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Scintillators, which convert high-energy rays such as X-rays and positrons into visible and ultraviolet light, are incorporated as
radiation detectors in X-ray computer tomography (X-ray CT) and positron emission tomography (PET), which system
performances highly depends on the characteristics of the scintillator used. In this study, SrGa,S4:Eu/ZnO vertical nanowires
(ZnO-vnws) bilayer scintillators were fabricated by electrodeposition of ZnO-vnws followed by electrophoresis deposition of
SrGa,S4:Eu particles, and their structure, optical properties, and scintillator characteristics were evaluated. The ZnO-vnws were
composed of vertically aligned ZnO nanowires with an excellent (001) out-of-plane orientation, and the SrGa,S,:Eu layer was
composed of particles adhered to the ZnO-vnws. The SrGa,S,:Eu/ZnO-vnws bilayer scintillators emitted visible light at a
wavelength of 533 nm with a lifetime of 0.389 s and functioned as a scintillator for X-ray irradiation. The resolution and
luminescence intensity of the SrGa,S4:Eu/ZnO-vnws bilayer scintillators were improved by the introduction of the ZnO-vnws
layer, when compared with those of the ZnO-vnws-free-SrGa,S4:Eu layer, when the thickness ratio of SrGa,S,:Eu layer to ZnO-
nws length were 1.1 ~1.3. The SrGa,S,:Eu/ZnO-vnws bilayer scintillator revealed a spatial resolution of 6.8 ym, which was
slightly larger than 5.4 pm of a ready-made LuAG single-crystal scintillator.
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Scintillators, which convert high-energy rays such as X-rays and
positrons into visible and ultraviolet light detectable by a charge-
coupled device (CCD) and complementary metal-oxide-semicon-
ductor (CMOS) detectors, are incorporated into industrial and
medical fluoroscopy devices such as projectional radiography, X-
ray computed tomography (X-ray CT) systems and positron emis-
sion tomography (PET) systems to obtain 2D and 3D images. Single
crystal ceramics such as CsI(TI, Na),! LSO (Lu,SiOs:Ce),” and GOS
(Gd,0,S:Tb, Pr, Eu)® have been widely used as scintillator
materials, and LuAG (LuzAlsO.:Pr, Eu)® and GAGG
(Gd3A1,Ga;01,:Ce)® have been expected to be the next-generation
materials. In order to expand the field of application of X-ray
inspection systems, there is also a demand for the development of
scintillators that can be applied to flexible shapes and have excellent
cost-performance. Gd,O,S:Tb scintillators,” in which the powder is
fixed with a binder, and flexible scintillators, in which the C3gH34P»
powder is blended with polydimethylsiloxane, have been researched
and developed. However, the presence of a binder such as a polymer
is thought to affect the scintillator properties, and there are issues
regarding their low resolution. On the other hand, SrGa,S;:Eu
phosphor particles®® can be stacked and adhered to a substrate by
electrophoresis deposition without any binder, and the layer has been
demonstrated to act as a scintillator for X-ray radiation.'®

Zinc oxide (ZnO) is an n-type semiconductor with a bandgap
energy of 3.3 eV and an exciton binding energy of 59 meV, which
vertical nanowires (ZnO-vnws) have also been attracting attention as
a next-generation scintillator material,'' due to the possession of
waveguiding effect based on the morphology of ZnO-vnws,'?
although its luminescence intensity was lower than single-crystal
scintillators such as LuAG and GAGG. The <001>-oriented ZnO-
vnws can be prepared by electrochemical reactions,'>™'> and the
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morphology of the length and width can be controlled by the
solution formulation, and concentration of Cl impurity, which act as
a donor in a ZnO semiconductor.'® With the incorporation of ZnO-
vnws with its light-guiding effect with powder phosphor, the
scintillator performance can be expected to be improved.

In this study, Eu-doped SrGa,S, (SrGa,S4:Eu) was selected as
the phosphor material due to its visible light emission around
535 nm, which is in the wavelength range of relatively high quantum
efficiencies for CMOS and CCD detectors, and the
SrGa,S4:Eu/ZnO-vnws bilayer scintillators were fabricated by
electrochemical methods: the ZnO-vnws layer was formed by
electrodeposition in an aqueous solution containing zinc nitrate
hydrate and zinc chloride hydrate, and the SrGa,S,:Eu layer was
stacked on the ZnO-vnws by electrophoresis deposition in an iodine-
ethanol solution suspending SrGa,S4:Eu particles. The structural,
optical, and scintillator characteristics of the SrGa,S,:Eu/ZnO-vnws
bilayer scintillators were evaluated with X-ray diffraction, scanning
electron microscopy, optical characteristics measurement, and X-ray
inspection systems.

