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Abstract

Yttria exhibits a thermal conductivity which is higher than that of Y3;Als0;,. Moreover, it can be doped with rare earth ions. The
isostructural scandia has similar characteristics. Due to these properties both oxides are attractive hosts for high power solid state
lasers. We have grown yttrium oxide and scandium oxide crystals from rhenium crucibles by the Czochralski technique. The size of
the crystals is limited because of problems to control the crystal diameter during the growth process. However, the grown rare earth
doped samples show promising spectroscopic features. We report on the spectroscopic characteristics of Y,O3 and Sc,O; doped
with Ho3*- and Er3*-ions. Laser operation of Er:Sc,O3 near 3 um wavelength has already been demonstrated. © 2000 Elsevier

Science Ltd and Techna S.r.1. All rights reserved.
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1. Introduction

The sesquioxide Y,Oj3 (yttria) has been investigated
since the early sixties. Y,03 has the bixbyite structure
and belongs to the cubic space group a3 [1] with a lat-
tice constant of 10.6 A. The unit cell contains 16 for-
mula units: 24 of the 32 cations in the unit cell reside on
sites with C, point symmetry and eight on sites with Cs;
point symmetry. The measured thermal conductivity of
undoped Y,03 is 14 W/mK at 300 K [2], which is higher
than the value of 11 W/mK for Y;Al;0;, (YAG) mea-
sured by the same method [3].

Sc,05 (scandia) is isostructural to yttria and exhibits a
thermal conductivity of 17 W/mK. The lattice constant
of scandia is 9.79 A. The Sc** ion is much smaller
than the RE*" dopant ions (RE =rare earth) causing a
strong crystal field at the dopant site and a generally
large Stark-splitting of the multiplets. Although the
thermal conductivity is reduced in doped crystals in com-
parison to the undoped material, yttria and scandia are
promising RE**-ion hosts for high power solid state lasers.

Due to the high melting points, about 2420°C, the
growth of Y,0j3 and Sc,Oj single crystals is rather difficult.
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Growth methods that have been established in the past
include the Verneuil method [4], the flux method [5], the
floating zone technique [6], and the laser heated pedestal
growth method [7]. These techniques limit the size and
optical quality of the crystals, which is the reason why
yttria and scandia have not found widespread industrial
application in the past. In a research program the
synthesis of yttria and scandia crystals of rather good
optical quality from the melt was demonstrated. Several
RE-doped single crystals have been grown until now
and were spectroscopically investigated. First laser
results with samples doped with Nd3*-, Yb*"-, and
Tm?3 " -ions have been reported in Refs. [10-12]. In this
paper we present spectroscopic data and laser para-
meters of Ho** and Er** doped crystals.

2. Crystal growth

The high melting points of yttria and scandia restrict
the choice of crucible materials. The crucible has to be
mechanically stable at the melting point of the oxide
and must be resistant against chemical reactions with the
melt as well as with the surrounding thermal insulation.
Experiments with several crucible materials revealed
that rhenium fulfills these requirements to the greatest
extent. Rhenium is sensitive to oxidizing atmospheres
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but resistant to melts of Al,O; and RE oxides. The
melting point of rhenium is 3180°C. During growth
experiments the crucible was inductively heated with a
power of approx. 20 kW at 230 kHz RF frequency.
Because of the reactivity of the materials at high tem-
peratures, any direct contact between the hot crucible
and the ceramic zirconia insulation was avoided. A
holding construction was designed which consisted of
rhenium rods directly welded to the crucible. The crucible
was suspended in a thermally insulating tube of zirconia
felts so that it was completely surrounded by gas.

Cylindrical crucibles with a diameter of 20 mm and
height of 25 mm were filled to about 75% with oxide
melt. The crystals were grown in an inert helium atmo-
sphere with a pulling rate of 1-3 mm/h and a rotation
rate of 10 rpm. At the melting point the melt as well as
the growing crystal appeared opaque in accordance with
the comparatively high emissivity of the sesquioxides
which was measured to be between 0.5 and 0.8 by
McMahon [8]. The growth process itself was straight
forward only for the first 2-5 mm of the growing crystal.
Then the crystal lost contact with the melt or
uncontrollable asymmetrical lateral growth started and
the experiment had to be interrupted.

The problems with the diameter control are caused by
a “W’-shaped isotherm at the melt surface. At very high
temperatures the heat transport is dominated by
radiation according to the Stefan—Boltzmann law. The
radiation power absorbed in the interface region of the
growing crystal dissipates to the upper crystal surface
mainly by heat conduction, because the radiative heat
transport is inhibited by the opacity of the crystal. Due
to the low heat conductivity of the crystaline material
near the melting point, the temperature near the inter-
face increases and becomes higher than at the uncovered
surface of the melt around the crystal. When the heating
power is reduced to maintain a constant crystal dia-
meter, asymmetrical growth towards the cooler regions
starts. We performed several experiments with different
reflectors to reduce the radiation losses from the free
melt surface. For this purpose rings and funnels were
inserted into the crucible a few millimeters above the
melt. However, larger crystals could not be obtained in
this way until now.

