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We investigated the narrowband ultraviolet emission properties of Aly94GdggsN phosphor thin
films pumped by an electron beam. An extremely narrow luminescence line, which was less than
1 nm from the intra-orbital f-f transition in Gd>" ions, was confirmed at 318 nm. The corresponding
emission efficiency was improved by decreasing the growth temperature. The extended X-ray
absorption fine structure analysis of the local atomic structure revealed that a low-temperature
growth led to the formation of a uniform atomic configuration around Gd, which was found to play
a key role in improving the luminescence intensity of the films. © 2011 American Institute of

Physics. [doi:10.1063/1.3658845]

. INTRODUCTION

Ultraviolet (UV)-light sources are widely used in various
applications, including photolithography, polymerization,
curing, sterilization, and medical treatments. However, cur-
rent UV-light sources such as excimer and mercury lamps
have serious issues related to low emission efficiency and the
presence of harmful constituents and many unnecessary emis-
sion lines. Thus, the development of a novel mercury-free
UV-light source has become crucial. Recently, nitride-semi-
conductor-based UV-light-emitting diodes (UV-LEDs) that
can emit at various wavelengths have been developed.'™ The
emission wavelength of UV-LEDs can be controlled by
changing the alloy compositions of AlGaN and InAlGaN
multiple-quantum-well structures. However, the output power
is lowered significantly when the emission wavelength is
shortened because of the resulting difficulty in controlling the
electronic conductivity. As a result, the use of an electron-
beam pumping technique for UV-light emission is attracting
strong interest.” These devices are based on the band-edge
emission of nitride semiconductor heterostructures and enable
the achievement of strong emission intensities. However, the
spectrum line width determined by the carrier population
near the band edge is relatively broad, that is, it is generally
more than 10 nm. Such a broad line width is not suitable for
photolithography and medical treatment applications®
because they require the use of narrowband UVB (Ultraviolet
B; wavelength from 280 to 315 nm). Even by using currently
available single-chip UV-LEDs, it is not easy to achieve a
spectral power density of | mW/nm in the deep-UV region.

Instead of using band-edge emission, we focused on the
use of narrowband emissions from the intra-orbital f-f transi-
tion of a rare-earth ion. The optical transition of the intra-4f
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orbital of a Gd trivalent ion results in a luminescence line at
approximately 320 nm with a very narrow line width of less
than 1 nm.””'* The line width is extremely narrow because
of the electromagnetic shield effect, and therefore, the corre-
sponding emission wavelength is temperature insensitive. To
avoid the absorption of the emission from Gd*t ions, the
host material must have a wide bandgap of more than 4 eV.
AIN, which is a III-V compound semiconductor, is suitable
for this requirement because it has a bandgap of approxi-
mately 6 eV.

In our previous work, we reported the properties of nar-
rowband UV emission from Al;_,Gd,N phosphor thin films
pumped by an electron beam. Al;_,GdN thin films were
grown by a reactive radio-frequency magnetron sputtering
method in an ultra-high vacuum system with a base pressure
of less than 5.0 x 107® Pa, and the emission efficiency was
found to depend on various conditions such as the growth
temperature and Gd concentration. In particular, the emis-
sion intensity was improved by decreasing the growth tem-
perature.'> However, a low-temperature growth degrades the
long-range ordering of the wurtzite atomic structure. This
result seems to contradict with the improved emission inten-
sity observed in the case of Al;_,GdN grown at a low
growth temperature. To understand this contradiction, we
studied the influence of the local atomic structure around
Gd*" ions using extended X-ray absorption fine structure
(EXAFS) analysis in this study and discussed the relation-
ship between the local atomic configuration and lumines-
cence intensity.

Il. GROWTH OF AIGAN PHOSPHOR THIN FILMS AND
CHARACTERIZATIONS

Al,_,Gd,N phosphor films were grown using a reactive
radio-frequency magnetron sputtering technique.''™'* A dep-
osition chamber equipped with three targets was separated
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from a substrate-introduction chamber. The back pressure of
the growth chamber was less than approximately 5 x 10° Pa.
We used a 6N mixed gas of argon and nitrogen for the reac-
tive growth, and the partial pressure ratio was even. The total
sputtering pressure was 5 Pa. 4N Al and 3N Gd were used as
the metal targets. When growing Al,_,Gd.N, we set Gd
metal tips on the Al target. The GAN mole fraction x of 6%
was controlled by changing the number of tips. The phosphor
film with the mole fraction GdN of 6% exhibits the concen-
tration quenching in luminescence.'® In this work, we inves-
tigated the high Gd-concentration phosphor films to
understand clearly the quenching mechanism caused by the
growth temperature. We grew 300-nm-thick Aly94GdgosN
films on fused silica substrates at 100, 200, 300, 400, and
500 °C. Furthermore, in Sec. VI, we investigated the effects
of a buffer layer of AIN inserted before growing the
Alpo4GdpogN layer on the luminescence intensity. The
buffer layer thickness was varied in the range of 0—1200 nm,
and a 1000-nm-thick Aly94GdgosN film was grown on it.
The growth temperature for both the buffer and phosphor
layers was 200 °C.

