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ABSTRACT

Yttrium aluminum perovskite (YAP) is a host material that can provide a strong emission from a rare-earth dopant and it has a lower pho-
non energy than yttrium aluminum garnet (YAG). Therefore, YAP is a promising material for optical refrigeration and radiation balanced
laser. We measured the photoluminescence (PL) spectra of ytterbium (Yb)-doped YAP and compared them with those of Yb-doped YAG.
The estimated ideal laser cooling efficiencies of Yb-doped YAP and Yb-doped YAG were comparable at 300 K. Based on the temperature-
dependent anti-Stokes PL, we found that the laser cooling power of Yb-doped YAP at 470K is 14.3 times higher than that at 200 K. This
enhancement at higher temperatures is 3.2 times larger than that observed for Yb-doped YAG. We attributed the higher laser cooling power
of Yb-doped YAP to a lower multi-phonon relaxation rate (and/or a higher energy transfer rate) and an antenna effect caused by the energy
transfer from Yb ions that are located at the Y-site to Yb ions that are surrounded by an inhomogeneous alloy structure. The calculated small
signal gain of (Yb:Y)AP is 3.5 times larger than that of (Yb:Y)AG. The larger small signal gain of (Yb:Y)AP arises from its strong absorbance

and small Stark splitting width.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0013213

Heating of device parts near the cooling area is unavoidable for
conventional electronic coolers. On the other hand, mechanical cool-
ers usually introduce vibrations to the system. Laser cooling in solids
can be used to avoid such problems, because here heat is carried away
from the solid by the emission of photons." The actual temperature
drop (or net-cooling) of the solid under laser excitation has been
observed in group II-VI semiconductors,” lead halide perovskites,’
and rare-earth (RE)-doped materials.”

In the case of semiconductor materials, laser cooling can occur if
electrons in the valence band absorb excitation light that is tuned to an
energy within the Urbach tail, and the excited electrons or the excitons
receive additional energy by phonon absorption. Then, if the emission
of the anti-Stokes photoluminescence (PL) from the higher energy
state occurs efficiently, the heat in the crystal lattice can be reduced.
Theoretically, the excitonic resonances in the absorption and lumines-
cence make a cooling of semiconductors down to cryogenic tempera-
tures possible.” However, the high refractive indices of semiconductors
lead to a reduced luminescence quantum yield. On the other hand,
RE-doped materials usually have a lower refractive index and a weak
photon (re-)absorption due to intra-orbital transitions. Additionally, a

control of the quantum yield is possible by adjusting the doping con-
centration in these materials.” For example, it has been shown that an
ultra-high-purity ytterbium (Yb)-doped crystal with a luminescence
quantum yield near unity can be refrigerated to cryogenic tempera-
tures.” In 2018, an all-solid-state cryocooler with an operating temper-
ature of 135K was demonstrated by using Yb-doped yttrium lithium
fluoride (Yb:YLF).® Additionally, in 2019, a cooling grade Yb-doped
yttrium aluminum garnet (Yb:YAG) realizes a radiation balanced laser
(RBL) operation.g

To realize net cooling, a sufficiently low phonon energy E,, and a
sufficiently small background absorption are required.'”'" In particu-
lar, the cooling of RE-doped materials requires a low multi-phonon
relaxation rate due to the low radiative rate of the f~f transition in the
RE ion.'" A low phonon energy is important, because the multi-
phonon relaxation rate exponentially increases with the phonon
energy of the phonons involved in the relaxation process. In fact, net
cooling has often been observed in materials with low phonon ener-
gies.”'""* Especially, Yb:YLF shows a significantly low maximum
phonon energy of 440 cm ™", and it was optically cooled to a cryogenic
temperature below 100 K.””!
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Yb:YAG is also one of the better known cooling host materi-
als."”'*** The main motivations to use YAG are an enough low maxi-
mum phonon energy of E, = 106.1meV (856cm '), a good
mechanical stability, a good chemical stability, and a high thermal con-
ductivity.”'*** Here, the maximum phonon energy is used to refer to
the phonon mode with the highest wavenumber in the measured
Raman spectrum at room temperature in the literature.””* In addi-
tion, based on PL measurements, we reported that the ideal cooling
efficiencies of Yb-doped YAG and Er-doped YAG are improved at
high temperatures (above 300 K) due to an enhanced inhomogeneous
anti-Stokes PL contribution.””** An important result is that this “non-
resonant” anti-Stokes PL showing the broadly distributed emission is
the emission from RE ions surrounded by an inhomogeneous alloy
structure. Here, the resonant anti-Stokes PL is defined as the emission
originated by the intra-orbital f~f transitions between the ideal energy
states of RE ions in the host crystal, which shows narrow PL peaks. A
higher laser cooling efficiency in solids above 300 K may be useful for
the cooling of light emitting diodes with a high output power™’ and
RBL with a high output power creating heat under huge pump
power.”

