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We demonstrate the high-speed epitaxial growth of a Eu**-doped Y,05 (Eu**:Y,0;) thick
film phosphor grown on a (100) yttria-stabilized zirconia substrate by laser-assisted metal—
organic CVD. The deposition rate was 42 um h™! and the resultant 7-um-thick Eu**:Y,05 film
was optically transparent. Under UV and X-ray irradiation, the Eu**:Y,O5 thick film emitted red
light originating from the Dy—’F, transition of Eu’" ions with a fluorescence decay time of
1.7 ms.

1. Introduction

Scintillators are phosphor materials with the ability to convert radiation such as X-rays,
y-rays, and a-particles into UV—visible photons.(!3) Scintillators coupled with photon detectors,
such as photodiodes and CCD arrays, have been used as radiation imaging systems. Recently,
radiation imaging systems have been used in such fields as nondestructive testing, nuclear
medical imaging, and geological surveying.~® Scintillator screens with excellent luminescence
and emission wavelengths compatible with photon detectors are required for radiation imaging.
T1*-doped CslI films and Tb**-doped Gd,0,S (GOS) powder phosphors are used as scintillator
screens because of their high luminescence yield and well-matched emission band (500—800 nm)
with CCD detectors.(® Columnar and pixelated scintillators have been utilized to improve light
yield and spatial resolution.®!9 Furthermore, thin scintillator screens of 10 um or less can
prevent light dispersion and are expected to be used in microtomography techniques.!!)

Rare-earth sesquioxides have been intensively studied as laser gain media and scintillation
phosphors because of their high optical transparency and isotropy and the wide range of
possibilities of doping rare-earth activating centers. Y,0Os3-based phosphors are promising
materials for scintillation applications owing to their high density (5.01 g cm™) and wide band
gap (6.1 eV).(12 Eu3*-doped Y,0; (Eu**:Y,05) has a high light yield (32000 ph MeV ) with red
emission (612 nm) that well matches CCD detectors.(!3 However, large Y,0; single crystals
cannot be easily grown because of the high melting point (2700 K) and the transition from the
hexagonal to cubic phase at 2600 K.(¥) Although Eu**:Y,0j thin films of up to 50 nm thickness
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have been prepared by the sol-gel, chemical bath deposition, and CVD methods,3-17) they are
too thin to stop radiation. From Henke’s table, the mean free path of 8 keV X-rays in Y,04
crystal has been calculated to be 7 um.!®) Fabricating such a thick film phosphor would typically
be time-consuming using conventional deposition methods.

Laser-assisted metal—organic CVD is a rapid deposition process for functional thick films at
a high deposition rate (10-300 um h™).(-2D) We previously reported transparent thick films of
Eu**-doped Lu,0; and Lu3AlsO;, phosphors and Y;FesO;, and SrFe ;0,9 magneto-optic
crystals.(22-25)

In the present study, we demonstrated the high-speed epitaxial growth of a Eu3":Y,0; thick
film phosphor. The epitaxial growth mode, microstructure, and photo- and radioluminescence

properties of the film were examined.
2. Materials and Methods

The laser-assisted metal-organic CVD apparatus has been described elsewhere.?®) The
metal-organic compounds of yttrium tris (dipivaloylmethanate) (Kojundo Chemical Lab. Co.
Ltd., Japan) and europium tetrakis(dipivaloylmethanate) (Toshima Manufacturing Co., Ltd.,
Japan) were maintained at temperatures of 463 and 473 K, respectively, in precursor furnaces.
The resultant vapor was transferred to the CVD chamber using Ar (purity: 99.9999%) as the
carrier gas, and O, gas (99.5%) was separately introduced to the chamber through a double-
tubed nozzle. The molar ratio in the precursor vapor was estimated from the mass change in
each precursor before and after deposition, and it was calculated to be Eu:Y = 3:97
[(Eug 03Y(97)205]. The total chamber pressure was maintained at 0.2 kPa.

The substrate was a (100) yttria-stabilized zirconia single-crystal plate (YSZ; 5 x 5 %
0.5 mm?) polished on both sides. The substrate was preheated to 1000 K on a heating stage, then
irradiated with a CO, laser (wavelength: 10.6 um; maximum laser output: 60 W; SPT Laser
Technology Co., Ltd., China) through a ZnSe window. The substrate was heated to 1323 K using
laser irradiation. The target thickness was 7 um on the basis of the mean free path of 8 keV
X-rays for Y,03, and thus the deposition time was set to 0.6 ks.

