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The surface morphology of zinc gallate (ZnGa,0,) thin films doped with
Mn?* and Cr®" ions, obtained by RF ion-plasma sputtering on fused quartz
(v-Si0,) substrates, is analyzed. The influence of the activator type on the
values of statistical surface-roughness parameters, grain sizes, and the
nature of their distribution is investigated, using atomic force microscopy
(AFM). As established, as-deposited ZnGa,O,:Mn films possess a fine-
grained structure with pronounced nanopeaks (with coefficient of kurtosis
S,,=6.4), whereas ZnGa,0,:Cr films are characterized by larger grains
and higher root-mean-square (RMS) roughness. As shown, thermal treat-
ment leads to an increase in the grain size of the investigated samples.
The results are explained, based on the crystallochemical features of the
substitution of Zn?" and Ga®" ions by Mn?' and Cr®" ions in the correspond-
ing positions of the spinel crystal structure.

IIpoBegeno amasizy mopdosorii moBepxHi TOHKHMX IIiBOK ramarty I[uHKY
(ZnGa,0,), meroanux tiomamu Mn?" i Cr®", ogepskanux merogom BU-iionHO-
ILJIa3MOBOT'0 PO3IOPOINIEHHS Ha MiAKJaJUHKAaX i3 TOIJIEHOTO KBapiy vL-Si0,.
3a IomoMOroo aToMHO-cmIoBoi Mikpockonii (ACM) mocrifiKeHO BIJINB THUITY
aKTUBaTOpa Ha 3HAUYEHHA CTATUCTUYHUX IapaMeTPiB IIEPCTKOCTU IOBEPXHIi,
poamipu 3epeH i xapaxTep iXxHLOro posmoniny. BcTraHoBjeHo, 0 HeBiama-
aeHi maiBku ZnGa,0,:Mn mMaioTh ApiOHO3EPHUCTY CTPYKTYPY 3 BUPAKEHUMU
HaHomikamu (KoedimieHr ekciecy — S,, = 6,4), Toxi ax mriBku ZnGa,0,:Cr
XapaKTepUsyIThCA OiJbIIMMU 3epHAMHU Ta BUIIOI0 CEPeIHBOKBAAPATHUYHOIO
mrepctkicTio. IlokasaHo, 110 TepMiuHe OOpPOGJIEHHA HPUBOAUTH OO 306iJb-
IIIeHHA PO3MipiB 3epeH AocCJaimKyBaHUX 3paskiB. PedynabTaTu mOsICHEHO Ha
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OCHOBi KpucrantoxeMiunmx ocobamBocTeil 3amimenHsa #HouiB Zn?" i Ga®" io-
Hamu Mn?" i Cr®' y BigmoBizHmx mosummigx KpucTagidHOI CTPYKTypH LIImiHe-
Ji.
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1. INTRODUCTION

Zinc gallate (ZnGa,0,) is a wide-band gap metal oxide semiconductor
that attracts significant scientific interest among researchers due to
its wide range of potential practical applications. At present, the
properties of both undoped and doped ZnGa,O, thin films obtained
by various methods are being actively investigated. Zinc gallate is a
representative of ternary materials with a band gap in the range
from 4.4 to 5.2 eV and is characterized by good optical and electri-
cal properties. In particular, ZnGa,O, is a transparent conducting
oxide in the ultraviolet and visible spectral regions and is also char-
acterized by high chemical and thermal stability [1-3]. Due to the
combination of its wide band gap, high stability, characteristic in-
trinsic blue emission, and efficient cathodoluminescent properties,
ZnGa,0, is considered a promising material for display systems and
is used, in particular, in field emission displays (FED) [4]. The lu-
minescent properties of ZnGa,0, vary significantly depending on
the stoichiometric composition of the material, the presence of
dopants, as well as the surface properties of the thin films. In this
context, Mn?*" and Cr®' transition metal ions are effective lumines-
cence activators of ZnGa,0,, providing green and red emission, re-
spectively.

