
Structural, optical, and luminescence properties
of ZnO:Ga optical scintillation ceramic
E. I. GOROKHOVA,1,7 S. B. ERON’KO,1 E. A. ORESHCHENKO,1 A. V. SANDULENKO,1 P. A. RODNYĬ,2
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This paper discusses the characteristics of ZnO and ZnO:Ga ceramics fabricated by uniaxial hot pressing.
The short-wavelength transmission limit of zinc oxide ceramics is in the 370-nm region; the long-wavelength
limit is determined by the free-charge-carrier concentration and lies in the interval from 5 to 9 μm. The total
transmittance of such ceramics in the visible and near-IR regions is about 70% when the sample is 0.5 mm thick.
The luminescence spectrum is represented by a broad emission band with maximum at 580 nm, having a defect
nature. The introduction of 0.03–0.1 mass % gallium into the zinc oxide structure inhibits grain growth and
increases the free-charge-carrier concentration to 3.44 × 1019 cm−3. As the gallium concentration increases in
the range 0.05–0.1 mass % in a ceramic of composition ZnO:Ga, the defect luminescence band is suppressed
and a characteristic exciton luminescence is formed with a maximum corresponding to 389 nm and a damping
time constant of 1.1 ns. © 2018 Optical Society of America

OCIS codes: (160.2540) Fluorescent and luminescent materials; (160.4760) Optical properties.
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Zinc oxide ZnO is a multifunctional material with interesting
characteristics that has been widely used for several decades in
the most varied realms [1]. It is a direct semiconductor that is
n-type in the undoped form and has a wide, 3.37-eV band gap
at room temperature. The excitons in ZnO possess the large
binding energy of 60 meV, which gives them high temperature
stability (up to 350 K).

Two emission bands are recorded in the various forms of
ZnO: a short-wavelength band close to the crystal’s absorption
edge, the so-called edge luminescence, which has an exciton
nature, and a broad long-wavelength luminescence (LWL)
band, which has a defect origin. The LWL maximum is usually
found in the 510–600-nm region. The fall-off (damping) con-
stant of the edge luminescence is about 1 ns, and the character-
istic luminescence time of the LWL is in the range from a few to
several hundred microseconds [2]. The introduction of dopants
(Ga, In, or Al) into the ZnO creates donor centers, and this
increases the intensity of the excitonic luminescence and re-
duces the intensity of the defect band. The introduction of tri-
valent impurities not only reduces the intensity of the defect
luminescence but also shortens its damping time. Studies have

been carried out of how Ga affects the characteristics of ZnO
powders [3], films [2,4], single crystals [5], and ceramics
[6,7,8]. Ceramic ZnO:Ga is of special interest for its use in
scintillation detectors, since it possesses a short damping time
of the exciton luminescence (less than one nanosecond) and
high radiation stability and is a comparatively inexpensive
material. A ZnO:Ga scintillator in the form of films is used
as an efficient α-particle detector in deuterium/tritium neutron
generators [4].

1. EXPERIMENTAL TECHNIQUE

Russian-made commercial ZnO powder (TU-6-09-2175-77)
(Technical Specification) (99.5%, VHP 14-2, p. 4) and powder
from Sigma Aldrich, USA (99.999%, Bath 3 MKBC3549)
were used to obtain vhp-grade ceramic.

The gallium dopant was introduced in the form of its oxide
(Alfa Aesar, USA, commercial grade Puratronic, 99.999%)
by mechanically mixing it with ZnO. The gallium concentra-
tion was varied in the range from 0.03 to 0.1 mass %.
The ceramic samples were fabricated in the form of disks
and after mechanical processing were 24 mm in diameter
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and 0.45–0.5 mm thick. Data on the composition of the sam-
ples are presented in Table 1.

