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Abstract: The paper presents the results of a comprehensive study of the structural-phase composition,
morphology, optical, luminescent, and scintillation characteristics of thick ZnO films fabricated
by magnetron sputtering. By using a hot ceramic target, extremely rapid growth (~50 µm/h) of
ZnO microfilms more than 100 µm thick was performed, which is an advantage for the industrial
production of scintillation detectors. The effects of post-growth treatment of the fabricated films in
low-temperature plasma were studied and a significant improvement in their crystalline and optical
quality was shown. As a result, the films exhibit intense near-band-edge luminescence in the near-UV
region with a decay time of <1 ns. Plasma treatment also allowed to significantly weaken the visible
defect luminescence excited in the near-surface regions of the films. A study of the luminescence
mechanisms in the synthesized films revealed that their near-band-edge emission at room temperature
is formed by phonon replicas of free exciton recombination emission. Particularly, the first phonon
replica plays the main role in the case of optical excitation, while upon X-ray excitation, the second
phonon replica dominates. It was also shown that the green band peaking at ~510 nm (2.43 eV) is due
to surface emission centers, while longer wavelength (>550 nm) green-yellow emission originates
mainly from bulk parts of the films.

Keywords: ZnO; thick films; plasma treatment; scintillator; X-ray luminescence; photoluminescence;
phonon replica; excitons; green luminescence; hot ceramic target

1. Introduction

Spectrometric detectors, together with the attached electronics, allow researchers
to analyze amplitude spectra at all modern accelerators, as well as in astrophysical and
neutrino experiments [1–5]. In particular, under conditions of extremely powerful energy
flows—for example, in thermonuclear fusion installations—scintillation detectors are used
as basic spectrometric detectors. Compared to semiconductor detectors, scintillation detec-
tors have higher radiation resistance when exposed to ionizing radiation, greater ease of
manufacturing, and a higher attenuation coefficient for γ- and X-ray radiation [5–9].

Currently, there is a need for scintillation materials with improved temporal and
performance characteristics. In this sense, zinc oxide (ZnO) is a promising material due to
its high radiation resistance, high transparency to its own radiation, and a record fast decay
kinetics (less than 1 ns) for near-band-edge luminescence (NBEL) [9–14]. The radiation
kinetics of traditionally used scintillators is not single-component—as a rule, along with
a fast component, there is a slow component, which leads to false alarms of the detector
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device. From this point of view, ZnO-based scintillators may be attractive as potentially
capable of providing a high ratio of the intensities of fast and slow components.

Due to the ZnO polymorphism, in addition to bulk crystals, it is possible to pro-
duce a wide morphological range of nano- and microstructures with good optical and
structural homogeneity such as arrays of 0D quantum dots, 1D rods (whiskers, wires,
and the like), 2D plate-like crystals and microcrystals, nano/micro films, powders and
ceramic samples, etc. [15–26]. At the same time, each type of morphology has its own
advantages and disadvantages in terms of scintillation applications. In particular, intense
NBEL under X-ray excitation is observed only in ZnO samples of high crystalline qual-
ity, such as bulk crystals [27,28], 1D and 2D nano- and microcrystals [28–31], or doped
ZnO ceramics [32–34]. A disadvantage of bulk crystals in this sense is the presence of a
slow component in the visible range of the luminescence spectrum, along with the fast
NBEL component [27,35]. In addition, the technological difficulty of manufacturing bulk
ZnO crystals is known [23,36–38], which limits their use. Arrays of 1D and 2D ZnO
nano/microcrystals, demonstrating a predominantly fast excitonic emission, have low
transmission in the near-band-edge region, which is due to increased light scattering in
a highly inhomogeneous structure, resulting in its stronger reabsorption [30]. From this
point of view, ZnO film structures, with their increased transparency for NBEL, have an
advantage over arrays of nano/microcrystals. The ability to reproducibly produce ZnO
films of different thicknesses within a few micrometers contributes to the achievement of
high spatial resolution and minimal sensitivity to background emission when detecting
certain types of ionizing radiation, e.g., α-particles [39].

