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Abstract

The growth defects in Yb: YAG crystals were investigated by transmission synchrotron topography and chemical
etching. The etch pit patterns on three low-index planes (11 1), (1 10) and (21 1) were obtained. It was found that growth
striations, core and dislocations were the main defects in Yb: YAG crystal. The dislocations in Yb: YAG mainly
originated from seed, impurity particles and inclusions, and seed-crystal interfaces in the initial growth period. The
dislocations usually propagate along a path perpendicular to the growth interface. Therefore, in Yb: YAG crystals grown
with a convex solid-liquid interface, the dislocations will be decreased or eliminated. © 2000 Elsevier Science B.V. All

rights reserved.
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1. Introduction

Recently, with the development of InGaAs laser
diode [1], Yb®*-doped solid-state materials are
attractively used as gain media for high-efficiency,
high-power laser diode-pumped laser systems.
Among the numerous Yb-doped oxide and fluoride
crystals, Yb: YAG crystal plays an important role
[2] since it possesses many attractive character-
istics, including high thermal conductivity and ten-
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sile strength of the host material, small quantum
defect between the pump and the laser photons
resulting in low thermal loading, broad absorption
bands (about 18 nm at 940 nm), long radiative life-
time of the upper laser level (1.3 ms). Therefore, the
spectroscopic and laser performances of Yb: YAG
have been intensively and systematically investi-
gated [3-5]. However, the study on its growth
defects has not been performed until now. It is well
known that the perfection of laser crystals is one of
the most important performances. The defects in
laser crystals influence the optical homogeneity and
deteriorate the laser output characteristics. Thus, it
is necessary to study the defects of Yb: YAG.
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In this paper, we report the investigation on
growth defects in 20at% Yb: YAG by transmission
synchrotron topography and chemical etching
which is helpful for the crystal grower to improve
the quality of Yb: YAG crystals.

2. Experiment
2.1. Crystal growth

The Yb: YAG crystal with a Yb** doping level
of 20 at% used in the experiment was grown by the
CZ method with the [111] seeding orientation,
and the detailed growth parameters are demon-
strated in Ref. [6]. The crystal boule was 33 mm in
diameter and 110 mm in length.

2.2. Chemical etching

Three kinds of crystal slices with [111], [211]
and [110] orientation were cut from the as-grown
crystal boule and the slices were sub-
sequently polished on both sides with diamond
paste. The mechanically polished slices were chem-
ically polished in liquid H;PO, at 320°C for
20 min, then etched in liquid H3; PO, at 250-260°C
for 10 min. Etch pits of dislocations with different
low-index planes were observed under the optical
microscope.

2.3. Transmission synchrotron topography

The slices parallel to the (110) planes, which
include the [11 1] growth axis and the slices paral-
lel to the (11 1) planes, which are perpendicular to
the [11 1] growth axis were chosen for cutting from
20at% Yb:YAG crystal. The slices were mechan-
ically polished to 0.2mm. The samples were then
chemically polished in liquid H; PO, at 320°C for
30 min to be thinned to 0.1 mm and to remove the
residual strain. The transmission synchrotron
topographs were obtained at Beijing Synchrotron
Radiation Laboratory. The topographs were taken
with a white-beam topography camera and re-
corded on Fuji films.

3. Results and discussion

3.1. The etch pit patterns on three low-index planes
(111), (110)and (211)

The etch pit patterns can be formed after
chemical etching. Generally, the symmetry of an
etch pit is in accordance with the symmetry of the
crystal face, and the shapes of etch pits on different
faces are different for the same crystal [7]. The
change of etching conditions may also affect etch-
pit morphology. Distribution of dislocations in
crystals can be determined by observing the etch
pits.

