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Refractory undoped and Tm3+-doped (0.15, 1, 3 and 5 mol.%) Y2O3 single crystals were grown by the micro-pulling-down
method. Chemical analysis showed a homogeneous distribution of Tm3+ dopant along the crystal rod. The dependence of
thermal conductivity on Tm3+ concentration in Tm3+ : Y2O3 was characterized. The value decreases when the Tm

3+

concentration increases in the host but still stays high enough (7.46Wm−1K−1) when doped with Tm3+ (5 mol.%), which
represents a promising material for an infrared eye-safe laser application.
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Introduction

In recent years laser action in trivalent Tm3+, Ho3+ and
Er3+ have gained a large interest and a rapid development.
The main interest in the 2 µm laser on the 3H4 →

3H6

transition arises from its applications in medicine and
remote sensing. Despite its success, however, some key
problems still remain unsolved. These include a severe
dependence on pump diode temperature control due to
the relatively narrow Tm3+ absorption lines in hosts like
Y3Al5O12 (YAG) and YLiF4 (YLF). In the case of longi-
tudinal pumping, a further drawback of YAG and YLF
is the requirement of low numerical aperture pump beams
for efficient overlap of pump and resonator modes over
relatively long crystals. Crystal length is dictated by the low
absorption in these materials. In addition, Tm3+ absorption
peaks are shifted to a shorter wavelength with respect to
neodymium, for which the bulk of commercially available
laser diodes (LD) are prepared [1].
Besides, Tm3+-doped materials can be used for such

eye-safe laser applications as lidar-sensing [2] and medical
scalpels [3, 4]. Since water, namely tears in eyes, absorbs
radiation having wavelength above 1.4 µm, wavelengths
around 1.5-2 µm are suitable for the eye-safe laser and
accordingly Tm3+, Ho3+ and Er3+are candidates as active
ions for solid-state laser sources. Among these ions, Tm3+

is suitable for LD pumping, which is already usually used
for the Nd3+ lasers, since Tm3+ has an appreciably wide

absorption band around 800 nm nearby Nd3+ absorption
one. A variety of solid-state lasers have been constructed
for eye-safe applications using Tm-doped YAG [5, 6],
YLF [7, 8] and REVO4 (RE : Y and Gd) [9-11]. The broad
emission spectrum (1.9-2.1 µm) allows tuning the laser
wavelength and generation of ultra-short pulses [12].
Refractory rare-earth sesquioxides (RE2O3, RE = Y, Lu

and Sc) seem to be promising host materials for solid-state
lasers due to their high thermal conductivity and low phonon
energy. For example, the large thermal conductivity of
refractory Y2O3 (13.6Wm−1K−1 at 300K) is very favorable
for efficient cooling of the crystal [13]. The thermal con-
ductivity of Y2O3 is more than a factor of two higher than
that of YVO4 and is even higher than that of YAG. These
properties favor this material as a host crystal for high-
power solid-state lasers. The effective phonon energies of
Y2O3 and Lu2O3 are quite low compared to other oxides.
Weber [14] reported a value of only 430 cm−1 which is
much lower than, for example, 700 cm−1 for YAG. A low
phonon energy means low non-radiative transition rates of
metastable electronic levels and therefore high quantum
efficiency.
However, the high-melting point of Y2O3, Sc2O3 and

Lu2O3 of above 2400
oC hinders the growth of single crystals

from crucibles. Growth methods that were established for
the growth of the high-melting sesquioxides are the Verneuil
method, the flux method and the laser heated pedestal growth
technique [15]. These methods are limited as far as the size
and optical quality of the crystals
In this paper, we will report the optimization of the growth

conditions for bulk single crystal growth of Tm3+ : Y2O3

by the micro-pulling-down (µ-PD) method which was
successfully used to grow Yb3+-doped Y2O3 [16]. In addition,
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thermal conductivity of Tm3+ : Y2O3 was characterized using
the results of thermal diffusivity and heat capacity mea-
surements and the corresponding results will be listed.