Among the problems of using ZnO films for detecting ionizing radiation, one can
note their poor emission characteristics compared, for example, with arrays of ZnO
nano/microcrystals or doped ceramics [40]. A common disadvantage of ZnO films is
the much stronger visible luminescence component as compared to the NBEL band—this
is especially pronounced in relatively thick micron-scale films [41,42]. However, the major
drawback is, in general, the low light output when irradiated with γ- and X-rays. To reliably
detect such radiation in practical applications, a sufficiently large volume of scintillation
material is required—a continuous ZnO layer at least 20 µm thick. At the same time,
obtaining such “thick” films requires maintained stable synthesis parameters over a long
deposition time and is complicated by the cracking of the films and their peeling off from
the substrate. In [43], a method was first proposed for the synthesis of ZnO films using a
hot target. This method provides an extremely high growth rate of the films due to cluster
emission and good adhesion to a sapphire substrate. However, due to the tendency of
the deposit to amorphize, as well as nonstoichiometry, such films demonstrated either
a complete absence of luminescence or a broad band of visible luminescence resulting
from lattice defects [41,42]. Such emission has slow decay kinetics and is not of interest for
scintillation applications. Post-growth annealing at temperatures of 400–1000 ◦C resulted in
an improvement in the crystalline quality of the films and an increase in their transmission
level, but did not allow an increase in the ratio of the fast UV and slow visible luminescence
components. Taking into account significant mechanical stresses and a high concentration
of point defects in ZnO films obtained at high growth rates, it seems to us advisable to
use short-term annealing at ultra-high temperatures, since this will significantly promote
stress relaxation.

In the present work, we used low-temperature plasma treatment of ZnO films as that
kind of post-growth processing. In particular, we studied the effect of plasma treatment
on the structural, morphological, optical, luminescent, and scintillation properties of thick
(more than 100 µm in thickness) ZnO microfilms grown on sapphire substrates by the
sputtering of a hot ceramic target. It was shown that such a treatment has a positive
effect on the crystalline quality and luminescent properties of the fabricated films. In
particular, the films revealed an intense NBEL band with fast decay kinetics under both
optical and X-ray excitations, while possessing a good degree of transparency. The spectral
features of the films’ emission obtained under both excitation types were compared and an
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interpretation of the luminescence mechanisms was given. It was shown that the main role
in NBEL is played by phonon replicas of free exciton radiation. Some conclusions about
visible luminescence of the films were also given.

2. Materials and Methods

Growth of ZnO films on R(1012)-plane sapphire substrates was carried out by the
technique of a magnetron sputtering of a hot ceramic target [43]. For this, the VATT
AMK-MI automated magnetron complex (FerriWatt, Russia) was used with the following
process parameters: substrate temperature, 830 ◦C; pressure, 1 Pa; gas flow rate, ~8 l/h;
discharge current, 500 mA; deposition time, 2 h. The target was a sintered ZnO ceramic
disk (of 99.999% purity). The power density on the target was 53.5 W/cm2. The substrates
were heated by a resistive heater (nichrome); the temperature was controlled using a
chromelalumel thermocouple. Next, the ZnO samples were cut into several parts and for
testing different methods of post-growth treatment. In this work, samples were processed
in low-temperature high-enthalpy argon plasma. A low-temperature plasma generator
with a self-adjusting arc length and an expanding channel of the output electrode was
used as a plasma source [44]. The total electric power of the arc discharge was 10 kW
and the plasma-forming gas consumption rate was 3 g/s. The parameters of the plasma
flow were determined by spectral methods using the AvaSpec 2048 three-channel fiber-
optic spectrometer. The spectrometer was used to monitor radiation (with a periodicity of
3–4 spectra per second) along the plasma flow axis in a wavelength range of 240–1000 nm
with a spectral resolution of 0.2–0.5 nm. The presence of a large number of ArI atomic argon
lines in the spectra of argon plasma allowed us to measure temperature by the Boltzmann
exponent method [45]. The electron concentration in the axial region of the plasma jet can
be estimated from the half width of the Hα and Hβ lines. A mass-average temperature of
the plasma flow in the interaction zone was ~7 kK at an electron concentration of 1015 cm−3.

Polishing of the sample was carried out using a chemical-mechanical method [46].
The study of surface morphology was carried out on a Jeol Neoscope 2 scanning elec-
tron microscope (SEM) equipped with an energy-dispersive X-ray (EDX) microanalyzer.
Structural studies of the films were performed using the X-ray diffraction (XRD) method.
XRD patterns were obtained using a PANalytical X’Pert Pro MRD diffractometer in the
Bragg–Brentano geometry. Radiation from a copper anode (CuKα2, λ = 1.54 Å) was used
(voltage, 40 kV; current, 40 mA). The measuring angle range (2θ) is 30–80◦. During the
XRD measurements, the samples were rotated around their axis at a rate of 2 rps. XRD
patterns were analyzed by means of the High Score Plus program, using the ICDD database
(PDF 01-079-0205).

