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The near-band luminescence of doped ZnO is promising for advanced scintillators; how-
ever, the dopant type and concentration effects require a detailed study. Undoped and Ga-doped 
ZnO nanopowders were prepared by a microwave-assisted solvothermal method and the gal-
lium concentration effect on luminescence properties was studied. The near-band lumines-
cence peak position dependence on gallium concentration was observed. Near-band lumines-
cence intensity versus defect luminescence intensity ratio was explored for different gallium 
concentrations and the optimal value was determined. Samples were prepared with dopant 
concentrations between 0.2 and 1.5 at%, XRD analysis confirmed that samples contained only 
zinc oxide hexagonal wurtzite phase. The results of the research showed that ZnO:Ga contain-
ing 0.9 at.% gallium was promising for scintillators. 

Keywords: Luminescence, microwave-assisted solvothermal synthesis, optimised concen-
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1. INTRODUCTION

Zinc oxide (ZnO) is a semiconductor 
material owning a wide band gap (~3.4 eV) 
and high exciton binding energy (~60 meV), 
which provides the possibility of observ-
ing highly efficient exitonic luminescence 

even at room temperatures [1]. The appli-
cations of zinc oxide are very wide – it is 
well-known as green, blue-ultraviolet and 
white-light emitting material, applicable 
for optoelectronic devices and gas sensors, 
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catalysts as well as transparent electrocon-
ductive windows for solar cells, and many 
others [2]–[6]. 

One of the prospective applications is 
radiation detectors – devices that can detect 
electromagnetic as well as corpuscular ion-
izing radiation [7]. Radiation detectors are 
used in medicine, for example, during posi-
tron emission tomography and computer 
tomography [8], [9]. Moreover, for security 
and quality control, radiation detectors are 
used in manufacturing as well as there are 
other technological applications. 

Sharp interest is related to the search 
for materials applicable for fast operating 
scintillators. Scintillators are materials for 
conversion of ionizing radiation photon 
energy to the light pulse. Thus, scintilla-
tors can detect a single ionizing radiation 
photon or a single charged particle. The 
ideal scintillator has high stopping power, 
fast scintillation response, high efficiency 
for ionizing radiation conversion to light 
photons, great physical and chemical sta-
bility, as well as high radiation hardness. 
The stopping power of ZnO is good due to 
large atomic mass of Zn. In turn, the scintil-
lation yield is up to 15  000 photons/MeV 
[10], scintillation decay time is below 1 ns 
[10] and ϒ-rays do not create new defects in 
ZnO crystalline lattice [1]. Therefore, ZnO 
is a very promising material for advanced 
scintillators. The two main emission bands 
in the spectrum of ZnO are the near-band 
luminescence (NBL) in the near UV range 
and the defect luminescence band in the vis-
ible range. The NBL shows sub-nanosecond 
decay, whereas defect luminescence decay 
is within microseconds [11]. The main chal-
lenge for fast response scintillators is slow 
decaying defect luminescence. Therefore, 
for scintillators it is necessary to have ZnO 

with intensive NBL and low intensity defect 
luminescence. The doping of ZnO could 
suppress the defect luminescence [12], 
[13]; therefore, the study of doped ZnO is 
of interest.

There are a large number of reports 
about undoped zinc oxide; however, the 
luminescence of ZnO doped with gal-
lium, indium and other dopants is yet to 
be explored [13]. Doped ZnO powder is a 
promising material for its usability in pro-
ducing transparent ceramics with excellent 
properties for scintillators [14].

Incorporation of dopant, grain size and 
grain agglomeration of ZnO depends on a 
synthesis method as well as on chemicals 
used. Many methods were developed for 
ZnO synthesis – precipitation, sol-gel, sol-
vothermal, hydrothermal and microwave-
assisted solvo- or hydrothermal methods, 
etc. [15]–[17]. Recently, due to the control 
of sample morphology and size, tempera-
ture gradient versatility, relative simplicity 
and low reaction times, as well as environ-
mental friendliness, microwave-assisted 
methods have become more commonly 
used [18]. On the other hand, incorpora-
tion of dopant in ZnO is synthesis depen-
dent and, thus, there is interest in finding the 
optimal concentration of dopant for each 
synthesis method.