One other oxide material with properties that are similar to those
of YAG is yttrium aluminum perovskite (YAP). It is one of the yttrium
aluminate crystals that possess a phonon energy that is lower than that
of YAG, ie., E, = 76.9 meV (620 cmfl) has been reported for YAP.”
Using the above-mentioned phonon energies, the multi-phonon relax-
ation rates in Yb-doped YAG and Yb-doped YAP can be estimated by
the following equation:*

N

exp(—aAE), (1)

where B is the spontaneous non-radiative decay rate, kg is the
Boltzmann constant, T is the absolute temperature, AE is the energy
difference between two energy states, and N = AE/Ep is the number of
phonons involved. The host-dependent parameter o is defined as
—In(y)/E,, where y is the electron-phonon coupling constant. It has
been shown that —In(y) is usually almost constant (~3.5).” By assum-
ing B=10" s, —In(y) = 3.5, T=300K, and AE=10,000cm ',
Eq. (1) predicts a multi-phonon relaxation rate of 7.09 x 10~ "% s~! for
Yb-doped YAP and 2.12 x 10~ ° s~ * for Yb-doped YAG. As the calcu-
lated multi-phonon relaxation rates are much smaller than the typical
fluorescence decay rate Wy of Yb>*, which is on the order of 10° s,
the radiative decay rate W, is much larger than the multi-phonon
relaxation rate. The much slower multi-phonon relaxation rate of Yb-
doped YAP should result in a lower heat generation by non-radiative
relaxation processes.

In this work, we measured the PL of Yb-doped YAP and ana-
lyzed the mean energy shift of the PL spectrum with respect to the
excitation wavelength, the temperature dependence of the anti-
Stokes PL intensity, and the small signal gain y for RBL. We com-
pared these data with those obtained from Yb-doped YAG. Our
experimental results and analysis indicate that the stronger
temperature-induced increase in the anti-Stokes PL intensity of
Yb-doped YAP is caused by two factors: First, a lower multi-
phonon relaxation rate (and/or a higher energy transfer rate).

scitation.org/journal/apl

Second, an antenna effect caused by the energy transfer from Yb
ions at sites with the symmetry of Y in yttrium aluminum oxide
(i.e., Yb ions at the ideal Y-site) to Yb ions that are surrounded by
an inhomogeneous alloy structure. Besides, the obtained results
suggest the high output power of RBL by using (Yb:Y)AP due to its
intrinsic material properties.

