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Abstract—The features of the interpretation of the spectral dependence of the luminescent properties of ZnO
films on sapphire are presented. ZnO films of various thicknesses obtained in an oxygen atmosphere at vari-
ous substrate temperatures, including the stage of recrystallization annealing, are considered for a compre-
hensive analysis. It is shown that, in the cathodoluminescence spectrum of thin ZnO films obtained at a low
substrate temperature, only the red (650–1000 nm) band of the sapphire substrate is observed, and the lumi-
nescence of the ZnO film is suppressed by excessive defectiveness. Prolonged recrystallization annealing
results in improved quality of thin ZnO films and the appearance of a wide (430–740 nm) band in ZnO. With
an increase in the substrate temperature and film thickness, only the bands associated with ZnO are revealed
in the cathodoluminescence spectra: an edge luminescence band (with maximum at 390 nm) and a red band
(at 500–950 nm with a maximum near the region of 710 nm) associated with charged vacancies of zinc.
Focusing the beam leads to local heating of the sample and an increase in the concentration of interstitial
zinc. Related to this is the shift of the edge luminescence band to the 410 nm region, as well as blue mixing of
the band of defect luminescence.
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INTRODUCTION

Interest in zinc oxide (ZnO), owing to the unique
combination of optical, electrical, and piezoelectric
properties, with its high radiation and thermal resis-
tance and commercial availability, not only does not
fade away, but is constantly expanding. One of the new
promising directions is the use of ZnO as an ultrafast
detector material [1] for ionizing and ultraviolet (UV)
radiation. There are two components in the ZnO radi-
ation spectrum: edge luminescence located near the
fundamental absorption edge (380–400 nm) with a
characteristic emission time of less than 1 ns and green
luminescence associated with defects with a maximum
in the range of 450–650 nm and slow decay kinetics.
In view of this, ultrafast detectors and scintillators
require perfect bulk ZnO crystals; however, the main
method of hydrothermal synthesis used today for
growing large perfect single crystals of ZnO [2] does
not provide the required performance. Thin films are
an alternative to bulk crystals. The main substrate
material for obtaining thin-film structures based on
ZnO is sapphire owing to its hardness, chemical resis-
tance, optical transparency in a wide wavelength

range, and also the industrial scale of production.
There are many works [3–5], as well as review studies
[6], devoted to the growth of zinc oxide on sapphire
substrates of various orientations and to the study of its
electrophysical and optical properties. The technology
of forming ZnO films with specified electrophysical
properties is sufficiently developed, whereas the
nature of many luminescence centers in ZnO has no
unambiguous interpretation. The same applies to the
centers of luminescence in sapphire. Meanwhile, for
the use of ZnO films on sapphire in the technology of
detecting ionizing and UV radiation, it is necessary to
study the luminescent properties using various exci-
tation methods, for example, X-ray luminescence
(XL), photoluminescence (PL), and cathodolumines-
cence (CL). At the same time, it should be borne in
mind that the position and shape of the luminescence
emission band depend on the method of excitation,
and modification of the material during irradiation is
also possible. In addition, it is known that, with such
methods as XL and CL, which have a much higher
energy than PL, irradiation penetrates not only into
the film but also into the substrate and can also lead to
local overheating of both. As a result, the interpreta-
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Fig. 1. CL spectra of the sample of type I at accelerating
voltage of 40 kV: (1) initial sample; (2) sample after recrys-
tallization annealing.
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tion of the obtained luminescence spectra is difficult
since the problem of separating the spectral depen-
dences of the luminescent properties of the ZnO film
and the sapphire substrate arises.

The purpose of this work is to consider the inter-
pretation of the spectral dependence of the lumines-
cent properties of ZnO films on sapphire using the
example of cathodoluminescence spectra under vari-
ous excitation modes. ZnO films of various thick-
nesses obtained at different temperatures before and
after the stage of recrystallization annealing are used
for comprehensive analysis.

EXPERIMENTAL

Sapphire wafers with a diameter of 50.8 mm and a
thickness of 0.43 mm were used as substrates. The
angle of deviation from the R (012) plane was ~0.15°.
Both surfaces of the wafers were polished: one by a
mechanochemical method to obtain an extremely low
roughness, and the second by a mechanical method to
obtain an optically transparent surface. The wafers
were annealed at a temperature of 1200°C for 1 h and
then cut into several parts. A gold sublayer was depos-
ited on the surface of the wafers to improve the crystal
quality of ZnO films [7, 8]. ZnO films were deposited
on a VATT AMK-MI automated magnetron complex
(OOO FerriVatt, Kazan) at the following deposition
parameters: type I—substrate temperature Тs was
650°С, discharge current was 100 mA, time was 20 min,
oxygen pressure was 10°–2° mm Hg, and film thick-
ness was 2.4 μm; type II—substrate temperature Тs was
850°С, discharge current was 100 mA, time was 4 h,
oxygen pressure was 10°–2° mm Hg, and film thick-
ness was 24.4 μm. The thickness was determined by
measuring the profile of the groove in the film using
probe microscopy. At the next stage, films of type I
were additionally subjected to prolonged recrystalliza-
tion annealing in a muffle furnace at Тs = 850°С under
INORGANIC MATE
atmospheric conditions. The study by reflection high-
energy electron diffraction (RHEED) and the exci-
tation of cathodoluminescence (CL) in the films was
carried out by an electron beam of an EG-75 electrono-
graph, the electron energy of which was 40 and 70 kV,
with focusing (designation—focus) and defocusing
(hereinafter, without designation).

