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Abstract 
The paper investigates the influence of the deposition temperature on the morphology and structural-phase composition 
of the ZnO-based substrate material with a thickness of over 50 μm during the magnetron sputtering of hot ceramic targets.
The study revealed the influence of the deposition temperature on the growth rate, morphology, and structural parameters 
of the ZnO single crystal precipitate. It was shown that the ZnO deposition rates during the spluttering of hot ceramic 
targets were ultra-high (up to 1.5 μm/min). The authors propose a method for the formation of both smooth and microporous 
ZnO-based substrate materials without using template technologies.
The results obtained in the work can be widely used in optoelectronics and nitride technologies.
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1. Introduction
Many modern optoelectronic devices, in 

particular white LEDs, are based on nitride 
technologies. The main components of white 
LEDs are blue-light emitting LEDs [1,2] and 
phosphors that convert blue-light quanta into 
quanta of lower energy [3, 4]. A typical example 
of a blue LED is the multi-layer InGaN/GaN 
heterostructure with an active region based on 
multiple InGaN quantum wells [5]. Significant 
disadvantages of such structures reducing the 
light yield efficiency are background impurities, 
high density of lattice defects, and mechanical 
stresses affecting the parameters of the band 
structure. Structural defects and stresses are 
associated with discrepancies between the 
crystallographic parameters of nitride growth 
structures and sapphire substrates. Also, total 
internal reflection leading to photon scattering 
results in a decrease in the efficiency of light-
emitting devices. Background impurities are 
almost impossible to eliminate due to the specific 
features of the method of organometallic vapor-
phase epitaxy, while defects and stresses can be 
reduced by using “native” substrates for nitride 
compounds. Currently, widespread use of “native” 
gallium nitride substrates is not possible due to 
their high production costs. Therefore, it appears 
to be promising to use a ZnO-based substrate 
material (a gallium nitride isostructural material). 
Despite the minimal discrepancies between 
the parameters of ZnO and GaN (less than 2% 
[6]), the production of bulk ZnO single crystals 
is also expensive, however, ZnO film synthesis 
technologies are simple and affordable. To use 
ZnO films as a substrate material, their sufficient 
thickness should be at least tens of micrometers. 
Conventional thin-film technologies for gas-
phase, magnetron deposition, laser ablation, etc. 
are characterized by relatively low growth rates 
and are not designed to produce bulk substrate 
material.

In this paper, the technology of magnetron 
sputtering of hot zinc oxide ceramic targets 
was used to obtain thick ZnO layers, i.e. a ZnO 
target, thermally insulated from the water-
cooled magnetron base, was sputtered. It should 
be noted that the hot sputtering technology is 
mainly used for sputtering single-component 
metal targets [7,8]. In addition, it is known [9] that 

oxide or nitride films are formed by sputtering 
hot metal targets in the corresponding gaseous 
medium. In this regard, studies dedicated to the 
sputtering of multicomponent ceramic targets 
at a high discharge power are very relevant. The 
main problem is associated with the difficulty 
of building a model for sputtering of “hot” 
ceramic targets. In contrast to the cooled target 
sputtering, cascade sputtering is accompanied by 
interconnected processes of radiation-enhanced 
diffusion of atoms, leading to the formation 
of growths on the surface of the target, and 
microparticle emissions characteristic of shock-
evaporation processes. Due to the inhomogeneity 
of the gas phase, the study of deposition processes 
and their dependence on technological parameters 
(discharge power, pressure of the working gas, 
and substrate temperature) is important and of 
scientific novelty. It is challenging to consider all 
parameters at the same time, so at this stage only 
the temperature of the substrate was changed. Our 
first results on the sputtering of hot ZnO ceramic 
targets were published earlier [10]. Studies showed 
that at a sufficiently high temperature of the 
substrate of 900 °C, epitaxial films were formed 
with an ultra-high rate of about 0.9 μm/min, which 
is uncommon for thin-film technologies. What is 
more, the films had a developed micromorphology 
and characteristic hexagonal microcrystals up 
to several micrometers in size were isolated on 
the surface. It should be noted that reducing the 
deposition temperature is a priority that meets 
the requirements of energy efficiency. A decrease 
in the deposition temperature under conditions 
of high discharge power and, as a result, high 
inhomogeneity of the ionized gas phase, can 
lead to radical changes in the growth processes. 
This work studies the influence of the deposition 
temperature on the morphology and structural-
phase composition of the ZnO-based substrate 
material with a thickness of more than 50 μm 
during the magnetron sputtering of hot ceramic 
targets.