Hereafter, Yb-doped YAP is abbreviated as (Yb:Y)AP to clearly
indicate at which site the Yb ion is nominally substituted. Accordingly,
Yb-doped YAG is abbreviated as (Yb:Y)AG. The (Yb:Y)AG and
(Yb:Y)AP ceramic samples for this work were fabricated by the solid-
state reaction method. The Yb-doping concentration for two com-
pared samples was fixed at a molar ratio of 0.1. Thus, the chemical
formulas of (Yb:Y)AG and (Yb:Y)AP are (Yby;Y(9)3Als0,, and
(Ybo.1Y0.9)AlO;, respectively. First, the high-purity (99.99%) raw mate-
rials (i.e., Yb,O3, Y,05, and AL,O;) were mixed by ball milling. Then,
a pressure of 200 MPa was applied to the mixed powder in a disc-
shaped metal mold. After annealing in an electric furnace at 1000 °C
for 10h, the obtained thick ceramic sample was polished to remove
contaminations at the surface. After surface polishing, the thickness of
the ceramic sample is ~2mm. For the preparation of thin ceramic
disks (thickness: approximately 100 um), an additional mechanical
polishing process was performed. The purity of the sample is not nec-
essarily the same as that of starting materials because of segregation in
the equilibrium crystal growth process in the solid-state-reaction
method. For the PL measurements, a laser diode operating at 405 nm
(3.06 eV) was used whose energy is larger than the energy gap between
the ground state and the excited state of Yb*". According to the litera-
ture,”” the excitation light of 405 nm is first absorbed by Yb*" and the
efficient energy transfer from Yb*" to Yb>" makes the emission at
around 1 um to originate from the f~f intra-orbital transition. This
in-direct excitation process is useful to confirm the whole basic
emission spectrum of Yb>* at around 1 um. The fluorescence was
dispersed by a single monochromator (F-number: 3.88, grating
with 6001/mm and a blaze wavelength of 1000 nm) and detected
by an InGaAs diode array. In the anti-Stokes PL and PL excitation
(PLE) measurements, a supercontinuum light was passed through
a double monochromator and the obtained monochromatic light
(full width at half-maximum: 1.5nm) was used to illuminate the
ceramic samples.

Figure 1(a) shows the PL spectrum of (Yb:Y)AP at 300 K and the
corresponding energy diagram for the resonant intra-orbital f~f transi-
tions. The PL peak wavelengths of the resonant f-f transitions
observed from the thin ceramic (blue curve) are 960 (E6 — E1), 979
(E5 — E1), 999 (E5 — E2), and 1038 nm (E5 — E4). The PL peaks at
974 and 1030 nm indicated by the asterisk («) are attributed to the sig-
nals from Yb>" in YAG and yttrium aluminum monoclinic, respec-
tively.”""* The thick ceramic [Fig. 1(a); dark blue curve] shows a broad
PL spectrum, and the center wavelength of the signal is red-shifted
due to strong re-absorption and re-emission processes. This strong
absorption is detrimental in the case of resonant excitation: If a strong
re-absorption of high energy anti-Stokes PL took place, the anti-Stokes
PL quantum yield would be reduced and the low-energy Stokes PL
signal would become stronger. The relaxation process responsible for
generating the low-energy Stokes PL signal leads to internal heating,
This re-absorption effect in (Yb:Y)AP is stronger than in (Yb:Y)AG,
because of the higher absorbance. According to the literatures compar-
ing the spectroscopic properties of (Yb:Y)AG and (Yb:Y)AP, the

Appl. Phys. Lett. 117, 041104 (2020); doi: 10.1063/5.0013213
Published under license by AIP Publishing

117, 041104-2


https://scitation.org/journal/apl

Applied Physics Letters ARTICLE

(a) Energy (eV)
?1'3:78 1.3I05 1.2I40 1.1I81 1.127

(Yb:Y)AP

'€ |(Yb:Y)AP |E5=E2

= E6

g | ES

[

2]

g | E4 mfl&

8] E3 g

£ 12000 um E2 L2
_I E1 4 4
o

900 950 1000 1050 1100
Wavelength (nm)

(b) Energy (eV)
_1.3781.305 1.240 1.181 1.127
(7)) 1 [ L [ L

= {(vb:v)AG o (Yb:Y)AG
3 | ES=E3 | e

- E5

5

:E\ J

£ | E4

] E3 sl
£ E2

—l L 4 L 4
o E1 e —

900 950 1000 1050 1100
Wavelength (nm)

FIG. 1. PL spectra at 300K and energy levels of (a) a thick and a thin (Y:Yb)AP
ceramic and (b) a thin (Y:Yb)AG ceramic excited at 405nm. The representative
intra-orbital £f transitions of Yb%* in each host material are indicated in the dia-
grams on the right-hand side. The asterisks () in (a) indicate the unexpected sig-
nals from Yb>* ions in other yttrium aluminum oxides, such as YAG and yttrium
aluminum monoclinic.