X-ray structural studies of the ceramic were carried out on a
DRON-2 X-ray diffractometer with a copper anode and a
nickel filter. The results were interpreted on the basis of the
data of the JCPDS (Joint Committee on Powder Diffraction
Standards) cards, card number 36-1451. The crystal-lattice
parameters were determined on the basis of the system of
(105) and (300) crystallographic planes with large reflection
angles 2θ (104.12 and 110.52°). The predominant orientation
of the grains in the ceramic samples was estimated using the
texture factor, calculated from [9]

T c�hkl� �
I�hkl�
I 0�hkl��

1
N

��P
N

I�hkl�
I0�hkl�

� , (1)

where T c�hkl� is the texture factor of the �hkl� plane, I is the
measured intensity of the corresponding peak, I 0 is the stan-
dard intensity according to JCPDS, and N is the number of
diffraction peaks. It follows from this equation that T c > 1
when the corresponding �hkl� plane has a predominant orien-
tation, and T c < 1 in randomly oriented grains.

The morphological composition of the powders was studied
and the particle size was estimated by means of the Zeiss EVO
50 XVP scanning electron microscope and the TecnaiGF20
transmission electron microscope. The POLAM P-312 optical
microscope was used to investigate the microstructure of the
ceramic samples. The total transmittance was measured by
means of a Lambda 1050 spectrometer made by Perkin-
Elmer, equipped with an integrating-sphere attachment, and
the spectral transmittance and reflectance in the IR were mea-
sured by means of an FSM Fourier spectrometer. The lumines-
cence spectra were measured with continuous X-ray excitation
(the anode voltage of the X-ray tube was 40 kV) in transmitted
and reflected light. The X-ray luminescence spectra of the
samples were recorded using an MDR-3 monochromator with
gratings having line density 1200 or 600 mm−1. An R928
broad-band photomultiplier with a Hamamatsu pre-amp was
used as the radiation detector, after which the signal was
digitized by a 16-bit National Instruments analog-to-digital
converter. The resulting spectra were corrected, using the trans-
mittance of the monochromator and the spectral sensitivity of
the photomultiplier. Two original experimental devices were

used to measure the luminescence-damping curves: the damp-
ing of the defect luminescence band of undoped ceramics was
measured in the range from hundreds of nanoseconds to a few
milliseconds by means of an X-ray source that made it possible
to obtain pulses from 100 to 2000 ns wide, described in detail
in [10]; the damping of the excitonic luminescence band of the
gallium-doped ceramics was measured in the range from a few
to hundreds of nanoseconds by means of an X-ray source with a
pulse width less than 1 ns, described in [11].

2. RESULTS AND DISCUSSION

It was established from the X-ray structural analysis that all the
ceramic samples have the same hexagonal phase of ZnO.

Figures 1(a) and 1(b) show how the lattice parameters of the
ceramic samples fabricated from the TU-6-09-2175-77 and
Sigma Aldrich ZnO powders depend on the dopant concentra-
tion. As can be seen from the figure, parameter a is virtually
independent of the amount of Ga and oscillates within the lim-
its from 3.2519 to 3.2527 Å. The presence of the dopant in the
ZnO lattice is tracked using the character of the change of
parameter c. The introduction of an amount of gallium from
0.03 to 0.075 mass % causes its value to decrease. The most
substantial decrease of the parameter in this case, from 5.2071
to 5.2032 Å, is observed at the minimum concentration of Ga:
0.03 mass % [Fig. 1(a)]. As the concentration is increased from
0.075 to 0.1 mass %, parameter c tends to increase, but only to
a value comparable with the parameter of the undoped ZnO
ceramic.

The ambiguous (nonmonotonic) character of the depend-
ence of parameter c is possibly explained by the incorporation
of Ga into various crystal-lattice sites of ZnO. Gallium can oc-
cupy regular positions of the biotite structure, replacing zinc
ions with tetrahedral coordination, or can be incorporated into
octahedral interstices. This is mentioned, in particular, in pa-
pers devoted to the study of ZnO:Ga films [12,13].

Since the gallium in the oxide G2O3, in the form of which
the dopant was introduced, has octahedral coordination, such a
position can be even more preferred under certain conditions.
Since the effective ionic radius of Ga3� both with tetrahedral
coordination (0.47 Å) and with octahedral coordination
(0.62 Å) is less than that of Zn2� (0.62 and 0.74 Å, respectively
[14]), parameter c must decrease, and this is what is observed.