The phase composition and out-of-plane orientation of the resultant film were identified by
X-ray diffraction (XRD; Bruker D2 Phaser, USA), and the in-plane orientation was studied by
X-ray pole figure measurement (Rigaku Ultima IV, Japan). The crystal structures were
visualized using the VESTA software package.?”) The microstructure was observed using a
scanning electron microscope (SEM; JEOL JCM-6000, Japan). The in-line transmittance was
measured using a UV-visible spectrophotometer (JASCO V-630, Japan) in the 190—-1100 nm
wavelength range. The photoluminescence (PL) and PL excitation (PLE) spectra and the decay
profile were measured using a fluorescence spectrophotometer (JASCO FP-8300, Japan).

The X-ray-excited luminescence (XEL) spectrum was measured using a spectrometer (Ocean
Insights HR2000+, USA) under continuous X-ray irradiation generated from an X-ray tube (Cu
target) operated at 40 kV and 40 mA without any monochromators or filters. For comparison, a
commercially available Bi;Ge;O;, (BGO) single crystal (5 x 5 x 1 mm?; light yield: 8500 ph
MeV!; Epic Crystal Co., Ltd., China) was evaluated in the same setup.(?®)
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3. Results and Discussion

Figures 1(a) and 1(b) respectively show out-of-plane and in-plane XRD patterns of the
resultant film. The Eu**:Y,05 thick film was indexed as a cubic bixbyite structure (ICSD No.
23811; Ia3d and a = 1.064 nm) with (100) orientation [Fig. 1(a)]. X-ray pole measurements of the
{111} plane of both the Eu3":Y,0; thick film and the YSZ substrate confirmed that the (100)
Eu?*:Y,0; thick film grew epitaxially on the (100) YSZ substrate with the in-plane orientation
relationship of [001] Eu**:Y,0; || [001] YSZ [Fig. 1(b)]. Since the lattice mismatch between the
Y,0; and YSZ cubic structures is small (3.3%), the (100) Eu?*:Y, 05 thick film epitaxially grew
on the (100) YSZ substrate with a cube-on-cube growth mode, as shown in Fig. 1(d).

Figure 2(a) shows cross-sectional and surface SEM images of the Eu*:Y, 05 thick film grown
on the YSZ substrate. The Eu**:Y,O; film exhibited a 7-um-thick dense cross section with a
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Fig. 1. (Color online) (a) Out-of-plane XRD pattern of the Eu*":Y,0; thick film prepared on a (100) YSZ substrate,
and in-plane XRD patterns of (b) Y,05 {111} plane and (c) YSZ {111} plane. (d) Schematic plan view of the epitaxial
relationship between the (100) Eu**":Y, 05 thick film and the (100) YSZ substrate.
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Fig. 2. (Color online) (a) Cross-sectional SEM image of the (100) Eu3":Y,05 thick film epitaxially grown on the
YSZ substrate. The inset shows a surface SEM image with a scale bar of 2 pm. (b) In-line transmittance spectra of
the (100) Eu3":Y,05 thick film on the YSZ substrate (solid line) and the raw YSZ substrate (dashed line). The inset
shows a photograph of the Eu*:Y,05 thick film on the YSZ substrate and the raw YSZ substrate.
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smooth surface. From the cross-sectional SEM image and deposition time, the deposition rate
was calculated to be 42 um h™!, which was 840-10500 times higher than those of Eu®*:Y,0; thin
films prepared using the sol-gel (0.05 pm h™'), CVD (0.004 pm h™'), and chemical bath
deposition (0.004 um h™!) methods.(!3-17) Figure 2(b) shows the in-line transmittance spectra of
the Eu’":Y,O; thick film on the YSZ substrate and the raw YSZ substrate. The in-line
transmittance of the Eu?*:Y,05 thick film at a wavelength of 600 nm was 81% of that of the raw
YSZ substrate.