X-ray diffraction (XRD) measurements were carried out
at room temperature using Cu-K,line. By changing the
configuration of the goniometer, the out-of-plane and in-
plane 0-20 diffraction spectra were measured. EXAFS meas-
urements in a fluorescence mode at the room temperature
were performed using a beam line of a synchrotron radiation
facility with a high-energy storage ring of 8 GeV (SPring-
8).!5 The Gd-L; edge of AlyosGdyogN was detected and
analyzed the radial structure function around Gd ions. By
analyzing the line shape of the analyzed radial structure
function with using ab initio self-consistent multiple scatter-
ing calculations, we evaluated the Debye-Waller factor rep-
resenting the inhomogeneous lattice distortion.

Properties of the UV-light emission from Al 94Gdg osN
phosphor layer were investigated by measuring cathode
luminescence (CL) at room temperature. The CL spectrum
was measured using a single monochromator with the spec-
tral resolution of 1.02 nm and detected by a Si charge-
coupled device (CCD). The CL measurements were carried
out at the acceleration voltage of 3.0 kV and the injected
electron current of 0.2 mA in vacuum of 2.0 x 10~* Pa.
According to the depth profile of the absorbed power density
of injected electrons calculated by the Monte Carlo method,
the penetration depth of the accelerated electrons into the
film was estimated to be approximately 120 nm which is
smaller than the Alg 94Gdg geIN film thickness.

lll. CRYSTALLOGRAPHIC PROPERTIES OF AIGdN
PHOSPHOR THIN FILMS

We measured the XRD spectra of AlyosGdgosN films
grown at different temperatures. 300-nm-thick Alg 94GdgosN
films used here were grown on fused silica substrates. The
results are shown in Fig. 1. The magnified (0002) diffraction
signal is shown in Fig. 1(b). The spectral line width is almost
independent of the growth temperature. With an increase in
temperature, the diffraction peak shifts toward the high-angle
side because of the thermal expansion mismatch between the
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FIG. 1. The XRD spectra of Aly.04GdgosN films grown at different tempera-
tures are shown in (a). The magnified signals of the (0002) diffraction are
shown in (b).

film and the substrate. All the films exhibit a c-axis preferen-
tial orientation. High preferential orientation was achieved at
high growth temperatures. It was found that c-axis-oriented
polycrystalline Alg94GdgosN was obtained even at 100 °C.
Figure 2 shows the typical XRD spectra measured for the (1)
out-of- and (2) in-plane directions for AIN grown at 200 °C.
The out-of-plane XRD spectrum shows a c-axis orientation.
On the other hand, the in-plane XRD spectrum shows diffrac-
tion lines arising from different planes. This result indicates
that the in-plane orientation is random. Thus, the AIN
film deposited on the fused silica substrate is concluded to be
a c-axis-oriented polycrystal.

IV. LOCAL ATOMIC STRUCTURE AROUND Gd IONS

We carried out EXAFS measurements for the Gd-L;
edge of Aly94GdggsN and analyzed the radial structure func-
tion around Gd ions. 300-nm-thick Alg94Gdg oeN films were
directly grown on fused silica substrates. Figure 3 shows the
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FIG. 2. XRD spectra of an AIN thin film measured for out- and in-plane
directions.
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FIG. 3. Radial structure function of Aly94Gdg N thin films grown at differ-
ent temperatures.

results; the peak at 1.8 A corresponds to the Ist nearest
neighbor site of nitrogen and the next peak at 2.8 A is attrib-
uted to the next-nearest-neighbor III-group sites of Al or Gd.
We could not specifically confirm whether GdN clusters
with the rocksalt structure were formed in Aly 94Gdg osN.' >3
This implied that Gd atoms correctly occupied the Al sites.
The signal intensity of the 2nd nearest neighbor was found to
be highly sensitive to the growth temperature as compared to
that of the 1st nearest neighbor. By analyzing the line shape
of the observed radial structure function, we evaluated the
Debye—Waller factors representing the inhomogeneity of the
lattice distortion around Gd. This result is summarized in
Fig. 4. With the decrease in the growth temperature, the
Debye—Waller factors of both the 1st and the 2nd nearest
neighbor sites decreased. In particular, the change in the fac-
tor of the 2nd nearest neighbor site, which was related to the
ordering of the group III atoms, was drastic. This indicated
that a low growth temperature can suppress the inhomogene-
ous distribution of Gd atoms. Generally, when we prepare a
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FIG. 4. Debye—Waller factor of the 1st and 2nd nearest neighbor sites as a
function of growth temperature.
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mixture of two or more components with different chemical
compositions and physical properties, the mixture can sepa-
rate into distinct phases. The crystal symmetry of GdN is
rocksalt and the lattice constant is large.'® Therefore, it is
easy for the local Gd concentration to increase. When the
growth temperature is increased, it is considered that the in-
homogeneous formation of Gd-rich regions results in a dis-
tributed local lattice distortion.