Among oxide materials, ZnGa,O, demonstrates great promise for
applications in optoelectronic devices, power electronics, gas sen-
sors, and photodetectors, specifically deep-ultraviolet photodetec-
tors (DUV PDs), solar-blind ultraviolet (UV) photodetectors, and x-
ray photodetectors (XPDs), which can be utilized in medical imag-
ing systems [5—11]. Moreover, ZnGa,O, is used in photocatalysis
and is a promising material for the fabrication of sensitive films in
EGFET-type pH sensors [12]. Due to its electrical properties,
ZnGa,0, is also considered as a promising material for the fabrica-
tion of transistors, voltage converters, and high-efficiency Schottky
diodes [13].
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The physical properties of zinc gallate thin films depend not only
on the type and on concentration of dopants, but on the deposition
method and post-deposition treatment techniques too. In general,
the properties of polycrystalline thin films are significantly deter-
mined by the surface morphology, in particular by the crystallite
sizes, as well as by the energy levels arising from the presence of
grain boundaries. The situation is complicated by the fact that the
film structure is often far from perfect, which necessitates a de-
tailed investigation of their surface morphology.

In this regard, the present work analyzed the influence of Mn
and Cr®" activators on the surface morphology of ZnGa,O, thin
films. The study was conducted using atomic force microscopy
(AFM), which allows not only for the visualization of surface topog-
raphy, but also for the quantitative assessment of surface parame-
ters that directly affect the performance characteristics of semicon-
ductor devices. Thin-film samples were obtained by RF ion-plasma
sputtering, which ensures the formation of homogeneous semicon-
ductor and dielectric films [14].

2+

2. EXPERIMENTAL TECHNIQUE

The deposition of ZnGa,O,:Mn and ZnGa,0,:Cr thin films with a
thickness of 0.3—-1.0 ym was performed in an argon atmosphere us-
ing RF ion-plasma sputtering. Fused quartz of amorphous structure
u-Si0, was used as substrates for thin film deposition. RF sputter-
ing was carried out in a system using the magnetic field of external
solenoids for compression and additional ionization of the plasma
column. The starting material consisted of a stoichiometric mixture
of high-purity ZnO and Ga,0O; oxides. The Mn and Cr activator con-
centration amounted to 1 mol.% . Post-deposition thermal treatment
of the films on amorphous v-SiO, substrates was carried out in an
air atmosphere at 1000-1100°C. Before film sputtering, the sub-
strates were subjected to chemical cleaning and thermal annealing
cycles to eliminate surface impurities and residual thermal stresses.
The phase composition and structure of the obtained thin films
were investigated by x-ray diffraction analysis (Shimadzu XRD-
600). The x-ray structural studies described previously revealed a
polycrystalline structure for the obtained films [15]. The elemental
analysis of the samples was performed at several points on the thin
film surface using an OXFORD INCA Energy 350 energy-dispersive
spectrometer. The elemental composition analysis of the surface of
the obtained thin-film samples was performed by x-ray photoelec-
tron spectroscopy (XPS). XPS spectra (Phoibos 150, Specs) were re-
corded using a monochromatic AlK, x-ray source (1486.6 eV). The
binding energy was calibrated using the Cls signal at 285.0 eV.
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Atomic force microscopy (AFM, INTEGRA TS-150) was employed
to study the surface morphology of the thin films. Surface images
of the thin films were recorded in tapping mode using NSG10 series
silicon cantilevers with a resonant frequency of 323 kHz and a force
constant of 24 N/m. Processing of the obtained experimental data
and calculation of surface morphology parameters were performed
using Image Analysis 3.5 software.

3. RESULTS AND DISCUSSION

Two-dimensional (2D) and three-dimensional (3D) AFM images of
the surfaces of as-deposited ZnGa,0,:Cr and ZnGa,O,:Mn thin films
obtained by RF ion plasma sputtering on fused quartz (v-SiO,) sub-
strates are shown in Fig. 1.

A series of standard surface parameters, including root mean
square roughness (RMS), average roughness, mean grain diameter,
mean grain area and volume, grain height with maximum grain
count, coefficient of kurtosis, peak-to-peak, and surface skewness,
were determined from AFM images of ZnGa,0,:Cr and ZnGa,O,:Mn
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Fig. 1. Surface morphology images of as-deposited (a, ¢) ZnGa,0,:Cr and
(b, d) ZnGa,0,:Mn thin films obtained by RF sputtering on v-SiO, sub-
strates. Images (a) and (b) are 2D, while (¢) and (d) are 3D.
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TABLE 1. Surface morphology parameters of as-deposited ZnGa,O,:Mn and
ZnGa,0,:Cr thin films.