Spectra of X-ray excited luminescence (XRL) were measured using reflection geometry
under continuous-wave (cw) X-ray excitation. The X-ray tube had a tungsten anode and a
beryllium window; tube voltage and current were 40 kV and 10 mA, respectively (under
these parameters, most of the radiation is bremsstrahlung). Registration tract contained
an MDR-2 optical monochromator and Hamamatsu H8259-01 photon counting head. The
emission spectrum was recorded in the range of 350–650 nm. Total transmittance spectra
were recorded in a range from 350 to 1100 nm using SPECORD 200 PLUS double beam
spectrophotometer equipped with an integrating sphere. XRL kinetics were measured un-
der pulsed X-ray excitation using the time-correlated single photon counting method. The
setup used was a slightly modified version of the one described in [47]. The excitation pulse
had a width of around 800 ps. Emission was registered in integral mode (monochromator
was not used) by Hamamatsu R3235-01 photomultiplier tube.

Photoluminescence (PL) of the samples was studied at low and high excitation intensi-
ties. To obtain PL spectra at low cw excitation intensity, we used light with a wavelength
of 315 nm, spectrally selected in a Varian Cary Eclipse spectrofluorometer equipped with
a xenon lamp and a photomultiplier detector. Relatively high excitation intensities were
provided by a third harmonic (355 nm) of a pulsed Nd:YAG laser (pulse duration, 10 ns;
pulse repetition rate, 15 Hz). The power densities created on the sample’s surface in this
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case were in the range of 5–110 kW/cm2. The emission of the sample was collimated to
the entrance slit of a monochromator coupled to a Peltier-cooled charge-coupled device
camera. More details about our PL and XRL measurements can be found elsewhere [30,31].

3. Results

Figure 1 shows the SEM images of one of the grown ZnO films. According to the
SEM data, the grown film has a thickness more than 100 µm and a columnar structure
with micropores up to 10 µm in size and up to 50 µm in depth (Figure 1a,b). Elements
of the columnar structure are formed by flat c-oriented ZnO crystallites layered on top of
each other. The specific morphology of the film can be explained by the peculiarities of
the synthesis process. During magnetron sputtering with the use of a hot target, radiation-
accelerated processes of diffusion and evaporation are added to the emission of atoms and
clusters from the target surface as a result of bombardment [43]. In this case, the target
is heated to a temperature above 1000 ◦C and under these conditions can emit not only
individual particles, but also their clusters. The presence of clusters radically changes the
growth conditions of the films. The mobility of massive clusters is achieved due to the high
temperature of the substrate and the electrostatic interaction of the clusters [48]. In this
case, the high intensity of the incident flux of individual particles and their clusters leads to
prevailing growth of the ZnO deposit along the shortest distance between the source and
the substrate [49]. This causes the deviation of the axis of the morphological texture of the
film from the normal to the substrate (Figure 1a).
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During plasma treatment, the surface morphology of the film became more devel-
oped (Figure 1c). The change in surface morphology had the character of etching—the
appearance of steps is observed on the side surfaces of the columns. At the same time,
EDX microanalysis revealed the preservation of the relative zinc and oxygen contents after
plasma treatment (see the insets in Figure 1b,c), which indicates congruent evaporation of
the material.

According to the XRD data (Figure 2), a highly textured c-oriented ZnO film is formed
as a result of the deposition process. After plasma treatment of the films, the prevailing
(002) orientation was retained. The appearance of an additional intense reflection from
(110) plane, as well as reflections of the sapphire substrate, is associated with the exposure
of the peripheral part of the film to the illumination spot. The epitaxial (110) orientation of
ZnO grown on the R-plane sapphire presumably takes place in thin peripheral layers [50].
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Figure 2. XRD patterns of the as-grown (a) and plasma-treated (b) ZnO films grown on R-plane
sapphire.

The sizes of coherent scattering regions (CSRs) in the samples under study were
estimated using the Scherrer formula [51–53]:

D =
k·λ

β·cos θ
, (1)

where D is the average size of CSRs, which can be less than or equal to the grain size;
k is the dimensionless particle shape coefficient (Scherrer constant); λ is the wavelength
of copper X-ray radiation; β is the width of the reflection at half maximum; and θ is the
diffraction angle.

