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A B S T R A C T   

In the presented work we compare luminescence characteristics of ZnO:Ga and ZnO:In ceramics prepared by hot 
uniaxial pressing method. Two types of initial powders were used. The first one was nanosized powder prepared 
by precipitation method. In the second case we used microsized powders and mechanical admixturing the oxides 
of intended dopant. In both cases doping by the trivalent ions lead to a significant quenching of ZnO visible 
emission and an increase in near-band-edge luminescence. The study has shown that the type of dopant greatly 
affects the transmittance of ceramics prepared from nano- and micro sized powders. Several reasons for the 
specific effect of powder preparation process and a type of introduced dopant, including changes in dopant 
solubility, their interaction with the grain boundaries, etc., were considered.   

1. Introduction 

The study of fast luminescence in scintillation materials is of great 
fundamental and applied importance [1,2]. Among ultrafast scintilla-
tors, materials based on ZnO [3] and BaF2 [4] occupy a special place. In 
a great variety of ZnO materials (powders, crystals, ceramics) two types 
of luminescence bands are observed, namely, a narrow near UV band 
and a broad band in the visible spectral region. The UV band is located 
near the fundamental absorption edge of ZnO, therefore it is called 
near-band-edge (NBE) luminescence. This luminescence has an exci-
tonic nature and shows a subnanosecond decay time [5]. The broad 
visible band results from electron recombination at luminescence cen-
ters, which are point defects, such as oxygen VO [6,7] or zinc VZn [8] 
vacancies. This luminescence is characterized by a slow (microsecond 
range) decay time, which is undesirable for high-speed elements, in 
particular, for scintillators. The problem of suppressing visible band of 
luminescence and increasing the intensity of the ultrafast UV band may 
be solved by introducing trivalent ions Ga3+ [9], In3+ [10], Al3+ [11], 
and La3+ [12] into ZnO. The trivalent ions are usually incorporated into 
ZnO in the form of the corresponding oxides, which leads to a decrease 
in the number of oxygen vacancies and reduction of visible lumines-
cence intensity, respectively. In addition, trivalent ions create donor 
levels, which causes an increase in the intensity of NBE luminescence 

[10]. The intensity of NBE luminescence can be increased also by 
annealing ZnO in various gases, in particular, in a hydrogen-containing 
atmosphere [13,14]. Effect of annealing in either Ar or O2 ambient on 
luminescence characteristics of nanocrystalline films was studied in 
Ref. [15]. The Ar annealing of ZnO was found to be the ideal environ-
ment for the enhancement of NBE luminescence: a growth of ~40 times 
was achieved. The ratio of NBE to visible luminescence intensities in-
creases 150-fold after thermal annealing for the undoped ZnO nanowire 
[16]. 

Origin of the NBE luminescence was extensively studied, but it is still 
in debate. Some authors suggested that the luminescence at room tem-
perature (RT) originates from free exciton recombination [17,18]. 
However, it was reported that the most intense emission at RT for 
undoped crystal is related to bound excitons [19]. In some cases, the 
luminescence involves two different transitions, in which one is related 
to the ZnO free exciton and the other is related to the free-to-bound 
transition [20]. 

It should be noted that the study of the ZnO luminescence charac-
teristics is carried out mainly on single crystals and films; less attention 
is paid to ceramics. In this paper, we focus on ZnO luminescence of 
undoped, Ga- and In-doped ceramics. To obtain a high NBE lumines-
cence intensity and suppress the visible luminescence band, various 
conditions for the preparation of powders were applied (the temperature 
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and time of synthesis were varied). The original nano- and micro-sized 
powders were used to make ceramic samples, the characteristics of 
which were then compared. The optimal concentration of Ga and In 
impurities was chosen based on the results of our previous research [21]. 