Parameter ZnGa,0,:Mn | ZnGa,0,:Cr
Root-mean-square roughness, S, nm 3,9 9,6
Average roughness, S,, nm 2.9 8.1
Mean grain diameter, D, nm 113 211
Mean grain area, S, nm? 4730 12100
Mean grain volume, V, nm? 11400 67600
Grain height with maximum grain count, 2, nm 13 11
Coefficient of kurtosis, S,, 6.4 2.3
Peak-to-peak, S,, nm 46.5 53.5
Surface skewness, S, 1.5 0.5

thin films over a 5000x5000 nm scan area. Characteristic parame-
ters calculated using the Image Analysis 3.5 software for as-
deposited ZnGa,O0,:Mn and ZnGa,0,:Cr thin films obtained by RF
sputtering on v-Si0O, substrates are summarized in Table 1.

As seen from the presented results, the dopant type has a signifi-
cant influence on the crystalline grain size and surface roughness of
the activated ZnGa,0O, thin films obtained by RF sputtering on v-
Si0, substrates. Analysis of the AFM images (Fig. 1) of as-deposited
ZnGa,0,:Cr and ZnGa,0,:Mn thin films shows that the films doped
with Cr®" ions are characterized by a coarser homogeneous structure
with well-defined large grains. In contrast, the films doped with
Mn?" ions exhibit a fine-grained surface morphology with thinner
needle-like grains on the surface. This is confirmed by the obtained
parameters of the crystalline grains on the surface of the investi-
gated ZnGa,0,:Mn and ZnGa,0,:Cr thin films (Table 1), as the grain
sizes of the ZnGa,0,:Cr films are significantly larger compared to
the crystallite sizes of the ZnGa,O,:Mn thin films. For instance, the
mean grain diameter of the ZnGa,0,:Cr thin films is of 211 nm,
whereas, for the ZnGa,0,:Mn films, it is of 113 nm, which is almost
twice as small as the mean diameter for the ZnGa,0,:Cr thin films.

In Ref. [16], it is noted that ZnGa,0O, can be considered as a com-
plex oxide consisting of ZnO and Ga,0O;, with a spinel structure of
the general chemical formula AB,0O,, where Zn®" ions occupy tetra-
hedral sites and Ga®" ions occupy octahedral sites. The authors of
that study note that while it is difficult for Mn*" ions to substitute
for Ga®" ions, they easily replace Zn®>" ions. The analysis was con-
ducted based on the calculation of the effective compensation coef-
ficient for ion substitution, ¢, the value of which was calculated
using the formula: ¢ =Z/r, where Z is the ion charge and r is its
effective radius [16]. The same study [16] also states that in
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ZnGa,0,, ions with similar effective radii substitute for each other
more easily; that is, Cr®" more readily replaces Ga?®’, while Mn?"
more easily substitutes for Zn?". It should also be taken into account
that the coordination number of the Zn?" cation in the tetrahedral
position is 4, while that of Ga®" in the octahedral position is 6 [17—
19]. In Ref. [20], it is stated that the ionic radii of Cr®*" and Ga®" in
octahedral coordination are nearly identical and are approximately
0.62 A. This makes the ZnGa,O, host matrix ideal for the incorpora-
tion of Cr®' ions without significant changes or stresses in the crys-
tal lattice structure. Since the charges of Zn** and Mn?" ions are
identical (isovalent substitution occurs), the ZnGa,0, structure does
not require additional charge compensation. This facilitates the ef-
fective substitution of Zn?" ions, which have a smaller ionic radius
(0.60 A), by Mn?" ions with a slightly larger ionic radius (0.66 A) in
the tetrahedral sites of the crystal lattice [21].

The data in Table 1, obtained from the AFM images of as-
deposited ZnGa,0,:Mn thin films (Fig. 1), indicate the formation of
a fine-grained morphology. This is most likely due to the occurrence
of local microstresses in the crystal lattice caused by the difference
in the ionic radii of Mn?*" and Zn?*‘, which limits crystallite growth
during the film deposition process. For the as-deposited ZnGa,0,:Cr
thin films, the Cr impurity predominantly substitutes for Ga, form-
ing a rougher surface with root-mean-square roughness (S,) of 9.6
nm and average roughness (S,) of 8.1 nm, which are approximately
2.5 and 2.8 times higher than the corresponding values for the as-
deposited ZnGa,0,:Mn thin films. Since the ionic radii of Cr®*" and
Ga®*' in octahedral coordination are nearly identical, the substitution
occurs without significant structural distortions. This facilitates
active grain growth and the formation of a well-developed surface
microrelief.

