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 By using the floating zone method, we synthesized Sn-doped yttrium aluminum garnet (YAG).  
The nominal concentration of Sn was 10% with respect to Y, and the sample rod was cut along 
the growth direction.  By the segregation phenomenon, we finally obtained Sn-0.6-, 1.0-, 1.2-, 
1.4-, and 3.0%-doped YAG specimens with a diameter of 3 mm and a thickness of 1 mm.  
When we irradiated them with X-rays, a broad emission peaking at 420 nm was observed, and 
a similar spectral shape was observed in the photoluminescence (PL) emission spectrum.  The 
decay times in PL and scintillation were 5 to 10 μs.  Taking into account these data and possible 
emission origins in this chemical composition, we concluded the emission origin to be Sn2+.

1. Introduction

 Scintillators are one of the phosphor materials that have the function of converting the 
invisible ionizing radiation to visible photons,(1) and the range of the application of such 
scintillation detectors has been wide, including medical,(2) well-logging,(3) environmental 
monitoring,(4) and astrophysics,(5) and particle physics.(6)  In the recent trend, scintillators 
generally consist of the host material and emission center.  The former is responsible for 
absorbing ionizing radiation, and the preferable chemical composition of the host depends 
on the target ionizing radiation species.  In the latter, the emission centers emit scintillation 
photons, the number of which is proportional to the absorbed energy.  Mostly, rare-earth ions 
are selected as the emission center in scintillators(7) since some of the rare-earth ions can show 
a bright emission due to 5d–4f transitions, and rare-earth-ion-doped materials are widely used 
in phosphor applications(8–11) as well as scintillation detectors.  
 In addition to rare-earth ions, other emission centers have been tested.  The most common 
approach is to use transition metal ions.  In particular, investigations of Mn-doped materials 
can be seen frequently.(12–14)  The other solution is to use ns2 ions as emission centers since 
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these ions have been known to show bright emissions.(15–17)  Sn2+ has attracted much attention 
because of a high photoluminescence (PL) quantum yield (QY) that reaches up to ~100%.(18–20)  
However, most studies on Sn-doped phosphors have been done in glass materials, and there still 
remains room to study for crystalline materials.  
 In this work, we investigate Sn-doped yttrium aluminum garnet (Y3Al5O12; YAG) because 
YAG is a very common host in phosphor materials.(21–23)  To our knowledge, there have been no 
studies on Sn-doped YAG.  Optical properties, including PL emission and excitation spectra, PL 
QY, and decay time, and scintillation properties, such as X-ray-induced radioluminescence (RL) 
and decay, were investigated.  

2. Materials and Methods

 The samples were synthesized by the floating zone (FZ) method.  First, raw materials 
of Y2O3 (4N), Al2O3 (4N), and SnO2 (4N) were mixed homogeneously to achieve Sn-10%-
doped Y3Al5O12.  Here, Sn was added with respect to Y.  The mixed powder was formed into a 
cylindrical	shape	by	hydrostatic	pressure,	and	the	cylindrical	rod	was	sintered	at	1500	℃	for	12	
h.  The sintered rod was loaded into the FZ furnace, and we grew the crystal by the FZ method 
with pull-down and rotation rates of 5 mm/h and 20 rpm, respectively.  
 Generally, all the melt growth techniques cause the segregation of the dopant ions, and 
there must be a dopant concentration gradient along the growth direction.  If we cut the sample 
rod perpendicularly to the growth direction, we can obtain several samples with different 
dopant concentrations.  This concept was previously tested in Ce-doped YAlO3 (YAP), and we 
confirmed the validity.(24)  Figure 1(a) shows the grown sample, and Fig. 1(b) shows examples 
of cut samples.  The grown sample looked semitransparent, and the semitransparency was also 
observed	in	cut	sample	pieces.	 	The	size	of	each	cut	sample	piece	was	3	mmϕ	×	1	mmt.		The	
Sn concentration was evaluated by X-ray fluorescence (XRF) using MESA-500W (HORIBA).  
We could obtain samples with Sn concentrations of 0.6, 1.0, 1.2, 1.4, and 3.0% at one time.  The 
surfaces of the samples were polished to have the same thickness.  
 The cut samples were characterized as follows.  As optical properties, PL excitation and the 
emission contour graph were observed using the Quantaurus-QY spectrometer (Hamamatsu).  
The	PL	decay	time	was	evaluated	using	Quantaurus-τ	(Hamamatsu)	with	two	different	cases	of	
wavelength excitation and monitoring.  One was monitoring at 400 nm under 280 nm excitation, 
and the other was monitoring at 600 nm under 340 nm excitation.  The decay time was 
deduced by the approximation of a single exponential component or the sum of two exponential 
components.

