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Thin ZnGa,0,:Cr films are obtained by radio-frequency (RF) ion-plasma
sputtering in an argon atmosphere on the single-crystal NaCl and amor-
phous v-SiO, substrates. The study of the surface morphology of thin
films by atomic force microscopy (AFM) shows that the average diameter
of the grains forming the film surface decreases from 320 nm to 211 nm,
when switching over from NaCl substrates to v-SiO, ones. The heat treat-
ment of films on v-Si0, substrates in an argon atmosphere has weak effect
on the average grain diameter, while heat treatment in an air leads to an
increase in the average grain diameter to 316 nm. XPS spectra show that,
after high-temperature annealing, the studied films may contain an exces-
sive presence of the Ga,O; phase in addition to the ZnGa,O, phase. It has
been found that, when ZnGa,0,:Cr films are annealed in an air, grain
growth occurs along the film surface, and when annealed in an argon at-
mosphere, grain growth occurs perpendicularly to the film surface.

Metomom BucokouactoTHOTo (BY) HOHHO-TIJIa3MOBOTO PO3MOPOIIEHHS B aT-
Moc(epi aprony ma MoHOKpucTamiunmx miaxkaagzuakax NaCl ta amoppuumx
migkaaguaKax v-Si0, omep:xkaHo ToHKI maiBkm ZnGa,0,:Cr. HocmimxeHnusa
mopdoorii moBepxXHi TOHKMX MJIiBOK METOIOM aTOMHO-CHJIOBOI MiKpPOCKOIIil
(ACM) mokasauu, 110 3 nepexoxom Bing migxaamuuaor NaCl mo v-SiO, cepen-
Hill migameTep 3epeH, 1m0 (OPMYIOTH IIOBEPXHIO IIJIiBKU, 3MEHINYETHCA Bif
320 am nmo 211 M. TepmMo0OpPOOIEHHA MJIIBOK Ha HmigKJaguHKax 3 v-Si0, B
aTMoc(epi aprony ciaabo BILIMBAE€ Ha CepemHIiN AisgMmeTep 3epeH, a TePMOOO-
poOJeHHS Ha HOBITPi HPHUBOAUTL A0 3POCTAHHS CEPEAHBLOTO AisiMeTpa 3epeH
mo 316 um. Ha ocuoBi XPS-cmeKTpiB moKasaHo, IO IIicJIs BHCOKOTeMIIepa-
TYPHOTO Bifmlajly y JOCJIiJ:KyBaHUX ILIiBKax, okpim dasu ZnGa,0,, MOXKIU-
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Ba HAJJIWINKOBa WOpUCYTHicTH (dasu Ga,0;. Bceramorieno, mo 3a Bigmamy
mniBoKk ZnGa,0,:Cr Ha moBiTpi Bi0yBaeThbcA 3POCTAaHHSA 3€pPeH B3IOBXK IIO-
BepxXHi IJIiBKH, a 3a Bigmamy B aTmocdepi aproHy BimOyBaeThCs 3pOCTaHHS
3epeH IMEePIEeHAUKYJIAPHO OO0 MOBEePXHi IJIiBKH.

Key words: zinc gallate, chrome activator, thin films, crystallites, surface
morphology.
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1. INTRODUCTION

Recently, due to the widespread use of metal oxide thin films in op-
toelectronics and instrumentation [1-6], researchers have shown
interest in studying the properties of zinc gallate-based thin films—
ZnGa,0,. Due to their good optical, dielectric, and performance
properties, pure and activated ZnGa,0, thin films are widely used in
vacuum fluorescent and field emission displays, electronic devices,
and gas sensors [7T—16]. A wide range of studies on one-dimensional
zinc gallate ZnGa,0, nanostructures (nanoparticles, nanowires, and
nanotubes) has shown that such one-dimensional nanostructures are
characterized by quite interesting optical and electrical properties
[17-21]. However, researchers have questions about the reliability
and stability of such nanostructures. The problems mentioned earli-
er can be overcome by using nanometre thin film structures. At the
same time, both pure and activated ZnGa,0, films exhibit effective
luminescent properties and are widely studied for practical use in
electron-optical devices [22—24]. Based on this, an important task
arises to develop and improve thin-film materials based on ZnGa,O,
to expand the potential scope of their use. In general, the question
of the physical properties of thin films is complicated by the fact
that films do not always have a perfect structure. Obtaining the re-
quired and stable reproducible properties of polycrystalline films is
further complicated by the presence of intergranular boundaries
(IGBs). The physical properties of polycrystalline thin films are
largely determined not only by the material properties but also by
the energy levels arising from the presence of the IMBs. It is clear
that such levels are also determined by the size of the crystallites
that form the thin films. This leads to the study of the surface
morphology of ZnGa,O, thin films using atomic force microscopy
(AFM). The films in this work were obtained by the method of RF
ion-plasma sputtering, which is optimal for obtaining homogeneous
semiconductor and dielectric films [25].
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2. EXPERIMENTAL TECHNIQUE