Experimental

The high melting point of yttria (2410 oC) restricts the
choice of crucible materials. The crucible has to be mechani-
cally stable at the melting point of the growing oxide and
must be resistant against chemical reactions with the melt
as well as with the surrounding thermal insulation. Rhenium
fulfills these requirements to the greatest extent.
Single crystal growth was performed by the µ-PD method

using a rhenium crucible 46 mm in height and 36 mm in
diameter. The starting materials were prepared from high-
purity commercial powders of Y2O3 (> 99.99%) and Tm2O3

(99.99%). The starting melt composition of (TmxY1−x)2O3

was varied as x = 0.0, 0.0015, 0.01, 0.03 and 0.05. The
crucible was completely surrounded by insulation material
such as zirconia and quartz tubes and heated using a radio-
frequency generator. The raw materials were melted in the
rhenium crucible and allowed to pass through the micro-
nozzle. The single crystal was formed by attaching the seed
to the crucible tip and slowly pulling downward with a
constant velocity. A Y2O3 single crystal rod was used as a
seed. The growth atmosphere was mixture of Ar + H2

(3 vol%). After growth, the crystals were cooled down
to room temperature at a rate of 1073 Kh−1.
In order to identify the phase obtained, powder X-ray

diffraction analysis was carried out using a RINT-2000
(RIGAKU) diffractometer with CuKα X-rays. The diff-
raction pattern was scanned over the 2θ range 10-80o

with steps of 0.02o. The accelerating voltage was 40 kV
and the current was 40 mA. All the X-ray experiments
were carried out at room temperature.
The chemical composition was analyzed by electron probe

microanalysis (EPMA) using JEOL JXA-8621MX. The
distribution of cations in the single crystal was measured
along the growth axis using an electron probe a 10 µm
in diameter.
The crystallinity was investigated by X-ray rocking curve

(XRC) analysis for the (2 2 2) plane of the grown Y2O3

crystals using a high-resolution diffractometer (RIGAKU
ATX-E) with CuKα1 radiation diffracted by a four-crystal
Ge (2 2 0) channel monochrometer. Crystallinity of the
grown Y2O3 crystal was evaluated based on the full-width
at half-maximum (FWHM) of the (2 2 2) peak.
Thermal diffusivity was measured under vacuum by

a laser flash method [17]. Each crystal was cut into a
disk shape with a size of 0.5 mm in thickness and 4.2 mm
in diameter and the surface was coated with gold by a
sputtering process in order to avoid the penetration of the
laser light. Specific heat capacity was measured with a
differential scanning calorimeter (DSC) apparatus in the
temperature range from 523K to 823K. The measurement
was carried out in a high purity argon atmosphere with
a flow rate a 20 ml minute−1 to prevention of oxidation.

A Au cell with in 5 mm diameter, 2.5 mm height and
0.2 mm thickness was used as a cell from 523 K to 823 K.
The weight of the samples was about 30 mg. The specific
heat capacity of α-Al2O3 was used as a reference.

Results and Discussion

The transparent, crack and inclusion-free Tm3+ : Y2O3

single crystals were grown by the µ-PD method for
each Tm concentration (0, 0.15, 1, 3 and 5 mol.%).
Fig. 1 shows the as-grown Tm3+ : Y2O3 single crystals.

The crystal dimensions were about 4.2 mm in diameter
and 10-20 mm long. The growth was performed under an
Ar + 3 vol% H2 atmosphere and a pulling rate of 0.05
to 0.2 mm minute−1. These crystals were colored very
weakly in gray and blue and the color became slightly
stronger with an increase in the Tm concentration. As-
grown crystals were annealed at 1450 oC for 30 h in air
to remove the coloration (Fig. 1).
Evolution of the powder X-ray diffraction pattern as

a function of the Tm concentration was investigated. A
single phase was formed in all the concentration range and
no impurity phase was detected. The lattice constant became
systematically smaller with the Tm concentration as shown in
Fig. 2. This result is in good agreement with Vegard’s law.
The Tm3+ distribution was investigated using EPMA.

Fig. 1. Photographs of as-grown (TmxY1−x)2O3 single crystals
and samples cros-sections after annealing in air at 1450 oC for
30 h. (a) x = 0.0, (b) x = 0.0015, (c) x = 0.01.

Fig. 2. Concentration dependency of lattice constants of (TmxY1−x)2O3.
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Fig. 3 illustrates that Tm3+ : Y2O3 crystals grown by the
µ-PD method have a good compositional homogeneity
along the growth axis. Tm3+ was homogeneously distributed
in the Y2O3 host from the top to the end and the effective
segregation coefficient of each constituent of the Tm3+ : Y2O3

melt became unity along the growth axis leading to a
homogeneous composition throughout the crystal.
Fig. 4 shows a typical XRC of undoped Y2O3 and 5%

Tm-doped crystals. In this experiment, the (2 2 2) reflection
of CuKα1 X-rays was employed to study the evolution
of crystallinity. The diffraction curve is quite sharp with a
FWHM value of ~68.4 arcs. In the case of the 5% Tm-doped
crystal, the FWHM value was ~82.8 arcs. According to the
results of these measurements, the samples studied have
as good crystallinity as that of other optical grade crystals.
Thermal diffusivity of undoped and Tm-doped Y2O3

was measured at room temperature under a vacuum of less
than 10 Pa by a laser flash method. A Nd:glass laser
instantaneously irradiated the upper surface of a specimen.
Then, the temperature response at the bottom surface of
the specimen was measured using an InSb infrared detector.