Evaluation using (1) showed that the average size of the CSRs increases after plasma
treatment. In particular, for the as-grown and plasma-treated films, D ≈ 31.9 and 133.6 nm,
respectively, in the <002> direction. A trend toward increasing CSR size is also observed
in the case of the <103> direction: D ≈ 123.1 nm. The appearance of the (110) reflection
also indicates a more intense growth of the lateral surface of the columns. These results
indicate a significant increase in the degree of crystalline perfection of samples subjected
to plasma treatment—this can be easily seen from the shape of the XRD peaks, which
become significantly narrower after treatment. Estimation of microstresses in the films,
using the Stokes–Wilson formula (β = 4ε·tan θ, where ε stands for the maximum value
of a microstress), taking into account the contribution made by scattering at crystallite
boundaries, suggests a decrease in mechanical stresses in the films after plasma treatment.
In particular, the value of microstresses for the as-grown film is 1.7–1.9 times higher than
that for the plasma-treated film. Herewith, the most dramatic changes obviously affected
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the near-surface regions of the film that directly interact with the plasma. Taking into
account the high temperature of the plasma (more than 5000 K) and the relatively non-
destructive changes in the structural and morphological properties of the films (etching,
recrystallization, and lack of melting), the existence of an effective heat sink between the
sample and the holders can be assumed—therefore, only the upper part of the film, up to a
thickness of ~15–20 µm, was effectively heated.

Figure 3 shows the PL spectra in the near UV and visible regions of the film before and
after the plasma treatment, which were registered under low-intensity cw excitation using
a Xe lamp (Figure 3a) and a relatively high-intensity pulsed laser excitation (Figure 3b,c).
Under low-intensity excitation, luminescence of the samples consists of a narrow UV
emission band, which is near-band-edge luminescence (NBEL) of ZnO [54,55], and a wide
green emission band spanning from ~450 to 650 nm, which is usually attributed to intrinsic
defects of ZnO crystal lattice and called defect or deep-level luminescence (DL) [54–56].
When comparing these spectra, the first thing that catches the eye is the significant difference
in the intensity of the emission bands. Namely, plasma treatment resulted in a significant
weakening of the DL component (by 16 times in the band’s maximum), with an increase in
the intensity of NBEL band (by 1.5 times). Moreover, while the NBEL component peaked
at ~379 nm (3.27 eV) for both cases, the DL component redshifted from ~510 nm (2.43 eV)
to 525 nm (2.36 eV) as a result of a plasma treatment.

Upon pulsed laser excitation, DL was practically absent even in the case of the as-
grown film—only a weak broad band peaking at 510 nm was observed (see the inset in
Figure 3b). Such a cardinal change in the film’s emission profile between two optical
excitation cases can be explained by two effects: (i) saturation of DL centers at the high-
density excitation and (ii) a decrease in the thickness of the depletion layer as a result of
the energy band flattening. In the second case, electron–hole pairs, intensively created
by photons with energy greater than the band gap, neutralize the excess charge on the
semiconductor surface—the existence of this charge, in the absence of illumination, causes
bending of the energy bands and formation of the depletion layer. The straightening of
the energy bands is accompanied by a partial deactivation of DL centers located near the
surface and an increase in the probability of interband transitions. All this results in a
relative increase in the UV component as compared to the visible one.

In view of this, the visible part of the film luminescence spectra before and after plasma
treatment is practically the same, and one can focus on the study of NBEL (main part of
Figure 3b). Under this type of excitation, the NBEL band peaks at 381 nm. Moreover, in
addition to the main maximum, a long-wavelength shoulder is noticeable in the region
of 390–400 nm. Similar to the case of low-intensity excitation, NBEL has intensified after
plasma treatment when being excited by a laser, and the band intensity increased by more
than 2 times (in the maximum).

Figure 3c shows the evolution of NBEL of the plasma-treated film with increasing
power density ρexc of pulsed laser excitation. As ρexc increases, the long-wavelength
shoulder of the NBEL band becomes more and more distinct and even forms a separate
band with a clear maximum. In this case, the peak intensity of the long-wave band
grows faster in comparison with the main short-wavelength component. Nevertheless, the
integrated intensity of the entire NBEL shows a linear increase up to ~80 kW/cm2, after
which it begins to saturate.