In the present paper, undoped and 
Ga-doped zinc oxide were prepared by a 
microwave-assisted solvothermal (MWST) 
synthesis technique. The effect of Ga con-
centration on crystallization, morphology 
and luminescence properties of ZnO was 
studied. The optimal gallium concentration 
with the most efficient NBL and relatively 
low intensity of defect luminescence was 
found.



35

2. EXPERIMENTAL

2.1. Materials

Zinc acetate (Zn(CH3COO)2, anhy-
drous, purity 99.9+  %; Alfa Aesar) and 
sodium hydroxide (NaOH, purity ≥ 98%; 
Sigma Aldrich) were used as the main pre-
cursors for ZnO synthesis; gallium trichlo-
ride (GaCl3, purity 99.999  %; Alfa Aesar) 
was used as a dopant source and ethanol 

(C2H5OH, 96 %; Ltd. Jaunpagasts Plus) – as 
a solvent. Methanol (CH3OH, purity ≥99.8 
%; Sigma Aldrich) was used for removal of 
synthesis reaction residue. Analytical grade 
chemicals were used without any further 
purification and were used as received.

2.2. Synthesis of Undoped and Ga-doped ZnO Nanomaterials

The undoped and Ga-doped ZnO 
nanopowders were synthesized by using a 
microwave-assisted solvothermal method 
(MWST). The samples of Ga-doped ZnO 
nanopowders were prepared with eight dif-
ferent concentrations (0–1.5 at.%) of Ga. 
The MWST reaction was performed in a 
Milestone synthWAVE microwave reactor 
in an inert atmosphere (N2, 99.999 %). The 
system was operated at 2.45 GHz frequency 
with power ranging from 0 to 100 % of full 
power (1.5 kW).

In this synthesis route, the three precur-
sor solutions were prepared by separately 
dissolving Zn(CH3COO)2 in ethanol (0.3 
M), GaCl3 in ethanol (0.5 M) and NaOH in 
ethanol (0.6 M) at 80 °C under a constant 

stirring speed. After all the starting mate-
rials were dissolved completely, an appro-
priate amount of gallium ion solution was 
added to the 20 mL of zinc ion solution 
under a constant stirring speed. The solu-
tion was stirred for 15 min and after that 20 
mL of NaOH solution was slowly added to 
the metal ion solution under a constant stir-
ring speed. The resulting reaction mixture 
was stirred for 10  min and a milky white 
reaction mixture was obtained. After stir-
ring, the reaction mixture was poured into 
a 70 mL PTFE vial, which was then placed 
in a Milestone synthWAVE reactor vessel. 
Undoped ZnO was prepared in the same 
way without adding a gallium ion solution. 

Fig. 1. Profile of MWST synthesis parameters for ZnO nanoparticle preparation.
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As shown in Fig. 1, the two-stage syn-
thesis was used to obtain undoped and Ga-
doped ZnO. During the synthesis, at the 
first stage microwave heating ramp was set 
to be 10 °C/min with the target tempera-
ture of 140 °C. At the target temperature, 
the reaction mixture was irradiated with 
microwaves for 30 minutes to proceed the 
complete exchange reaction between pre-
cursors, resulting in formation of Zn(OH)2. 
The starting pressure was set to be 40 bar. 
The pressure gradually increased by the 
growing temperature and the increasing 
amount of gases produced as the reaction 
by-products. During the second stage, the 

temperature of 240 °C was achieved in 10 
minutes and further the irradiation was con-
tinued for 10 minutes. Under these condi-
tions, thermal decomposition of Zn(OH)2 
was undergoing. Subsequently, the reaction 
mixture was naturally cooled down to room 
temperature. The nanoparticles of ZnO in 
the resulting sol were separated from the 
solvent by centrifugation and subsequent 
washing for 5 times with 20 mL of methanol 
for 15 minutes. The synthesis of undoped 
ZnO and ZnO:Ga resulted in white and pas-
tel blue (due to the gallium presence in the 
sample) coloured powders accordingly.

2.3. Characterisation Techniques

Crystallinity of undoped and gallium-
doped zinc oxide samples were character-
ised by X-ray powder diffraction (XRD) 
using a Rigaku MiniFlex 600 X-ray dif-
fractometer. Cu Kα radiation was used by 
setting the cathode voltage to 40 kV and 
current to 15 mA. The morphology of sam-
ples was characterised by scanning electron 
microscopy (SEM) using a SEM Helios 
operated at 5 kV. Before the examination, 
the samples were coated with a thin gold 
layer. 