2. Experimental
Chemically and mechanically polished 

R-plane of a sapphire was used as a substrate. 
ZnO films were precipitated by magnetron 
sputtering with a cut-off of the cooling mode as 
described in [10], under the following conditions: 
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type I: temperature 750 °C, oxygen atmosphere, 
pressure 1 Pa, discharge current strength 500 mA, 
deposition time 35 min; type II: temperature 
830  °C, oxygen atmosphere, pressure 1 Pa, 
discharge current strength 500 mA, deposition 
time 2 h. Samples obtained at a temperature of 
900 °C (type III) were used for comparison [10].

X-ray diffraction (XRD) was used for structural 
studies of the films. X-ray diffraction patterns 
were recorded with Bragg-Brentano geometry 
using an Empyrean diffractometer manufactured 
by PANalytical (Netherlands). The study involved 
using copper anode radiation (CuKa2 = 1.54 Å). 
Electron microscopic studies of the cross-
section of the sample were carried out on a Jeol 
NEOSCOPE 2 (JCM-6000) scanning electron 
microscope (SEM).

3. Results and discussion
During the hot ceramic target sputtering, the 

target is heated, which results in the formation 
of growths of various morphologies on the target 
surface. These growths are further destroyed by 
micro-arcs, as a result of which both ionized 
components and their microparticles enter the 
gas phase. The large mass of the microparticles 
restricts their diffusion activity on the growing 
surface. In addition, it is necessary to take into 
consideration that the adsorbed microparticles 
can melt. The melting point in thin layers is 
lower, and the Tammann temperature (Tt) can be 
used as a rough estimate [11]: Tt ≈ (0.3–0.5) T0, 
where T0 = 1,975 °C, the melting point of bulk 
ZnO. The vibration spectrum of the atoms on the 
crystal surface differs from their bulk spectrum. 
The oscillation amplitude of atoms located on 
the surface is always much higher than in bulk. 
It was established that for a wide class of single 
crystals of metals and semiconductors, the Debye 
temperature TD, at which all vibrational modes 
in a solid are excited, for the surface phase, 
decreases to the values of about 0.5 TD [12]. For 
ZnO, the value of TD is about 100 °C [13] and at 
low temperatures, a significant weakening of 
the elastic harmonic forces in the near-surface 
layers of ZnO can be expected. Therefore, at 
the precipitation temperatures of 700–900 °C 
studied in the work, the processes of precipitate 
nucleation and growth cardinally depended on 
the temperature of the substrate.

The thickness of the ZnO film on the R-plane 
of the sapphire measured by SEM was 53.6 
μm. The average growth rate of ZnO films 
was about 1.50 μm/min, which is a high rate 
comparable to the growth rate of ZnO uniaxial 
microcrystals (monocrystalline whiskers). The 
high rate was achieved due to the emission 
of microparticles from the surface of the hot 
target and their incorporation in a growing film 
according to the “liquid-crystal” mechanism 
[10]. The surface of the ZnO film was rough and 
morphologically heterogeneous (Fig. 1a) with 
individual microcrystallites of different shapes.

During the next stage, the ZnO film easily 
separated from the sapphire substrate. This 
was facilitated by a significant (more than 10 
times) difference in the coefficients of thermal 
expansion of ZnO and sapphire and a sufficiently 
large thickness of the ZnO film. According to the 
SEM data, the lower (reverse) surface of the film 
(Fig. 1b) adjacent to the surface of the substrate 
during growth was cardinally different from 
the upper surface, which was loose. The lower 
surface was a honeycomb-like structure with 
linear sizes of its pores of 3-10 μm and a depth 
of up to 5 μm. The thickness of the pore walls 
was several micrometers (1-2 μm), which allows 
characterizing them as microwalls. The pore 
shape was predominantly trigonal. There were 
fewer pores of hexagonal shape and they were 
often compressed along one of the diameters of 
the hexagon. In addition, the microwalls had a 
multilayer structure.