Experimental Method

Soda-lime glass substrates with Ga-doped ZnO (GZO) layers
(GZO/SLG, GEOMATEC Co., Ltd.) were used as substrates, and
after ultrasonic cleaning in acetone for 3 min as a pretreatment,
degreasing was performed in a solution of 0.1 mol 1-! NaOH at an
applied anodic current of 0.1 mA cm™2 for 1 min. ZnO-vnws were
prepared by electrodeposition in aqueous solutions containing zinc
nitrate hydrate (NACALAI TESQUE, INC.) and zinc chloride
hydrate (NACALAI TESQUE, INC.) with the total Zn concentration
set at 8 mmol L™" with a zinc chloride molar ratio of 0.1 mol%. The
aqueous solution was prepared using deionized water (15 MQ-cm)
prepared by Millipore Ellix-UV-Advantage and special grade
reagents. The electrodeposition was carried out using a potentio-
stat/galvanostat (Princeton Applied Research, VersaSTAT 4-400) at
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—0.8 V referenced to an Ag/AgCl electrode, under a temperature of
335K, deposition time of 20 h, and a deposition area of 1 x 1 cm?.

The SrGa,S,4:Eu layer was stacked on the ZnO-vnws/GZO/SLG
and bare GZO/SLG substrate by electrophoresis deposition in an
ethanol solution containing SrGa,S4:Eu particles. The solution
contained 50 ml of ethanol, 0.5 g of SrGa,S4:Eu (Mitsui Mining &
Smelting Co., Ltd.), and 20 ug of iodine. The electrophoresis
depositions were carried out by applying a voltage of 60 V for 10,
15, 20, and 30 s using a DC power supply (PAN 160-3.5 A, Kikusui
Electronics Corporation). Subsequently, an Ag layer with a thickness
of 100 nm was deposited using thermal evaporation in vacuum
(VCP-260F, ULVAC, Inc.) at a deposition rate of 0.1 nm s~ ! for the
fixation of SrGa,S4:Eu particles and the formation of the reflective
layer.

X-ray diffraction patterns were measured by X-ray diffractometer
(RINT-2500, Rigaku Corporation) with CuKa radiation, and the
surface and cross-sectional morphologies were observed using an
FE-SEM (SUS8000, Hitachi High-Tech Corporation). The optical
properties were evaluated by absorption and transmission spectra
measured using an ultraviolet—visible-near-infrared spectrophot-
ometer (U4100, Hitachi High-Technologies), and the photolumines-
cence and excitation spectra were measured using a spectrophot-
ometer (F7000, Hitachi High-Technologies). The emission lifetime
was obtained by excitation at 337.1 nm using pulsed nitrogen laser
and photomultiplier as a detector. The decay lifetime of the emission
was estimated by the single exponential fitting of the emission decay
curve using the non-linear least square method. X-ray images were
recorded using an X-ray inspection system (SMX-1000Plus,
Shimadzu Corporation) with installing a customized optical system
consisting of a CMOS camera (ORCA-Flush4.0 V3, Hamamatsu
Photonics K. K.) and an optical lens with fine focus adjustment. The
chart (RT RC-05B, Japan Inspection Instruments Manufactures’
Association (JIMA)) with a Line and Space (L/S) of 9, 10, 15, 20,
45, and 50 pum was used for estimating the spatial resolution, and a
50-pum-thick LuAG scintillator (Hamamatsu Photonics K.K.) was
used for comparison. An exposure time of 10s was used for
capturing dark (no X-ray irradiation), background (no chart in X-
ray irradiation), and chart images. The intensity of the dark image
was subtracted from that of the background and chart images, which
the chart image was then divided by the background image. By
taking the natural logarithm of the image-processed chart image, it
was converted into X-ray absorption. X-ray absorption images of the
chart were provided for evaluation of the spatial resolution by using
the Sigmoid curve-fitting on an absorption profile of a chart bar
edge. The fitted function used in the present study is as follows:

a

where /(x) is the X-ray absorption at position x. The constant values
of a, b, ¢, and d were detected by a fitting function of MATLAB.
After finding the best-fit constants, the full width at half maximum
(FWHM) value was determined from the differential curve of Eq. 1,
and this value was used as a parameter for the spatial resolution.

