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We studied energy transfer from AIN to doped Gd* " ions as a function of the post-thermal annealing
temperature. Gd-doped AIN thin films were deposited on fused-silica substrates using a reactive
radio-frequency magnetron sputtering technique. The film is a c-axis oriented polycrystal. The intra-
orbital electron transition in Gd*" showed an atomically sharp luminescence at 3.9 eV (318 nm). The
photoluminescence (PL) excitation spectrum exhibited a resonant peak, indicating efficient energy
transfer from the host AIN crystal to Gd** ions. The PL intensity increases approximately ten times
by thermal annealing. The PL decay lifetime becomes long with annealing, and mid-gap lumines-
cence relating to the crystal defects in AIN was also found to be reduced by annealing. These results
suggest that energy dissipation of excited carriers in AIN was suppressed by annealing, and the effi-
ciency of energy transfer into Gd*" was improved. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4919419]

I. INTRODUCTION

Ultraviolet (UV) light sources have been used in a
diverse variety of applications such as photolithography,
photo-polymerization, sterilization, medical treatments for
incurable skin diseases,' and the efficient generation of
vitamins D, and D5.> Ever since the invention of the mer-
cury lamp in 1927, its bright UV light has been widely
used. However, the lamps include harmful constituents and
have serious issues, such as short bulb lifetime and low
emission efficiency. Similar problems affect excimer
lamps. Recently, UV light-emitting diodes (LEDs) have
been extensively explored because of their attractive prop-
erties such as high emission efficiency and good wave-
length controllability.*® The LED emission wavelengths
cover the UVA, UVB, and UVC wavelength regions.
However, UV LEDs are point light sources, and their spec-
tral line width is generally broad as a result of band-to-band
emission; these features are undesirable for several key
applications such as photolithography and medical treat-
ments. These demand a large-scale UV-light panel with an
atomically sharp luminescence line. The spatial resolution
of photolithography improves with decreasing linewidth of
the light source, and a uniformly emitting large area light
panel instead of using a point light source of UV-LEDs is
useful. On the other hand, the application of the narrow
band UV-light source is indispensable for medical treat-
ments, because a narrow band less than a few nm can avoid
serious risks causing skin cancer and simultaneously earns
the best photo-therapy effect.

We propose a novel light source for the practical real-
ization of spectrally sharp UV-light emitting devices using
atomic transitions in rare-earth phosphors. The intra-4f
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electron transition in rare-earth ions is atomically sharp,
and the temperature drift of the emission wavelength is neg-
ligible because of the occupied outer orbitals. As a host ma-
terial for rare-earth elements with emission over a wide
wavelength range, wide-band gap nitride semiconductors
such as AIN, GaN, and Al,Ga;_,N have been explored7_26
for developing electroluminescence devices'®**?* and
electron-excitation devices.”>"*® In particular, for UV rare-
earth phosphors, lightly Gd-doped AIN or Al,Ga,_,N is
known to emit an atomically sharp line at approximately
3.9eV (318 nm)."*21**2% We have reported the emission
properties of lightly Gd-doped AIN (Al;_,Gd,N) polycrys-
talline thin films fabricated by using a reactive sputtering
technique'®2'%>?® and developed a bright UV emitter
pumped by an electron beam.*>?® The maximum output
power we achieved was greater than 1.0 mW/cm?.%® The
intense UV emission is realized by efficient indirect excita-
tion in which the energy absorbed in AIN is transferred to
the higher excited states of Gd‘”, which then relax to the
lowest excited state 6P7/2 and generates the sharp lumines-
cence by the transition to the ground state 8S7/2.13721 In con-
trast to direct excitation of lightly doped rare-earth ions,
indirect excitation is rather efficient because the host semi-
conductor acts as an effective energy absorber with a large
optical-excitation cross section. Recently, we found several
resonant energy-transfer channels for indirect excitation in
thermally annealed Gd-doped AIN films.?' Post-thermal
annealing has drastically improved the UV luminescence
efficiency. In this work, we systematically studied thermal
annealing effects on the atomically sharp UV luminescence
at 3.9eV (318nm) of Gd>" ions doped in AIN. Thermal
annealing dramatically enhances the luminescence intensity.