The results of the study of how the activator concentration
affects the texture factor T c of the ceramic samples are shown in
Figs. 1(c) and 1(d). All of these samples are characterized by
predominant orientation of the grains along the (100) and
(110) planes of the prism and weak texturing along the
(101) plane of the rhombohedron. The presence of gallium
in the ZnO structure results in a gradual reduction of T c
(100) and T c (110) as its concentration increases and has vir-
tually no effect on T c of the (101) plane of the rhombohedron
but manifests a definite tendency to prefer to orient the grains
along the (102) plane of the rhombohedron in the ceramic fab-
ricated from Sigma Aldrich powder.

Figure 2 shows electron micrographs of the starting powders
and the microstructure of the ceramic samples fabricated
from TU-6-09-2175-77 ZnO powders produced in Russia
[Fig. 2(a)] and produced by Sigma Aldrich [Fig. 2(b)], along

Table 1. Concentration of Ga Dopant Introduced into the
Samples

Sample No.
Concentration of

Ga, mass %
Manufacturer of
ZnO powder

1a 0 Russia, TU-6-09-2175-77
2a 0.03 Russia, TU-6-09-2175-77
3a 0.05 Russia, TU-6-09-2175-77
4a 0.075 Russia, TU-6-09-2175-77
5a 0.1 Russia, TU-6-09-2175-77
1b 0 USA, Sigma Aldrich
3b 0.05 USA, Sigma Aldrich
4b 0.075 USA, Sigma Aldrich
5b 0.1 USA, Sigma Aldrich
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with histograms displaying the size distribution of the grains in
these samples.

The morphological content of the TU-6-09-2175-77 ZnO
powder made in Russia is represented by acicular and elongated
varieties of nanorod grains of size �50–70� × 150 nm
and 45 × 500 nm. The predominant habitus of these grains
is hexagonal–prismatic. Moreover, large grains are present, fre-
quently with faceting, with a size from 200 × 750 nm to 1 μm
and various agglomeration formations.

Crystal grains with a size of 50 × 100, 100 × 200, and 100 ×
500 nm are also present in the Sigma Aldrich ZnO. However,
unlike the TU-6-09-2175-77 powder made in Russia, this
powder, along with nanorod grains, contains flattened tabletlike
grains having a tetrahedral–prismatic habitus. Moreover, aggre-
gates in the form of chains and rings of small particles are
present in the powder. It can thus be stated that both starting
powders agglomerate to a significant degree.

The microstructure of the two undoped ceramics is similar
and is represented by grains that have a shape close to isometric,
with sizes in the range from 10 to 35 μm, and this significantly
exceeds the particle size of the starting powder as a consequence
of intensive recrystallization processes.

The presence of the gallium dopant changes the character
of the microstructure of the ZnO ceramic, although not so
radically as is observed when it is doped with indium [15].
Subdivision and change of the morphology of the grains occurs.

The reduction of the grain size shows up most strongly when
the minimum amount of gallium in the chosen range is intro-
duced into the composition of the starting powder. The micro-
structure of this ceramic (Table 1, sample 2a) is made up of
grains whose size lies in the interval from 5 to 15 μm. A further
increase in the gallium concentration results in the appearance,
along with the small grains, of larger ones with a size of up to
20–25 μm, the number of which predominates in samples fab-
ricated from TU-6-09-2175-77 powder. As the gallium con-
centration runs from 0.075 to 0.1 mass % (samples 4b and 5b,
Table 1) in the ceramic samples fabricated from the Sigma
Aldrich powder, grains of indefinite shape appear with wavy
boundaries having no distinct faceting. Nevertheless, grains
of another shape [inset to Fig. 2(b)] are also observed in sample
5b (Table 1); these are more isometric, like that which char-
acterizes the ceramic with an analogous concentration of
gallium (Table 1, 5a).

The resulting data show the complex character of the effect of
the gallium impurity on the recrystallization processes that occur
in ZnO under conditions of uniaxial hot pressing, as well as
making a definite contribution of special properties of the start-
ing powders to the microstructure of the ceramics. Further,
more intensive study is required for the interpretation of these
results; nevertheless, it is possible to make certain assumptions.

