease

Table 2. Theoretical energy gaps

Sample AErumo-#oMO | AEr_HOMO
ZnO 3.06 —
ZnO:Ga (1 at.%) 2.97 3.79
Zn0:Ga (2.8 at.%) 2.90 4.32
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in the optical band gap can occur due to the in-
terstitial defects appearing in the ZnO crystal lat-
tice, which lead to the impurity levels formation in
the band gap. However, the simulated structure in
the DFT + U calculations was more idealized and the
equilibrium configuration did not take into account
the interstitial defects.

4. Conclusions

It is shown that Ga ions replace Zn ions in the ZnO
crystal lattice during the gallium doping of ZnO thin
films (for S = 9.55 W /cm?). Magnetron sputtering
power density enhancement to S = 11.9 W/cm? and
S = 15.9 W/cm? lead to increase of Ga concentra-
tion to 1.08 +0.05 at.% and 1.50 £0.01 at.% in GZO
thin films, respectively. It is found that the increase
in sputtering power density leads to decreasing the
size of clusters on the film surface and the thickness
of the crystallites’ columnar structure of Ga-doped
ZnO thin films.

The GZO thin films’ formation mechanism at dif-
ferent magnetron sputtering power density is pro-
posed. The excess oxygen at a magnetron power den-
sity S = 11.9 W/cm? is placed in ZnO crystal lattice
interstitial positions and forms acceptor levels in its
band gap. The magnetron sputtering power density
enhancement to S = 15.9 W/cm? causes an increase
in the number of interstitial Zn ions (due to the sput-
tering temperature increase). It leads to the forma-
tion of additional defects in the ZnO crystal lattice.

It is established that the optical band gap F, de-
creasing from 3.22 £ 0.01 eV (for S = 9.55 W /cm?)
t0 3.00£0.01 eV (for S = 15.9 W/cm?) with increas-
ing magnetron sputtering power density is due to the
interstitial defects formation and the impurity levels
appearance in the band gap.

Quantum mechanical DFT + U calculations have
confirmed that an increase in the Ga concentration
does not lead to a decrease in E,, but, on the con-
trary, it can increase F,; due to the Moss—Berstein
effect. Instead, the experimentally observed F, de-
crease may be due to the interstitial defects forma-
tion in the ZnO crystal lattice, which were not taken
into consideration during DFT + U simulation.
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EBOJIIOIIA CTPYKTYPU

TA OINITUYHUX BJIACTUBOCTEN TOHKUX
TIJIIBOK Ga-JIETOBAHOT'O ZnO, OTPUMAHNX
METOAO0OM MATHETPOHHOI'O HAIIMJIEHH
3 PIBHOIO INIOTVY>KHICTIO: EKCIIEPIMEHT
TA MOJEJIFOBAHHS{ DFT +U

JocmiizkeHo BIIUB IMOTY?KHOCTI pa/lio4acTOTHOI'O MarHeTPOH-
HOT'O HAIWJIEHHSI Ha MOPOJIOriio Ta ONTHUYHI BIACTHBOCTI H0O-
noBaHux rajieMm toukmx mwisok ZnO (GZO). Ilokasano, mo
31 30L/IBIIEHHSIM IMOTY>KHOCTI HAIUJIEHHS 3MEHIILYIOThCS PO3-
Mipu KJacTepiB Ha IOBEPXHi INIIBKHM Ta TOBIIMHA CTOBIIYACTOL
CTPYKTYDPH KpUCTaJITiB. BcTaHOBIIEHO, 110 3MEHIIIEHHS IIIUPH-
HU ONTHYIHOI 3a00POHEHOI 30HN MOXKe 6yTH II0B’s13aHe 3 IOSIBOIO
MikBy3/10BUX JledeKTiB y KpucTtatiuuiit rparmi. Criocrepiraso-
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cs1 30lIbmenus koHuenTpamil Ga B miiBkax GZO 3a crajoro
BaroBOrO CIIBBiIHOIEHHsT Buxiguux cymimeit ZnO ta Ga npu
3pOCTaHHI MOTY?KHOCTI HAIIUJICHHS. 3alPOIOHOBAHO MEXaHI3M
dopmyBaHHsE TOHKUX IUBOK GZO npu 36iJbIIEHH] TOTY>KHO-
CTi MarHETPOHHOIO HAIWJIEHHsI, SIKUH IIOB’SI3aHUI 3 IOSIBOIO
MiKBy3/10BUX BKJI0O4YeHb Zn 1 O B Kpucramniuuiit rparui ZnO.
DFT-pospaxysku (3 nonpaskoio Xa66apaa, DFT + U) nokasa-
J, MO miABuIneHa KounenTparnia Ga He CIpUYNHSE 3BYKEHHST
onTUYHOI 3ab0poHeHol 30Hu. HarowmicTb, 36i/bleHHST BMiCTY
Ga npuBOAUTH [0 MOSIBU JIOJATKOBUX €JIEKTPOHHUX CTAHIB Yy
BasieHTHi# 30H] (-5.0 eB), mo nos’a3ano 3 ribpuausanico Zn
3d i O 2p 3 4s- Ta 4p-cranamu Ga, 3MIHOIO ITOJIOXKEHHS €HEP-
reruyHuX piBHIB Zn 3d Ta O 2p BHACIIAOK 3MiHH MiKATOMHUX
BijicTaHell Ta cuMeTpil 3B’43KIB i epepo3MIoIiIoM eJIEKTPOHHOT
IyCTHHU HaBKOJIO aToMmiB Ga.

Katwwosi caosa: ZnO, pagiodacToTHe MarHeTpOHHE HaIlU-
nennsi, DF'T,| mopdostorist, mpo3opicTb, TOHKI IIiBKU.

619