maximum absorption coefficient of the f~f intra-orbital transition in
(Yb:Y)AP is 2-3 times larger than that of (Yb:Y)AG. ™ Additionally,
as shown later, the ideal cooling efficiencies of (Yb:Y)AG and
(Yb:Y)AP are almost the same. Therefore, the excitation power
required to refrigerate (Yb:Y)AP should be at least ~2 times smaller
than that of (Yb:Y)AG. Figure 1(b) shows the sharp PL peaks of the
thin (Yb:Y)AG ceramic. The assignment of the resonant transitions is
as follows: 913 (E7 — E1), 940 (E6 — E1), 968 (E5 — E1), 1026 (E5
— E2), 1030 (E5 — E3), and 1048 nm (E5 — E4). The differences in
the peak wavelengths and relative intensities of (Yb:Y)AG and
(Yb:Y)AP arise from the different crystal fields around Yb>" in each
crystal structure. Additionally, the Yb ions surrounded by an inhomo-
geneous alloy structure result in the broadly distributed non-resonant
signals in Figs. 1(a) and 1(b).

Figure 2 plots the excitation energy dependences of the mean
energy shifts Eg,r of the thin (Y:Yb)AG and (Y:Yb)AP ceramics
(shown with triangles and diamonds, respectively) at 300 K. Here, the
mean energy shift is defined as Eg,ip = Ef — Eey Where Egis the mean
fluorescence energy and E,. is the excitation energy in the PLE mea-
surements. If the luminescence quantum yield of the material is 100%,

scitation.org/journal/apl
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FIG. 2. The excitation energy dependence of the mean energy shift at 300 K. The
results for (Y:Yb)AG and (Y:Yb)AP ceramics are shown with blue triangles and
purple diamonds, respectively. The solid lines indicate the complement lines show-
ing the excitation energy independent region of E;, where Ee,. < the optimum exci-
tation energy.

the physical meaning of E,;¢; is the extracted energy per absorbed pho-
ton in the cooling process. Eg,;x = 0 is the point where the anti-Stokes
PL component and the Stokes PL component are equal. In the region
Equiee > 0, net cooling becomes possible because here the anti-Stokes
PL component is dominant. The solid lines indicate a linear relation-
ship showing the excitation independent region of E;. The excitation
energy dependence of the Egq nicely obeys with the linear tendency
below the optimum excitation wavelength confirmed by the relative
cooling power.”” The mean fluorescence energy Ey is constant in the
excitation energy region where the considered contribution of the
energy gap AE is small. The maximum mean energy shift of 17 meV
in (Yb:Y)AP is comparable to the 22meV in (Yb:Y)AG, indicating
that the ideal cooling efficiency is almost independent of the maxi-
mum phonon energy of the host material. According to the
Bose-Einstein distribution at 300K (thermal energy: 25.7meV or
~207 cm '), the number of phonons with wavenumbers >600 cm !
is more than 10 times smaller than the number of the low-energy opti-
cal phonons (=200cm™"). As a result, above the phonon energy of
600 cm ™', the one-phonon absorption rate competes with that of the
two-phonon process via absorption of low-energy phonons. We com-
puted the phonon absorption rate based on the single-frequency
model by Auzel.®” Therefore, the contribution of the maximum-
energy phonons to the anti-Stokes process is small at room
temperature.

The temperature-dependent phonon absorption process in each
material provides insights into the possibilities for optical refrigeration
at high temperatures. Figure 3(a) shows the temperature dependences
of the integrated anti-Stokes PL intensities. The temperature was
changed from 200 to 470 K, and the PL intensities were normalized at
200 K. The red circles and blue triangles indicate the values obtained
by the optimum excitation of the E4-E6-transitions in (Yb:Y)AP and
the E3-E5-transitions in (Yb:Y)AG, respectively. The optimum
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FIG. 3. (a) The temperature dependences of the integrated anti-Stokes PL intensi-
ties of (Yb:Y)AG and (Yb:Y)AP. The anti-Stokes PL spectra were measured under
a resonant excitation at 1030 nm (1.204 eV; E3 — ES5) for (Yb:Y)AG and 1018 nm
(1.218 eV; E4 — EG6) for (Yb:Y)AP. The inset shows the anti-Stokes PL spectra of
(Yb:Y)AP and the fitting curves used to identify the resonant and inhomogeneous
anti-Stokes PL components. (b) The temperature dependences of the integrated
inhomogeneous anti-Stokes PL peak intensities. The dashed lines indicate the fitting
results obtained by using Eq. (2).

