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A transparent and emitting ceramic of Y203 doped with 6% Tm>®" ions is fabricated by vacuum sintering
with ZrO2. Absorption, photoluminescence (PL), and PL excitation (PLE) spectra are investigated in a
spectral range of 200 to 2100 nm at various temperatures between 296 and 12 K. Intense emission band
appears at 450 to 465 nm in the visible range. Near-infrared emission bands are observed at 1200 to 1300
nm and 1400 to 1550 nm, with intense peaks at 1270, 1450, and 1523 nm. The luminescence mechanisms
and potential applications of the emissions are discussed with the help of Judd-Ofelt theory and PLE

spectra.
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Cubic Y203 material has been widely investigated as a
host material for accommodating rare earth ions. The
advantages of yttria (yttrium oxide) host material in-
clude high refractive index, low phonon energies, and
wide optically transparent range. More importantly,
the thermal conductivity of yttria is larger than that

of Y3A15O[112’2]. However, the high melting point of
2430 °C and phase transformation at approximately
2280 °C of Y203 make it considerably difficult to grow
single Y2Og3 crystals by conventional methods. On the
contrary, transparent ceramics are much easier to pro-
duce than single crystals because of much lower process-
ing temperatures.

Since the first demonstration of Nd:YAG ceramic laser
in 1995 by Ikesuel®! transparent ceramic materials have
received a wide attention!*~7).  Transparent ceramics
have optical properties comparable to single crystal, but
with better mechanical properties. Additionally, fabrica-
tion of materials with big size is much easier for ceramics
than for single crystals. These advantages make trans-
parent ceramics attractive for laser media, fluorescent
materials, and window materials.

In this letter, a Tm3T-doped Y,O3 transparent ce-
ramic is synthesized by vacuum sintering with ZrOs. We
found that Zr** ions can suppress the grain boundary
migration, resulting in a uniform microstructure. The
Judd-Ofelt theory is applied to analyze the observed lu-
minescence of Tm?t ions in Y,O3 ceramic. Although
Tm3" luminescence has been reported on Tm3*-doped
Y,03 single crystals/®=19, the measurements were made
at room temperature, not at low temperatures. We
report the photoluminescence (PL) and PL excitation
(PLE) spectra of Tm3*-doped Y203 ceramic at temper-
atures from 12 to 295 K. The luminescence mechanisms
and the potential of the laser application are also dis-
cussed.

High-purity commercial powders of Y203(99.99%),
Tm03(99.99%), and Zr02(99.99%) were used as start-
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ing materials. The powders were weighed according to
the stoichiometry of (Zrg.03Tmg.06Y0.91)203, then ball-
milled in alcohol for 20 h. The obtained slurries were
dried and then ground with a pestle. The mixed pow-
ders were sieved through a 200 mesh screen. Next, the
powders were dry-pressed in a stainless steel mold into
discs 15 mm in diameter and 3 mm in height under low
pressure. The discs were cold-isostatic-pressed under 250
MPa. The pressed discs were calcined at 600 to 1000
°C for 2 h. Eventually, transparent ceramics were ob-
tained after vacuum sintering at 1800 °C for 20 h with
a vacuum degree of 1x1073 Pa. The polished discs were
etched in H3POy4 at 80 °C for 3 min for the observation
of the microstructures. The synthesized ceramics were
polished for optical measurements.

The optical transmittances were obtained by a
UV/VIS/NIR spectrophotometer (V-900, JASCO,
Japan). The PL spectra in the temperature range of 12
to 295 K and PLE spectra at 12 and 295 K were measured
with a spectrophotometer (Fluorolog-3, Spex, USA). In-
frared PL spectra were measured in a spectral range of
800 to 1600 nm using a liquid-nitrogen-cooled InGaAs
photodiode (DSSX-IGA010I, Jobin-Yvon, France).