Figure 3 shows PLE and PL spectra and the PL decay profile of the Eu3*:Y,O; thick film
prepared on the YSZ substrate. In the PLE spectrum of the Eu**:Y,O; thick film monitored at an
emission wavelength of 612 nm, the sharp peaks in the wavelength range of 300-500 nm were
associated with 4f-4f transitions due to Eu’" ions and the broad band centered at 240 nm was
derived from the O>—Eu’" charge transfer band (CTB). The PL spectrum is composed of
5D0’1,2—>7F ', (J = 0—4) transitions of the Eu®' ions [Fig. 3(a)]. The probability of the Dy—'F,
electric-dipole transition at 612 nm is sensitive to the symmetry of the surrounding Eu?*, while
the SD,—’F, magnetic-dipole transition at 593 nm is independent of the surrounding symmetry.
Therefore, a large asymmetry ratio, i.e., a large intensity ratio of >Dy—’F, to °D,—’F, emissions,
implies a low symmetry of the surrounding Eu?* ions.*” In the Y,O; bixbyite structure, Y** and
Eu* are located at either a non-centrosymmetric C, site or a centrosymmetric S (Cs;) site.3?)
The Y,05 bixbyite structure has three times more C, sites than Sq sites, resulting in an intense
emission associated with the *D,—'F, transition, as observed in the PL spectrum. The
asymmetry ratio of the Eu3":Y,05 thick film was estimated as 6.2, which is comparable to the
reported values for Eu’*:Y,0; nanocrystals (5.1-6.7).31:32) The PL decay profile of the Eu3":Y,05
thick film measured at 612 nm for the >D;—’F, transition under the CTB excitation at 240 nm
indicated a single exponential time constant. The decay time constant was calculated as 1.7 ms
[Fig. 3(b)], which is comparable to those reported in the literature (1.0-2.0 ms).(3-3%)
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Fig. 3. (Color online) (a) PLE spectrum monitored at 612 nm and PL spectrum excited at 240 nm, and (b) PL decay
profile monitored at 612 nm and excited at 240 nm of the Eu**:Y,05 thick film grown on the YSZ substrate. Vertical
ticks in the PL spectrum indicate possible transitions from high-energy excitation states of °D, and °Dj to ’F, states.
(36.37) The inset in the PL decay profile shows a photograph of the Eu?*:Y,05 thick film on the YSZ substrate under
irradiation by UV light (4 = 254 nm) from a low-pressure mercury-vapor lamp.
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Fig. 4. (Color online) X-ray-induced radioluminescence spectra of the Eu?":Y,05 thick film grown on the YSZ
substrate and a BGO single crystal measured with the X-ray tube operating at 40 kV and 40 mA.

Figure 4 shows the radioluminescence spectra of the 7-um-thick Eu3":Y,05 thick film grown
on the YSZ substrate and a 1-mm-thick BGO single crystal under X-ray irradiation. The
Eu**:Y,0; thick film exhibited a sharp emission at 612 nm from the °D,—’F, transition of Eu?*
ions, while the BGO single crystal showed a broad emission at 350-700 nm. The integrated
luminescence intensity of the Eu3":Y,0; thick film over the range of 500-700 nm was 15% of
that of the BGO single crystal over the range of 350-700 nm.

The difference in the observed integrated luminescence intensity between the BGO reference
crystal and the Eu3*:Y,0j thick film is associated with the combination of the X-ray attenuation
length of each material and the spectrum of the irradiated X-ray energy. The X-ray attenuation
length was calculated using the attenuation coefficients obtained from Henke’s table.(!®) The
attenuation coefficients for BGO at 40 keV, Y,05 at 40 keV, and Y,0; at 8 keV are 74, 41, and
1782 cm !, respectively. The following equation is used to calculate the absorbance rate from the
attenuation coefficient:

I=Lhet, 0]

A=1-e™, @)

where [ is the intensity of the transmitted X-rays, /; is the intensity of the incident X-rays, u is
the attenuation coefficient, x is the thickness of the scintillator, and 4 is absorbance rate. The
mean free path was calculated as the material thickness that can reduce the X-ray intensity to a
factor of 1/e.

We used a non-monochromatized X-ray source for radioluminescence spectroscopy, and thus
the 1-mm-thick BGO reference crystal absorbed almost the entire X-ray photon energy up to
40 keV in the irradiated X-rays. Although 97% of high-energy X-ray photons passed through the
7-um-thick Eu":Y,0; in the present radioluminescence measurement, a low-energy
monochromatized X-ray source has often been applied for high-resolution radiation imaging. For
example, 8 keV X-ray photons associated with Cu Ka radiation can be sufficiently blocked by an
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Y,0; thick film phosphor with 7-13 pm thickness. Therefore, the resultant 7-pm-thick
Eu?":Y,0; is a candidate scintillation screen for microtomography techniques. The correlation
between the film thickness and light yield in X-ray imaging tests will be studied in future work.

4. Conclusions

We prepared a Eu’":Y,0; thick film phosphor on a (100) YSZ substrate by laser-assisted
metal—organic CVD. The (100) Eu?*:Y,05 film was epitaxially grown on a (100) YSZ substrate
with the cube-on-cube growth mode, and the deposition rate reached 42 um h™!. The in-line
transmittance at 600 nm of the Eu*:Y,05 thick film reached 81% of that of the YSZ substrate.
Under UV and X-ray irradiation, the Eu3":Y,O5 thick film emitted red emission light at 612 nm,
originating from the °D,—’F, transition of the Eu3" centers. Laser-assisted metal—-organic CVD
can be a rapid production process for Y,03-based thick film phosphors potentially used in X-ray
imaging systems.
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