Results and Discussion

Figure 1 shows the schematic illustration of the
Ag/SrGa,S4:Eu/ZnO-vnws bilayer scintillator and the appearance
of the SrGa,S4:Eu/ZnO-vnws/GZO bilayer scintillator prepared at
the condition of 60 V-20 s for the SrGa,S;:Eu electrophoresis
deposition. The appearance observed from the side of the SLG
substrate was yellow-green in color originated from the SrGa,S,:Eu
particle, while it appeared gray from the side of the Ag layer. From
the constant appearances and colors covering the entire surfaces for
both sides, the SrGa,S4:Eu and Ag layers were formed uniformly.
The SrGa,S4:Eu particles were properly fixed to the ZnO-vnws, and
no detachment of particles could be observed during the fabrication
process including the vacuum evaporation of Ag. The SrGa,S,:Eu
particles were deposited only on the ZnO-vnws/GZO cathode

surface by electrophoresis deposition, suggesting that the
SrGa,S4:Eu particles were positively charged. Since the GZO and
ZnO substrates are n-type semiconductors whose majority carriers
are electrons, the electrostatic attraction between the positively
charged SrGa,S4:Eu particles and the cathode substrate may have
also been beneficial to the fixation. However, no deposits could be
obtained even under applied voltage in the SrGa,S4:Eu particle
dispersed ethanol solution without iodine addition. An ethanol-
iodine solution was generally used for electrophoresis deposition,
besides acetone-iodine solution. It was reported the reaction of the
acetone and iodine as shown in Fig. S1(available online at stacks.
iop.org/JES/169/042507/mmedia),'”'® and the particles dispersed in
the solution charged positive by adsorbing the H' ion on the
particles. In this study, the SrGa,S4:Eu particles were only deposited
on the ZnO-vnws/GZO cathode, and the appearance of the SUS
anode turned brown after the electrophoresis deposition. This
indicated that the positive charge of the SrGa,S4:Eu particle was
generated by a reaction similar to the acetone-iodine reactions in the
solution.

Figure 2 shows the X-ray diffraction patterns of the
SrGa,S4:Eu/ZnO-vnws bilayer scintillators prepared at 60 V-30 s
for the SrGa,S4:Eu electrophoresis deposition. The X-ray diffraction
patterns were almost the same in profile and peak angle, irrespective
of the condition of the SrGa,S;:Eu electrophoresis deposition,
except for the intensity of the SrGa,S4:Eu peaks. All the diffracted
X-ray peaks were identified as those for ZnO,19 SrGaZS4,2° and
Ag.?! The ZnO (002) peak with very high intensity at around 400
keps was composed of a peak and a shoulder originating from the
(002) plane by CuKe, and CuKc, radiation, indicating a very small
FWHM value. High intensity and low FWHM value indicated an
excellent (001) out-of-plane orientation, as already reported.'> An X-
ray diffraction peak originating from the GZO substrate was
observed for the X-ray diffraction pattern for the bare substrate,
but the (002) GZO peak was included in the ZnO (002) peak
originated from the ZnO-vnws, due to its low intensity and expanded
FWHM value. The lattice constant ¢ for the ZnO lattice was
estimated to be approximately 0.524 nm, which was close to the
standard value."”

Figure 3 shows the cross-sectional and surface FE-SEM images
of the SrGa,S;:Eu/ZnO-vnws bilayer scintillators prepared at 60 V
for 10, 15, 20, and 30 s. The SrGa,S,:Eu particles with grain sizes
ranging from 0.13 ~7 pum were stacked by the electrophoresis
deposition on the substrate irrespective of the existence of the ZnO-
vnws and electrophoresis conditions. The top surface of SrGa,S,:Eu
particles was covered entirely with Ag granular grains (not shown).
The thicknesses of the SrGa,S,:Eu layers were estimated from 15
location points of the cross-sectional images, and the average values
calculated were represented by orange circles and gray squares, with
corresponding error bars showing the standard deviations in Fig. 3e.
The average SrGa,S,:Eu layer thickness increased with the increase
in the electrophoresis deposition time, irrespective of the existence
of ZnO-vnws, although slight fluctuations remained depending on
the location. Although there were gaps between the SrGa,S,:Eu
particles, overall uniformly dense layers were formed. The
SrGa,S4:Eu particles stacked adhesively on the underlayer, irrespec-
tive of the existence of the ZnO-vnws, and no defects such as space
between the SrGa,S4:Eu layer and ZnO-vnws could be located. The
ZnO-vnws layer with the width of 0.16 ~0.2 ym and length of 5.4
pm was composed of columnar grains grown normal to the GZO
substrate surface. The ZnO-vnws possessed an excellent (0001) out-
of-plane orientation, as reported from a pole-figure measurement,
which orientation was developed by a lattice relationship of
(1 x 1)(0001)[1120]ZnO//(1 x 1)(0001)[1120] GZO with a lattice
mismatch of 1.1%.'> The width and length of the ZnO-vnws were
controlled by adjusting the total Zn and CI concentration.'®