Figure 1 shows the microstructure of the ceramic ob-
served using a Leitz optical microscope. As seen in the
photograph, the microstructure is uniform and no pores

i,

Fig. 1. Microstructure of Tmsy-doped Y203 ceramic.
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can be observed in the ceramic. The average grain size
was determined to be 22 pym by multiplying the average
interpreting grain size with a correlation factor of 1.56!11.

The mass transfer mechanism in the sintering process
of Y503 ceramic has been investigated by Chen et al.['?].
The diffusion of Y3* interstitials is considered as the con-
trolling step of the grain boundary migration. When the
Zr*t ions were introduced into the Y2Os lattice, the fol-
lowing defect reaction occurred

27105 2% 971y + 30, + O!'. (1)

The concentration of Y2+ interstitial decreases with the
increasing of the O~ interstitial concentration!'?!. Thus,
the doping of Zr** leads to increase of O~ interstitials,
followed by decrease of Y37 interstitials, resulting in de-
crease of the mobility of the grain boundary. The lower
grain boundary mobility leads to an easier elimination
of pores from the grain boundary. As a result, a uni-
form microstructure is obtained. Figure 2 displays the
transmittance spectrum of the ceramic, which shows a
transmittance of 76.3% at 1 um. From the picture shown
in inset of Fig. 2, the transparency of the ceramic can
be recognized clearly. Several sharp lines are present in
the transmittance spectrum, which are due to the doped
Tm?3* ions.

Transparency of the ceramic is also confirmed by the
absorption spectrum of Fig. 3. Sharp intense absorp-
tion lines are observed at 360, 463, 684, 796, 1207, and
1631 nm. The absorption spectrum of Tm?3* ions doped
in Y203 single crystal at 600 to 2200 nm has been pre-
sented by Mun et all®l. Their spectrum is quite similar
to that in Fig. 3, indicating that the Tm3" ions in the
Y3+ site with C2 symmetry in the single crystal®) are
also present in our ceramic. The energy level diagram
of Tm?* ion in the Y503 ceramic shown in Fig. 4 was
obtained from the absorption spectrum. Intense absorp-
tion due to the Y2Og3 host arises from approximately 350
nm. Using the Judd-Ofelt theory, the measured absorp-
tion line strengths for the Tm3* bands were calculated
by

3he(2J+1) 9n T
Smeald = J') = 05 No GE TR (2)

where the ¢ and h represent the speed of the light and
the Planck’s constant, respectively. Here, Ny means
the number density of Tm®" ions and n refers to the
refractive index of the sample. A represents the aver-
age wavelenth of J — J' transition. J and J’ represent
the total angular momentum quantum number. 7 meas
m J OD(X)d\, where L means the orbital angular
momentum quantum number, and the OD(\) means the
optical density which could be obtained during absorp-
tion spectrum measurement. e means the charge quality
of an electron. The calculated absorption line strengths
were derived from

Seal(] = J") = D 2eql{(S, L)IIUD|(8"L) T,
t=2,4,6
3)

where |((S, L)J||[U®||(S'L").J")|? are the double-reduced
matrix elements of unit tensor operators!*3!, which are

independent of the host matrix. By least-squares fitting
of the calculated line strengths to the measured line
strengths, the Judd-Ofelt parameters €5 4 ¢ were deter-
mined to be 4.57x1072°, 0.97x10~2°, and 0.94x 1020,
Using these parameters, the spontaneous emission line
strengths, transition probabilities, branching ratios, and
radiative lifetimes in Tm:Y5O3 ceramic were calculated
(see Table 1). The detailed calculation processes were
described in Refs. [10, 14-17].
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Fig. 2. Transmittance spectrum of Tms;-doped Y203 ce-
ramic. Inset shows a picture of the circle-shaped ceramic

placed on a paper.
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Fig. 3. Absorption spectrum of Tmsy-doped Y203 ceramic.
The excited state responsible for each of the absorption bands
is indicated.
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Fig. 4. Energy level diagram of Tms4 ions in Y203 host mate-
rial, which was obtained from the absorption spectrum, and
the level assignment for the observed emission bands. The
number (e.g., 453 ) refers to the emission (e.g., 453-nm emis-
sion). The dotted arrow indicates the non-radiative multi-
phonon transitions.
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Table 1. Calculated Emission Transition Probability, Branching Ratio, and Radiative Lifetime of Tm3®" Ion in
Y203 Ceramic