The changes that occur can be explained by the fact that, as
is well known, small concentrations of impurities in most cases

(a) (b)

(c) (d)

Fig. 1. The effect of a Ga impurity on the (a), (b) lattice parameters and (c), (d) texture factors of ceramics fabricated from ZnO using (a),
(c) TU-6-09-2175-77 and (b), (d) Sigma Aldrich powders. The curves in graphs (c) and (d) correspond to the following planes: 1—(100), 2—(002),
3—(101), 4—(102), 5—(110), 6—(103).
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raise the recrystallization-onset temperature [16]. They retard
the recrystallization as a consequence of their elastic and pos-
sibly chemical interactions with dislocations and grain bounda-
ries. It has been established that this change is most abrupt

when low-solubility additives are incorporated in another type
of lattice and when the matrix ions and impurity ions greatly
differ in size. Moreover, the retardation becomes less efficient
when the radius of the impurity ion is less than that of the

(a)

(d)

(g)

(k) (l)

(h) (i)

(e) (f)

(b) (c)

Fig. 2. Micrographs of the (a) TU-6-09-2175-77 and (b) Sigma Aldrich ZnO starting powders used as a basis for fabricating ZnO ceramic
samples (c—sample 1a, d—2a, e—3a, and f—5a, Table 1) and ZnO:Ga samples (g—sample 1b, h—3b, i—4b, and j—5b, Table 1), and
the distribution over grain sizes of the (k) ZnO and (l) ZnO:Ga samples.
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matrix ion. In our case, the solubility of Ga in ZnO according
to various estimates is 0.5–1.0 at %, and this characterizes
three-dimensional structures produced by solid-state synthesis
[17]. Unlike the hexagonal structure of ZnO, the oxide of the
introduced gallium impurity (Ga2O3) has a monoclinic struc-
ture; finally, the ionic radius of Ga3� is less than that of Zn2�.

The data on nanocrystalline powders and films of ZnO:Ga
obtained by different methods also show that the gallium impu-
rity has a substantial effect on the microstructure of ZnO. In
most cases, the size of the crystals is observed to decrease as the
dopant concentration increases [17].

Characteristic photographs of ZnO and ZnO:Ga ceramics
fabricated from TU-6-09-2175-77 and Sigma Aldrich powders
are shown in Fig. 3. The samples of undoped ZnO ceramic are
colored light yellow. When gallium is introduced into the start-
ing powder, the ceramic acquires a sky-blue coloration whose
intensity increases as the concentration increases. In this series,
a greenish tint is observed only in the sample that contains 0.03
mass % of gallium (Table 1, 2a). Inhomogeneities are noted in
the samples in some photographs, and this results from agglom-
eration of the starting powders.

Figure 4 shows the total transmission spectra (from the near-
UV to the near-IR) of ceramic samples fabricated from the vhp-
grade TU-6-09-2175-77 and Sigma Aldrich powders [Figs. 4(a)
and 4(b)] and the transmission and reflection spectra in the
mid-IR range of ZnO and ZnO:Ga ceramics [Figs. 4(c) and
4(d)]. The short-wavelength transmission limit of the undoped
ceramics (samples 1a, 1b, Table 1) lies in the 370-nm region,
but the total transmittance in the visible and near-IR is of
the order of 65%–70% [Figs. 4(a) and 4(b)]. For polycrystal-
line hexagonal material with predominant orientation of the
grains along the planes of the prism, this is a fairly high level,
approaching the transmittance of single-crystal ZnO [18].
Certain differences in the character of the transmittance curves
of samples 1a and 1b (Table 1) are observed in the near-IR:

The total transmittance of the ZnO ceramic fabricated from
the Sigma Aldrich powder (Table 1, 1b) continuously increases
in the range under consideration, unlike the ZnO ceramic fab-
ricated from the TU-6-09-2175-77 powder (Table 1, 1a), in
which a gradual decrease in the transmittance is observed in
the region beyond 870 nm. The differences in the transmit-
tance of these ceramics are more substantial in the mid-IR,
as can be seen in Fig. 4(c). Ceramic 1b has high transmittance,
while the long-wavelength limit of the transmittance is located
in the 9-μm region, unlike ceramic 1a, the corresponding limit
of which lies in the 5-μm region. This can result from the higher
concentration of free charge carriers in ceramic 1a by compari-
son with ceramic 1b. Studies of the IR transmittance and
reflectance carried out on ZnO single crystals show that char-
acteristic free-carrier absorption is observed in the 3–10-μm re-
gion, which changes to lattice self-absorption in the 9–35-μm
range [19]. Additional studies are required to explain why ab-
sorption appears at 3.43 and 3.51 μm in both undoped ceram-
ics. Nevertheless, based on the data of [20], it can be assumed
that these peaks are associated with C–H vibrations. It was
pointed out by the authors of [20] that such bands are often
observed in the spectra of ZnO single crystals, films, and nano-
particles measured at a temperature of 6 K and are associated
with an asymmetric longitudinal C–H (CH2) vibration.