RESULTS AND DISCUSSION
In the process of deposition, samples of type I and

type II were obtained. According to the RHEED data,
the sample of type I was weakly textured, and the
structure was closer to a polycrystalline one. After
recrystallization annealing at Тs = 850°С, a significant
improvement in the structure occurred, but complete
epitaxy was not achieved. According to the RHEED
data, the sample of type II was epitaxial and oriented
relative to the substrate. In the CL spectrum of the
sample of type I (Fig. 1, curve 1) obtained at an accel-
erating voltage of 40 kV, only a wide band was observed
in the 650–1000 nm range with a maximum in the
780 nm region. After annealing, the CL spectrum was
radically transformed (Fig. 1, curve 2): a wide band
appears in the 430–650 nm range with oscillations, as
well as a plateau in the 650–740 nm range and a band
in the 740–1000 nm range with two peaks at 760 and
840 nm. Both curves show a weak peak at 694 nm.
Also in Fig. 1, curve 2, there are weak satellite peaks in
the vicinity of the 694 nm peak. The CL spectra of the
sample of type II (Fig. 2, curves 1 and 2) at accelerat-
ing voltages of 40 and 70 kV were identical: a narrow
band in the region of the edge emission of 380–410 nm
with a maximum at 390 nm and a wide band in the
range of 500–950 nm with a maximum at 710 nm. The
full width at half maximum of the edge luminescence
peak was 200 meV. The CL spectrum of the sample of
type II at an accelerating voltage of 70 kV with focusing
(Fig. 2, curve 3) was characterized by a shift of the
peak of the edge emission band by 20 nm and a shift of
the maximum of the wide band to the region of
650 nm, as well as a decrease in its intensity. The full
width at half maximum of the peak of the edge lumi-
nescence was 330 meV.

First of all, attention should be paid to the features
that are revealed in ZnO films deposited under condi-
tions of excess oxygen. There is a high probability of
the presence of defects such as zinc vacancies VZn and
interstitial oxygen Oi. The luminescence peaks in the
spectral dependence for them should be at the posi-
tions of 520 and 626 nm, according to [9, 10]. The
presence of defects of the OZn type is also likely, the
peak of which lies in the region of 520 nm [12]. It is
difficult to distinguish these defects in the spectral
dependences (Figs. 1 and 2), since they lie in a wide
band of the so-called defect (green) luminescence of
ZnO. However, they can play an important role in the
transformation of CL spectra during external impact
and recrystallization. It should be noted that there are
RIALS: APPLIED RESEARCH  Vol. 12  No. 2  2021
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Fig. 2. CL spectra of the sample of type II at different
accelerating voltages: (1) 40, (2) 70, and (3) 70 kV with
focusing.
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no defects of the VO type on the initial films (Fig. 1,
curve 1; Fig. 2, curves 1–3), which have the lowest
energy of formation and are usually present in ZnO
films in thermodynamic equilibrium. Growth under
conditions of excess oxygen shifts the stoichiometry in
the ZnO films toward excess oxygen.