excitation wavelengths in both materials were confirmed by the rela-
tive cooling power as the function of the excitation wavelength. The
inset in Fig. 3(a) shows a typical temperature dependence of the anti-
Stokes PL spectrum of (Yb:Y)AP, including the fitting curves. Here,
Lorentzian and monotonically varying functions were assumed to
evaluate the resonant and inhomogeneous anti-Stokes PL compo-
nents, respectively,. According to Fig. 3(a), the integrated anti-Stokes
PL intensity of (Yb:Y)AP at 470K is 14.3 times larger than that at
200 K. This increase is a result of the enhanced inhomogeneous anti-
Stokes PL at higher temperatures. On the other hand, the integrated
anti-Stokes PL intensity of (Yb:Y)AG at 470K is only 4.5 times larger

scitation.org/journal/apl

than that at 200 K. The inhomogeneous anti-Stokes PL intensities of
(Yb:Y)AP and (Yb:Y)AG exhibit an exponential increase as the tem-
perature increases, while the resonant anti-Stokes PL intensity satu-
rates, as shown in the inset of Fig. 3(a) and the literature.”” The
difference of two excitation conditions does not affect our conclusion.
We experimentally confirmed the difference in the excitation wave-
length. Even when the excitation wavelength is longer than the optimal
excitation wavelength for (Yb:Y)AG, the integrated PL intensity of
(Yb:Y)AP shows the large enhancement with increasing the tempera-
ture as same as that under the 1018 nm excitation.

Figure 3(b) provides the temperature dependences of the
integrated inhomogeneous anti-Stokes PL intensities. The yellow stars,
orange squares, and red diamonds are used to plot the peak intensities
of (Yb:Y)AP at 1.292, 1.266, and 1.241 eV = 7 meV, respectively. The
light blue downward triangles and the blue upward triangles are used
to plot the peaks of (Yb:Y)AG at 1.319 and 1.281 eV = 7 meV, respec-
tively. The inclination of the data for (Yb:Y)AP is significantly larger.
The curves in Fig. 3(b) are the fitting results obtained using the
Bose-Einstein function,

f3e(T) = _A (2)

3 bl
ekt — 1

where A is a constant value that is proportional to the mean energy
transfer rate Wy,g1, and ¢ is the mean of the absorbed phonon energy.
There are three possible processes for the excited electron: radiative
relaxation, multi-phonon relaxation, and energy transfer.”® The inho-
mogeneous anti-Stokes PL is generated through the energy transfer
process from the ideally doped Yb ion to inhomogeneously doped Yb
ion. Then, the mean energy transfer rate W,,,pr can be written as

Wer

Ao Wypgr = ——————.
e W, +me + Wer

3)
Here, W, is the radiative decay rate, Winp is the multi-phonon relaxa-
tion rate, and Wgr is the energy transfer rate from Yb ions at the
Y-site to Yb ions surrounded by an inhomogeneous alloy structure.
The phonon absorption process simultaneously occurs with this
energy transfer.