Photoluminescence (PL) spectral mea-
surements were conducted using a Horiba 
iHR320 monochromator with 150 l/mm dif-
fraction grating and a blaze wavelength of 
500 nm. The monochromator was coupled 
with an Andor DV420A-BU2 CCD cam-
era. Photoluminescence was excited with a 
CryLas Nd:YAG laser (266 nm); spot size 
was approximately 3 mm in diameter, laser 
impulse duration was less than 2 ns, max 
repetition rate was 5 kHz with max output 
power of 0.3 µJ.

3. RESULTS AND DISCUSSION

3.1. X-Ray Diffraction Analysis 

X-ray powder diffraction spectra 
(Fig. 2) show that all peaks of all samples 
correspond to the hexagonal wurtzite struc-
ture. XRD data confirm that no gallium 
compound impurities are present in sam-
ples, meaning that gallium was incorpo-
rated in ZnO crystal lattice. Sharpness and 
relatively high intensity of XRD patterns 
indicated high crystallinity of powders. Ga-
doped ZnO has wider peaks than ZnO and 
it can take place if ZnO:Ga crystallites are 

smaller than that for ZnO. A similar impact 
can be due to larger concentration of defects 
in ZnO:Ga crystallites. It is known that irra-
diating material with microwaves produces 
a greater level of crystallinity than conven-
tional methods, such as wet synthesis [19]. 
For average crystallite size determination, 
Debye-Scherrer equation (1) was used:

 
,	  (1)
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where λ – X-ray wavelength, β – FWHM,  – 
Bragg diffraction angle. 
Grain crystallite sizes of ZnO:Ga samples 
were found to be in the range of 22–30 nm, 
with an average being 26 nm. The sizes of 

crystallites of undoped ZnO were found to 
be in the range of 39–41 nm. Therefore, 
wider XRD lines for ZnO:Ga are due to 
smaller crystallites.

Fig. 2. X-ray powder diffraction patterns for ZnO and ZnO:Ga powders synthesized via MWST method. 

3.2. Analysis of SEM Results 

Figure 3 shows the morphology of the 
gallium-doped ZnO nanostructures. The 
samples appear to be heterogenic (partially 
due to the presence of gallium in size-
able amount). Particle sizes and shapes 
vary and asymmetrical units can be seen, 
which suggests partial agglomeration of 
particles. XRD data showed much smaller 
crystallite size (~10 times), but the method 

itself showed the size of individual crystal-
lites. SEM image showed that, due to the 
agglomeration, there might be polycrystal-
line grains with different orientations and 
sizes.  The dominant shape appears to be in 
the form of small nano-rice; there are some 
particle with greater length, which is due to 
the polar structure of ZnO and its growth 
along c-axis. 

Fig.3. SEM images of ZnO:Ga 0.6 at.% (a,b),  ZnO:Ga 0.9 at.% (c, d);  ZnO:Ga 1.5 at.% (e,f).
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3.3. Luminescence Properties

To compare and study optical properties 
of samples, powders were fixed in identi-
cal holders as well as the placement con-
ditions were the same for all the samples. 
The repeatability was tested using the same 
powder fixed in 3 holders; the interchange 
of these holders showed that the peak posi-

tions in luminescence spectra were strongly 
the same in all cases. The luminescence 
intensities were reproduced within 10  %; 
however, the NBL intensity relative to 
defect luminescence intensity was pre-
served in all spectra. 

Fig. 4. Comparison of PL spectra of undoped and doped ZnO.

Figure 4 shows room temperature 
PL spectra of ZnO and ZnO:Ga with 0.9 
at%. The spectrum has two main emission 
bands: a relatively narrow NBL peak and a 
broad band centred around 550 nm that is 
attributed to defects in the lattice. The NBL 
peak positions slightly differ as well as its 
FWHM. NBL peak position of undoped 
ZnO is at 384 nm and it is shifted to long 
wave side. NBL peak position of ZnO:Ga 
is at 379 nm. It might be due to a wider 
band gap of ZnO:Ga [20]. The changes in 
defect luminescence band maximum posi-
tion could be associated with different lumi-
nescence centre contribution to emission. In 
turn, the relative defect luminescence con-
tribution to undoped ZnO is larger than that 
for ZnO:Ga. Since the ZnO defect lumines-

cence is undesirable for scintillators, the 
main study focuses on gallium-doped ZnO 
samples.