Thin ZnGa,0,:Cr films with a thickness of 0.3—-1.0 ym were ob-
tained by RF ion plasma sputtering on single-crystal NaCl sub-
strates and amorphous fused quartz v-SiO, substrates. The RF sput-
tering was carried out in an argon atmosphere in a system using the
magnetic field of external solenoids for compression and additional
ionization of the plasma column. The feedstock was a mixture of
Zn0O and Ga,0; oxides of the ‘OCY’ grade (extra pure) of stoichio-
metric composition. The concentration of Cr®" activator was of 1
mol.% . After the films were deposited on v-SiO, substrates, they
were heat treated in argon and air at 1000-1100°C.

The structure and phase composition of the obtained films were
studied by x-ray diffraction analysis (Shimadzu XDR-600). X-ray
diffraction studies have shown the presence of a polycrystalline
structure with a predominant orientation in the (022), (113), (004),
and (333) planes. The characteristic diffractograms of ZnGa,0O, thin
films were presented earlier in our work [26].

Using an OXFORD INCA Energy 350 energy dispersive spectrom-
eter, elemental analysis of the samples was performed at several
points on the surface of the films. The calculations confirmed that
the percentage of components in the obtained films corresponded to
their percentage in the ZnGa,0,:Cr compound.

The elemental composition of the surface of the obtained thin
films was analysed by x-ray photoelectron spectroscopy (XPS). The
XPS spectra (XPS, Phoibos 150, Specs) were recorded using a mon-
ochromatic x-ray source AlK, (1486.6 eV) and a hemispherical
SPECS analyser, HSA 3500. The binding energy was calibrated
against the signal from Cls at 285.0 eV.

The surface morphology of the films was studied using an
INTEGRA TS-150 atomic force microscope (AFM).

3. RESULTS AND DISCUSSION

Microphotographs of the surface of ZnGa,0,:Cr films obtained by
RF ion plasma sputtering on NaCl and v-SiO, substrates without
heat treatment are shown in Fig. 1 and, after heat treatment in the
atmosphere of air and argon, are shown in Fig. 2.

The topography of the samples was quantitatively characterized
by standard parameters: root mean square roughness, maximum
grain height, average grain diameter, average grain area, and grain
volume, which were calculated from AFM data for areas of the same
size (5000x5000 nm).

The characteristic parameters of ZnGa,0,:Cr thin films on vari-
ous substrates without heat treatment and after heat treatment in
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Fig. 1. Images of the surface morphology of ZnGa,0,:Cr thin films ob-
tained by RF sputtering without heat treatment on v-SiO, (a, b) and NaCl
(¢, d) substrates. Images a and ¢ are two-dimensional, b and d are three-
dimensional.

the atmosphere of air and argon are given in Table.

As can be seen from the results obtained, the change in the type
of substrate and the presence of heat treatment has a significant
impact on the size of crystal grains and surface roughness of the
films.

The analysis of AFM images (Fig. 1 and Fig. 2) and crystal grain
parameters (Table) of the surface of ZnGa,0,:Cr films shows that
films deposited on amorphous quartz v-SiO, substrate are formed
from larger grains than when sputtered on a single-crystal NacCl
substrate. The size of crystallites of ZnGa,0,:Cr thin films sput-
tered on the v-SiO, substrate after heat treatment in the atmos-
phere of air and argon increased significantly. Such an increase in
the size of crystalline grains and, in particular, an increase in the
average grain diameter and changes in the value of the root mean
square roughness indicate a complication of the surface structure.