Figs. 1A-C are the typical etch pits produced on
(I11),(211) and (110) face on the upper part of
20at% Yb: YAG crystal boule. The etch pits can be
grouped into five categories: (1) dislocation cluster
originating from impurity ions and inclusions; (2)
dislocation pits array; (3) single dislocation pit; (4)
terraced pits, which may be associated with the
change of Yb** segregation concentration around
a dislocation; (5) the accumulation with two or
more dislocation pits corresponding to dislocation
lines. Under the same etching conditions, the pits
on (111) face have two shapes, one is triangular,
and the other is six-sided. The pit pattern on (21 1)
is triangular with a tail and the pit pattern on (1 10)
is a distorted rhombus. For (1 1 1) slices, more etch
pits can be observed in the initial growth period,
which implies that the crystal is imperfect, and with
an increase of distance from the seed the number
of pits decreases gradually and they are mainly
centered at the periphery of the sections. In the
middle parts of Yb: YAG crystal, there were only
few etch pits, which implies that the crystal is
perfect.

The overall dislocation density of about 100 cm ™
was revealed by chemical etching technique.
In the upper parts of the crystal, the disloca-
tion density is much higher than the average
density, and in the middle parts, the dis-
location density is nearly zero. These experimental
results can be attributed to the ionic radius
of Yb®" (0.985A) which is close to that of
Y3* (1.019A) [8] which results in only a little
difference of the lattice constant between YbAG
and YAG [9].
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Fig. 1. (A) Etch pit patterns formed on (1 1 1) faces of 20at% Yb: YAG (a), (c), (d) - ( x 250); (b) - ( x 500). (B) Etch pit patterns formed on
(110) faces of 20at% Yb: YAG (a), (b) - ( x 250); (c) — (x 100). (C) Etch pit patterns formed on (21 1) face of 20at% Yb: YAG ( x 250).



90 Yang Peizhi et al. | Journal of Crystal Growth 218 (2000) 87-92

3.2. The defects in Yb:YAG

Fig. 2 shows the transmission synchrotron top-
ography of a (110) slice of 20at% Yb: YAG crystal
with (12 1) reflection displaying typical growth de-
fects in Yb: YAG. Growth striations can be clearly
seen on the topograph, which represent the history
of crystal growth and the shape and change of the
solid-liquid (S/L) interface. The topography shows
that the S/L interface is convex towards the melt.
The formation of striations is mainly due to the
fluctuation of growth parameters. The strong stress
field of striae can promote the precipitation of
impurity ions. The striations in topography can be
classified into two categories: one is darker in con-
trast and the striations are thick, which is caused by
melt flux. The other striations are thin and dense,
which is generated by the rotation of crystal and
the fluctuation of temperature. The striations also
show the deviation degree of the temperature field;
near the center of the temperature field the distance
between striations is wide, and far from the center
the distance is narrow. The growth striations can be
reduced through optimizing growth parameters,
but they are not eliminated even when they are
annealed at 1600°C for 36 h in oxygen atmosphere.

Figs. 2a-c also demonstrate dislocation bundles
and dislocation lines towards the crystal periphery
in the upper parts of the Yb: YAG crystal. How-
ever, in the middle parts of Yb: YAG crystal, they
vanish, as shown in Fig. 2d. These experimental
results are in good agreement with those obtained
by chemical etching.

Fig. 3 shows the transmission synchrotron topo-
graphs of a (111) slice of 20at% Yb:YAG with
(210) reflection. Only a part of the whole slice is
presented in Fig. 3a due to the limit of the area of
the light source. Core and side core can be clearly
seen in the topograph, which is a large stress center.
Core and side core are the characteristics of rare-
earth doped YAG grown along the [1 1 1] direction
with convex growth interface. The core is formed
by three {211} facet planes and {110} facet planes,
and the side core is formed by three {211} facet
planes. Generally speaking, rare-earth doped YAG
crystals grown along the [11 1] direction have the
smallest core and show good laser performances.
The difference of temperature field and Yb> " segre-

2mm

Fig. 2. The transmission synchrotron topography of (1 10) slices
of 20at% Yb:YAG parallel to the [111] growth axis with
(121) reflection. (a) — (b) — (c) — (d): from the upper parts to the
middle of the crystal. (A) dislocation bundles originated from
seed—crystal interfaces; (B) dislocation lines; (C) dislocation
bundles originating from impurity or inclusions; (D) core and
side core; (E) growth striations.