To use a ZnO film as a scintillator, it is first necessary to achieve high intensity of the
fast NBEL component under X-ray excitation and high transmittance, which is important
when using a scintillator in transmission geometry. As was mentioned in the Introduction,
thick ZnO films that were not exposed to plasma treatment do not show NBEL and, hence,
are not of interest for us (see, e.g., [41,42] for such a study). In order to smooth the surface
and increase transmission of the films, the plasma-treated samples were processed by a
chemical-mechanical method. During the etching process, the film thickness decreased
to 80 µm, but the porosity was preserved. The roughness of the smooth areas of the film
decreased to values of the order of 5 nm.
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Figure 3. Room-temperature PL spectra of the ZnO film: before (black) and after (red) plasma
treatment at low-intensity cw excitation (a) and relatively high-intensity pulsed laser excitation at
ρexc ≈ 30 kW/cm2 (b); after plasma treatment at different excitation power densities ρexc: ~5 (1),
20 (2), 40 (3), 60 (4), 80 (5), 110 (6) kW/cm2 (c). The inset in (b) shows the PL spectrum of the initial
film in UV and visible ranges. The inset in (c) shows the dependence of the NBEL integral intensity
of the plasma-treated film on ρexc.

XRL spectra of the plasma-treated sample before and after polishing are shown in
Figure 4a (curves 1 and 2, respectively). In this case, ZnO film’s emission spectra also
contain NBEL and DL bands. However, both bands are redshifted as compared to PL. The
NBEL component peaks at 389 nm and 392 nm before and after polishing, respectively. The
DL component has a maximum at ~550–570 nm and exhibits green-yellow tint. The NBEL
band’s intensity of the film after polishing is around half of that in the case before polishing.
The DL band has nearly the same intensity in both cases. The long-wavelength shoulder of
the DL band is due to the contribution of substrate emission in the red region. The XRL
spectra of a sapphire substrate is presented in Figure 4a (curve 3) as well.

Figure 4b shows XRL decay kinetics of the film before (curve 1) and after (curve 2)
polishing. Both curves have a similar structure; they consist of a fast component with a
decay time of 0.8–0.9 ns and a slow component with a decay time of the order of 1 µs,
which has slightly higher relative intensity in the case of a polished film.
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after (curve 2) polishing and of a sapphire substrate (curve 3).

Figure 5 shows the total transmittance spectra for the plasma-treated film before
and after polishing (curves 1 and 2, respectively). In both cases, the absorption edge is
nearly the same and equals ~387 nm. Polishing resulted in an increase in film transmittance.
Despite the apparent similarity in the shape of the spectra, the increase in transmittance was
different depending on the spectral interval. The inset in Figure 5 plots the transmittance
ratio in the range of 390–720 nm for the film after and before polishing. One can see that
the transmittance in the near UV range increased after polishing by more than 2 times. In
the visible range, the increase in transmittance was ~20%.
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In order to interpret the luminescence mechanisms of the fabricated films, their emis-
sion spectral features were compared in different excitation regimes. Figure 6 compares
the NBEL spectra of the plasma-treated film registered under X-ray and optical (low- and
high-intensity) excitation types. Spectra are normalized to maximum. Despite the small
difference in the wavelengths of the bands (~2 nm) for both cases of optical excitation, the
similar shape of the NBEL bands attracts attention, which indicates an identical spectral
composition and the admissibility of using pulsed laser excitation with relatively low
power densities in the analysis of films’ luminescence mechanisms. In the XRL spectrum,
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both the position and shape of the NBEL band appear to be different from the case of
optical excitation. The band has a more symmetrical shape and is longer wavelength by
10 nm (84 meV) and 8 nm (67 meV), respectively, compared to low- and high-intensity
photoexcitation, which is comparable to the energy of the LO phonon in ZnO (72 meV).
The band’s wavelength under X-ray excitation corresponds to the spectral region of the
long-wavelength shoulder of NBEL in the PL spectra.
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Figure 7a shows NBEL spectra of the as-grown film at different temperatures (the most
representative spectra are shown) registered under laser excitation with ρexc ≈ 25 kW/cm2

(the case of the plasma-treated film was similar). The NBEL pattern at T ~ 80 K is typical
for nominally undoped ZnO microcrystals at this temperature [57–59]. In particular, three
emission bands are clearly distinguishable (indicated as Ai in Figure 7, where i = 1, 2, 3)
with the energies of 3.356, 3.311, and 3.234 eV (the corresponding wavelengths are 369.4,
374.5, 383.4 nm). Moreover, there is a clear short-wavelength shoulder of the A1 band
at ~3.37–3.38 eV (367–368 nm). These bands are due, respectively, to the recombination
of bound excitons (A1), the first phonon replica of free exciton radiation (X-LO) with a
possible contribution of emission involving surface states (A2), and the second (X-2LO)
phonon replica of free exciton radiation (A3). The feature at the low-energy tail of the A1
band can be ascribed to free exciton emission. Taking into account low surface-to-volume
ratio of the films, the contribution of phonon replicas of emission bands related to surface
defects in the energy range above ~3.25 eV is probably small.