2. Materials and methods 

Nanosized powder samples were made by precipitation method from 
ZnO commercial microsized powders (Sigma Aldrich, 99% purity) [22]. 
Gallium and indium were added in a form of soluble salts before the 
actual precipitation. Final dopant concentration in case of Ga and In was 
0.1 wt% and 0.13 wt% respectively. Five nanosized powders with the 
average grain size ranging from 30 to 40 nm have been made:  

• undoped ZnO sintered in air at 600 ◦C during 60 h;  
• ZnO:Ga 0.1 wt% sintered in air at 600 ◦C during 60 h;  
• ZnO:In 0.13 wt% sintered in air at 600 ◦C during 60 h;  
• ZnO:Ga 0.1 wt% sintered in air at 850 ◦C during 24 h;  
• ZnO:In 0.13 wt% sintered in air at 850 ◦C during 24 h. 

ZnO-based ceramics were prepared from the above-mentioned 
nanopowders. by uniaxial hot pressing in a high-temperature vacuum 
furnace (see e.g. Ref. [21]). The samples were obtained in the form of 

discs with a diameter of 24 mm and a thickness of 0.5 ÷ 1.0 mm (after 
polishing). We will designate the samples produced from nanopowders 
as n-ceramics. 

In addition, Ga- and In-doped ceramic samples were made from 
commercial zinc oxide micro-sized powders, denoted as m-ceramics. The 
grain size of the initial powder in this case was from 50 × 50 nm2 to 100 
× 500 nm2. Batches of different purity from various manufacturers were 
used. Doping of the m-ceramics was performed by mechanical admix-
ture of Ga or In oxides. 

Microstructure of all ceramics was studied using optical microscope. 
Infrared reflectance spectra were measured with an FCM-1201 FTIR 
spectrometer. 

Total transmittance spectra in UV/Vis region were measured using 
SPECORD 200 PLUS double-beam spectrophotometer equipped with an 
integrating sphere. 

Radioluminescence (RL) spectra were measured under continuous 
excitation using an X-ray tube with tungsten anode. The tube voltage 
and current were 40 kV and 10 mA, respectively. Emission was detected 
by an MDR-2 monochromator coupled to a Hamamatsu H8259-01 
photon counting head. Samples were positioned in reflection geometry 
[23]. 

RL kinetics were measured under pulsed X-ray excitation (27 kV) 
using time correlated single photon counting. X-ray pulse width was 

Fig. 1. Microstructure of (a) ZnO m-ceramics prepared straight from the commercial powder and ZnO n-ceramics prepared from the precipitated powders annealed 
in air at temperature (in brackets): (b) undoped ZnO powder (600 ◦C), (c) ZnO:Ga (600 ◦C), (d) ZnO:Ga (850 ◦C), (e) ZnO:In (600 ◦C), and (f) ZnO:In (850 ◦C). 
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around 800 ps with a maximum current of ~500 mA. This experimental 
setup is described in detail in Ref. [24]. 

3. Results 

3.1. ZnO, ZnO:Ga, and ZnO:In ceramics prepared from nanoparticle 
samples 

3.1.1. Microstructure 
Microstructures of the obtained n-ceramics are shown in Fig. 1(b–f). 

A microphotograph of an undoped m-ceramics prepared from the initial 
microsized commercial powder is also shown for comparison (Fig. 1(a)). 
The microstructure of undoped ZnO ceramics in both m- and n-cases 
(Fig. 1 a and b, respectively) is composed of isometric grains, rounded 
grains and grains of an indefinite shape. The grain size of the m-ceramics 
ranges from 25 to 40 μm while in n-ceramics grains are considerably 
smaller: from 3 to 25 μm. 

The introduction of Ga into ZnO leads to a decrease of grain size 
down to 4–16 μm with retention, slight deformation (or distortion) of 
isometric shape (Fig. 1(c and d)). Slight variation in grain size depending 
on the temperature of powder annealing was also observed. In case of 
the n-ceramics made of powders annealed at 850 ◦C, the appearance of 
grains of indefinite shape was registered. 

In case of In doped n-ceramics (Fig. 1(e and f)) a drastic change in the 
shape of the grains was observed. The microstructure was predominated 
with elongated grains with jagged boundaries and grains of indefinite 
shape with sinuous boundaries. The average grain size varies from 2 × 8 
to 5 × 11 ÷ 15 μm2. Isometric grains were also present and had an 
average size of 5 μm. Increase in the powder annealing temperature lead 
to a slight decrease in a grain size. 

