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 We synthesized a 0.1% Li-doped ZnO translucent ceramic using spark plasma sintering (SPS) 
and annealed it at 700 or 800 °C in air. The photoluminescence (PL) and scintillation properties 
of all samples were evaluated. The PL quantum yield (QY) and scintillation light yield (LY) were 
improved by annealing owing to the reduction in the number of oxygen defects in comparison 
with the as-prepared sample. Among the translucent ceramic samples, the sample annealed at 
700 °C showed the highest LY	(5800	ph/5.5	MeV-α);	the	scintillation	LY was lower in the sample 
annealed at 800 °C because of the increase in the number of trap sites.

1. Introduction

 Inorganic scintillators, which convert high-energy photons(1) or particles(2) with an energy of 
keV to MeV into lower-energy photons, have been playing a major role in many fields of 
radiation detection, including astrophysics,(3) medical imaging,(4) security,(5) resource 
exploration,(6) environmental monitoring,(7) and biology.(8) Generally, scintillators are combined 
with photodetectors.(9) When radiation interacts with a scintillator, the scintillator converts the 
energy of the ionizing radiation to low-energy photons. After these photons are converted to 
electrons by the photodetector, an electrical signal flows into an electrical circuit, and a computer 
performs a detailed analysis of the signal.
	 Scintillators	 for	 α-ray	 detection	 have	 been	 used	 in	 nuclear	 facilities,	 where	 uranium	 and	
plutonium,	which	 emit	 α-rays,	must	 be	monitored	 because	 their	 absorption	 by	workers	 could	
seriously affect their health. Materials with an intermediate effective atomic number (Zeff = 10–
30)	are	used	as	scintillators	for	α-ray	detection	because	they	do	not	easily	detect	environmental	
γ-rays	 and	 background	 neutrons.	 Thus,	 Ag-doped	 ZnS	 (ZnS:Ag)	 has	 been	 applied	 in	 most	
scintillation	detectors	for	α-rays	for	many	years.(10) However, ZnS:Ag is only available as a white 
polycrystalline powder and must be sprayed on thin opaque screens, resulting in its energy 
resolution being insufficient to separate various radioisotopes.(11) One of the reasons for the low 
energy resolution of ZnS:Ag is its opacity, and alternative materials with high transmittance are 
desirable to achieve a higher energy resolution.
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	 ZnO	is	a	promising	next-generation	α-ray	detector	since	Zeff of ZnO is close to that of ZnS:Ag. 
ZnO has mostly been studied for its use in semiconductor devices such as LEDs,(12) although 
other phosphor applications, including scintillators, are expected, similarly to other 
semiconductor materials such as GaN(13) and Ga2O3.(14) In terms of its scintillation properties, 
ZnO shows two types of luminescence: sub-nanosecond luminescence due to free excitons at 
around 390 nm(15) and microsecond-order luminescence due to lattice defects in the visible 
region.(16) Some researchers have explored luminescence due to free excitons and reported a 
scintillation light yield (LY)	 of	 In-doped	ZnO	 thin	 film	of	 625	ph/5.5	MeV-α.(17–19) However, 
detectors do not always require such a fast response from free excitons. For example, the 
scintillation of ZnS:Ag has a decay time constant of microsecond order.(20) On the other hand, 
other researchers have reported a scintillation LY due to the lattice defects of Cd-doped ZnO thin 
film	of	18000	ph/5.5	MeV-α.(21) In most environments in which α-ray scintillation detectors are 
employed, the counting rate of α-rays is not high, and microsecond-order decay is acceptable. 
Thus, ZnO with enhanced lattice-defect luminescence is potentially suitable for this application. 
 In this study, we focused on a translucent ceramic,(22–24) a new material form of scintillators 
that can be used to enhance lattice-defect luminescence. Translucent ceramics have more lattice 
defects than other material forms such as single crystals,(25,26) which are generally used as 
scintillators; thus, ZnO translucent ceramics may have enhanced LY. Moreover, it was previously 
reported that the introduction of Li increased the concentration of lattice defects and enhanced 
the photoluminescence (PL) properties of ZnO films.(27) Thus, Li doping into ZnO may also 
enhance scintillation properties. In addition, it has been reported that annealing regulated the 
amount of lattice defects in ZnO and enhanced the lattice-defect luminescence.(16,28) Therefore, 
we prepared 0.1% Li-doped ZnO translucent ceramic by spark plasma sintering (SPS) and 
annealed samples in air, then evaluated their PL and scintillation properties.