Fig. 1. (a) As-grown sample and (b) cut sample pieces.
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 As scintillation properties, X-ray-induced scintillation spectra were observed in our original 
setup.(25)  The X-ray generator (XRB80N100/CB, Spellman) used was equipped with an 
ordinary X-ray tube having a tungsten anode target and a beryllium window.  The applied bias 
voltage and tube current were 80 kV and 1.2 mA, respectively.  During the X-ray irradiation, the 
scintillation photons from the sample were collected and guided to the spectrometer (Andor DU-
420-BU2 CCD with a Shamrock SR163 monochromator) through a 2 m optical fiber to measure 
the spectrum.  We have measured the scintillation decay time profiles using a pulsed X-ray-
source-equipped afterglow characterization system(26) that allowed decay curve measurements 
by the time-correlated-single-photon-counting (TCSPC) technique.  The wavelength sensitivity 
of the photomultiplier tube (PMT) used in this measurement was from 160 to 650 nm, and the 
analysis methodology was the same as that in PL decay.  

3. Results and Discussion

 Figure 2 shows the PL excitation versus emission contour graph of the Sn 1.0% sample as 
an example.  We can observe broad emission bands from 320 to 550 nm under 280–300 nm 
excitation (emission band 1) and from 400 to 700 nm under 260–350 nm excitation (emission 
band 2).  All the samples showed similar spectral shapes, although the intensity (contrast) 
differed.  As the emission intensity, we evaluated the PL QY and found the value to be ~1% 
in all the samples.  Compared with conventional Ce-doped YAG, which has a QY of ~90%, 
the emission intensity was low.  The interesting feature was the broad emission band, which 
contained all the visible wavelengths from 400 to 650 nm.  This spectral feature resembled that 
of Sn-doped glass phosphors.(18–20)  
 To consider the emission origin further, we have measured the PL decay time under two 
different excitation/monitoring conditions, as described above.  Figure 3(a) shows decay curves 
monitored at 400 nm under 280 nm excitation.  All the samples exhibited similar decay curves 
consisting of fast (1–2 μs)	and	slow	(~5	μs)	components.		When	the	Sn	concentration	increased,	
the decay time became shorter.  The tendency observed here was also typical in Sn-doped glass 
phosphors.(18–20)  On the other hand, Fig. 3(b) exhibits decay curves monitored at 600 nm under 
340 nm excitation.  No systematic tendency related to Sn concentrations was observed, and all 
the	samples	showed	the	same	decay	time	of	~6.5	μs.		Such	a	component	was	not	observed	in	Sn-

Fig. 2. (Color online) PL excitation (vertical axis) versus emission (horizontal axis) contour graph of Sn-1.0%-
doped sample.