In the initial film of type I (Fig. 1, curve 1), there is
no luminescence of the ZnO film itself because of its
low crystal quality. This is the well-known effect of
quenching luminescence due to the excessive content
of defects. At the same time, we have a wide red lumi-
nescence band of the sapphire substrate owing to the
high energy of electrons. The main peak at 694 nm
corresponds to the R line of impurity of chromium,
which is almost always present in sapphire crystals.
The satellites in the vicinity of the 694 nm peak (Fig. 1,
curve 2) can be characterized as anti-Stokes phonon
satellites and oscillatory repetitions of the R line [13].
A wide band in the range of 650–1000 nm with a max-
imum in the region of 780 nm is associated with the
presence of trivalent titanium ions in sapphire, as well
as with the Jahn–Teller splitting of the ground state
[14]. This is especially noticeable in Fig. 1, curve 2, in
the form of two humps at 760 and 840 nm. The reso-
lution of these peaks and an increase in the intensity of
the red luminescence band of the sapphire substrate
also indicate an improvement in the crystal quality of
ZnO films of type I after recrystallization annealing.
Integral scattering on numerous defects present in the
bulk of the initial ZnO film is significantly reduced
after its annealing. The presence of a plateau in the
range of 650–740 nm (Fig. 1, curve 2) is associated
with the luminescence of defects formed under condi-
tions of an excess content of oxygen atoms during
annealing and improvement of the film quality. The
appearance of a wide band in the region of green lumi-
nescence also attracts attention. Apparently, anneal-
ing at 850°С for a long time leads to intense desorption
of oxygen and a rearrangement of the structure of
defects in ZnO films, the appearance of defects such
as VO and ZnO, and transitions of the shallow donor–
acceptor type associated with oxygen. The presence of
oscillations is associated with the rearrangement of the
micromorphology of the film as a result of annealing.
The initial film with a buffer layer of gold was obtained
at a relatively low temperature. Further prolonged
recrystallization annealing at high temperatures leads
to coagulation of gold atoms at the film–substrate
interface and to the oriented growth of ZnO crystal-
lites associated with them. As a result, a close to plane-
parallel structure of the ZnO film is formed, operating
under sliding irradiation according to the Fabry–Perot
principle. It should be noted that the narrow band of
edge luminescence intrinsic to high-quality ZnO films
did not appear after annealing (Fig. 1, curve 2).

In the CL spectrum (Fig. 2, curves 1–3) of the film
of type II, the bands responsible for the sapphire sub-
strate were absent, which is associated with the thick-
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
ness of the ZnO film. A band of edge luminescence
characteristic of epitaxial ZnO films with a full width
at half maximum of 200 meV is observed. As expected,
its intensity increases with an increase in the acceler-
ating voltage from 40 to 70 kV. At the same time, atten-
tion is drawn to the so-called orange-red band in ZnO,
which is present in the CL spectrum with a maximum
at 710 nm. According to the results of [15], this peak is
associated with vacancies of charged zinc and is not
associated with an impurity of nitrogen. This is also
supported by an increase in the intensity of the peak
with an increase in the accelerating voltage from 40 to
70 kV. However, more interesting effects occur when
the electron beam is focused, leading to local over-
heating in the region of the spot. First of all, attention
is drawn to the shift of the edge luminescence maxi-
mum to the region of 410 nm, as well as its broadening
(full width at half maximum is 330 meV). As is known
[16], the peak in this region is associated with defects
of the Zni type. In this case, the increase of Zni defects
is associated with local overheating under the action of
a focused electron beam, as evidenced by the broaden-
ing of the edge luminescence band. The energy of the
formation of oxygen vacancies VO is less than the
energy of the formation of Zni, and when heated, the
oxygen is intensely desorbed from the surface of the
ZnO film. However, excess oxygen atoms over stoichi-
ometry located in interstices fill the formed oxygen
vacancies because their diffusion activity increases
many times upon heating. Related to this is the
absence of peaks in the range of 490–500 nm in the
CL spectra (Fig. 2). In addition, local heating of the
sample leads to a narrowing of the band gap in ZnO,
which can also be a reason for the shift of the edge
luminescence maximum to the 410 nm region.

It remains unclear how the wide band of red lumi-
nescence of ZnO is suppressed when the beam is
focused. Perhaps this occurs owing to the temperature
quenching of the CL in this region or to the redistribu-
 12  No. 2  2021
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tion of the excitation energy. Nevertheless, the shift of
the maximum of the red band to the region of 650 nm
can be associated with the so-called “blue” [16] shift
of luminescence observed with an increase in the sam-
ple temperature.

CONCLUSIONS
The features of the interpretation of the spectral

dependence of the luminescence properties of ZnO
films on sapphire were presented using the example of
cathodoluminescence spectra at different excitation
energies. ZnO films of various thicknesses obtained in
an oxygen atmosphere at various substrate tempera-
tures including the stage of recrystallization annealing
were considered for a comprehensive analysis.

It was shown that, in the cathodoluminescence
spectrum of thin ZnO films obtained at a low substrate
temperature, only the red (650–1000 nm) band of the
sapphire substrate is observed, while the luminescence of
the ZnO film is suppressed by excessive defectiveness.

Prolonged recrystallization annealing improves the
quality of thin ZnO films and leads to the appearance
of a wide (430–740 nm) band in ZnO. With an
increase in the film thickness, only bands associated
with ZnO appear in the cathodoluminescence spectra:
the band of the edge luminescence (with a maximum
at 390 nm) and the red band (at 500–950 nm with a
maximum in the region of 710 nm) associated with
charged vacancies of zinc. Focusing the beam results
in local heating of the sample and an increase in the
concentration of interstitial zinc. Related to this is the
shift of the edge luminescence band to the 410 nm
region, as well as the blue mixing of the defect lumi-
nescence band.
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