—

2mm

Fig. 3. The transmission synchrotron topography of (1 1 1) slices
of 20at% Yb:YAG perpendicular to the [111] growth axis
with (2 1 0) reflection. (a) as-grown crystal; (b) annealed crystal at
1600°C for 36 h. (F) core; (G) side core.

gation induce a small difference in the refractive
index, lattice parameters, stress and Yb®>* doping
level between the core and the other region. The
Yb** concentration is 5% higher in the core area
than in the other areas for 20at% Yb: YAG crystal,
which was determined by measuring the absorption
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Fig. 4. Stress-birefringence of 20at% Yb:YAG in a section
perpendicular to [1 1 1]. (a) As-grown crystal; (b) annealed crys-
tal at 1600°C for 36 h.

spectrum at 850-1150 nm. The core area was large
in the as-grown 20 at% Yb: YAG boule, after being
annealed at 1600°C for 36 h in oxygen atmosphere
the core area was reduced, as shown in Fig. 3b. This
experimental result is consistent with that observed
in the stress-birefringence of 20at% Yb:YAG, as
shown in Fig. 4.

3.3. Dislocation generation and propagation in
Yb:YAG

According to the observations in Figs. 2a—c, the
growth dislocations may originate from the follow-
ing sources: (i) dislocations already existing in the
seed; (i) dislocations produced by nucleation at the
seed—crystal interface, where some defects such as
mechanical damage of the seed end, aggregation of
impurity particles and inclusions, and thermal
shock stress do exist, as shown in Figs. 2a and b.
These dislocations are the main types of source in
the as-grown Yb:YAG crystals; (iii) dislocations
emerging from the impurity particles and inclu-
sions trapped within the crystal during crystal
growth. Comparing Figs. 2a-c, we can see that the
propagation direction of the dislocations is per-
pendicular to the S/L interface and as a result
the dislocations mainly center at the periphery of
the upper parts. This rule can be explained by the
minimum energy principle, since the dislocations
take the shortest way and locate in the lowest
energy state only when they take this way. Deng
[10] found a similar rule in Nd:YAG crystal
Schmidt [11] also found this rule in GGG crystal
and calculated the propagating path of dislocations

with Klapper theory [12]. Therefore, in order to
obtain high-quality Yb: YAG crystal, it is necessary
to choose high-quality seeds free from dislocations
and grow the initial part of the crystal with high-
convex S/L interfaces to eliminate dislocations.

4. Conclusion

The growth defects in [111]-oriented Czoch-
ralski-grown 20at% Yb:YAG single crystal have
been investigated by chemical etching and trans-
mission synchrotron topography. Growth stri-
ations, core and dislocations were the main growth
defects in Yb: YAG. The etch pits on three low-
index faces (111), (110) and (211) have different
shapes. The pit pattern on the (111) face has two
shapes, one is triangular, and the other is six-sided.
The pit pattern on (211) is triangular with a tail
and the pit pattern on (110) is a type of distorted
rhombus. The dislocations mainly originate from
the following sources: (a) dislocations already exist-
ing in the seed; (b) dislocations produced by nuclea-
tion at the seed-crystal interface, where some
defects are present; (c) dislocations emerging from
the impurity particles and inclusions trapped with-
in the crystal during crystal growth. Dislocation
propagation complies with the rule that it is per-
pendicular to the solid-liquid interface. Therefore,
in order to acquire high-quality crystals of
Yb:YAG, it is very important to choose high-
quality seeds and S/L interface should be suffi-
ciently convex for eliminating dislocations in the
initial growth stage.
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