2. Materials and Methods

2.1 Sample preparation

 The Li-doped ZnO translucent ceramic was synthesized by SPS (SinterLand LabX-100) in a 
vacuum.(29) First, raw powders of ZnO (99.99%, Kojundo Chemical) and Li2CO3 (99.99%, Rare 
Metallic) were mixed with a mortar and pestle. The mass of the mixture was 0.5 g and the Li 
concentration was fixed to 0.1 mol%. Then, the Li-doped ZnO powder was poured into a 
cylindrical graphite die with a hole of 10.4 mm diameter, which was held between two graphite 
punches. The sintering sequence was as follows. First, the temperature was increased from 20 to 
600 °C in 5 min, then kept at 600 °C for 5 min under a pressure of 13 MPa. Next, the sintering 
temperature was increased from 600 to 1100 °C in 50 min and kept at 1100 °C for 20 min under 
a pressure of 100 MPa. After the sintering, the surface of the translucent ceramic was polished 
using a polishing machine (MetaServ 250, BUEHLER), after which the thickness of the 
translucent ceramic was approximately 0.5 mm. Then, we divided the translucent ceramic into 
three pieces, two of which were annealed for 24 h in air, one at 700 °C and the other at 800 °C.
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2.2 Evaluation methods

 Diffuse transmittance spectra from 300 to 800 nm were evaluated using a spectrophotometer 
(SolidSpec-3700, Shimadzu). PL quantum yields (QYs) were recorded using a Quantaurus-QY 
spectrometer (C11347, Hamamatsu Photonics). PL excitation and emission spectra from 300 to 
700 nm were measured using a spectrofluorometer (FP-8600, JASCO). PL decay curves were 
measured	using	a	Quantaurus-τ	spectrometer	(C11367,	Hamamatsu).	
 X-ray-induced scintillation spectra in the range of 300–690 nm were measured using our 
original setup.(30) An X-ray generator (XRB80P&N200X4550, Spellman) was used as the 
excitation source. The applied tube voltage and current were 80 kV and 1.2 mA, respectively. 
During irradiation, the scintillation photons were guided into a spectrometer (Andor DU-420- 
BU2 CCD with a Shamrock 163 monochromator) through an optical fiber. X-ray-induced 
scintillation decay curves were evaluated using our original setup.(31) To determine the 
scintillation LYs	induced	by	5.5	MeV	α-rays	from	241Am, the pulse-height spectra were measured 
using	our	original	system	with	a	shaping	time	of	5	μs.(32) To calculate scintillation LYs of the Li-
doped ZnO samples, we compared them with that of Ce-doped Y3Al5O12 (YAG:Ce) as a 
reference	sample	(12000	ph/5.5	MeV-α)(33) because YAG:Ce has a similar emission wavelength 
to that of the lattice-defect luminescence of Li-doped ZnO.
 Thermally stimulated luminescence (TSL) glow curves were evaluated using a TSL reader 
(TL-2000, Nanogray Inc.). The Li-doped ZnO samples were irradiated by X-rays of 10 Gy before 
measuring the TSL glow curve. The measured temperature range was from 50 to 400 °C.