A statistical analysis of the surface roughness heights (the grains
that form the sample morphology) indicates that for a normal
(Gaussian) distribution, the S,/S, ratio equals 1.25 [22, 23]. As also
noted in Ref. [23], the height distribution of surface irregularities
for most engineering surfaces can be approximately described by a
normal (Gaussian) distribution with S,/S, ratio values up to 1.31.
Analysis of the obtained results showed that for the as-deposited
ZnGay,0,:Mn film, the S,/S, ratio is of 1.34, which exceeds the
value of 1.31. This indicates that the distribution does not follow a
normal pattern and points to a complex relief dominated by high
nanopeaks (Fig. 1). Analysis of the grains’ height distribution his-
tograms (Fig. 2) shows that for the as-deposited ZnGa,O,:Mn thin
films, a long ‘tail’ is observed toward larger height values, indicat-
ing the presence of extreme peaks (‘needles’) on the sample surface.
For the as-deposited ZnGa,0,:Cr thin films obtained by RF sputter-
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Fig. 2. Grain height distribution on AFM images of as-deposited (a)
ZnGay,0,:Mn and (b) ZnGa,0,:Cr thin films obtained by RF sputtering on u-
SiO, substrates.

ing on v-SiO, substrates, the S,/S, ratio is of 1.18. This value is
lower than the optimal value of 1.25 for a normal distribution, in-
dicating the formation of a more homogeneous structure and the
absence of random peaks. The height histogram for the as-deposited
ZnGa,0,:Cr thin films is characterized by a broad distribution of
grain heights with more complex shapes (Fig. 2).

For a more detailed assessment of the influence of dopant type on
the surface topology of the thin films, we analyze the values of the
surface skewness, S,,, and the coefficient of kurtosis, S,,. In studies
[28, 24], it is noted that the surface skewness parameter is sensitive
to isolated deep valleys or high peaks; accordingly, a symmetric
grain height distribution, which has an equal number of valleys and
peaks and corresponds to a normal distribution, has zero skewness.
Surfaces with the presence of high peaks exhibit positive skewness.
This parameter indicates the direction in which the height distribu-
tion is shifted relative to the mean line [24]. For the as-deposited
ZnGa,0,.:Mn and ZnGa,0,:Cr thin films obtained by RF sputtering
on v-Si0, substrates, the S, values are 1.5 and 0.5, respectively.
The surface skewness values for both samples are positive (S,, > 0),
indicating that the surface of both films is composed predominantly
of peaks (hills), i.e., crystallites protruding above the valleys. This
is more clearly observed for ZnGa,0,:Mn thin films, where the sur-
face morphology is determined by the presence of high nanostruc-
tures on the background layer, forming a needle-like structure. In
contrast, ZnGa,0,:Cr thin films exhibit a smoother, more homoge-
neous relief composed of larger grains.

To describe the distribution of sharp peaks above and below the
mean line when characterizing surface morphology images, the co-
efficient of kurtosis parameter, S,,, is used. In studies [23—25], it is
noted that at a value of S,, <3, the surface is characterized by a



496 I.1. MEDVID, I. Yo. KUKHARSKYY, I. 0. BORDUN et al.

smoothed structure, meaning the surface is formed by a large num-
ber of grains of average height with a relatively small number of
high peaks and deep valleys; such a distribution is termed platykur-
tic. If S,, >3, the surface is characterized by a relatively large
number of pronounced peaks, i.e., a ‘spiky’ shape, and the grain
height distribution is referred to as leptokurtic. A value of S,,=3
corresponds to an ideal normal (Gaussian) grain height distribution
[26]. The kurtosis coefficient values are in good agreement with the
above-analyzed characteristics and amount to 6.4 and 2.3 for the
surfaces of ZnGa,0,:Mn and ZnGa,0,:Cr thin films, respectively.
For the ZnGa,0,:Cr films, S,, <3 that indicates a smoother struc-
ture; that is, the film surface is formed by relatively gentle and
rounded grain tops without the presence of local sharp peaks. The
S,. value for the as-deposited ZnGa,0,:Mn thin films differs signifi-
cantly from the corresponding value for the as-deposited
ZnGa,0,:Cr thin films, indicating the influence of the dopant type
on the formation of surface morphology. The S,, parameter value
for as-deposited ZnGa,O,:Mn thin films is of 6.4, which is signifi-
cantly greater than 3. This indicates the presence of sharp and nar-
row peaks on the surface and corresponds to a leptokurtic distribu-
tion. According to Refs. [24, 25], the surface profile skewness S,
and the kurtosis coefficient S,, for a surface profile with N points
(grains) are calculated using the following formulas:

1 N 3
S = gt M

1 N 4
Sie = g7 2 ¥ @

where S, is the root mean square (RMS) surface roughness and y; is
the height of the profile (grains) at point i relative to the mean
line.