3.1.2. Optical and luminescent properties 
The results of measuring the total transmittance of the studied n- 

ceramics in the range from 350 to 1100 nm is shown in Fig. 2. 
The transmittance curve of undoped n-ceramics is common for ZnO, 

except for the less steep absorption edge. All spectra have the absorption 
edge around 390–400 nm. Ga and In doped ceramics also exhibit a 
decrease in transmittance at wavelengths higher than 600 nm. All Ga 
doped ceramics have maximum transmittance around 18–20%. The 
ZnO:Ga (600 ◦C) ceramics also exhibit an increased absorption around 
400–450 nm. 

Indium doped ceramics demonstrate significantly better total trans-
mittance. Increasing powder sintering temperature leads to a further 
rising of the total transmittance. The best result was obtained for ZnO:In 
(850 ◦C) ceramics where the total transmittance reached 32%. It should 
be noted that ZnO:Ga (850 ◦C) sample had a shorter-wavelength ab-
sorption edge (389 nm) compared to that of ZnO:In(850 ◦C) (397 nm). 

Doping ZnO with trivalent Ga and In ions led to an increase of NBE 

emission intensity (Fig. 3) and significant quenching of the visible band. 
The best result was obtained for the ZnO:Ga (850 ◦C) ceramics which 
had its NBE luminescence intensity increased around 15 times compared 
to the undoped n-ceramics. 

RL decay curves measured for all studied samples are shown in Fig. 4. 
Doped samples show predominantly fast components with a decay time 
about 0.7 ns (taking into account the width of the excitation pulse). All 
ceramics except ZnO:Ga (850 ◦C) exhibit a residual slow decay 
component. Ceramics which were obtained from powders, sintered at 
higher temperature have lower intensity of the visible band. The addi-
tional “bump” around 5–10 ns is an instrumental artifact which is 
localized and does not affect overall accuracy. 

3.2. ZnO:Ga and ZnO:In ceramics prepared from commercial micro sized 
powders 

3.2.1. Optical and luminescent properties 
In m-ceramics, the same amount of dopants was introduced as in n- 

ceramics. Characteristic microstructures of m-ceramics are shown in 
Fig. 5. The microstructure of m-ZnO:Ga ceramics is composed of grains 
of an indefinite shape without a clear faceting with sinuous boundaries, 
as well as grains, the shape of which is close to isometric. The grain size 
(mainly) varies in the range of 5 ÷ 20 μm, i.e. slightly larger than in n- 
cremics. 

To compare with m-ceramics, two samples of n-ceramics (one Ga and 
one In doped) have been chosen. Both ZnO:Ga and ZnO:In n-ceramics 
were made of a powder annealed at 850 ◦C during 24 h and had higher 
transmittance and NBE emission intensity than other n-samples. Their 
total transmittance and RL spectra are shown in the same scale at Fig. 6 
in comparison with spectra of m-ceramics of the same composition. 

m-ZnO:Ga ceramics has lower NBE luminescence intensity (around 
2.5 times) than the n-ZnO:Ga (850 ◦C) ceramics. ZnO:In m- and n-ce-
ramics, on the contrary, had similar intensity of the NBE emission. It also 
should be noted that in Ga doped ceramics the visible band is more 
quenched than in In doped ones. 

The maximum transmittance of the Ga and In doped m-ceramics is 
around 51 and 48%, respectively, which is higher than that of n-ce-
ramics (15 and 32%, respectively). The absorption edge of ZnO:In m- 
ceramics lies at 392 nm, it is shifted to the short-wavelength region in 
comparison with that for similar n-ceramics, ~396 nm. Such shift was 
not observed in ZnO:Ga samples. 

RL decay kinetics of m- and n-ceramics are shown at Fig. 7. The best 
ratio between fast and slow components was achieved for n-ZnO:Ga 
(850C). This corresponds to the fact that it had much lower intensity of 
the visible band (Fig. 6(a)). Other samples (m-ZnO:Ga and both ZnO:In) 
had quite similar distribution of slow and fast luminescent components. 