© 2015 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4919419
http://dx.doi.org/10.1063/1.4919419
http://dx.doi.org/10.1063/1.4919419
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4919419&domain=pdf&date_stamp=2015-04-29

163105-2 Kita et al.

We discuss a key influencing on the efficiency of the energy-
transfer from AIN to Gd* ™.

Il. GROWTH OF Al,_,Gd,N THIN FILMS AND
CHARACTERIZATION TECHNIQUES

Al;_ Gd,N thin films were grown on fused-silica sub-
strates using a reactive radio-frequency (RF) magnetron
sputtering technique. A growth chamber equipped with
three targets is separated from a substrate-introduction
chamber. The back pressure of the growth chamber was
1.0 x 10~ °Pa, a value identical to that used for molecular-
beam epitaxy. We used an ultrapure (99.9999%) gas mix-
ture of argon and nitrogen for the reactive growth, and the
partial pressure ratio was even. The argon and nitrogen
flow rates were precisely controlled using a flow rate con-
troller and adjusted to keep the total sputtering pressure at
5.0Pa. An Al (99.99%) disk was used as a target for AIN
growth. When growing Al;_Gd,N, we set Gd (99.9%)
metal tips on an Al target. The GAN mole fraction x was
controlled by changing the number of Gd tips on the Al tar-
get. The mole fraction x estimated by the electron probe
microanalyzer was 0.003. All thin films were grown at
200°C, and the input RF power was 250 W during the
growth. The growth rate of AIN and Aly997Gdg oozN was
7 nm/min. First, we grew a 700-nm-thick AIN buffer layer
on a fused-silica substrate. Subsequently, a 700-nm-thick
Alp997Gdg go3N film was deposited on it. Secondary-ion
mass-spectroscopic (SIMS) analysis on the as-deposited
Alp.997Gdg 0osN/AIN film showed that the oxygen content
was approximately 1.0 x 10'"?cm ™. Besides, the character-
istic parameters of S (shape) and W (wing) obtained from
the positron annihilation spectroscopy?’ for the as-
deposited film were 0.49 and 0.0135, respectively. The S
and W parameters represent a change in the energy distribu-
tion of the annihilation ) ray due to positron-electron pairs
with a low-momentum distribution and a change due to
pairs with a high-momentum distribution, respectively.
Vacancy-type defects increase S and decrease W. The eval-
uated S and W parameters of our as-deposited film are com-
parable to epitaxial films grown by NHj-source molecular
beam epitaxy.”’” We carried out post-thermal annealing for
30 min at 500, 700, and 900 °C under a continuous flow of
highly purified N,. The ramp-up time up to the annealing
temperature from room temperature was 30s.

We analyzed the crystal orientation and the lattice con-
stant using X-ray diffraction (XRD) of the Cu-K, line
(A =0.15418 nm). The out-of-plane XRD spectrum of the
as-deposited film shows a strong peak at the (0002) plane,
indicating a c-axis preferential orientation.'® Conversely, an
in-plane XRD spectrum shows various diffraction lines aris-
ing from different crystal planes, and the X-ray pole figure
of the in-plane component shows a clear ring pattern. This
indicates that the deposited Alg 997Gdg 0p3N/AIN thin film is
a c-axis-oriented polycrystal. The tilting angle of the c-axis
was within 6°, according to the X-ray rocking curve. The
X-ray diffraction properties were almost independent of
post-thermal annealing except for a slight increase in the
(0002)-diffraction intensity with the annealing temperature.

J. Appl. Phys. 117, 163105 (2015)

The photoluminescence (PL) spectrum, PL excitation
(PLE) profile, and time-resolved PL spectrum were meas-
ured by a spectrophotometer (Hitachi High Technologies
F7000) equipped with a Xe lamp as the excitation source.
The PL was spectrally dispersed by a monochromator and
detected using a photomultiplier tube. The spectral resolution
of this monochromatic system was approximately 1.5 meV at
3.9eV (318 nm). Light pulses were generated by mechani-
cally chopping the Xe lamp. The pulse duration was 1.5 ms,
and the repetition rate was 40 Hz. The temporal resolution of
our detection system was 10 us. The sample was mounted in
a closed-cycle cryostat that can control the temperature in
the range of 13-300 K.