Fig. 5 shows the measured temperature response curve
of undoped-Y2O3 and the thermal diffusivity was determined
using the following equation:

(1)

where L is sample thickness and t1/2 is the time to reach
a half of a maximum temperature rise. The thermal
diffusivity of Tm-doped Y2O3 decreases with the Tm

3+

dopant content increase and the measured values are sum-
marized in Table 1. The specific heat capacity is one of the
important factors that influence the damage threshold of a
crystal. Here, we could measure the area of the sapphire,
the sample and the holder by using the Orign program, and
calculate the specific heat capacity of undoped and Tm

3+

-doped Y2O3 using the following equation:

, (2)

where CpS is specific heat capacity of the sample, WS - the
sample weight, CpR - the specific heat capacity of sapphire,
WR - the sapphire weight, SS - DSC signal real area of the
sample (HS-HES), SR - DSC signal area of the sapphire
(HR-HES)
In the case of undoped-Y2O3, the heat capacity was

α
1.37 L

2

⋅

π
2

t1 2⁄⋅
------------------=

CpS

CpR WR SS⋅ ⋅

WS SR⋅
------------------------=

Fig. 3. Tm3+ distribution along the growth axis for (TmxY1−x)2O3,
x = 0.0015, 0.01, 0.03 and 0.05 crystals.

Fig. 4. X-ray rocking curve of undoped and Tm (5 mol.%) Y2O3

doped single crystals. The peak from the (2 2 2) plane was employed.

Fig. 5. Temperature response curve of undoped Y2O3 in a
thermal diffusivity measurement.

Table 1. Thermal diffusivity, density, heat capacity and calculated
thermal conductivity of the undoped and Tm-doped Y2O3 crystals
studied

Tm
content
(mol%)

Thermal
diffusivity

(× 10−6 m2/s)

Density
(g/cm3)

Specific
heat capacity
(Jg−1K

−1)

Thermal
conductivity
(Wm−1K

−1)

0 7.20 5.030 0.440 15.94

0.15 7.20 5.044 0.430 15.61

1 5.93 5.075 0.420 12.64

3 3.80 5.146 0.418 8.17

5 3.55 5.218 0.403 7.46
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0.44 Jg−1K−1 at room temperature. The numerical data for
Yb-doped samples are also presented in Table 1. The specific
heat capacity of Y2O3 increase linearly with an increase
of the temperature in the range from 523 K to 823 K.
As the Tm3+ dopant content increases, the heat capacity
increases.
Thermal conductivity was calculated from thermal diffu-

sivity (α), heat capacity (Cp), and density (ρ) (undoped
Y2O3, ρ = 5.03 g/cm

3 [18]) using the following expression:

λ = α·Cp·ρ (3)

Fig. 6 shows the thermal conductivity versus the Tm3+

dopant content in Y2O3.
The value of thermal conductivity of Tm3+-doped Y2O3

decreases with an increase of the Tm3+ content. The
value of the thermal conductivity of undoped-Y2O3 is
15.94Wm−1K−1 at room temperature and 7.46Wm−1K−1

when doped with Tm (5 mol.%).

Conclusions

Refractory Tm3+-doped Y2O3 single crystals were
successfully grown by the µ-PD method using a rhenium
crucible. The best single crystals were obtained with a
pulling-down rate equal to 0.1 mm minute−1. Tm3+-doped
Y2O3 single crystals had a good compositional homogeneity
in the pulling-down axis and the lattice constant became
systematically smaller with an increase of the Tm3+

concentration.
The thermal properties which are very important para-

meters for laser crystals have been measured: thermal

diffusivity of undoped-Y2O3 was characterized as 7.20 ×
106 m2 s1, heat capacity has been measured from 523 K
to 823 K and the thermal conductivity of both undoped
Y2O3 and Tm

3+-doped Y2O3 was obtained using these data.
The value of the thermal conductivity of undoped Y2O3

is as high as 15.94 Wm−1K−1 at room temperature. The
value decreases when the Tm3+ concentration increases
in the host but still stays high enough (7.46Wm−1K−1) when
doped with Tm3+ (5 mol.%), which represents a promising
material for infrared eye-safe laser application
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