Fig. 2. Total transmittance of n-ceramics of 0.5 mm thickness. 1 – ZnO(600 ◦C), 
2 – ZnO:Ga (600 ◦C), 3 – ZnO:In(600 ◦C), 4 – ZnO:Ga (850 ◦C), 5 – ZnO: 
In(850 ◦C). 

Fig. 3. Radioluminescence spectra of n-ceramics produced from undoped and 
Ga or In doped nanopowders: 1 – ZnO(600 ◦C), 2 – ZnO:Ga (600 ◦C), 3 – ZnO:In 
(600 ◦C), 4 – ZnO:Ga (850 ◦C), 5 – ZnO:In(850 ◦C). 
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3.2.2. Infrared reflectance spectra 
The reflectance spectra of the ZnO:Ga and ZnO:In m- and n-ceramics 

in the long-wavelength region are presented in Fig. 8. The observed 
curve minima are due to the presence of free carriers generated by 
shallow donors resulting from the introduction of Ga or In Ref. [25]. As 
shown in Ref. [26], taking into account the effective mass of electrons, 
0.24me, and the high-frequency dielectric constant, 3.75, of ZnO, a 
simplified formula can be obtained for the electron concentration: 

n=
7.24⋅1020

λ2
min

,

where λmin is the wavelength of the minimum in the IR reflectance 
spectrum, expressed in microns; n is the concentration of free carriers in 
cm− 3. 

The concentration of free carriers was determined based on the data 
obtained in the study of the reflection spectra of ZnO:Ga and ZnO:In 
ceramics in the mid-IR range (Fig. 8). Calculated values are presented in 
Table 1. The data obtained show that the concentration of free carriers in 
gallium ceramics is significantly higher than that of indium ceramics. 
The differences in the concentration of free carriers between m-ceramics 
and n-ceramics are not so significant. Nevertheless, the calculated values 
of the concentration of free carriers allow us to assume that the gallium 
content in n-ceramics is higher than in m-ceramics, and the indium 
content, on the contrary, is higher in m-ceramics. 

4. Discussion 

Microstructure of undoped ZnO m- and n-ceramics (Fig. 1(a) and (b), 
respectively) shows a significant effect caused by the morphology of the 
initial powder. Final grain size of the n-ceramics was more than twice 
smaller than that of the m-ceramics, although there were no significant 
changes in the shape of the grains. Smaller size could potentially lead to 

Fig. 4. Radioluminescence decay kinetics of n-ceramics: 1 – ZnO(600 ◦C), 2 – 
ZnO:Ga (600 ◦C), 3 – ZnO:In(600 ◦C), 4 – ZnO:Ga (850 ◦C), 5 – ZnO:In(850 ◦C). 

Fig. 5. Microstructure of (a) ZnO:Ga and (b) ZnO:In m-ceramics.  

Fig. 6. Total transmittance and radioluminescence spectra of (a) ZnO:Ga and 
(b) ZnO:In. 1 – m-ceramics, 2 – n-ceramics (from powders annealed at 850 ◦C). 

Fig. 7. Radioluminescence kinetics of 1 – m-ZnO:Ga, 2 – n-ZnO:Ga (850 ◦C), 3 – 
m-ZnO:In, and 4 – n-ZnO:In(850 ◦C) ceramics. 
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a noticeable decrease in total transmittance due to a larger amount of 
refractive surfaces, pores, surface defects, etc. 

Addition of dopants led to a further grain size decrease. In case of n- 
ZnO:Ga the final size of grains was 4–16 μm, which was only slightly 
smaller than of m-ZnO:Ga (Fig. 5(a)). Sintering a nanopowder at 850 ◦C 
instead of 600 ◦C also led to a small decrease in the average grain size. 
Indium dopant caused a drastic change in the ceramic morphology. In 
both m- and n-ceramics it caused a formation of elongated grains. Such 
behavior can be explained by the fact that indium is generally inter-
acting at the grain boundaries. It leads to rounding of the initial faceted 
ZnO particles, which works in favor of the sintering process. At the stage 
of grain growth during hot pressing it promotes the formation of a 
characteristic microstructure of ceramics with jagged and zigzag grain 
boundaries [29]. Interestingly, this effect does not change with different 
method of impurity introduction. 