In Figure 7b, the temperature behavior of the emission energy of the marked bands is
plotted. All these bands can be traced separately up to T ~ 180 K. After this, the maximum
of the A2 band ceases to be clearly distinguishable, and at T ~ 230 K the A1 and A2 bands
merge into one wide band (the maximum of the combined band is shown by empty circles
in Figure 7b). The A3 band can be traced up to T ~ 250 K.

In order to establish the nature of the short-wavelength (main) NBEL band at room
temperature (RT), the temperature dependences of the band gap energy Eg(T) or exciton
transition energy EX(T) for the sample can be useful. In this work, we deal with ZnO
microstructures fabricated under normal conditions without the use of additional doping.
In addition, the films’ NBEL pattern is typical for microcrystalline ZnO at low temperatures
and low excitation intensities. In this case, we can use the data on Eg(T) or EX(T) for bulk
or microcrystalline ZnO to interpret the luminescence mechanisms of the studied samples
at various temperatures, including RT [59]. In particular, EX(T) obtained for a bulk ZnO
crystal in [57], valid for microcrystalline ZnO [59], is shown in Figure 7b as a solid line. In
Figure 7b, the temperature behavior for the energies of the X-LO and X-2LO bands is also
plotted, according to the expression [58]
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EX−mLO(T) = EX(T)− mELO +

(
5
2
− m

)
kBT, (2)

where m = 1 and 2 for X-LO and X-2LO processes, respectively, ELO is the energy of the LO
phonon (72 meV in ZnO), and EX(T) is taken from [57].
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It can be seen that the plotted curves (Figure 7b) describe the observed emission bands
well. Firstly, the temperature behavior of A3 band confirms an attribution of it to the X-2LO
process. Secondly, the A2 band quite strictly follows the energy EX-LO(T), which proves the
main contribution of the first phonon replica X-LO to this band. Finally, the behavior of the
A1 band, which was attributed to the BX radiation at ~80 K, is rather indicative. At the initial
temperature rise from 80 to 170 K, the A1 band approaches EX(T) from 17 meV to 9 meV.
At T > 160 K, the band rapidly moves away from EX(T). Such behavior can be explained
by thermally dissociation of BXs as the temperature rises. Above T ~ 170 K, when most
of the BXs dissociated, the A1 band is mainly due to zero-phonon exciton recombination;
its energy approaches the A2 band’s spectral region due to overlapping of the bands. At
T > 250 K, the A3 band merges into the combined A1 + A2 band, which possibly causes the
redshift of the combined band’s maximum away from theoretical dependence EX-LO(T).
Thus, emission of the fabricated films at RT under optical excitation is predominantly due
to phonon replicas of free exciton emission (mainly X-LO), which corresponds to the case
of bulk ZnO [54].

4. Discussion

As was indicated in the Introduction, previously studied thick ZnO films obtained by
the same method and not subjected to plasma treatment exhibited a very weak NBEL or its
complete absence under X-ray excitation [41,42]. High-temperature annealing, although it
improved the crystalline quality of the films, led to intensification of DL due to different
rates of desorption of zinc and oxygen elements and did not allow the appearance of any
significant NBEL signal [41,42]. In this regard, the use of plasma treatment has proven
useful for improving the optical quality of thick ZnO films and may be an important step
towards the development of ZnO-based thick film scintillators. Such processing resulted
in the appearance of the intense NBEL with a subnanosecond decay time under X-ray
excitation. The NBEL intensity of the fabricated films is within an order of magnitude
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comparable to that for ZnO:Ga ceramics [30], although the ceramic samples are significantly
thicker than the films studied. In addition, the transmission of the films is noticeably higher
than that in the case of ZnO micro- and nanostructures [30] and comparable, although still
lower, with the transmission of ceramics.