For the analysis of thin film surface morphology, statistical pa-
rameters such as grain count and grain size distribution (for in-
stance, distribution by grain diameter, area, or volume) are also
used. Grain count analysis of the surfaces of as-deposited
ZnGa,0,:Mn and ZnGa,0,:Cr thin films, obtained by RF sputtering
on v-Si0, substrates, revealed that Mn?"-activated films contain
nearly 3.4 times more grains per unit area compared to Cr®*'-
activated films. In addition to the dopant type, the molar concen-
tration of the dopant can also influence the formation of the sur-
face morphology. In study [27], SEM micrograph analysis shows
that the molar concentration of Cr®" ions influences the morphology
of ZnGa,0, nanopowders. An AFM study of the influence of dopant
concentration on the surface morphology of thin oxide films was
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conducted in Ref. [28].

Investigations of thin oxide film surface morphology, specifically
ZnGa,0,, demonstrate that thermal treatment of the studied sam-
ples results in modifications of the film surfaces. Important factors
in this process are both the temperature and the atmosphere in
which the thermal treatment of the films is carried out, since they
can differently influence the formation of thin film surface mor-
phology. A detailed analysis of the influence of the annealing at-
mosphere on the surface morphology and XPS spectra of
ZnGa,0,:Mn and ZnGa,0,:Cr thin films was carried out in Refs. [29]
and [30], respectively. The obtained results showed that the pres-
ence of thermal treatment has a significant effect on the size of
crystalline grains and the surface roughness of the films. It should
be noted that a similar situation is observed during RF sputtering
on amorphous v-Si0, substrates and for thin films based on B-Ga,04
[381, 32], where it is reported that thermal treatment leads to grain
growth due to processes of growth and sintering. In study [33], the
effect of annealing temperature on the surface morphology of
ZnGa,0, films was investigated, and it was shown that at high tem-
peratures annealing of thin films leads to the appearance of an ad-
ditional Ga,O; phase alongside the existing ZnGa,0, phase, since Zn
atoms diffuse out of the film surface during high-temperature an-
nealing. Investigations conducted in Ref. [34] demonstrated that
the surface morphology of ZnGa,0, thin films is also influenced by
the sample preparation technique.

For the analysis of surface morphology, the parameter of peak-to-
peak, S,, is used. It characterizes the maximum height of the pro-
file or surface and is defined as the vertical distance between the
highest point (peak) and the lowest point (valley) within the scan-
ning area [25, 35]. For the as-deposited ZnGa,0,:Cr and ZnGa,0,:Mn
thin films obtained by RF ion-plasma sputtering on amorphous
fused quartz (v-SiO,) substrates, the S, values are 53.5 nm and 46.5
nm, respectively. This confirms that the ZnGa,0,:Cr thin films are
formed from flatter grains of a larger size, whereas the surface of
the ZnGa,0,:Mn thin films exhibits higher peaks (grains).

It is interesting to compare the obtained results with the results
of the study of the surface morphology of ZnGa,0,:Cr and
ZnGa,0,:Mn thin films obtained by RF ion-plasma sputtering on
fused quartz (v-SiO,) substrates and annealed in air atmosphere.
Two-dimensional (2D) and three-dimensional (3D) AFM micrographs
of the surface morphology of ZnGa,0,:Cr and ZnGa,0,:Mn films af-
ter thermal treatment in air atmosphere are shown in Fig. 3.

The statistical standard parameters calculated on the basis of
AFM images of the surface morphology of ZnGa,O,:Mn and
ZnGa,0,:Cr thin films after thermal treatment in air atmosphere for



498 I.1. MEDVID, I. Yo. KUKHARSKYY, I. 0. BORDUN et al.

Z axis, um

-
1.0 20 3.0 40 1.0 20 3.0 40
X axis, ym X axis, um
a

Z axis, um

Fig. 3. Surface morphology images of (a, ¢) ZnGa,0,:Cr and (b, d)
ZnGa,0,:Mn thin films obtained by RF sputtering on v-SiO, substrates af-
ter thermal treatment in air atmosphere. Images a and b are two-
dimensional, while ¢ and d are three-dimensional.

areas of identical size (56000x5000 nm) are presented in Table 2.
Investigations on the influence of the annealing atmosphere on
the formation of the surface morphology of ZnGa,0,:Cr and

TABLE 2. Surface morphology parameters of ZnGa,0,:Mn and ZnGa,0,:Cr
thin films after thermal treatment in air atmosphere.