1228 Sensors and Materials, Vol. 31, No. 4 (2019)

doped glass phosphors.(18–20)  In both measurements, the very fast (spikelike) component was 
due to the instrumental response in the monitoring time ranges.
 Referring to these experimental data, we considered the possible emission origin.  Possible 
emission origins are luminescence from (i) Sn2+, (ii) unexpected rare-earth (RE) contamination, 
(iii) unexpected transitional metal (TM) contamination, and (iv) the YAG host.  At least in XRF 
measurement, we could not confirm unexpected contamination.  Thus, if such unexpected 
contamination occurred, the concentration would be less than 0.1%.  The possibility of (ii) 
unexpected RE contamination can be rejected easier.  Such a broad emission band is possible 
with Ce3+,(27) Pr3+,(28) and Eu2+,(29) but the observed decay times and emission wavelengths 
largely differed.  Although the scenario of (iii) the unexpected contamination of TM may 
be possible in view of the spectral shape because the d-d transition of TM can cause a broad 
emission, we can reject this possibility on the basis of the decay time.  Generally, the decay 
time of the d-d transition of TM ions is in the millisecond range.  The remaining possibility 
of (iv) the YAG host as the emission origin can also be rejected since the self-trapped exciton 
luminescence of YAG is around 300 nm.(30)  Therefore, we can assign 320–550 nm emission to 
Sn2+ emission.  On the other hand, the origin of 400–700 nm emission is not clear.  Previously, 
700–800 nm emission was observed in YAG,(31) but our results did not coincide with them.  
The previous report showed the excitation and emission wavelengths of 190 and 700 nm, 
respectively.  The possible interpretation of this emission band from the spectral information 

Fig. 3. (Color online) PL decay curves monitored at (a) 400 nm under 280 nm excitation and (b) at 600 nm under 
340 nm for all samples.  
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would be ascribed to Sn4+ or some kind of defect generated during the crystal growth by the 
charge imbalance of Sn2+/Sn4+ with Y3+.  By taking into account that these samples did not 
show any clear Sn concentration dependence of decay time, the defect origin would be possible.  
 Figure 4 shows X-ray-induced scintillation spectra of all the samples.  All the samples 
showed the same spectral shape with a peak at 420 nm, although the emission intensities 
were different.  In all the samples, a sharp line at 310 nm was detected, and it was ascribed to 
unexpected Gd contamination since the 4f-4f transition of Gd3+ has exhibited this characteristic 
line at 310 nm in many materials.(32–34)  A very broad emission band can be understood to 
mean that the excitation by ionizing radiation opens all kinds of excitation/emission channels, 
and we can interpret the observed spectra as a superposition of the two broad emission bands 
shown in PL spectra.  Among the present samples tested here, the Sn-0.6%-doped sample 
exhibited the highest scintillation intensity.  From the viewpoint of a scintillation detector, the 
observed emission wavelength is acceptable since the wavelength agrees well with the sensitive 
wavelength range of conventional PMTs and Si photodiodes.
 Figure 5 shows X-ray-induced scintillation decay time profiles of all the samples.  All 
the decay curves can be reproduced by the approximation of the sum of three exponential 
components.  The observed decay curves are characterized by the fast, middle, and slow 
components.  The origin of the fast component is the instrumental response in this time range, 
and	the	middle	component	is	attributed	to	the	host	luminescence	of	YAG	since	a	similar	(sub-μs)	
component is often observed in the scintillation of doped and undoped YAG.(30)  The origin of 

Fig. 4. (Color online) X-ray-induced scintillation 
spectra of all the samples.  

Fig. 5. (Color online) X-ray-induced scintillation 
decay	time	profiles	of	all	the	samples.		
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the slow component is the ns2-nsnp transition of Sn2+ because the observed decay time is close 
to	those	in	PL	(1–2	μs)	and	the	decay	time	becomes	shorter	with	increasing	Sn	concentration.		
From the viewpoint of a scintillation detector, the observed decay time is acceptable.  

4. Conclusions

 We synthesized Sn-0.6-, 1.0-, 1.2-, 1.4-, and 3.0%-doped YAG samples by the FZ method.  
In PL, we confirmed the emission due to the ns2-nsnp of Sn2+ at 320–550 nm and a possible 
defect emission at around 400–700 nm.  In X-ray-induced scintillation, the emission wavelength 
appeared	at	around	420	nm	with	a	 typical	decay	 time	of	~1	μs.	 	The	present	work	shows	 the	
merits of Sn doping on common host materials of phosphor applications.  
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