3. Spectroscopic characteristics of Ho- and Er-doped
crystals

Several crystals with typical length of 5 mm and dia-
meter of 10 mm have been grown. The crystals show a
brownish shade which vanishes after annealing in air
at 1100°C for 48 h. We suppose that the brownish
discoloration appears due to color centres caused by
oxygen loss of the melt in accordance with the results of
Berard et al. [9]. The annealed and polished crystals

show mosaic structures and striations between crossed
polarizers. The doped samples were spectroscopically
investigated and tested for laser operation. Laser oscil-
lation could be demonstrated in Tm: Y,O5 at 1950 nm
[10], Yb: Sc,O5 at 1041 nm [11], Nd:Y,05 at 1075 nm
[12], as well as in Nd:Sc,O5 at various wavelengths [13].
Recently measurements were made on Ho and Er doped
sesquioxides.

Ho?"- and Er*"-ions have shown laser action near 2
pm (Ho) and 3 pm (Er) in many hosts. These wave-
lengths are in the region of strong water absorption
bands and therefore interesting for medical and eye-safe
applications. Actually, one of the most efficient Ho-
lasers emitting at 2 pm is Ho:YAG [14-16] and one of
the best Er-lasers emitting near 3 pm is Er:YLF [17].
The absorption- and emission cross-section spectra of
Ho:Sc,03 and Er:Sc,05 are shown in Figs. 1 and 2. The
absorption spectra were measured with a spectro-
photometer (Varian Cary 2400) and the fluorescence
spectra with a FT-spectrometer (Biorad FTS 40). The
emission cross-sections were determined with the
method of McCumber [18] from the absorption cross-
sections and with the Fiichtbauer—Ladenburg equation
[19] from fluorescence spectra. The spectra of RE3™"-
ions in Y,03 and Sc,Oj3 are similar. Some cross-sections
and fluorescence lifetimes of Ho and Er doped samples
are given in Table 1. The cross-sections of the 2.8 um
laser transition *I;;»—*I;3, in Er** have not been
determined, because both levels involved in this transition
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Fig. 1. Absorption and emission cross-sections of Ho:Sc,Os.
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Fig. 2. Absorption and emission cross-sections of Er:Sc,O;. The
arrows indicate the laser lines near 3 pm.

are metastable states and cross-sections have to be derived
from excited state absorption (ESA) measurements.

The fluorescence decay curves after pulsed excitation
show that the lifetimes of the 4113/2 manifold (lower laser
level for 2.85 pm laser operation) and the *I;;, manifold
(upper laser level) in Er (1%): Y,Oj3 are very different.
This causes self termination of the laser operation. At

higher Er-concentrations the population dynamics
change. Nonradiative interionic processes become
important as described by Jensen et al. for Er:YLF [16].
The upper and lower laser level lifetimes are quenched
and become comparable. At high excitation densities
the lower laser level is depopulated by the upconversion
process 4113/2+4I]3/2—>419/2+4I]5/2. The 419/2 manifold
population mainly decays into the upper laser level so
that the population of the #I;3, manifold is partly recy-
cled for the laser process. Laser operation near 3 pm
could be demonstrated in Er(2.3%): Sc,03, which was
the Sc,0O3 sample with the highest Er-concentration
available during the experiments. The crystal was placed
near the flat mirror of a hemispherical resonator
(r =00, r,=50 mm) and was pumped with the focused
beam of a laser diode providing up to 3.7 W pump
power at 973 nm. Laser oscillation was achieved at 2715
and at 2816 nm in the quasi cw regime.

The output power was below 1 mW probably because
the Er concentration is still too low. Y,03 samples with
higher Er3* concentrations were also tested but no laser
oscillation was observed due to the low crystal quality.
A definite statement about the potential of Er-doped
yttria and scandia crystals for 3 um laser operation must
therefore be postponed until samples of higher quality
are available.