The diffraction reflections in the XRD 
images (Fig. 2a) corresponded to the hexagonal 
(wurtzite) phase of ZnO (JCPDS card. No 36-1451). 
The ZnO film on both front and back sides was 
textured along direction [0001]. The XRD curve 
recorded on the back of the film had reflections 
associated with parasitic [103] crystallites. The 
parameters of the ZnO lattice calculated from the 
XRD data differed significantly for the two sides of 
the film. Parameters d001 = 2.61 Å and d103 = 1.48 Å 
for the porous part of the film were close to the 
standard (d001 = 2.60 Å and d103 = 1.477 Å). Taking 
into consideration the low-intensity asymmetric 
reflexes on the diffraction pattern of the smooth 
front side of the film, parameters d001 =2.56 Å and 
d110= 1.610 Å were calculated, which appeared to 
be smaller than the standard (d001 = 2.60 Å and 
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d110 = 1.6245 Å). The unit cell volume V = 45.97 Å3 
was also smaller than the unit cell volume of the 
standard V = 47.58 Å3, however, the decrease was 
mainly due to compression along axis ‹0001›.

During the epitaxial deposition of ZnO on the 
R-plane of the sapphire, due to the structural and 
geometric similarity of the lattices, the following 
epitaxial ratio is usually realized: A(110)ZnO || 
R -sapphire, with ZnO axis [001] located in the 
plane of the sapphire surface [14]. In our case, 
[110]-oriented ZnO crystallites were absent due 
to the specifi c features of hot target sputtering 
(emission of microparticles) and the peculiarities 
of nucleation at low diffusion mobility of clusters. 
The ZnO fi lm was growing along energetically 

favorable direction [001]. It is known [15] that 
[001]-textured ZnO fi lms grow quite easily even 
on non-orienting substrates. Parasitic [103] 
crystallites of ZnO are usually observed in fi lms 
growing at high rate [16]. The ZnO hexagonal 
structure of the wurtzite type had a six-fold 
symmetry. This was due to the formation of 
hexagonal and trigonal pores. ZnO clusters 
deposited on the R-plane of the sapphire self-
organized along the directions with the highest 
linear density of atoms and in accordance with 
the symmetry of the wurtzite structure (Fig. 
2b). What is more, the lattice points formed a 
rectangle (almost a square) with sides of 4.76 
and 5.12 Å, which explains the distortions of the 

а                                                                                                b
Fig. 1 Electron microscopic images of ZnO type I fi lm: upper (a) and lower (b) surfaces

а                                                                                                b
Fig. 2. a – X-ray diffraction patterns recorded from the upper (curve 1) and lower (curve 2) sides of the type I 
ZnO. b – scheme of the initial ZnO layers growth on the R-plane of the sapphire
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shape of the growing hexagonal and trigonal 
ZnO structures. Thus the fi rst layer was formed 
and the subsequent ones were deposited on the 
previous one, forming a multilayer structure 
of the pore walls. It should be noted that the 
lattice parameters complied with the standard. 
The resulting honeycomb-like microstructure 
of the fi lm confi rmed a predominant emission 
of clusters from the surface of the overheated 
ZnO target. Adsorbed atoms and clusters, due 
to their diffusion activity, formed a continuous 
precipitate. The self-organization of ZnO 
microparticles on the sapphire surface must 
be mostly due to their Coulomb interaction, 
however, this needs to be studied in more detail. 

The situation was different for the front side 
of the film. A significant compression of the 
Zn lattice and high stresses combined with the 
visually orange-brownish coloring of the fi lm 
indicated a high concentration of structural 
defects, in particular oxygen vacancies. There 
was a high likelihood of oxygen defi ciency in the 
clusters emitted by the target. Since a signifi cant 
compression of the lattice was observed along 
axis ‹0001›, it can be assumed that the ultra-high 
growth rate of ZnO fi lms was due to the layering 
of oxygen-defi cient clusters and the lag in the 
ordering process. Whereas a small deviation in 
azimuthal parameter a was associated with the 
high lateral activity of adatoms and clusters, 
supported by the high temperature of the 
substrate, which contributed to the partial fi lling 
of oxygen vacancies, interatomic interaction, and 
ordering.