Plasma treatment allowed us to increase the NBEL intensity and significantly weaken
the DL band under optical excitation, due to improvement of the optical quality of the
films in the near-surface regions. The impact of a plasma jet can mainly be reduced to the
influence of two factors: high temperature and jet pressure. High temperature promotes
intense sublimation of the material from the surface of the sample, bypassing the melting
stage. In this case, it would be logical to assume incongruent evaporation of the material,
which should be reflected in an increase in the concentration of point defects and a rise
in the DL band intensity. However, the opposite effect is observed; the weakening of DL
in combination with the EDX microanalysis data, indicating only minor changes in the
composition of the surface layers after plasma treatment, suggest congruent evaporation.
Calculations given in [60] show that under the post-growth processing conditions used in
the work, the pressure of the plasma jet flow on the sample can reach 15 kPa. This may be a
key factor promoting congruent evaporation. The most defective near-surface regions of
the films are etched first, due to the low energy of desorption of the components in them.
As a consequence, firstly, this results in a decrease in the concentration of near-surface
defects that can participate in DL and/or in nonradiative exciton recombination. Secondly,
it reduces the thickness of the depletion layer associated with these defects, where the
formation of excitons is difficult due to the spatial separation of electrons and holes. In
addition, a decrease in the grain boundary surface due to the growth of crystallites reduces
the volume of the structure occupied by depletion regions.

PL studies allowed us to understand the structure and nature of NBEL of the fabricated
films at RT both under optical and X-ray excitations. Temperature measurements carried
out under pulsed laser excitation revealed that NBEL is formed mainly by X-LO and X-2LO
emission processes. In particular, X-2LO radiation appears as a long-wave shoulder to
the main band formed by X-LO radiation, while X-LO radiation forms the main part of
UV luminescence of the films studied under this type of excitation. The linear growth of
the integral intensity of the NBEL band vs. the excitation power density ρexc, despite the
different rates of growth for the main (short-wavelength) band and its long-wavelength
shoulder (long-wavelength band), confirms the participation of the same particles (excitons,
in this case) in both channels of radiation. Herewith, a redistribution of excitons occurs
between these channels; with the increasing excitation intensity, more and more excitons
participate in the X-2LO process. Note that the relatively low intensities of pulsed laser
excitation used in the experiment and the large thickness of the films make it possible
to avoid the formation of electron-hole plasma and expect the participation of excitonic
mechanisms in luminescence. An assessment of the density of electron-hole pairs created
by photoexcitation taking into account their possible diffusion (see, e.g., [31,61]) gives
values, in the order of magnitude not exceeding 1018 cm−3, i.e., the threshold Mott density
for ZnO [62].

Judging by the identity of the shape of the PL spectra registered under low- and
high-intensity photoexcitation, the nature of NBEL in these two cases is apparently similar.
The small difference between the NBEL band positions in these cases is most likely due to
the relative increase in the X-2LO emission intensity with an increasing excitation level, as
confirmed by a more noticeable long-wavelength shoulder of the main maximum and by
the measurements at different ρexc. A slight narrowing of the ZnO band gap as a result of
film heating by laser radiation cannot be ruled out either.

It was previously estimated that the density of electron-hole pairs created under low-
intensity optical and X-ray types of excitation in our experiment is approximately the same
and amounts to 1013–1014 cm−3 [31]. Thus, a comparative analysis of all three cases of
excitation is permissible for the thick ZnO films under study and, most likely, in general, in
the case of fairly massive ZnO microstructures.
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Under single-photon excitation due to the strong absorption of UV light (the absorption
coefficient of UV photons in ZnO is ~(1–2)·105 cm−1 [54]), the PL of the films, in contrast
to XRL, is excited in a narrow near-surface layer. Meanwhile, X-ray radiation has a fairly
large penetration depth; X-ray quanta can penetrate the films right down to the substrate
(see Figure 4a and related comments in the text). This distinguishes microfilms from the
case of ZnO structures with nanosized or submicron crystallites, where the portion of
material volume participating in both PL and XRL can be rather high, and, hence, the PL
and XRL spectra can be similar [30,31]. Thus, the strong difference in the position of the
NBEL band in the case of XRL and PL of the films (see Figure 6) is apparently associated
with the dominant contribution of radiation excited in the bulk of the films to their XRL.
Such radiation travels a considerable distance in the film before leaving it, which results
in its strong absorption. In this case, light with wavelengths closer to the fundamental
absorption edge of the material is absorbed more intensely (the absorption edge, judging
by the UV-vis spectroscopy results, is located at ~387 nm). This leads to a relative decrease
in the intensity of the short-wavelength edge of the NBEL band and, as a consequence, to a
redshift of its maximum to the region of ~390 nm. As a result, the main portion of NBEL
under X-ray excitation is formed by X-2LO radiation.