Although the morphology of doped m- and n-ceramics was very 
close, their optical and scintillating characteristics showed significant 
differences. Ga doped n-ceramics had a much lower transmittance (less 
than 16%) than m-ceramics (51%). In doped n-ceramics (Fig. 2) had a 
transmittance around 28–32% which was still less that 48% of In doped 
m-ceramics. Increase in the powder sintering temperature from 600 ◦C 
to 850 ◦C led to an improvement of the total transmittance. Higher 
sintering temperature seems to have been a good choice since it also 
removed an absorption band which was present in ZnO:Ga (600 ◦C) n- 
ceramics (Fig. 2). 

Presence of trivalent Ga and In ions in ZnO increased the intensity of 
NBE emission band (Fig. 3) and significantly quenched the visible band. 
The best result was obtained for the n-ZnO:Ga (850 ◦C) ceramics which 
had its NBE luminescence increased around 15 times compared to the 
undoped n-ceramics. The effect of powder sintering temperature was 
also observed in RL spectra. Increase in the sintering temperature 
resulted in an increase of the NBE emission intensity. The effect was 
much more pronounced in ZnO:Ga, in which an NBE emission increased 
three times, while in ZnO:In it only doubled. From RL spectra we cannot 
directly indicate which of the impurities is better. In case of ceramics 
made of precipitated powder, n-ZnO:In(600 ◦C) has only slightly higher 
NBE emission intensity than n-ZnO:Ga (600 ◦C). On the other hand, if 
powders were sintered at 850 ◦C, Ga doping has been undoubtedly 
better at quenching the visible band and increasing the NBE 

luminescence intensity. 
For comparison with m-ceramics we have chosen n-ceramics pro-

duced from 850 ◦C annealed powder. Fig. 6 shows that even in case of In 
doping, a value of total transmittance of n-ceramics is still lower than of 
m-ceramics. On the other hand, ZnO:Ga n-ceramics clearly showed NBE 
emission intensity at least twice as high as in the m-ceramic. 

Decay kinetics at Figs. 4 and 7 indicate that successful quenching of 
slow visible component was achieved in all m- and n-ceramics, especially 
in ZnO:Ga (850 ◦C) which had the lowest relative intensity of the slow 
emission. In doping was a bit less effective, but still decreased a slow 
component emission intensity at least 10 times. 

The difference in the total transmittance of n- and m-ceramics can be 
associated with the different grain size of the initial powders. The use of 
nanopowders with high adsorption activity in the hot pressing process 
could have led to a decrease in the level of transparency. 

Differences observed in the RL intensity and transmittance of Ga and 
In doped ZnO ceramics could also have been caused by a number of 
other reasons. Firstly, the position occupied by the impurity ion in the 
crystal structure is important. Since the effective ionic radii of Ga3+ both 
at tetrahedral (0.47 Å) and octahedral (0.62 Å) coordination are less 
than those of Zn2+ (0.62 and 0.74 Å, respectively [27]), it can occupy 
regular positions in the wurtzite structure, replacing zinc ions with 
tetrahedral coordination, or introduce itself into octahedral interstitials. 
This, in particular, is mentioned in the works devoted to the study of 
ZnO:Ga films [28,29]. Indium, which has the effective ionic radius (0.80 
Å for octahedral coordination) greater than that of Zn2+ (0.74 Å), can be 
localized at the grain boundaries [10]. 

Secondly, differences in the RL intensities of the ceramics produced 
from nano- and micropowders could be caused by different doping 
methods. In the case of using mechanical admixture, the formation of a 
luminescent material occurs directly during the hot pressing process, i.e. 
by solid-phase synthesis, which is characterized by limited solubility of 
Ga and In (up to 0.3–0.5 at.%) [30,31]. With solution-based methods of 
synthesis, an increase in the solubility limit is observed, in particular, up 
to 2 at.% of Ga [31]. Therefore, despite the same amount of the intro-
duced dopant, the concentration in the final product (in the ceramics) 
can be different. 