Figure 4 shows the optical absorption spectra of the SrGa,S4:Eu
/ZnO-vnws bilayer and the SrGa,S4:Eu layer, the emission and
excitation spectra, and the decay curve for the bilayer. The
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Figure 1. Schematic illustration of the SrGa,S,:Eu/ZnO-vnws bilayer scintillator (a), and the appearances viewed from sides of the substrate (b) and Ag (c).

G v
@ S E § ® Zn0 § (b) 7n0 (002)
b olle @ SrGa,S, ;
A Ag

2l E S || & =
5 2

J 1

20 40 60 80 33.8 34.2 34.6

20/deg. 20/deg.

Figure 2. X-ray diffraction patterns for the SrGa,S4:Eu(60 V-30 s)/ZnO-vnws bilayer (a) and the magnified ZnO(002) peak (b).

SrGa,S4:Eu layer did not show a clear absorption edge at wave-
lengths ranging from 400 to 800 nm, although a slight change was
observed around 500 nm. The bare SLG substrate possessed a strong
absorption edge around 350 nm with no absorption edge observed in
the range of 400 ~800 nm, and this observation was consistent with
the bandga2p energy of 4.2 eV as already reported for the SrGa,S,
phosphor,”> which corresponding absorption edge is at about
295 nm. The absorption spectrum was almost the same in profile
at wavelengths ranging from 450 to 800 nm for both, although the
absorbance slightly increased with the presence of ZnO-vnws. An
additional absorption edge was observed at approximately 400 nm
for the bilayer, and its bandgap energy was estimated to be 3.2 eV
with the assumption of a direct transition as shown in Fig. S2,
indicating that the absorption edge around 400 nm was attributed to
the ZnO-vnws.'?

Only a visible emission at about 533 nm (excitation wavelength
of 320 nm) was observed from the SrGa,S4:Eu/ZnO-vnws bilayer
and the SrGa,S4:Eu layer irrespective of the presence of ZnO-vnws
and the condition of the electrophoresis deposition. The emission at
the wavelength of 533 nm was previously reported to be attributed to

the 4f°5d—4f’ transition of Eu®’* ions in SrGa,S,:Eu.?>?® The
excitation spectrum (emission wavelength 533 nm) showed a broad
form with a peak at around 390 nm. The excitation spectrum with a
peak at 278 nm and shoulders at 313 and 391 nm (emission
wavelength of 532 nm) was reported for SrGa,S;:Eu containing
2 mol% Eu,?* and a broad excitation spectrum with a peak at 464 nm
(emission  wavelength of 538nm) was reported for
Sr1,0_03GaQS4:Eu0_03.9 The excitation band at 350 ~500 nm was
assigned to the 4f7 — 4f%5d transition of Eu?" ions in the
SrGa,S4:Eu phosphor.”> While the peak wavelength and the shape
of the emission spectrum are almost the same, the peak wavelengths
and the shape of the excitation spectra differ greatly among reports.
These differences are probably due to differences in measurement
conditions, and the associated band structures derived from the
composition and coordination environment of the Eu atom. The
emission spectrum recorded for a single ZnO-vnws layer under the
same conditions showed very low intensities with small emission
peaks, as shown in Fig. S2.

The decay and fitting curves were represented by black and red
lines in Fig. 4d, and the lifetime was estimated for the decay curve



Journal of The Electrochemical Society, 2022 169 042507

20
§ (©)
215 | ¢
g (B)
g 10 | g ¢ ?
& § ¢
a >0 (A)
<
© 0 : -
w
5 15 25 35

Deposition time/s

=

Figure 3. Cross-sectional FE-SEM images of the SrGa,S,:Eu/ZnO-vnws bilayers (A) and the SrGa,S,:Eu layers (B) prepared at 60 V for 10s (a), 15s (b), 20s
(c), and 30s (d). The relation between the thickness and deposition time (e) with the ZnO-vnws (A) and without the ZnO-vnws (B), and the cross-sectional image
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Figure 4. Optical absorption spectra (a) of the SrGa,S4:Eu/ZnO-vnws bilayer (A) and SrGa,S4:Eu layer (B) prepared at 60 V for 30s, emission (b) and the
excitation spectra (c), and the decay curve (d) for the 60V-10s bilayer, where the raw data and the fittingcurve were represented with black and red lines,

respectively.

by the following process. The relationship between the intensity and
lifetime can be expressed by the following equation,>*

Y=Al + Azexp(f)
T

where Y, X, T are intensity, time, lifetime, and Al and A2 are
constants. The lifetime T was estimated from the slope of the linear
part of the natural logarithm plot between the intensity and time,
which was estimated to be 0.389 us.