The doping of ZnO with gallium displaces the short-wave-
length transmission limit toward longer wavelengths and
changes the shape of the transmittance curve in accordance
with the varying Ga concentration [Figs. 4(a) and 4(b)].
Thus, if the transmittance limit of the ceramic into which
0.03 mass % Ga was introduced (Table 1, 2a) is located in
the 377-nm region, it lies in the 385–390-nm interval in sam-
ples that contain 0.05–0.1 mass %. The spectra of all the doped
ceramics include maxima that shift from 565 to 485 or 465 nm
as the gallium concentration increases from 0.03 to 0.1 mass %.
Since the sample with the minimum Ga concentration

(1a) (5a)(3a)(2a)

(1b) (5b)(4b)(3b)

Fig. 3. Typical photographs of ZnO and ZnO:Ga samples fabricated from TU-6-09-2175-77 (1a, 2a, 3a, 5a) and Sigma Aldrich (1b, 3b, 4b, 5b)
powders. The numbers in the photographs correspond to the sample numbers given in Table 1.
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(Table 1, 2a) is opaque for radiation with wavelength 2 μm, as
established experimentally, it should be assumed that the long-
wavelength limit of all the doped ceramics lies in the region
from 1 to 2 μm.

The observed absorption of the ZnO:Ga ceramics in the
visible and IR is free-charge-carrier absorption caused by the
presence of shallow donors created by the gallium impurity.

The free-carrier concentration was determined from data
obtained by studying the reflection spectra of ZnO and
ZnO:Ga ceramics in the mid-IR [Fig. 4(d)]. The calculation
used [5,21]

n � �7.24 × 1020�
λ2min

, (2)

where λmin is the wavelength of the minimum in the IR reflec-
tion spectrum, expressed in micrometers, and n is the free-
carrier concentration (cm−3).

The results of the calculation are shown in Table 2. The
free-carrier concentration is somewhat higher in the ZnO
ceramic fabricated from TU-6-09-2175-77 powder than in that
made from Sigma Aldrich powder. An increase of the free-
carrier concentration with an increase of the gallium content
is observed in the doped ceramics, becoming virtually an order
of magnitude higher than in the undoped ceramics.

The luminescence spectra of the ceramics measured in trans-
mitted light is shown in Figs. 5(a)–5(d). The inset in Fig. 5(d)
shows the luminescence spectra of the ZnO:Ga ceramics fab-
ricated from the Sigma Aldrich powder, measured in reflected
light. Undoped ceramics 1a and 1b (Table 1) emit in the yel-
low–orange region and are characterized by a wide band with
maximum in the 580-nm region.

The radiation in the green–red region is usually associated
with internal defects. Several luminescence bands are usually
observed in various forms of ZnO: a band with maximum

(a) (b)

(c) (d)

Fig. 4. Total transmission spectra of ceramic samples fabricated from TU-6-09-2175-77 and Sigma Aldrich powders (a, b), transmission spectrum
(c), and reflection spectrum (d) in the mid-IR range of the ZnO and ZnO:Ga ceramics. The designations of the curves correspond to the sample
numbers in Table 1.