Radiative  Average Emission Electric-dipole Transition Magnetic-dipole Transition Branching Radiative Lifetime
Transition Wavelength (nm) Probability Aea (s™1) Probability Aeqa (s™1) Ratio (%) 7 (ms)
Dy —1Gy 1503.9 294.90 0.63 0.02
5F, 785.5 1217.86 2.73
5F3 751.4 1926.08 4.32
SHy 654.5 2861.19 6.14
SH; 512.0 125.39 0.27
5Fy 452.5 31468.85 67.53
3He 358.1 8527.62 18.30
1G4 —3F, 1644.2 17.07 0.49 0.29
5F; 1501.6 64.68 1.98
SHy 1158.9 377.69 11.88
3Hs 776.4 990.81 32.43
5Fy 647.2 209.31 6.39
$He 469.9 1623.60 46.92
3Fy —3F3 17310.5 0.02 0.00 0.43
SHy 3925.7 28.52 1.22
3Hs 1471.0 260.60 11.18
3Fy 1067.3 1198.06 51.42
3He 658.0 844.37 36.24
3F3 —%Hy 5077.1 5.35 0.17 0.32
SH; 1607.5 548.41 17.41
3Fy 11374 81.31 125.85 4.52
3He 684.0 2450.01 77.78
3Hy—3Hs 2352.3 22.65 17.73 1.47 0.46
5Fy 1465.7 159.50 8.30
*He 790.5 1953.45 90.44
3Hs —%F4 3889.1 10.84 2.46 2.23
3He 1190.6 351.80 112.15 97.44
3Fy—3Hs 1715.9 369.95 100.00 2.70
Figures 5(a) and (b) show the PL spectra of the ce- 0.10
ramic excited at 361 nm at various temperatures between .
12 and 295 K in the spectral ranges of 420 to 870 nm and Z 008
440 to 500 nm, respectively. An intense emission band E
with peak around 453 nm can be observed, whereas very 2 0.06
weak emission bands with peaks at 653, 675, and 810 nm =
can be observed by the 1Dy excitation at 361 nm. From % 0.04
comparison with the absorption spectrum, the 653 to 675 7
nm and 810 nm emission bands are attributable to the E 0.02
electronic transitions from the 3F2 3 and Hy states to -
the ground state 3Hg, respectively. Of the blue emission 0.00 Y Mestrinnes AT
bands at 445 to 490 nm, the emission band appearing at 500 600 700 800
445 to 465 nm is attributable to the transition Dy —3Fy, Wavelength (nm)
whereas the emission band at 480 to 495 nm with the
highest peak at 487 nm is ascribed to the transition or - 205K (D)
1G4 —3Hg. The former band intensity is higher than 3 - ZZOK
the latter band intensity (see Fig. 5(b)). This result 4 [ . %05KK

is consistent with the calculation that the Dy —3F,
transition has a much higher electric dipole transition
probability than the G, —3Hg transition (see Table 1).
The assignment of the 480 to 495 nm emission band to
the 1G4 —3Hg transition was confirmed from observa-
tion of the 480 to 495 nm emission by G4 excitation
at 462 nm. The intense blue emission under ultravio-
let excitation, especially the emission around 453 nm,
suggests the application of Tm:Y2Og3 ceramic in white
LED packaging with an ultraviolet chip, where Tm:Y20O3
could be used as one of the three-color sources.