Figure 5 shows the measured X-ray chart image of line profile
with the Line and Space (L/S) of 9, 10 15, 20, 45, and 50 pum for the

SrGa,S4:Eu/ZnO-vnws bilayer and SrGa,S4:Eu layer by WKa
radiation. The line profiles with L/S of 9 ~50 pm were clearly
observed for all the SrGa,S;:Eu/ZnO-vnws bilayer and the
SrGa,S4:Eu layer, evidencing that the SrGa,S4:Eu/ZnO-vnws bi-
layer and SrGa,S4:Eu layer were functioning as scintillators for the
X-ray radiation. A line profile of L/S = 6 um was observed with a
ZnO-vnws-free-SrGa,S,:Eu scintillator, as already reported.'® Since
it was difficult to estimate quantitatively the spatial resolution by the
detection of the L/S line profile, FWHM values were estimated using
the Sigmoid curve-fitting technique for the spatial resolution
estimation as shown in Fig. 6a. The blue circles and the orange
line respectively represent the raw absorbance value at a given X
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Figure 5. X-ray chart images of SrGa,S ,:Eu/ZnO-vnwsbilayers (A) and SrGa,S4:Eu layers (B) prepared at 60 V for 10s (a), 15s (b), 20s (c), and 30s (d). The L/
S of the line profiles were 9, 10, 15, 20, 45, and 50 pm, and the same chart was used for all measurements.
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Figure 6. Line profile and fitting curve (red line) of the SrGa,S4:Eu/ZnO-vnws bilayer prepared at 60 V for 10s (a), and relation between the FWHM values and
the thickness (b) of the SrGa,S4:Eu layers for SrGa,S4:Eu/ZnO-vnws (A) and SrGa,S,4:Eu (B).

position and the fitting curve by using the Sigmoid curve. The green
line and red dashed line represent the differential curve for the
Sigmoid fitting curve and the FWHM, which was used as the spatial
resolution.

Figure 6b shows the relation of the FWHM value on the
SrGa,S4:Eu layer thickness for SrGa,S4:Eu/ZnO-vnws bilayer and
SrGa,S4:Eu scintillators. The FWHM value decreased with the
decrease in SrGa,S4:Eu layer thickness for the
SrGa,S4:Eu/ZnO-vnws bilayer scintillator, but the SrGa,S;:Eu
scintillator without the ZnO-vnws showed the opposite tendency
and showed decreased FWHM value at increased thickness. The
reason for the improved FWHM value at increased SrGa,S,:Eu layer
thicknesses in the absence of the ZnO-vnws is not clear at present,
but it was speculated that the irregularity of the top and bottom
interfaces of the SrGa,S,4:Eu layer to the Ag layer and GZO/SLG
substrate affected the FWHM value at the thin thickness of 6.9 ym,