In Er:Sc,O; and Er:Y,Os; fluorescence was also
observed on the ground state transition *I;3,—%I;5)
between 1650 and 1700 nm. This spectral region is
interesting for eyesafe measuring systems. The reab-
sorption coefficient near 1.7 um is very low due to the
Stark splitting of 604 cm~! of the Er *I;3,, ground
state which is larger in Sc,O3 than in any other host.
However, pump and probe measurements showed that
the gain between 1630 and 1700 nm is considerably
reduced by excited state absorption (ESA) from the “I;3 2

Table 1

Spectroscopic parameters of Ho- and Er-doped yttria and scandia: absorption and emmission cross-sections as well as fluorescence lifetimes®

Crystal Distribution coefficient Oem (10721 cm?) Oabs (10721 cm?) 7 (us)
[@ wavelength (nm)] [@ wavelength (nm)]

Ho(0.92%): Y,0; 0.93 4.1 (1216) 0.7 (1216) 1100 (*¢)
5.4 (2116) 0.6 (2116) 12 300 (*I,)
3.1 (2127) =0.35 (2127)

Ho(0.42%): Sc,03 0.42 4.7 (1226.5) 0.47 (1226.5) 120 (*I¢)
4.9 (2148) 0.39 (2148) 8560 (“I,)
3.8 (2157) 0.26 (2157)

Er(1%): Y05 1 1.54 (1661) 0.2 (1661) 11000 (“1;35)
Not calibrated at 2800 nm ESA from *I;3), 2760 (*11)2)

Er(9.5%): Y05 1600 (“,3,5)

1250 (*1;1,0)

Er(2.3%) Sc,0;3 0.41 1.92 (1688) 2~0.15 (1688) 8500 (*113/2)

Not calibrated at 2800 nm ESA from *I;3)» 310 (*Iy112)

2 The lifetimes were measured with high excitation densities. The concentrations refer to the doped cation sites.
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Table 2
Ratio between absorption and emission cross-sections in Ho-doped
crystals

Ho:Y,0; Ho:Sc,03 Ho:YAG

9 @ 2116 nm
9 @ 2127 nm

12.5 @ 2148 nm
14.5 @ 2157 nm

4.45 @ 2090 nm
6.88 @ 2122 nm

Oem /Oabs

manifold into the 419/2 multiplet. For this reason stimu-
lated emission is only expected in Er:Sc,O3 in a small
region near 1680 nm with an effective cross-section of
1.4%x1072! cm?. In Er:Y,O; amplification of radiation
on the ground state transition is completely impossible
due to ESA.

Although Ho-doped Y,O; or Sc,O5 samples were not
tested for laser oscillation, the spectroscopic data are
very promising. The emission cross-sections in the
region of low absorption are smaller than in Ho:YAG
where the peak emission cross-sections are 9.8x 102!
cm? at 2090 nm and 5.5x1072! cm? at 2122 nm. How-
ever, the ratios between emission and absorption cross-
sections which are also important for the laser threshold
are much better in Ho:Y,03; and Ho:Sc,05. Ho:Sc¢,03,
in particular, exhibits low reabsorption losses because of
the large Stark-splitting of the Ho ground state mani-
fold °Ig. The values oem/0qabs Near 2150 nm are sum-
marized in Table 2.

Besides the emission near 2 um, the Ho-doped Y,03
and Sc,O; crystals show an interesting fluorescence
around 1.2 pum (Fig. 1). Few lasers have been realized in
this wavelength region. Codoping is necessary if diodes
are used as pumping sources. Ho lasers emitting at 2 um
are often codoped with Tm?3"-ions which show an
absorption band near 800 nm. For Ho lasers operating
near 1.2 pm Yb3" is a favourable codopant. The Yb3 " -
ions absorb efficiently the emission of InGaAs diodes
near 970 nm and transfer the pump energy to the Ho I,
upper laser multiplet. Laser tests of Ho-doped sesqui-
oxide crystals codoped with Tm and YD are planned for
2 um as well as for 1.2 um operation.

4. Summary

We have grown several lanthanide-doped yttria and
scandia crystals by the Czochralski method. The ther-
mal properties of these materials at their melting points
and the strong radiation from the melt at 2500°C seem
to inhibit the production of large crystal boules by the
conventional Czochralski method.

Recently large crystal boules of 40 mm diameter and
20 mm height have been grown from rhenium crucibles
by the Bridgman technique; single crystals of about
1 cm? volume could be prepared.

First spectroscopic investigations and laser tests of a
variety of lanthanide-doped yttria and scandia crystals

revealed the potential of these materials. Effective emis-
sion cross-sections of the Ho? "-ion are 3.1x1072! cm?
@ 2127 nm in Y05 and 3.8x1072! cm? @ 2157 nm in
Sc,03. For pumping of the Ho? " -ions with laser diodes
Yb- or Tm-codopants are needed.

Er:Sc,O5 shows stimulated emission near 2.8 pm. A
much higher laser efficiency can be predicted for sam-
ples with an improved optical quality. Especially Er-
doped Y,Oj; crystals of higher perfection should show
laser operation near 3 pm because they combine a long
lifetime of the upper laser level I}, with an upconver-
sion that depopulates the lower laser level *Ij3,, and
recycles population for the laser process.
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