lll. THERMAL ANNEALING EFFECTS ON ATOMICALLY
SHARP UV LUMINESCENCE AND ITS EXCITATION
STRUCTURE

Figure 1(a) shows typical PL results of the as-deposited
Al 997Gdg 0o3N/AIN thin film measured at 300 K. The exci-
tation energy was 6.20eV (200 nm), which is close to the
fundamental band edge of bulk AIN.**2° We observed a
sharp luminescence line at ~3.9¢eV (318 nm). The inset dis-
plays the high resolution PL spectrum. The fine PL structure
corresponds to the transition from the lowest excited state
6P7/2 to the ground state 8S7/2.13721 Gruber et al. reported that
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FIG. 1. (a) PL spectrum of Algg97Gdg0o3N/AIN thin films measured at
300K. The inset shows the high-resolution PL. (b) Annealing temperature
dependence of the PL-peak intensity.
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the lowest excited state °P5,, of Gd>* in AIN splits into four
levels by means of the cathodoluminescence spectroscopy
and lattice-sum calculation in the C5, point group symmetry;
they observed (calculated) the crystal-field splitting energies
of °P;, at 3.8960 (3.8953), 3.8969 (3.8958), 3.8986
(3.8992), and 3.9012 (3.9015) eV."* Conversely, the PL we
observed exhibits only three peaks as indicated by arrows in
the inset of Fig. 1(a). This discrepancy is caused by the spec-
tral resolution of 1.5 meV in our setup, which is poorer than
the crystal-field splitting energies between the lowest two
Stark levels of 6P7/2. The peak energies and the relative
intensities of these fine structures were almost independent
of the annealing temperature. This indicates that the thermal
annealing does not significantly change the local atomic con-
figuration of Gd**.

Figure 1(b) shows the PL-peak intensity as a function of
the thermal annealing temperature. These data are taken at
300 K. Thermal annealing dramatically enhances the PL in-
tensity, which increases approximately ten times by thermal
annealing at 900 °C. Since the oscillator strength of the Gd> "
center, which should be sensitive to a change in the local
configuration, is independent of annealing, the observed PL
intensity enhancement is considered to arise from improving
the efficiency of energy transfer from AIN to Gd*™.

The optical absorption spectrum was measured at 300 K
for the as-deposited Al 997Gdg 003N/AIN thin film. Figure 2(a)
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FIG. 2. (a) Optical absorption spectra of an as-deposited Alg 997Gdg 003N/
AIN thin film measured at 300 K. (b) PLE spectra for Alg 997Gdg 003N/AIN
thin films annealed at different temperatures. PLE spectra were measured at
300K, and the PL-detection energy was 3.9eV.
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shows the spectrum. The absorbance gradually starts increas-
ing the magnitude above ~5.0eV. The band-gap energy was
estimated using a well-known relation between absorption sig-
nal given by (2E)” and the photon energy E. The plot of the
absorption signal (E)* for a semiconductor with a direct-band
gap indicates a linear dependence for E in which the intercept
energy for the slope of («E)* corresponds to the direct band
gap. The estimated band-gap energy was 5.90eV. This is
smaller than the value of 6.03eV for bulk AIN.**2° The opti-
cal absorption profile was almost independent of the post-
thermal annealing. The red-shift of the band gap is caused by
several reasons. The band tail structure was obvious near the
band gap, however, which can be distinguished from the linear
dependence of (xE)* representing the bulk absorption edge.
On the other hand, we have to pay attention to the optical
bowing. According to our earlier work,’® the band edge red-
shifts with the increase in GdN-mole fraction. However, due
to the small GdN-mole fraction x of 0.003, the red-shift caused
by the alloy effect is negligible. Thus, we considered that the
red-shift arises from the thermal expansion mismatch between
the Aly997Gdg003N/AIN thin film and the fused silica sub-
strate. In order to confirm the strain effect, we have grown the
same film on a c-plane sapphire substrate. The deposited film
was epitaxially grown on the sapphire substrate. The absorp-
tion profile obtained from the film on the sapphire substrate
exhibits almost the same lineshape except for the edge energy.
This indicates that the crystal quality of the film on a fused
silica substrate is comparable with the epitaxial film. Besides,
the band-edge energy was approximately 6.0 eV which is close
to the bulk value. The important difference causing such band-
gap shift is the thermal expansion coefficient. The thermal
expansion coefficient of AIN, fused silica, and sapphire are
4.4 x 10_6, ~6 X 10_7, and 7.0 x 107° K_l, respectively.21
The thermal expansion coefficient of AIN is approximately
one order larger than that of fused silica. Conversely, when
AIN is grown on a c-plane sapphire substrate with almost the
same thermal expansion coefficient, the film is epitaxially
grown and its band gap becomes close to the bulk value. From
these results, we concluded that the 130 meV red-shift with
respect to the band-gap energy from the literature is domi-
nantly caused by the biaxial tensile strain in the film at room
temperature.