while such detrimental effects were suppressed with the increase in
thickness of the SrGa,S,:Eu layer. The SrGa,S;:Eu/ZnO-vnws
bilayer scintillator showed the best resolution of 6.8 um at the
SrGa,S4:Eu layer thickness of 6.1 pm, and the best resolution for
SrGa,S4:Eu scintillator without the ZnO-vnws was 8.1 um at the
SrGa,S4:Eu layer thickness of 12 um, indicating the improvement in
spatial resolution by introducing the ZnO-vnws. The best spatial
resolution for the SrGa,S;:Eu (60 V-10 s)/ZnO-vnws bilayer
scintillator was slightly larger than 5.4 pm estimated for the
ready-made LuAG scintillator in the same manner. This is thought
to be due to the light-guiding effect caused by the ZnO-vnws
morphology functioning as an optical waveguide'? which guided the
radial light emitted by SrGa,S;:Eu into unidirectional light.
However, the spatial resolution of the SrGa,S,:Eu/ZnO-vnws bilayer
scintillator became larger as the thickness of the SrGa,S4:Eu layer
increased which then remained almost constant at a corresponding
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thickness ratio of 1.9 to the ZnO-vnws layer with the SrGa,S,:Eu
layer thickness over 10.3 um. Therefore, the optical guiding effect of
the ZnO-vnws layer was more effective when the SrGa,S,:Eu layer
was thin. The thickness of the SrGa,S4:Eu layer and the thickness
ratio of the SrGa,S4:Eu layer to the length of the ZnO-vnws were
speculated to affect the spatial resolution of the bilayer scintillator.
Figure 7 shows the dependence of luminescence intensity and the
unit intensity per SrGa,S;:Eu thickness on the thickness of
SrGaS4:Eu  for the SrGa,S4:Eu/ZnO-vnws bilayer and the
SrGa,S4:Eu layer. The dashed lines in Figs. 7a and 7b represent
the linear approximations obtained for the values of SrGa,S,:Eu
scintillators.  Since  the luminescence intensity of the
SrGa,S4:Eu/ZnO-vnws bilayer and SrGa,S,;:Eu scintillators in-
creased as the thickness of the SrGa,S4:Eu layer increased, the
luminescence intensity strongly depended on the thickness of the
SrGa,S4:Eu  layer. The Iluminescence intensities of the
SrGa,S4:Eu/ZnO-vnws bilayer scintillators were located on or below
the approximate lines when the SrGa,S4:Eu thicknesses are over
10.2 pm, but the intensities were located at the upper side of the
approximate line below the SrGa,S4:Eu layer thicknesses of ~7.1
pm. To investigate the effect of the ZnO-vnws introduction on the
luminescence intensity, the luminescence intensity per SrGa,S,:Eu
thickness, which is abbreviated as unit intensity, was calculated and
is shown in Fig. 7b. Since the unit intensity of the
SrGa,S4:Eu/ZnO-vnws scintillator was located on or below the
approximate line obtained for the ZnO-vnws-free scintillator, the
effect of the ZnO-vnws introduction could not be observed for the
SrGa,S4:Eu layer thicknesses over 10.3 pm. As the length of the
ZnO-vnws was 5.4 pum, the thickness ratio of the SrGa,S,:Eu layer
to the ZnO-vnws length was estimated to be 1.9 and 2.9 for 10.3 um
and 15.4 pm in SrGa,S4:Eu thicknesses. The unit intensities were
located above the approximate line at layer thicknesses of the
SrGa,S4:Eu layer below 7.1 um, and the effect of the enhancement
of the luminescence intensity could be clearly observed with the
introduction of the ZnO-vnws. The luminescence intensity was
evidently stronger with the introduction of the ZnO-vnws while at
the same SrGa,S,:Eu layer thicknesses below 7.1 pym. The thickness
ratios were estimated to be 1.1 and 1.3 for the respective thicknesses
of the SrGa,S4:Eu layers of 6.1 and 7.1 um. The effect of the
intensity enhancement by the ZnO-vnws introduction appeared at
thickness ratios around 1.1 ~1.3 but disappeared over approximately
2 for the SrGa,S4:Eu/ZnO-vnws bilayer scintillator. The
SrGa,S4:Eu/ZnO-vnws bilayer scintillator with the thickness ratios
of 1.1 and 1.3 revealed improved resolutions and enhanced
intensities, compared to those of ZnO-vnws-free scintillators.
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Figure 8 shows the schematic illustrations of the light-guiding
effects of the ZnO-vnws in the SrGa,S;:Eu/ZnO-vnws bilayer
scintillator compared to that of a ZnO-vnws-free SrGa,S,:Eu
scintillator, which are described as follows. The absorption coeffi-
cient for the 23um-Eu:CaS/6um-ZnO-vaws/GZO/SLG was esti-
mated to be 0.87cm™"' at 59 KeV corresponding to the photon
energy of WKa radiation when experimented in a synchrotron
radiation facility (SPring-8), as shown in Fig. S3. The absorption
coefficient for the SrGa,S,:Eu/ZnO-vnws/GZO/SLG fabricated in
this study was not estimated in the same manner, but was speculated
to be close to that of the Eu:CaS/ZnO-vaws/GZO/SLG. The WKa
radiation at a photon energy of 59 keV was transmitted through the
SrGa,S4:Eu/ZnO-vnws bilayer scintillator due to the low absorption
coefficient, which caused the SrGa,S,:Eu phosphor particles to emit
533 nm visible light. The emitted lights then propagated radially
from the emission point and reached the interface to the ZnO-vnws.
The lights penetrating the ZnO-vnws were propagated inside the
nanowires by the light-guiding effects. The light-guiding effect of
the ZnO-vnws>> improving the spatial resolution was demonstrated
in an X-ray imaging application by comparing to a randomly
dispersed ZnO-vnws and a bare substrate without ZnO-vnws.""
Additionally, P. Yang et al., reported that the ZnO nanowires can
generate stimulated emission by light excitation and enhance the
excitation light by acting as optical resonators.”® Since the ZnO-
vnws possessed top and bottom interfaces of ZnO/air and ZnO/SLG
and the refractive indices are 2.45 for ZnO, 1.45 for SLG, and 1 for
air, the interfaces may have acted as partial mirrors which
contributed to the function of ZnO-vnws as optical resonators. On
the other hand, there was almost no effect on the improvement of the
resolution and intensity, when the thickness ratios of the SrGa,S4:Eu
layer to the ZnO-vnws were over approximately 2. Further inves-
tigations of the effects of the thickness of each layer and the
thickness ratios for the bilayer scintillator are needed, but it is
evident that the enhancement of the spatial resolution and lumines-
cence intensity by the ZnO-vnws layer is effective when the
SrGa,S4:Eu layer is relatively thin.