With an increase in  the deposit ion 
temperature to 830 °C, the growth rate decreased 
to 0.85 μm/min. According to the SEM data, the 
thickness of the sample was 102 μm. The fi lm 
had good adhesion to the substrate and did not 
peel off. The study of the morphology of the fi lm 
section confi rmed the columnar microstructure 
characteristic of ZnO synthesized at a high 
rate. The axis of the columnar microstructure 
deviated from the normal to the substrate 
plane, which was obviously associated with the 
direction of the shortest distance to the source 
(target). On the surface (Fig. 3) and in the fi lm’s 
bulk, there were penetrating micropores with a 
diameter of up to 10 μm. The elements of the 
columnar structure were formed by fl at ZnO 
с-crystallites layered on top of each other. The 
high intensity of the incoming clusters created 
conditions in which, as a whole, the normal 
[17] growth of the ZnO precipitate prevailed. 
What is more, the formation of faceted flat 
microcrystals indicated a suffi cient temperature 
for epitaxial deposition. However, there were 
no direct indicators of cluster melting at the 
adsorption stage.

According to X-ray diffraction data, a highly 
textured c-oriented ZnO film was formed 
during the deposition process. The parameters 
d001 = 2.61Å of the ZnO type II fi lm were close to 
the standard (d001 = 2.60 Å). After the chemical-
mechanical polishing, the surface of the ZnO fi lm 
was smoothed to roughness values below 5 nm 
(Fig. 4). During the treatment, about 20 μm was 
stripped. The porosity remained at the level of 

Fig. 3 Electron microscopic images of ZnO type II fi lm Fig. 4. Electron microscopic image of the surface of 
the ZnO type II fi lm after chemical-mechanical po-
lishing
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106 cm–1, which confirms the penetration of pores 
into the film bulk.

For comparison, the average growth rate of the 
type III film [10] was about 0.9 μm/min. It can be 
concluded that after the deposition temperature 
was increased to above 800 °C, the growth rate 
practically did not change. At these temperatures, 
the quality of the ZnO film was significantly 
improved, and the mechanisms of epitaxial 
deposition, azimuthal orientation of clusters were 
triggered. However, at higher temperatures, there 
were signs of cluster melting. Apparently, the 
deposited clusters came into thermal equilibrium 
with the substrate. The formation of hexagonal 
microparticles indicated that the crystallization 
mechanism proceeded under equilibrium 
conditions through the liquid phase of the initial 
microparticles melting. A decrease in the porosity 
of films at high deposition temperatures may also 
be associated with melting processes.

4. Conclusions
The paper investigated the influence of the 

deposition temperature during the magnetron 
sputtering of hot ZnO targets on the morphology 
and structural-phase composition of the ZnO 
substrate material. The growth rate of the ZnO 
single crystal precipitate at a precipitation 
temperature of 830 °C was 0.85 μm/min. The ZnO 
precipitate had a columnar microstructure and 
a developed surface with isolated pores with a 
density of less than 106 cm-1 and linear dimensions 
of up to 10 μm. After chemical-mechanical 
polishing, the surface of the ZnO precipitate was 
smoothed to roughness values below 5 nm and 
the porosity still remained. With a decrease in the 
deposition temperature to 750 °C, the growth rate 
increased to 1.5 μm/min and the film easily peeled 
off the sapphire substrate. The upper surface of 
the film was heterogeneous: a smooth surface had 
microcrystals of various shapes. The lower surface 
of the film had a microporous structure with the 
following parameters: Pores with a size of up to 
10 μm and multilayer pore walls with a thickness 
of 1–2 μm. All ZnO films were textured along [001]. 
With an increase in the deposition temperature, 
the epitaxial quality of the films increased.

The paper demonstrated that the ZnO 
deposition rates during the spluttering of 
hot ceramic targets were ultra-high (up to 

1.5 μm/min). The obtained samples of ZnO films 
with a thickness of more than 50 μm can be used 
as a substrate material in microelectronics to 
manufacture light-emitting devices. Microporous 
films were obtained for the first time without 
any special surface pretreatment and template 
technologies. Microporous structures may be 
used for photonic applications: pores may be 
filled with various fluorescent fillers. In addition, 
the ZnO luminescence spectrum has two main 
bands: a narrow band-edge luminescence in the 
region of 380–390 nm and a relatively wide band 
of visible luminescence, often characterized by 
a maximum of 490–530 nm in the green range. 
Provided that pores are filled with a material with 
luminescence in the blue region, microporous 
ZnO can be a very promising source of white light.
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