Table 2. Wavelength of the Reflection-Spectrum Minimum and the Free-Carrier Concentration

Sample No. 1a 1b 2a 3b 5b

λmin, μm 14.9 15.6 12.6 5 4.58
n, cm−3 3.26 × 1018 2.975 × 1018 4.56 × 1018 2.896 × 1019 3.44 × 1019
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corresponding to 500 nm, which characterizes samples ob-
tained in reducing conditions, whereas samples obtained under
oxidizing conditions are characterized by luminescence with a
maximum corresponding to 600 nm [22,23]. Some authors
have expressed the assumption that oxygen and zinc vacancies
are responsible for the luminescence bands with maxima
corresponding to 500 and 600 nm, respectively [22,23]. It
is assumed in other papers that both luminescence bands are
associated with modifications of oxygen vacancies: their various
charge states (V x∕•

O and V •∕••
O ) [24], or their locatation either in

the bulk or the near-surface layer of ZnO [25].
The exciton luminescence in ZnO ceramics is suppressed

because the emission spectrum of the exciton luminescence
overlaps the excitation spectra of the defect luminescence band,
thereby reabsorbing the exciton luminescence and effectively
transmitting energy from the excitons to the defect lumines-
cence centers.

The introduction of 0.03 mass % of gallium impurity into
the ZnO (Table 1, 2a) broadens the LWL band, shifts the maxi-
mum into the green (to 510 nm), and reduces the luminescence
intensity by a factor of almost 3.5 by comparison with the un-
doped ceramic 1a [Table 1, Fig. 5(a)]. The exciton band in the

spectrum of ceramic 2a (Table 1) that characterizes ZnO:Ga is
not observed.

The exciton band with maximum in the 398-nm region ap-
pears in ceramics 3a and 3b (Table 1), doped with 0.05 mass %
Ga [Figs. 5(b) and 5(d)]. A further increase of the gallium con-
centration reduces the intensity of the exciton peak as well as
that of the defect band. It should be pointed out that the defect
band in the doped ceramics fabricated from the TU-6-09-
2175-77 powder made in Russia has higher intensity than
do the samples produced with the Sigma Aldrich powder, where
it is virtually suppressed. The spectra of the ZnO:Ga ceramics
measured in reflected light [inset in Fig. 5(d)] differ from the
spectra measured in transmitted light mainly by the position of
the maximum of the exciton band, which lies in the 389-nm
region. The obvious displacement of the edge-luminescence
maximum by 10 nm toward longer wavelengths when it is mea-
sured in transmitted light is caused by the self-absorption of this
radiation. A similar effect was noted in [21]. The high trans-
mittance in the emission region of ceramic 5b (Table 1) by
comparison with sample 4b (Table 1) is explained by its higher
emission intensity when the measurement is made in transmit-
ted light.

Fig. 5. X-ray luminescence spectra measured in transmitted light of ZnO and ZnO:Ga ceramics fabricated from (a), (b) TU-6-09-2175-77 and
(c), (d) Sigma Aldrich powders. The inset in (d) is the X-ray luminescence spectra of ZnO:Ga samples measured in reflected light. The designations
of the curves correspond to the sample numbers in Table 1.
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The collection of data obtained from sample 2a (containing
0.03 mass % Ga, Table 1) concerning the lattice parameter c
[Fig. 1(a)], the grain size [Fig. 2(a)], the relatively low free-
charge-carrier concentration, and the spectral content of the
radiation by comparison with other doped ceramics make it
realistic to assume that Ga may occupy an interstitial position
in this case, since, in the words of the authors of [26], it is an
inactive donor impurity.

The X-ray-luminescence damping curves that characterize
undoped ceramics are shown in Fig. 6. In this figure, curves
1 and 2 are obtained when square excitation pulses 100 and
1700 ns wide, respectively, are used. The luminescence-
damping curves have a complex, multicomponent character.
Their shape can be approximated by the triple exponential
falloff

I � I1 exp�−t∕τ1� � I2 exp�−t∕τ2� � I3 exp�−t∕τ3�, (3)

where τi is the damping time. The results of the approximation
are shown in Table 3.

The observed complex shape of the damping curve is caused
by two factors. The first one is explained by the fact that the
spectra of the test ceramics with no dopants consist of several
overlapping defect-luminescence bands. The luminescence
band with maximum at about 500 nm in this case has more
rapid luminescence damping than the band with maximum
corresponding to 600 nm [27]. The second factor is the con-
tribution of thermally delocalized charge carriers with shallow

traps. As can be seen from Fig. 6 and Table 3, increasing the
width of the exciting pulse increases the damping constant of
the luminescence kinetics, and this is characteristic of emission
processes in which charge traps actively participate. The pres-
ence of several forms of charge traps with various parameters
and their interaction with each other significantly complicates
the problem of mathematically describing the process and
results in a multicomponent luminescence-damping curve.