V. LUMINESCENCE INTENSITY OF AIGdN
PHOSPHOR THIN FILMS DEPENDING ON GROWTH
TEMPERATURE

Figure 5 shows a typical CL spectrum obtained from a
300-nm-thick Aly94GdgggN thin film grown at 200 °C on a
fused silica substrate. The spectrum shows a strong, sharp
peak at 318 nm, which corresponds to the transition from the
lowest excited states 6P7/2 to the ground state 857/2. The line
width was approximately 1 nm. This peak was confirmed to
consist of several sharp lines caused by the Stark splitting.'*
A CL peak appeared at 312 nm can be attributed to the tran-
sition from the second lowest excited states 6P5/2 to the
ground state 857/2. The inset of Fig. 5 shows a growth tem-
perature dependence of the CL intensity. The CL intensity is
dramatically enhanced by lowering the growth temperature;
the CL intensity of the film grown at 100 °C is approximately
one order stronger than that of the film grown at 500 °C. It is
well known that there are two excitation mechanisms: direct
impact ionization and the indirect excitation done by energy
transfer from electron-hole pairs generated in the host crystal
into Gd centers. Generally, the intra-orbital electron transi-
tion is insensitive to the environment. So, the direct excita-
tion efficiency is considered to be hardly influenced by the
atomic configurations. Actually, the slight change in the ra-
dial structure function for the second nearest neighbor hardly
influences to the CL peak wavelength and the decay time.
Therefore, the drastic growth temperature dependence of the
CL intensity observed indicates that the indirect excitation
process is dominant. On the other hand, as mentioned in
Sec. III, high preferential orientation was observed at high
growth temperatures. The CL intensity, however, becomes
small with the growth temperature. It is a puzzle that the low
degree of the long-range ordering of the atomic structure at
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FIG. 5. Typical cathode luminescence spectrum obtained at 3 kV and
0.2 mA. The inset shows the growth temperature dependence of CL intensity.
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FIG. 6. CL intensity as a function of the 2nd nearest neighbor’s Debye—
Waller factor.

low growth temperatures causes an efficient indirect excita-
tion. To make clear the origin of the CL enhancement
observed in the phosphor thin film grown at the low tempera-
tures, we compared the CL intensity with the EXAFS
data. Figure 6 shows a relationship between the CL intensity
and the Debye—Waller factor of the 2nd nearest neighbor
site. The luminescence intensity is improved by reducing
the Debye—Waller factor. As mentioned above, a small
value of the Debye—Waller factor indicates a relatively
uniform atomic configuration around Gd atoms in the AIN
matrix. In other words, the relatively large mean distance
among Gd atoms inhibits the quenching of the luminescence
intensity.

VI. IMPROVED LUMINESCENCE INTENSITY BY
INTRODUCING THICK BUFFER LAYER

Finally, we discuss the effects of the AIN buffer layer
on the luminescence efficiency. To enhance the emission ef-
ficiency, we need to suppress the composition aggregation of
Gd. However, a low growth temperature degrades the long-
range ordering of the wurtzite structure. To improve the
long-range ordering even at a low growth temperature, we
introduced a thick AIN buffer layer. The buffer layer thick-
ness was varied in the range of 0—1200 nm, and a 1000-nm-
thick Alp94GdggeN film was grown on it. The growth tem-
perature for both the buffer and phosphor layers was 200 °C.
Figure 7 shows the buffer-layer-thickness dependence of the
CL intensity. With an increase in the buffer layer thickness,
the CL intensity was found to enhance remarkably. The
(0002)-X-ray diffraction intensity normalized by the film
thickness increased with the buffer-layer thickness. This
indicates the improvement in the wurtzite ordering. In the
case of the indirect excitation mechanism, the CL intensity is
enhanced by suppressing the non-radiative recombination
process via crystal defects formed in the host material. Intro-
duction of the buffer layer apparently improved the long-
range ordering of the wurtzite structure, which is considered
to reduce crystal defects, and resultantly, the CL intensity
becomes strong.

J. Appl. Phys. 110, 093108 (2011)
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FIG. 7. AIN-buffer layer thickness dependence of CL intensity.

VIl. SUMMARY

We have studied the influence of the local atomic struc-
ture around the Gd>" ions in Alp.94Gdg 0N phosphor thin
films on the deep-UV luminescence intensity using XRD,
EXAFS, and CL measurements. The narrowband lumines-
cence line from Gd®" ions was observed at 318 nm. The lu-
minescence intensity was enhanced by decreasing the
growth temperature, which in turn caused the formation of a
uniform atomic configuration around Gd. To improve wurt-
zite ordering even at a low growth temperature of less than
200 °C, we introduced a thick AIN buffer layer and found
that the luminescence intensity increased as a result.
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