Finally, some of the observed properties can be explained with the 
help of IR reflectance spectra. The data of Table 1 show that indium 
doping resulted in lesser concentration of free carriers than gallium 
doping. This is supported by the fact that added content of In, expressed 
in atomic percent (0.046 at.%) is smaller than added content of Ga 
(0.058 at.%). Such difference corresponds to the worse quenching of 
visible luminescence component in In containing ceramics. 

The ratio of added Ga/In in m- and n-ceramics (1.3) is slightly less 
than the ratio between respective concentrations of free carriers 
(1.3–1.5). Considering that concentration of free carriers has to be 
somewhat proportional to the amount of Ga and In ions dissolved in the 
ZnO (at least at low concentrations), one can assume that solubility of In 
is less than that of Ga. That results in a decreased RL intensity of n-ZnO: 
In compared with m-ceramics. This may be an indirect confirmation of 
the statement that indium is more likely to remain at the grain bound-
aries, while gallium is better embedded in the crystal lattice. We suppose 
that simultaneous doping with Ga and In may utilize advantages of both 
dopants and lead to further improvement of ceramics optical and scin-
tillating properties. 

In terms of performance, one should consider a spectral overlap 
between NBE emission and total transmittance. If a future application 
requires a sample with high thickness, that overlap would be the crucial 
parameter since it directly affects the amount of light escaping the 
scintillator. In that regard an In doped m-ceramics will have the best 
performance since it has higher NBE emission intensity than ZnO:Ga m- 
ceramics and its absorption edge is not shifted to longer wavelengths as 
in n-ZnO:In(850 ◦C). If a scintillator has to be thin or the detector has a 
“reflection” geometry, than the best option would be n-ZnO:Ga (850 ◦C) 
ceramics which has significantly higher NBE emission intensity. 

Fig. 8. Mid-IR reflectance spectra of 1 – m-ZnO:Ga, 2 – n-ZnO:Ga (850 ◦C), 3 – 
m-ZnO:In, and 4 – n-ZnO:In(850 ◦C) ceramics. 

Table 1 
Wavelength at the minimum of the reflectance spectrum, λmin, and free carrier 
concentration n of ZnO:Ga and ZnO:In ceramics samples produced from 
microsized and nanosized powders.  

Sample m-ZnO:Ga n-ZnO:Ga m-ZnO:In n-ZnO:In 

λmin, μm 4.6 4.5 5.25 5.5 
n, cm− 3 3.4⋅1019 3.6⋅1019 2.6⋅1019 2.4⋅1019  
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5. Conclusions 

The study of the ceramics produced from precipitated nanosized 
powders showed that doping of the ZnO with trivalent ions leads to an 
increase of the NBE emission intensity and significant quenching of the 
visible band. All doped ceramic samples showed predominantly fast 
luminescence in the spectral range from 380 to 410 nm with the decay 
time of 0.7 ns, which is suitable for applications requiring high speed 
counting. 

Ceramics produced from precipitated powder, annealed at higher 
temperatures, generally showed better performance than ceramics 
annealed at lower temperatures. Indium doping resulted in higher 
transmittance than gallium doping due to its specific interaction with 
grain boundaries during hot pressing. This is supported by microstruc-
tures and IR reflectance measurements. Introduction of Ga, on the other 
hand led to stronger NBE luminescence band and better quenching of the 
visible component. Other possible reasons which may explain differ-
ences include difference in ionic radii of dopants and the positions they 
prefer to occupy in the crystal lattice or different solubility of dopants, 
depending on the powder preparation method. Here we conclude that 
simultaneous Ga and In doping is one of possible ways to further 
improve ZnO based scintillators. 

Currently the best result in terms of NBE intensity was obtained for 
ZnO:Ga (850 ◦C) ceramics made of precipitated nanosized powder, 
which might be applicable in cases where transmittance is not of the first 
importance. ZnO:In ceramics made of commercial microsized powder 
performed better in terms of total transmittance and its spectral overlap 
with NBE emission. It should be noted that in the first trial experiment 
[32], ZnO:In ceramics with a thickness of 1.0 mm made of microsized 
powders showed good characteristics in detecting heavy ions. 
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