Parameter 7ZnGa,0,:Mn | ZnGa,0,:Cr

Average roughness, S,, nm 5.0 3.4
Root-mean-square roughness, S,, nm 6.2 4.4
Mean grain diameter, D, nm 274 316
Mean grain area, S, nm? 23900 30400
Mean grain volume, V, nm? 65700 115000
Grain height with maximum grain count, 4, nm 18 12
Coefficient of kurtosis, S,, 2.97 5.0
Peak-to-peak, S,, nm 43.9 38.9

Surface skewness, S, 0.4 0.9
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ZnGa,0,:Mn thin films, conducted in Refs. [29, 30], showed that
annealing stimulates grain boundary migration and promotes the
coalescence of some grains during the thermal treatment process of
the thin films. At high annealing temperatures, Zn atoms diffuse
from the film surface [31], while grains with lower surface energy
grow through the grain growth process. However, for the investi-
gated samples, annealing in air atmosphere affects the formation of
the surface morphology differently, which may be related to the
fact that Mn®" ions substitute Zn*" ions, whereas Cr®" ions more eas-
ily replace Ga®" ions. ZnGa,O,:Mn thin films after annealing in air
atmosphere are characterized by an almost ideal normal distribution
of grain heights, since the S,, value is of 2.97 and the S,/S, ratio is
of 1.24, which indicates the relaxation of sharp peaks typical for
the as-deposited films. The set of values of the parameters S, S,
D, S, V, and S, confirms significant uniform grain growth perpen-
dicular to the film surface. For the annealed ZnGa,0,:Cr thin films,
the D, S and V values are significantly larger than those for the
annealed ZnGa,O,:Mn films are; however, the S, S, and S, values
are smaller, which indicates planar grain growth, i.e., parallel to the
film surface. The large S,, value indicates the presence of individ-
ual dominant peaks on the surface of the annealed ZnGa,0,:Cr thin
films. For the annealed ZnGa,0,:Cr and ZnGa,0,:Mn films, the S,
value is positive, which indicates that the surface of both films is
formed by predominant peaks (hills) rather than valleys. Mn*" and
Cr®' ions, substituting for Zn®*" and Ga®" ions in the tetrahedral and
octahedral sites of the ZnGa,0, structure, respectively, exert differ-
ent influences on the processes of nucleation, grain growth, and
diffusion during high-temperature annealing. This leads to signifi-
cant differences in the surface morphology of the thin films both
before and after thermal treatment at 1000°C in air atmosphere.

4. CONCLUSIONS

It was established that RF ion-plasma sputtering on amorphous v-
SiO, substrates yields ZnGa,0,:Cr and ZnGa,O,:Mn thin films
formed of nanometer-sized grains. The influence of the activator
type, Mn®*" and Cr®", on the formation of the surface morphology of
as-deposited and annealed ZnGa,0,:Cr and ZnGa,O,:Mn thin films in
air atmosphere at 1000°C has been analyzed. As established, the ac-
tivator type significantly affects the growth behaviour of the films.
The as-deposited ZnGa,0,:Cr thin films are characterized by a
coarse-grained structure with a large mean grain diameter of 211
nm and a root-mean-square surface roughness of 9.6 nm. During
growth, the ZnGa,0,:Mn thin films are formed of grains with an
average diameter of 113 nm and a root-mean-square surface rough-
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ness of 3.9 nm, exhibiting a surface with a large number of sharp
nanopeaks. Analysis of the surface skewness and coefficient of kur-
tosis parameters showed that the as-deposited ZnGa,O,:Mn thin
films are characterized by a leptokurtic distribution of grain
heights, whereas the surface of the ZnGa,0,:Cr films is smoother
and exhibits a platykurtic distribution. It is proposed that the sub-
stantial differences in the surface morphology of ZnGa,O,:Mn and
ZnGa,0,:Cr thin films, both before and after thermal treatment at
1000°C in air atmosphere, are due to the fact that the Mn®*" and Cr®*"
activator ions occupy the oxygen-coordinated tetrahedral and octa-
hedral sites of the Zn*" and Ga®" ions, respectively, in the ZnGa,O,
spinel structure; consequently, they differently affect crystal lattice
distortion, nucleation, grain growth and sintering processes, as well
as Zn*" ion diffusion during high-temperature annealing.
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