The electric dipole transition probability is 31468 s~!
for the 'Dy —3F, transition responsible for the 453-nm
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Fig. 5. Emission spectra of Tms ions in Y203 ceramic ex-
cited at 361 nm at various temperatures between 12 and 295
K, in the spectral ranges of (a) 420 to 870 nm and (b) 440 to
500 nm.
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emission, 844 s~! for the 3Fy —3Hg transition responsi-
ble for the 653-nm emission, 2450 s~! for the 3F3 —3Hg
transition responsible for the 675-nm emission, and 1953
s~! for the 3H,; —3Hjg transition responsible for the 810-
nm emission (see Table 1). The 'Dy —3®F, transition
has a much higher transition probability than the other
transitions. From this Judd-Ofelt calculated transition
probabilities, we can understand the reason the intensi-
ties of the emission bands around 653, 675, and 810 nm
are much weaker than the intensity of the emission band
around 453 nm.

No clear temperature dependence could be observed
for the peak emission intensity at 453 nm, as plotted in
Fig. 6. However, the weak emission sideband at 446
nm was found to have temperature dependence (i.e.,
the 446-nm-emission intensity decreases with decreasing
temperature from 295 K and finally disappears at 12 K)
(see Fig. 5(b)). The decrease of the 446-nm emission is
suggested to due to the decrease of thermal population
in the excited state responsible for the 446-nm emission,
which is located at higher level than the excited state
responsible for the main 453-nm emission. The weak
temperature dependence of the peak emission intensity
indicates that the material has a good operation stability
under different working temperatures while used as LED
packaging material.

The PL spectra at 12 K in the range of 800 to 1600 nm
are shown in Fig. 7, where the ceramic was excited at
361, 465, 683, and 785 nm to give rise to the excitation
into the 'Da, 1G4, 3Fa 3, and 3Hy states, respectively.
Two emission bands could be observed at 1200 to 1300
nm and 1400 to 1560 nm, with intense peaks at 1270,
1450, and 1523 nm. Regarding the 1400 to 1560 nm
band, the same emission line-shape was obtained for the
four different excitation wavelengths, indicating the var-
ious emission peaks in the 1400 to 1560 nm emission
band arises from the same transition. Regarding the
1200- to 1300-nm emission band, we determined that
(1) the 361- and 465-nm excitations give the same emis-
sion line shape; (2) the line shape is different from that
obtained from the 683- and 785-nm excitations; and (3)
the 683- and 785-nm excitations give the same line shape
that consists of three peaks at 1216, 1225, and 1245
nm. The three peaks could not be observed at room
temperature, but could be observed at low temperature,
such as 12 K (see Fig. 8).

Figure 9 shows the PLE spectra for the 1270- and
1450-nm emissions. The 1270-nm emission appears by
the 'Dy and G, excitations at 358 and 462 nm, respec-
tively; however, it never appears by the 3F3 3 and *Hy
excitations at 685 and 776 nm, respectively. Therefore,
considering the energy level diagram of Tm?*, the 1270-
nm emission is attributed to the 1G4 —3H, transition as
shown in Fig. 4. The branching ratio of this transition
is 11.88%, supporting the appearance of this radiative
transition. The 1400- to 1560-nm emission band is
generated by all the excitations at approximately 358,
462, 685, and 776 nm. From the energy level diagram
derived from the absorption spectrum, this emission is
attributable to the 3Hy —3F, transition (see Fig. 4).

The PL spectra of Tm?3? ions in Y503 ceramic observed
in visible and near-infrared region are quite similar to
the spectra of Tm3* ions in Y203 single crystals!®). This

similarity indicates that Tm3" ions locate at Y3T sites
in the Y503 lattice in the ceramic state, as in the case
of single crystal.