The polishing of the films affected the degree of their transmittance and emission
parameters and made it possible to draw conclusions about some additional aspects of the
optical properties of the films and their modification as a result of plasma treatment. In
particular, after polishing, the transmittance in the visible part of the spectrum increased
by 15–20%, which correlates with the proportion of material removed as a result of pol-
ishing. In the near-band-edge region, polishing resulted in a much greater increase in
transmission—more than 2 times. At the same time, after polishing, the NBEL intensity
under X-ray excitation decreased by almost 2 times, while the DL band intensity remained
virtually unchanged. All this speaks of a nonuniform distribution of UV emission centers
throughout the film thickness. Namely, as a result of plasma treatment, they were formed
mainly closer to the surface regions of the film. At the same time, the centers of visible
emission excited by the X-ray source are apparently distributed more or less uniformly
throughout the depth of the film.

The nonuniform distribution of NBEL centers may also be the reason of the redshift (by
2–3 nm) of the NBEL band after polishing. A more uniform distribution of NBEL centers
along the depth of the polished sample leads to the fact that a significant portion of the UV
radiation is formed in the bulk of the film. Such radiation experiences intense reabsorption,
which leads to a redshift of the NBEL band in the XRL spectrum of the polished film as
compared to the unpolished film, where UV light under X-ray excitation mainly originates
from the near-surface regions.

From the point of view of the potential application of thick ZnO films as scintilla-
tion material, additional polishing, however, is not required. Such treatment results in a
significant drop in the NBEL intensity while retaining the DL intensity rather high.

The obtained PL and XRL data also allow one to come to some conclusions about the
localization of radiative defect states responsible for individual emission components in DL
of the fabricated films. After plasma treatment, the DL band under low-intensity optical
excitation redshifted towards longer wavelengths by ~15 nm (Figure 3a), i.e., towards
the DL maximum observed under X-ray excitation. At the same time, due to the deep
penetration of X-ray quanta, XRL reflects to a greater extent the bulk radiative states of
the sample; the surface of the sample has less influence on the XRL character. At the same
time, plasma treatment has a greater effect on the film surface and its near-surface regions,
eliminating the corresponding defect emissive states and enhancing interband transitions
in this region (see Figure 3a). Thus, we can suggest that the bright DL component peaking
at 510 nm, observed in the PL spectra of the samples untreated in plasma, is provided by
surface defect states, while the source of longer wavelength radiation is largely the bulk
states of the films. This conclusion correlates with XRL data obtained for ZnO whiskers,
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which have a large surface-to-volume ratio and, therefore, exhibit predominantly surface DL
centers [30]. In particular, DL of ZnO whiskers upon X-ray excitation peaked at 510 nm [30].

5. Conclusions

The technique of sputtering of a hot ceramic target was used to synthesize ZnO films
of large thickness (more than 100 µm) at high speed. Post-growth plasma treatment of
the films facilitated a significant increase in crystallinity and a decrease in the defective
phase. The results obtained allow one to judge the prospects of using the fabricated films
for detecting ionizing radiation. The transmission of such films is higher compared to
other ZnO microstructures with a similar thickness. The plasma treatment of the samples
resulted in the appearance of the fast NBEL band with a high intensity in the XRL spectrum
(the origin of NBEL is mainly the near-surface regions of the films); though, DL with a
microsecond decay time still contributes to XRL, which is an issue for further study. To
improve the scintillation properties of the films, additional polishing is not required.

Analysis of data obtained by UV-vis, photoluminescence and X-ray luminescence spec-
troscopy elucidated luminescence mechanisms of the studied films at room temperature.
The main contribution to the room temperature NBEL of the films is made by phonon
replicas of free exciton radiation. In particular, under optical excitation, the NBEL band is
formed predominantly by the X-LO radiation and less pronounced X-2LO radiation, which
provides a long-wavelength shoulder to the main band. Under X-ray excitation, the NBEL
band is formed mainly by X-2LO radiation, since the bulk of the X-LO emission is absorbed
within the film’s volume. The additional analysis of DL of the films showed that green
luminescence band (λ ~ 510 nm) is due to surface emission centers, while green-yellow
emission (λ > 550 nm) originates mainly from bulk parts of the films.

The data obtained can be used not only in studying the scintillation properties of
ZnO structures, but also in general in the study of radiative processes in ZnO microobjects,
including spontaneous and stimulated emission.
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