A comparison of the histograms of the grain height distribution
(Fig. 3) shows that, on NaCl substrates, lower grains are formed,
from which the surface of ZnGa,0,:Cr thin films is formed. At the
same time, their diameters are significantly larger (z 1.5 times)
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Fig. 2. Images of the surface morphology of ZnGa,0,:Cr thin films ob-
tained by RF sputtering on v-SiO, substrates after heat treatment in air
(a, b) and argon (c, d). Images a and ¢ are two-dimensional, b and d are
three-dimensional.

than those of the unannealed films sputtered on a quartz substrate.
The heat treatment of ZnGa,0,:Cr thin films in an argon atmos-
phere significantly affects the increase in grain height compared to
unannealed films and films annealed in an air atmosphere. In par-
ticular, if we compare the RMS surface roughness of thin films, it
is the lowest for films deposited on NaCl substrates compared to
unannealed films and films subjected to heat treatment in the air
and argon atmosphere deposited on quartz substrates. The anneal-
ing of films in an argon atmosphere leads to an increase in this pa-
rameter (by = 1.5 times) compared to unannealed films. For the
films annealed in the air atmosphere, a decrease in the value of this
parameter is observed compared to the unannealed ZnGa,0,:Cr films
(= 2.2 times).

The increase in the size of crystalline grains and the simultane-
ous decrease in the concentration of grains in ZnGa,0,:Cr thin films
after heat treatment (Table) indicates the possibility of the transi-
tion of the film surface to a more nanostructured state due to the
crystallization of the surface layer.

In addition, it can be assumed that the change in the surface
morphology of ZnGa,0,:Cr thin films after annealing in air and ar-
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TABLE. Parameters of crystal grains of ZnGa,0,:Cr thin films.
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gon (Fig. 2) is to some extent related to the fact that Zn atoms dif-
fuse from the film at high annealing temperatures. After annealing
the films at high temperatures, in addition to the ZnGa,O, phase,
the presence of the Ga,O; phase is possible, as observed in Ref. [27].

Some excess of Ga,0; in the structure of ZnGa,0,:Cr spinel is
confirmed by luminescence studies conducted in [28, 29].

This is also confirmed by our XPS spectra for unannealed
ZnGa,0,:Cr thin films and annealed films in the air (Fig. 4). In par-
ticular, it was found that for the annealed film, a less intense peak
corresponding to the Zn (2p) atom was observed in the spectrum
compared to the unannealed film. In addition, the intensity of the
peaks corresponding to Ga (3p) and O (1s) atoms for the annealed
films is significantly higher compared to the unannealed films.

The characteristic distributions of grain diameter sizes in
ZnGa,0,:Cr thin films depending on the type of substrate and the
presence of heat treatment are shown in Fig. 5.

A thorough review [30] analysed the growth of crystal grains in
thin films and the evolution of crystal structures and showed that
polycrystalline thin films with thicknesses up to 1 ym, which is typ-
ical for our ZnGa,0O,:Cr films, often have 2D-like structures. In
such structures, most grain boundaries are perpendicular to the
film surface. Most of the materials analysed in [30] form films of
nonequilibrium grains with dimensions smaller than the film thick-
ness and form two-dimensional structures only after annealing.
Based on numerical results, authors of [30] also concluded that
grain formation in thin films is difficult to describe accurately us-
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Fig. 3. Grain height distribution on AFM images of ZnGa,0,:Cr thin films
obtained by RF sputtering without heat treatment on NaCl (a), v-SiO, (b)
substrates and after heat treatment in air (¢) and argon (d) on v-SiO, sub-
strates.

ing modelling or comparison with experiments that describe the
study of foams or monolayers. In general, grain sizes in polycrystal-
line films are lognormally distributed in size.

In some cases, further grain growth is observed due to ‘anoma-
lous’ growth or preferential growth of several grains, which usually
have specific crystallographic orientation relations relative to the
surface plane of the substrate. Our results show that this situation
is most likely to be typical for the ZnGa,0,:Cr films, which we have
obtained. When the number of growing grains leads to a ‘matrix’ of
grains beyond the static boundaries, a bimodal grain size distribu-
tion develops, which is called secondary grain growth [31]. Grains
growing abnormally often have a limited or homogeneous texture.
Secondary grain growth in thin films typically involves an evolution
in the grain texture distribution as well as an evolution in the grain
size distribution.