3. Results and Discussion

 Figures 1(a) and 1(b) show the samples under room light and UV light illumination (365 nm), 
respectively. Hereinafter, the Li-doped ZnO sample annealed at 700 °C (800 °C) is referred to as 
the 700 °C (800 °C) sample. The annealed samples were transparent to the naked eye, and the 
color changed from dark brown before annealing to light green after annealing. The annealed 
samples clearly showed orange luminescence under UV illumination at 365 nm. The color of the 
undoped sample was slightly lighter than that of the Li-doped samples.
 Figure 2 shows the diffuse transmittance spectra of the samples. The annealed samples 
showed an optical absorption edge at 400 nm, which roughly coincided with the bandgap of 
ZnO. An absorption band was observed from 400 to 550 nm in the as-prepared sample but 

Fig. 1. (Color online) Li-doped ZnO samples under (a) room light and (b) UV light at 365 nm.

(a) (b)
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not in the annealed samples. This absorption was due to oxygen defects(34) and resulted in 
the brown color of the as-prepared sample, as shown in Fig. 1(a). 
 Figure 3 shows the PL excitation and emission spectra. All the samples showed excitation 
peaks at around 390 nm and broad emission peaks at around 500 nm. Judging from the emission 
peak positions, the emission peaks were due to lattice defects.(15) For the annealed samples, the 
excitation and emission peaks were at slightly longer and shorter wavelengths than those of the 
as-prepared sample, respectively. The QYs of the 700 and 800 °C samples were 4.2 and 5.4%, 
respectively, and the QY of the as-prepared sample was below the detection limit (1%) of the 
instrument. The annealing effect increased the QY of the Li-doped ZnO translucent ceramic 
samples because of the decreased self-absorption. The emission peak at around 500 nm 
overlapped with the absorption peak at 400–550 nm observed in the diffuse transmittance 
spectra; thus, the lattice-defect luminescence of the as-prepared sample was strongly affected 
by the self-absorption. The self-absorption also caused the peak shifts in the PL excitation and 
emission spectra.
 The PL decay curves of the samples are illustrated in Fig. 4. The excitation wavelength was 
405 nm, whereas the monitored emission wavelength was 500 nm. The decay curves of the 
annealed	samples	were	approximated	by	a	sum	of	three	exponential	decay	functions.	The	700	℃	
sample	had	decay	time	constants	of	0.432,	1.664,	and	9.283	μs,	and	the	800	℃	sample	had	decay	
time	 constants	 of	 0.391,	 2.350,	 and	 18.633	μs.	On	 the	 other	 hand,	 the	 decay	 curve	 of	 the	 as-
prepared sample was not detected owing to the low luminescence intensity. The obtained decay 
time constants were on the order of microseconds. These values were in approximate agreement 
with thoes in previous reports.(15) The decay curve was composed of three components 
corresponding to the different types of lattice defect.(15) However, the specific types of lattice 
defect corresponding to the three components were unclear because several types of lattice 
defect have similar emission wavelengths according to previous studies.(16,34)

 X-ray-induced scintillation spectra of the samples are illustrated in Fig. 5. All the samples 
showed scintillation peaks between 500 and 550 nm. The scintillation peak positions of the 
annealed samples shifted to the shorter-wavelength side with a larger shift than that observed in 
the PL emission spectra. This was because of the transmission-type measurement geometry 

Fig.	2.	 (Color	online)	Diffuse	transmittance	spectra	of	Li-doped	ZnO	samples.
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used to measure the scintillation spectra, whereas that used to measure the PL spectra was the 
reflection type. Hence, scintillation is strongly influenced by self-absorption. On the other hand, 
no exciton luminescence at around 390 nm was observed in all the samples since the excitation 
wavelength of the lattice-defect luminescence overlaps with the emission wavelength of the 
exciton luminescence.
 X-ray-induced scintillation decay curves of all the samples are shown in Fig. 6. No decay 
curve was detected for the as-prepared sample because of the low luminescence intensity. The 
scintillation decay curves of the annealed samples were approximated by a sum of three 
exponential	decay	functions	in	the	same	manner	as	for	the	PL	curves.	The	700	℃	sample	had	
decay	 time	 constants	 of	 0.477,	 3.186,	 and	 42.319	 μs,	 and	 the	 800	℃	 sample	 had	 decay	 time	
constants	of	0.568,	3.660,	and	35.261	μs.	All	the	scintillation	decay	time	constants	were	longer	
than those for the PL, which can be explained by the different luminescence mechanisms of PL 
and scintillation. The PL mechanism involves excitation and relaxation processes only at 
luminescence centers, whereas the scintillation mechanism also includes an energy migration 
process. Because of this additional process, the scintillation decay time constants are generally 
longer than those for the PL.