The A and the ¢ for our two samples were determined by a least
squares fitting procedure. The values obtained for the inhomogeneous
anti-Stokes PL at 1.292 eV = 7meV in (Yb:Y)AP are A = 1.62 x 10°
and ¢ = 92.6meV. Those for the inhomogeneous anti-Stokes PL at
1.319eV + 7meV in (Yb:Y)AG are A = 1.52 x 10” and & = 46.9 meV..
A small W, and a large Wy lead to a large A according to Eq. (3) and
the assumptions that W, takes a typical value of Yb>© ~1 x 10° s,
Thus, the larger A in (Yb:Y)AP indicates a lower multi-phonon relaxa-
tion rate and/or a higher energy transfer rate than in (Yb:Y)AG. The
larger ¢ in (Yb:Y)AP indicates a difference in the energy structure of the
Yb ions located within an inhomogeneous alloy. These Yb ions exhibit
a broadly distributed energy structure in the macroscopic view, but
each ion has discrete energy levels. Therefore, the phonon-assisted
energy transfer process is possible, and the large energy gap between the
energy levels of Yb ions at the Y-site and Yb ions within an inhomoge-
neous alloy in (Yb:Y)AP results in the large ¢. As mentioned above, in
Fig. 3(b), the inclination of the inhomogeneous anti-Stokes PL of
(Yb:Y)AP is steeper than that of (Yb:Y)AG. The large ¢ of (Yb:Y)AP
can explain these significantly enhanced inhomogeneous anti-Stokes PL
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intensities at elevated temperatures. As a result of the low multi-
phonon relaxation rate (and/or the high energy transfer rate) and the
high mean of the absorbed phonon energy, (Yb:Y)AP is a promising
oxide laser-cooling material for high operating temperatures above
300K.

The presented results of (Yb:Y)AP above suggest the capability
for RBL. We characterized (Yb:Y)AG and (Yb:Y)AP as an RBL
medium by the gain y:” we used the reciprocal relationship”” to obtain
the absorption spectra from the emission spectra in Fig. 1 and referred
the typical intrinsic parameters of (Yb:Y)AG and (Yb:Y)AP (energy
structure,”®*” fluorescence lifetime,”" crystal structure™).

The selected excitation wavelengths /p of 1030 nm for (Yb:Y)AG
and of 1018 nm for (Yb:Y)AP are the optimum excitation wavelengths
in each material. The maximum gain of 0.27 cm ™! in (Yb:Y)AP at
1041.3nm is 3.5 times larger than that of 0.078 cm ™" in (Yb:Y)AG at
1049.7nm. The larger gain in (Yb:Y)AP compared with that in
(Yb:Y)AG arises from its strong absorption and the energy structure
with small Stark splitting energy. The absorption coefficients of
(Yb:Y)AG and (Yb:Y)AP at / are 0.074cm ™' and 0.19 cm ™', respec-
tively, and the parameter fp/f;, of (Yb:Y)AG and (Yb:Y)AP at A are
2.2 and 2.9, respectively. Therefore, (Yb:Y)AP can be considered as the
RBL medium with a higher output power than (Yb:Y)AG.

In summary, we have discussed the PL spectra of (Yb:Y)AP, the
mean energy shift, the anti-Stokes PL temperature dependence, and
the small signal gain to understand its potential for optical refrigera-
tion and RBL. The red-shifted PL spectrum of the thick (Yb:Y)AP
ceramic was explained with a strong absorbance. We suppressed the
re-absorption effect by decreasing the thickness. The thin (Yb:Y)AP
sample had a mean energy shift of 17 meV, which is comparable to
that of (Yb:Y)AG. The temperature dependence of the anti-Stokes PL
indicated a low multi-phonon relaxation rate (and/or a high energy
transfer rate) and a large mean of the absorbed phonon energy in
(Yb:Y)AP. We have explained that this phonon absorption simulta-
neously occurs with the energy transfer from an Yb ion at the Y-site to
an Yb ion within an inhomogeneous alloy. We have compared the
enhancements in the integrated anti-Stokes intensities of (Yb:Y)AP
and (Yb:Y)AG that were observed when the temperature was
increased from 200 to 470 K. The 3.2 times stronger enhancement in
(Yb:Y)AP indicates not only a high laser-cooling power of (Yb:Y)AP
but also the capability for RBL above 300 K. The calculated small sig-
nal gain y of (Yb:Y)AP is 3.5 times larger than that of (Yb:Y)AG. The
large y of (Yb:Y)AP arises from its strong absorbance and small Stark
splitting width.

DATA AVAILABILITY

The data that support the findings of this study are available
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