We measured the PLE spectrum detected at the PL peak
of 3.9eV (318nm). The PLE spectra measured for the
Alg.997Gdg 003N/AIN thin films at 300K are shown in Fig.
2(b). In this display, the PLE intensity was normalized at
6.2eV. In addition to the strong increase of PL intensity
when excited above the fundamental absorption edge, we
observed an intense absorption peak at 5.95e¢V.?! Such a
peak structure never appears in the optical absorption spec-
trum shown in Fig. 2(a). The PLE-peak energy is close to the
excited 4f energy levels of °G; in Gd*", whereas PL
enhancement was not confirmed at the other excited levels
such as ®D; and %I, of Gd**. Here, it is noted that the PLE
peak in Fig. 2(b) seems to shift with annealing temperature.
However, this is caused by superimpose of the resonant peak
on the bulk absorption profile; the peak position of the super-
imposed curve shifts with decreasing the resonant-peak in-
tensity. The observed PLE peak is attributed to an efficient
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energy transfer from the band edge of AIN to the higher
excited °G, states of Gd*'. Optically created excitons
(dipoles) in AIN interact with the electronic states of Gd**,
and energy collected by the host AIN is efficiently trans-
ferred to Gd*>* ions, which causes an increase in the excita-
tion cross-section for Gd**.2!

The PLE-peak energy of 5.95eV was larger than the
bandgap of 5.90eV. The energy difference between them is
approximately 50meV, which can be attributed to the
longitudinal-optical (LO) phonon energy. The A;-symmetry
LO phonon energy of bulk AIN is approximately 81 meV.>'
According to a simple linear-chain vibration model compris-
ing two bodies, the optical-phonon energy is proportional to
the square of the inverse of the reduced mass. From this rela-
tion, the optical-phonon energy of the local vibration of the
Gd-N bond is estimated to be approximately 65 meV, which
is moderately close to the measured energy difference.
Excitons created in AIN are inelastically scattered in k space,
where the exciton-phonon interaction in AIN is strong®>
because of the small dielectric constant of AIN and the re-
sultant strong Coulomb interaction. Thus, efficient energy
transfer into Gd*" centers can take place. The PLE-peak in-
tensity in Fig. 2(b) reflecting the exciton-phonon interaction
increases with the annealing temperature, which causes the
slight peak shift as mentioned above.

IV. THERMAL ANNEALING EFFECTS ON ENERGY
TRANSFER FROM AIN TO Gd** CENTERS

We studied the temperature dependence of the PL
decay. The time-resolved PL was measured at 13 and 300 K.
Figure 3(a) shows typical PL-decay curves of the
Alg.997Gdg gp3N/AIN thin films measured at 13 K. Here, the
PL intensity was normalized at 0s. The decay curve exhibits
a single exponential profile. The evaluated decay times as a
function of the thermal annealing temperature are summar-
ized in Fig. 3(b). The decay time becomes long by increasing
the annealing temperature. Furthermore, the decay at 300K
becomes slow as compared with that at 13 K. The PL-decay
time depends on the excited energy levels of Gd** playing
as the energy acceptor. The 6G1 1/2. 9/2. 552 States located
above the 6G7/2 state of Gd>* rather interact with the conduc-
tion band of AIN. This energy transfer is dominant at 13 K.
Conversely, when the temperature raised at 300K, the AIN
band edge becomes low and starts interacting with the 6G7/2
state located below the °Gy; 2. 952, 52 states. According to our
recent study reported in Ref. 21, the luminescence caused by
the energy transfer into the 6G1 1/2. 9/2. 52 States shows a rela-
tively fast decay. The interaction also causes energy back-
transfer from the Gd*>* centers to the host crystal. Thus, the
stronger interaction gives rise to the faster PL decay.