Figure 5 shows the photoluminescence 
spectra for several gallium-doped ZnO sam-
ples excited by 266 nm at RT. The spectra 
exhibit a strong near-band luminesce (NBL) 
between 377 and 382 nm and a minor peak 
around 550 nm in the green spectral region, 
which is also known as defect lumines-
cence. One can see that ZnO doping with 
Ga results not only in the change of intensi-
ties of both NBL and defect luminescence 
but also in relative luminescence intensity. 
However, it is difficult to determine the best 
composition for a scintillator from Fig. 5. 
Therefore, Fig.  6 shows the normalized 
luminescence spectra.
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Fig. 5. Photoluminescence spectra of ZnO:Ga with different gallium concentration excited by 266 nm.

Fig. 6. Normalized photoluminescence spectra of ZnO and ZnO:Ga with different  
gallium concentration excited by 266 nm. 

Figure 6 shows the comparison between 
luminescence intensity of multiple samples; 
ZnO:Ga with 0.9 at% displays the rela-
tively low PL intensity in the defect band. 
The normalized PL spectra clearly show 
that defect luminescence intensity depends 
on gallium concentration. Figure 7 illus-
trates the dependence of the ratio of NBL 
and defect luminescence intensity (INBL/
Idef). Optimal concentration of gallium was 
determined based on the comparison of 

NBL peak intensity with defect band lumi-
nescence peak intensity. In Fig. 7, the best 
ratio of NBL intensity and defect lumines-
cence intensity corresponds to 0.9 at% gal-
lium concentration. The error bars are 10 % 
of result as it could be associated with mea-
surement error to experimentally confirm 
that samples were synthesized several times 
and results were repeatable and did not vary 
more than 10 %. 
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Fig. 7. Optimisation of gallium concentration in ZnO:Ga.

In Fig. 5, it can be observed that NBL 
peak position slightly differs; Figure 8 
shows the dependence of NBL peak posi-

tion on Ga concentration. The increased 
concentration results in the peak shift to 
shorter wavelengths. 

 
Fig. 8. NBL peak position in PL spectra of ZnO and ZnO:Ga samples.

The study of single crystal NBL lumi-
nescence at low temperature showed that 
there were up to 6 luminescence bands [4]. 
At RT in NBL, there could be either a free 
exciton 1 LO phonon replica (Ex1LO), or 
donor-acceptor pair (DA) luminescence. 
Intensity of free exciton phonon replicas 
luminescence of undoped ZnO is strongly 
reduced at 150 K and position of peak is 
very close to that for DA [21]. Therefore, the 

main contribution in NBL at 300 K is from 
DA.  It is known that Ga acts as a donor in 
ZnO [4] and the peak position of DA lumi-
nescence depends on donor and acceptor 
mutual interaction [22], in other words, on 
donor–acceptor spatial distribution. There 
is another possibility that change in the 
NBL peak position could be associated with 
a shift of fundamental absorption edge [23]. 
However, the strong dependence of NBL 
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on Ga concentration confirms that a donor 
is involved in the processes responsible for 
this luminescence.

The change in the defect luminescence 
band position and shape (Fig. 6) is also 
noted. These changes demonstrate possible 
gallium interactions with intrinsic defects in 

ZnO. Since the intrinsic defect concentra-
tion in ZnO is estimated to be at least 1018 
cm-3 [21], even the dopant concentration of 
0.2 at% could affect defect luminescence. 
Large dopant concentration could introduce 
additional defects necessary for charge 
compensation. 

4. CONCLUSION

Gallium-doped ZnO powders prepared 
using a micro-wave assisted solvothermal 
method have wurzite structure and pho-
toluminescence spectra of undoped ZnO 
and ZnO:Ga samples with concentrations 
between 0.2 at% and 1.5 at% reveal that 
near-band luminescence peaking is close to 
380 nm and defect luminescence band peak 
is within the range of approximately 510–
550 nm. ZnO:Ga displays an intensive NBL 
band and a suppressed defect luminescence 

band, which demonstrates excellent prop-
erties for applications in ionizing radiation 
detectors. Gallium concentration of 0.9 at% 
presents a relatively very low defect band 
and high near-band luminescence intensity, 
which make it a promising candidate for 
scintillators. This study is also beneficial to 
understand the influence of gallium concen-
tration on zinc oxide morphology and lumi-
nescence properties. 
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