Fig. 3. (Color online) PL excitation and emission 
spectra of Li-doped ZnO samples.

Fig. 4. (Color online) PL decay curves of Li-doped 
ZnO samples.

Fig. 5. (Color online) Scintillation spectra of Li-
doped ZnO samples under X-ray irradiation.

Fig. 6. (Color online) Scintillation decay curves of 
Li-doped ZnO samples under X-ray irradiation.
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	 Pulse-height	spectra	of	the	samples	under	α-ray	irradiation	from 241Am are presented in Fig. 
7. Full energy absorption peaks could not be detected for the as-prepared sample. On the other 
hand,	full	energy	absorption	peaks	were	observed	for	the	annealed	samples.	The	700	and	800	℃	
samples showed LYs	of	5,800	and	3,700	ph/5.5	MeV-α,	respectively.	These	values	were	higher	
than	that	of	In-doped	ZnO	thin	film	(625	ph/5.5	MeV-α)(17) but lower than that of Cd-doped ZnO 
thin	 film	 (18000	 ph/5.5	MeV-α).(21) The 700 °C sample showed a higher LY than the 800 °C 
sample despite the 800 °C sample having the higher QY. The phenomenological model of the 
scintillation mechanism can explain this phenomenon. The LY depends on not only the efficiency 
at luminescence centers (PL QY) but also the energy migration efficiency from the host to the 
luminescence centers and the band gap energy.(35) Therefore, a higher QY does not necessarily 
result in a higher LY.
 To evaluate the energy migration efficiency indirectly, TSL glow curves were measured. 
Figure 8 shows TSL glow curves of the samples irradiated with X-rays at 10 Gy. All the samples 
showed a glow peak at around 100 °C, and the TSL intensity slightly decreased upon annealing. 
On the other hand, the TSL intensity at 250 °C was much higher for the 800 °C sample than for 
the 700 °C sample. The 800 °C sample exhibited the largest value of the TSL intensity integrated 
from 50 to 400 °C. The TSL intensity is related to the number of trap sites; thus, this result 
suggests that the 800 °C sample has the largest number of trap sites among the three samples. 
These trap sites deteriorate the energy migration efficiency; thus, the scintillation LY of the 800 
°C sample was suppressed regardless of its higher PL QY. Although we cannot definitively 
conclude the origin of the trap sites, judging from the transmittance spectra and TSL glow 
curves, the trap sites at 100 °C may be due to oxygen defects.

4. Conclusions

 We synthesized a 0.1% Li-doped ZnO translucent ceramic by SPS. The Li-doped ZnO 
translucent ceramic showed only lattice-defect luminescence in its PL and scintillation 
properties. Annealing increased the PL QY and scintillation LY because it suppressed self-

Fig. 8. (Color online) TSL glow curves of Li-doped 
ZnO samples.

Fig. 7. (Color online) Pulse-height spectra under 
241Am	 α-ray	 irradiation	 of	 Li-doped	 ZnO	 samples	
and YAG:Ce as a reference. 
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absorption. The translucent ceramic annealed at 700 °C showed the highest scintillation LY; the 
lower scintillation in the translucent ceramic annealed at 800 °C was due to the increased 
number of trap sites.
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