Conclusions

SrGa,S4:Eu phosphor/ZnO vertical nanowires (ZnO-vnws) bi-
layer scintillators were successfully fabricated by electrodeposition
of ZnO-vnws followed by electrophoresis deposition of SrGa,S,:Eu
particles. The ZnO-vnws were composed of vertically aligned ZnO
nanowires with excellent (0001) out-of-plane orientation, and the
SrGa,S4:Eu layer was composed of the particles adhered to the ZnO-
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Figure 7. Effect of SrGa,S,:Eu thickness on the luminescence intensity (a) and unit intensity per. SrGa,S4:Eu thickness for the SrGa,S,:Eu/ZnO-vnws bilayers
(A) and SrGa,S, layers (B). The dashed lines represent the linear approximations for the SrGa,S,:Eu layers.
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Figure 8. Schematic illustration of light guiding effect of the ZnO-vnws in SrGa,S,:Eu/ZnO-vnws bilayer (a) in comparison to SrGa,S,:Eu layer (b).

vnws. The SrGa,S;:Eu/ZnO-vnws bilayer scintillators emitted
visible light at a wavelength of 533 nm with a lifetime of 0.389 us
and acted as a scintillator for X-ray irradiation. The resolution and
luminescence intensity for SrGa,S4:Eu/ZnO-vnws bilayer scintilla-
tors were improved by introducing the ZnO-vnws compared to those
of the ZnO-vnws-free SrGa,S,:Eu layer when the thickness ratio of
SrGa,S4:Eu layer to ZnO-nws length was constructed at around 1.1
~1.3. The SrGa,S;:Eu/ZnO-vnws bilayer scintillator revealed a
spatial resolution of 6.8 pm, which was slightly larger than 5.4
pm of a ready-made LuAG single-crystal scintillator. The
S1rGa,S4:Eu/ZnO-vnws bilayer scintillator with an optimum thick-
ness and thickness ratio is a realistic candidate for a new-generation
scintillator with high performance and extended versatility.

Acknowledgments

This work was partly performed under the Strategic Core
Technology Advancement Program (Supporting Industry Program,
METI (Ministry of Economy, Trade, and Industry)). The synchro-
tron radiation experiment was performed with the approval of the
Japan Synchrotron Radiation Center (JASR), SPring-8 (approval
number, 2019A1629).

ORCID

https://orcid.org/0000-0002-4230-6791
https://orcid.org/0000-0002-3959-1923

Pei Loon Khoo
Masanobu Izaki

References

1. V. V. Nagarkar, T. K. Gupta, S. R. Miller, Y. Klugerman, M. R. Squillante, and
G. Entine, IEEE Trans. Nucl. Sci., 45, 3 (1998).

2. Y. Zorenko, M. Nikl, V. Gorbenko, V. Savchyn, T. Voznyak, R. Kucerkova,
O. Sidletskiy, B. Grynyov, and A. Fedorov, Opt. Mater., 33, 846 (2011).

11.

12.

13.

15.

16.

18.
19.

20.

21.

22.

. H. Pan et al., Opt. Mater., 105, 109909 (2020).

. P. Lecoq, Nucl. Instrum. Methods Phys. Res. A, 809, 130 (2016).

. M. Nikl, A. Yoshikawa, K. Kamada, K. Nejezchleb, C. R. Stanek, J. A. Mares, and
K. Blazek, Prog. Cryst. Growth Character. Mater., 59, 47 (2013).

. J. Bok, O. Lalinski, M. Hanus, Z. Onderisinova, J. Kelar, and M. Kucera,
Ultramicroscopy, 163, 1 (2016).