Gallium-doped ceramics in which the defect luminescence is
suppressed possess kinetic damping with time constants of 1.1
and 10 ns (inset in Fig. 6). The damping time of 1.1 ns cor-
responds to typical exciton lifetimes in ZnO, measured with
photoexcitation [1]. The component with a damping constant
of 10 ns probably results from incompletely quenched defect
luminescence.

Annealing in an argon–hydrogen atmosphere is used to in-
crease the efficiency of exciton luminescence and to suppress
the defect-emission band in powders, films, and nanoparticles
[3,28,29]. A mixture that contains 5%H2 is most often used. It
is assumed that the hydrogen plays a double role: It eliminates
an excess of oxygen and reduces the number of zinc vacancies
that form the shallow acceptor H 0

Zn. The mechanism proposed
in the literature for increasing the edge-luminescence intensity
with argon–hydrogen heat treatment consists of recombining
the electrons localized on the Ga3� donor level with the holes
trapped by the shallow acceptor H 0

Zn [3].
Our experiments on the heat treatment of ZnO:Ga ceramics

for 120 min in an atmosphere that contains 5% hydrogen at a
temperature of 600°C allowed us to increase the exciton lumi-
nescence intensity by a factor of 3 on average. However, this
effect was observed in a layer about 100 μm thick [30].
Our latest experiments that involve varying the annealing
parameters show that the exciton-luminescence intensity can be
increased more substantially. It should be pointed out that,
even though the luminescence intensity is increased, heat treat-
ment in an argon–hydrogen gas mixture does not affect the
luminescence kinetics of either doped or undoped ceramics.

Samples of ZnO:Ga ceramics were tested using heavy-ion
beams at GSI (Helmholtzzentrum für Schwerionenforschung
GmbH, Germany) [31]. As shown by the studies, their tem-
poral characteristics approach those of a VS-400 plastic scintil-
lator, while the radiation stability is more than an order of
magnitude greater than that of the latter and is comparable with
silicon and diamond detectors. Thus, ZnO:Ga ceramics can be
an effective replacement of the plastic scintillators being used.

3. CONCLUSION

The grains of ZnO and ZnO:Ga ceramics become predomi-
nantly oriented along the prism planes during hot pressing,
and this ensures that the ZnO samples have relatively high
transparency in the visible region.

The introduction of from 0.03 to 0.1 mass % Ga into the
ZnO structure reduces the grain size.

It has been established that different starting powders have
an effect on the free-carrier concentration in the ZnO ceramic
and its long-wavelength transmission limit, as well as on the
intensity of the long-wavelength luminescence band in the
ZnO:Ga ceramic.

Fig. 6. Damping curves of X-ray luminescence excited by pulses of
width 100 (1) and 1700 ns (2) in ZnO ceramic (sample 1b, Table 1).
The inset shows the luminescence-damping kinetics of ZnO:Ga
ceramic (sample 5b, Table 1).

Table 3. Approximation Parameters of the
Luminescence-Damping Curves of ZnO Ceramic for a
Triple-Exponential Falloff

tpuls, ns τ1, μs LY 1 τ2, μs LY 2 I 3 τ3, μs LY 3

1700 0.93 0.17 20 0.42 0.035 55 0.41
100 0.54 0.27 10 0.27 0.02 42 0.46

Note. tpuls is the excitation pulse width, and LY i is the normalized light output
of the component with damping time τi , LY i � �I iτi�∕�I 1τ1 � I2τ2 � I 3τ3�.
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The maximum exciton-luminescence intensity in the
ZnO:Ga ceramic is observed when the Ga concentration is
0.05 mass %.

It has been established that it is promising to use ZnO:Ga as
a scintillation ceramic for recording heavy ions. It possesses an
exciton-luminescence damping time of about 1.1 ns and high
radiation stability.

Funding. Russian Foundation for Basic Research (RFBR)
(18-52-76002).
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