Our results of the distribution of grain diameter sizes in
ZnGa,0,:Cr thin films (Fig. 5) indicate that, when these films are
deposited on NaCl substrates, a bimodal distribution of diameters
with a maximum in the 320 nm region is observed. On the growing
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Fig. 4. XPS spectra of the surface of unannealed (1) and air-annealed (2)
ZnGa,0,:Cr thin films.

part of the distribution, a small local maximum appears in the 220
nm region that indicates the presence of nonequilibrium grain
growth. A more complex shape of the diameter distribution is
formed, when films are deposited on an amorphous v-SiO, substrate.
In particular, for freshly deposited films (Fig. 5, b), a trimodal dis-
tribution with maxima in the region of 100, 145, and 220 nm is
clearly visible. After heat treatment of such films in air, a unimod-
al distribution is observed (Fig. 5, ¢) with a maximum in the 280nm
region. Sometimes, such cases occur, when grains are distributed by
diameter in polycrystalline films [32]. In particular, this situation
is observed during the RF deposition of Y,05:Eu thin films [33]. Af-
ter heat treatment of the films in argon (Fig. 5, d), a trimodal dis-
tribution with maxima in the regions of 200 and 260 nm, as well as
a local maximum in the region of 140 nm, are observed.

Summarising the situation described above, it can be concluded
that the growth of secondary and tertiary grains occurs during the
heat treatment process. It should be noted that a similar situation
is observed during RF deposition on v-SiO, substrates and B-Ga,O,
thin films [34]. The growth of secondary and tertiary grains was
observed in these films during both the RF sputtering and heat
treatment processes.

Taking into account the presence of ‘anomalous’ grain growth
and grain growth with specific crystallographic orientation rela-
tions relative to the substrate surface plane, we consider the fea-
tures of grain volumes in ZnGa,0,:Cr thin films.

Based on Fig. 1 and Fig. 2, as well as the data in Table 1, it can
be seen that, after depositing thin ZnGa,0,:Cr films on amorphous
Lv-Si0, substrates, the heat treatment results in the growth of crys-
talline grains that form the film. At the same time, annealing in air
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Fig. 5. Distribution of grain diameter sizes and calculated approximated
diameter distribution on AFM images of ZnGa,0,:Cr thin films without
heat treatment on NaCl (a), v-SiO, (b) substrates and after heat treatment
in air (¢) and in argon (d) on v-SiO, substrates.

is accompanied by a significant increase in the average grain diame-
ter (= 1.5 times) with a significant decrease in the root mean square
roughness (= 2 times). During annealing in an argon atmosphere, a
rather insignificant increase in the average grain diameter and a
significant increase in the root mean square surface roughness
(= 1.5 times) are observed. It is characteristic that both values of
the average grain volume are practically quite close and almost 2
times higher than the grain volume in the unannealed films.

The obtained results show that, during the annealing of freshly
deposited ZnGa,0,:Cr films in air, grain growth occurs along the
film surface. At the same time, the annealing of these films in an
argon atmosphere is accompanied by grain growth perpendicularly
to the film surface.

4. CONCLUSIONS

It has been established that thin films of ZnGa,0,:Cr spinel formed
from nanometre grains are formed by RF ion-plasma sputtering on
single-crystal NaCl and amorphous v-SiO, substrates. Based on the
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AFM images, it is shown that the average diameters of the crystal-
lites of the films on NaCl substrates are of 320 nm, and on v-SiO,
substrates, they are of 211 nm. The heat treatment of films on v-
Si0, substrates in air leads to an increase in the average grain di-
ameters to 316 nm and, accordingly, the root mean square rough-
ness from 9.6 to 4.4 nm. Heat treatment of such films in an argon
atmosphere leads to an increase in the average grain diameter to
222 nm and the root mean square surface roughness to 14.6 nm.
Based on the analysis of the results of the distribution of grain di-
ameter sizes, it is proposed that secondary and tertiary grains grow
during the RF sputtering process and during heat treatment. It has
been shown that, after annealing at high temperatures, in addition
to the ZnGa,0O, phase, the Ga,0; phase may be present in the studied
films. It was found that, when ZnGa,0,:Cr films are annealed in air,
grain growth occurs along the film surface, and when annealed in
an argon atmosphere, grain growth occurs perpendicularly to the
film surface.
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