. R. Yasuda, M. Katagiri, and M. Matsubayashi, Nucl. Instr. Meth. Phys. Res. A, 680,
139 (2012).

. P. Benalloui, C. Barthou, and J. Benoit, J. Alloys Compd., 275, 709 (1998).

. T. E. Peters and J. A. Baglio, J. Electrochem. Soc., 119, 230 (1972).

. H. Ohara, S. Wakazuki, A. Nakanishi, M. Kobayashi, A. Morita, P. L. Khoo,

Y. Takabayashi, J. Shinozaki, and M. Izaki, J. Surf. Fin. Soc. Jpn., 72, 364 (2021).

M. Kobayashi, J. Komori, K. Shimizu, M. Izaki, K. Uesugi, A. Takeuchi, and

Y. Suzuki, Appl. Phys. Lett., 106, 081909 (2015).

M. Izaki, M. Kobayashi, T. Shinagawa, T. Koyama, K. Uesugi, and A. Takeuchi,

Phys. Status Solidi a, 214, 1700285 (2017).

M. Izaki and T. Omi, Appl. Phys. Lett., 68, 2439 (1996).

. M. Izaki, S. Watase, and H. Takahashi, Adv. Mater., 15, 2000 (2003).

M. Izaki, J. Komori, K. Shimizu, T. Koyama, and T. Shinagawa, Phys. Status Solidi

a, 214, 1600473 (2017).

S. Wakazuki, H. Ohara, P. L. Khoo, A. Nakanishi, M. Kobayashi, J. Shinozaki, and

M. Izaki, J. Surf. Fin. Soc. Jpn., 72, 50 (2020).

. N. Koura, T. Tsukamoto, H. Shoji, and H. Negishi, J. Surf. Fin. Soc. Jpn., 46, 533

(1995), in Japanese.

Y. Tokuoka, T. Kishi, and T. Nagai, Denki Kagaku, 42, 80 (1974), in Japanese.

Joint Committee on Powder Diffraction Standards, Powder Diffraction File;

Intensity Data for Diffraction Data: ZnO, PDF:01-070-8072.

Joint Committee on Powder Diffraction Standards, Powder Diffraction File;

Intensity Data for Diffraction Data: SrGa,S,, PDF:00-025-0895.

Joint Committee on Powder Diffraction Standards, Powder Diffraction File;

Intensity Data for Diffraction Data: Ag, PDF:01-071-4612.

C. Chartier, C. Barthou, P. Benalloul, and J. M. Frigerio, Electrochem. Solid State

Lett.,, 9, G53 (2006).

. Z. Ximmin, W. Huo, Z. Heping, and S. Qiang, J. Rare Earth, 25, 701 (2007).

. A. Masuya-Suzuki, S. Goto, T. Kambe, R. Karashimada, Y. Kubota, and N. Iki,
Chem. Open, 10, 46 (2021).

. R. Hauschild and H. Kalt, Appl. Phys. Lett., 89, 1231007 (2006).

. P. Yang, H. Yan, S. Mao, R. Russo, J. Johnson, R. Saykally, N. Morris, J. Pham,
R. He, and H-J. Choi, Adv. Funct. Mater., 12, 323 (2002).


https://orcid.org/0000-0002-4230-6791
https://orcid.org/0000-0002-3959-1923
https://doi.org/10.1109/23.682433
https://doi.org/10.1016/j.optmat.2011.01.004
https://doi.org/10.1016/j.optmat.2020.109909
https://doi.org/10.1016/j.nima.2015.08.041
https://doi.org/10.1016/j.pcrysgrow.2013.02.001
https://doi.org/10.1016/j.ultramic.2016.01.003
https://doi.org/10.1016/j.nima.2012.03.035
https://doi.org/10.1016/S0925-8388(98)00422-8
https://doi.org/10.1149/1.2404167
https://doi.org/10.4139/sfj.72.364
https://doi.org/10.1063/1.4913867
https://doi.org/10.1002/pssa.201700285
https://doi.org/10.1063/1.116160
https://doi.org/10.1002/adma.200305465
https://doi.org/10.1002/pssa.201600473
https://doi.org/10.1002/pssa.201600473
https://doi.org/10.4139/sfj.72.50
https://doi.org/10.4139/sfj.46.533
https://doi.org/10.5796/kogyobutsurikagaku.42.80
https://doi.org/10.1149/1.2151130
https://doi.org/10.1149/1.2151130
https://doi.org/10.1016/S1002-0721(08)60010-1
https://doi.org/10.1063/1.2354427