The stimulated emission cross-section was calculated
to be 1.41x1072° and 7.2x1072! cm? for the 1270-
and 1450-nm emissions, respectively, whereas the ab-
sorption cross-section was calculated to be 1.5x1072!
and 6.2x1072' ¢cm? for the 465- and 683-nm absorp-
tion bands. The excitation at 361 and 465 nm gives
the 1270- and 1450-nm emissions, as seen in Fig. 7.
The 1270-nm emission intensity is observed to be higher
than the 1450-nm emission intensity. This observation
is consistent with the calculation of the stimulated emis-
sion cross-sections for the two emissions. The absorption
cross-section is larger for the 683-nm band than for the
465-nm band. This phenomenon suggests a possibility
of laser oscillation at 1450 nm by pumping with light
around 683 nm.

The 1450-nm laser oscillation is due to the four-
level laser system, which consists of the 3Hg ground
state, the 3F3 state as a pumping state, the >H, state
as emitting state, and the 3F, state as final state.
The relaxation from the 3F5 state to the 3H, state
is fast due the following reason. The energy gap of
the 3F3 and 3H, state is approximately 1900 cm™!,
whereas the maximum phonon energy of Y503 is 591
cm~ '8l Therefore, the non-radiative multi-phonon
transition occurs easily from the 3F3 level to the *Hy
level, leading to (1) the suppression of the radiative
transition from the 3F3 level to the other lower levels
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Fig. 6. Temperature dependence of the 453-nm emission peak
height.
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Fig. 7. Near-infrared photoluminescence spectra of Tm3+
ions in Y203 ceramic under 361-, 465-, 683-, and 785-nm
excitations at 12 K.
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Fig. 8. Near-infrared emission spectra of Tmsy ions in Y2O3
ceramic excited at 683 nm at room temperature and 12 K.
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Fig. 9. Photoluminescence excitation spectra for 1270- and
1450-nm emissions of Tms4 ions in Y2Og3 ceramic at 12 K.

including the ground state Hg and (2) enhancement of
the population in the emitting Hy state. This laser sys-
tem is superior to the three-level 1.5-um-laser system of
Er3*. However, the longer lifetime of the terminal 3F,
state (2.7 ms, as shown in Table 1) compared to that of
the upper *Hy state (0.46 ms) leads to a self-terminating
laser operation. This issue can be solved by co-doping
Tb3t and Tm3T ion, which decreases the lifetime of
the terminal 3F, state, as suggested by Ermeneux et
al.’%. The concentration of Tm?* ions is 6% in the
present Y203 ceramic. Because such a high doping con-
centration is easier to achieve in ceramics than in single
crystals®, the co-doping of Tm?*+ and Th?*t in Y503
ceramic will be easy to realize.

As seen in Fig. 8, the room temperature spectrum
shows a broad emission band around 1450 nm with a
large full-width at half-maximum (FWHM) of 135 nm.
This result indicates that the Tm3t:Y20s ceramic is
beneficial for the tunable laser oscillation or ultrashort
pulse laser oscillation at room temperature.

In conclusion, a transparent ceramic of Y2O3 doped
with Tm3* has been fabricated by vacuum sintering with
ZrQO5. The grain boundary is clean and the average grain
size is 22 um. The PL spectra in a spectral range of 400
to 1600 nm were investigated at various temperatures
between 12 and 295 K. The level assignment was made
for all the observed emission bands from the PL spec-
tra under various excitations, the PLE spectra, and the

transition probabilities calculated by the Judd-Ofelt the-
ory. We confirmed that Tm?* ions locate at Y3¥ sites in
Y203 lattice in the ceramic state, as in the case of single
crystal. A highly intense 1450-nm emission band was
observed under the 683-nm excitation. The absorption
cross-section at 683 nm and stimulated emission cross-
section at 1450 nm were calculated to be 6.2x1072! and
7.2x1072! cm?, respectively. This result indicates that
Tm3+:Y503 ceramic is a candidate of laser gain material
for 1450-nm oscillation operated by the four-level laser
system.
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