As we mentioned above, because the local configuration
of Gd*>* was insensitive to the thermal annealing, the oscilla-
tor strength of the Gd> " center is considered to be independ-
ent of thermal annealing. A possible scenario explaining the
increase in the PL intensity is that the efficiency of energy
transfer from AIN to Gd>* was improved by thermal anneal-
ing. The long PL-decay time observed in the annealed film

J. Appl. Phys. 117, 163105 (2015)
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FIG. 3. Typical PL decay curves of Alp.997Gdg 003N/AIN thin films annealed
at different temperatures. The measurement was carried out at 300 K. The
excitation energy was 6.2eV, and the detection energy was 3.9eV. (b)
Annealing temperature dependence of the PL decay time measured at 13
and 300 K.

supports this scenario, if the thermal annealing restrains
energy dissipation of excited excitons (carriers) in AIN.
Here, we need to consider effects of oxidation of the AIN
film by thermal annealing on the change in the PL intensity.
Oxygen is a well-known impurity in AIN crystals. The oxygen
content of bulk AIN was reported to be in the order of
10”cm . As we described, the oxygen content of our
as-deposited film was approximately 1.0 x 10"cm >,
Thermal annealing carried out in our experiments caused fur-
ther oxidation even under the continuous flow of highly puri-
fied N,. The SIMS analysis gives evidence of an increase in
the oxygen content in the annealed film. The average oxygen
content in the annealed film was in the order of 10*’cm ™. To
confirm influence of oxygen impurities on the PL, we meas-
ured oxygen-related mid-gap PL.* Figure 4 shows PL and
PLE spectra measured at 13K for the as-deposited and
900 °C-annealed films. The oxygen-related PL. becomes weak
with an increase in the measurement temperature and disap-
peared at 300 K. The oxygen-related PL signals are, generally,
attributed to donor (D)-acceptor (A) pairs (D: oxygen in the
N site and A: Al vacancy).”” The PL-peak intensity observed
at the 5.34eV excitation was almost independent of thermal
annealing. However, by comparing the PLE spectra taken
from the films before and after annealing, it is obvious that a
part of the PLE structures was drastically reduced by the
annealing. In particular, we note the PLE-signal reduction
confirmed near the band edge of AIN. The PLE spectrum of
the as-deposited film shows a gradual increase in the PL
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FIG. 4. Oxygen-related PL (dotted line) and PLE (solid line) spectra for (a)
as-deposited and (b) 900 °C-annealed films at 13 K.

intensity with increasing the excitation photon energy, sug-
gesting energy transfer from AIN to oxygen-related impurity
centers occurs. Conversely, after thermal annealing, the PL
signal caused by the energy transfer from the host crystal
diminishes. This indicates that thermal annealing breaks paths
of the energy transfer connecting between oxygen-related im-
purity centers and AIN. This peculiar puzzle can be inter-
preted, if we consider that excess oxygen atom occupies Al
vacancies, which makes the D-A pairs vanish. The deep mid-
gap D-A pair states capture carriers excited in AIN. Thus, the
excess oxidation by thermal annealing reduces the density of
the trap states in AIN and improves the efficiency of the
energy transfer. The long PL-decay time of the 3.9eV line
observed in the annealed films is a direct evidence of the
reduction of the energy dissipation in the trap centers.

V. SUMMARY

Energy transfer from AIN to doped Gd** ions as a func-
tion of post-thermal annealing temperature has been system-
atically investigated. Gd-doped AIN thin films were deposited
on fused-silica substrates using a reactive RF magnetron sput-
tering technique. The intra-orbital electron transition in Gd>"
showed an atomically sharp luminescence at 3.9eV (318 nm).
The PLE spectrum detected at 3.9eV shows an intense
absorption peak demonstrating a resonant energy transfer
from AIN to Gd®" centers. We concluded that carriers excited
in AIN are inelastically scattered by phonons in k space and
that the efficient energy transfer into Gd>* centers can take
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