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Abstract: A study was performed on the growth interface of a large-diameter 1 at% neodymium-
doped yttrium aluminum garnet (Nd:YAG) single crystal grown using the Czochralski method.
Red parallel light and an orthogonal polarizing system were used to observe the distribution of the
central and lateral cores of the crystal at different growth interfaces. The solid-liquid interface of
large-diameter Nd:YAG crystal growth was mainly determined via the interaction between natural
and forced convection. The shape of the solid-liquid interface was mainly controlled via maintaining
the crystal rotation rate and the temperature field. Interface inversion generally occurred during the
shoulder-expanding stage and late stages of the growth of the cylindrical portion of the crystal. The
occurrence of interface inversion is directly related to the temperature field, process parameters, and
diameter of the crystal. The growth shape of the crystal interface determined the size and distribution
of the central and lateral cores of the crystal. The area of the central and lateral cores was reduced via
adjusting the temperature gradient of the solid-liquid interface and crystal rotation speed.
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1. Introduction

Doped yttrium aluminum garnet (YAG) crystals are still the popular material for
solid lasers and are the first working material to be used for high-power solids, owing to
their good optical uniformity, excellent mechanical and chemical stability, good thermal
conductivity, and feasibility for industrial production [1-5]. Currently, a gradual increase
in the application of high-power all-solid-state lasers has accelerated the development of
solid-state lasers toward high power levels, efficiency, and beam quality. Consequently,
the demand for high-quality, large, neodymium-doped YAG (Nd:YAG) laser crystals has
grown rapidly [6,7]. The shape of the crystal growth interface plays an important role
in crystal quality. The key technology for realizing high-quality, large-diameter Nd:YAG
crystals is maintaining the stability of solid-liquid interface shape during the growth
process. The shape of the solid-liquid interface is related to the crystal growth mechanism,
crystal growth kinetics, and mass and heat transfer in the melt. The interface provides a
window for viewing the crystal growth mechanism and kinetics, as well as fundamental
phenomena [8] of crystal growth, which are of extraordinary significance for understanding
the shape of the solid-liquid interface. In recent years, a few studies have been conducted
on the solid-liquid interface of large YAG crystals, most of which are performed using
numerical simulations [9-11]. There is a lack of reliable experimental data to validate
the simulation results related to crystal growth, and multiple problems have not been
thoroughly examined. Therefore, to improve the quality of large grown crystals, the
interface shape of large Nd:YAG crystals grown using the Czochralski (CZ) method should
be studied and the relationship between crystal defects and growth interfaces should
be elucidated.

In this study, for the first time, several experiments were performed to investigate the
relationship between the growth interface of large Nd:YAG crystals and the crystal rotation
rate, as well as the temperature field. The results of this study provide guidance on how to
improve the quality of large Nd:YAG crystals.
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2. Experimental
2.1. Crystal Growth

Nd:YAG laser crystals were grown using the CZ method in an iridium crucible heated
via radio-frequency induction. The raw materials of Y,O3 (5N), Al,O3 (5N), and Nd,O3 (6N)
were weighed as per the formula (Y;_xNdy)3Al501,, where x = 0.01. Then, the weighed
raw materials were thoroughly mixed, pressed into a cylinder, and calcined at 1300 °C for
48 h. Finally, the burned materials were placed in an iridium crucible. Subsequently, the
crystals were grown in a DJL-800 furnace (BOET, Beijing, China) at 1970 °C. An Ir crucible
(diameter: 160 mm and height: 160 mm) was selected as the heating element. Nd:YAG seed
crystals in the <111> direction were selected to grow crystals in an Ar atmosphere.

2.2. Central and Lateral Cores Observation

Nd:YAG crystal boules were selected as the experimental samples, and parts of crystals
with the same diameter were obtained by cutting the head and tail of the boules. The central
and lateral cores of the crystal were observed using a red parallel light source (Model LP-80,
Shenzhen HB Laser Ltd., Shenzhen, China). An orthogonal polarizing system (PSV-201,
Suzhou PTC Optical Instrument Co., Ltd., Suzhou, China) was used to measure the stress
induced by central and lateral cores of the crystal.

3. Results and Discussion
3.1. Natural and Forced Convection

Crystal growth occurs under non-isothermal conditions and /or concentration gradi-
ents. Inhomogeneities in the temperature of a fluid result in density variations in the system.
Considering the gravity field, the buoyancy caused by density variations in the fluid is
the driving force for natural convection, i.e., natural convection occurs when buoyancy
overcomes the viscous force in a melt. Forced convection is primarily caused by crystal
rotation. Crystal rotation causes the nearby fluid to achieve a certain acceleration and
produce inertial forces. When these inertial forces are larger than the viscous force of the
fluid itself is, forced convection occurs. An Nd:YAG crystal was grown via heating and
melting a raw material via the medium-frequency induction heating of an Ir crucible. The
radial temperature difference between the crucible wall and center drives natural convec-
tion. The larger the radial temperature gradient is, the stronger the natural convection
is. When natural convection dominates forced convection, the shape of the solid-liquid
interface becomes convex toward the melt. When the conditions of crystal growth remain
unchanged, an increase in the crystal rotation speed causes the forced convection of the
fluid in the crucible to gradually increase, the corresponding natural convection to weaken,
and the solid-liquid interface to gradually become flat or concave.

Experiments were performed to determine the relationship between the crystal rotation
rate and the characteristics of the growth interface. During the growth process, crystals
of the same length were removed from the liquid surface and were labeled “a” or “b”.
The rotation rate was 16-13 rpm for Crystal a and 18-15 rpm for Crystal b. Both types of
crystals had a 65 mm diameter and a 100 mm long cylindrical portion. Figure 1 shows
the central core distribution of Nd:YAG crystals grown under different crystal rotation
velocities (rpm, < rpmy,) and the same temperature field using the orthogonal polarizing
system, as shown by the arrow in Figure 1. Compared to the results for Crystal b, Crystal a
has a clearly smaller central core area (i.e., S, < Sp) and a more convex growth interface.
Reducing the crystal rotation rate under certain conditions during the growth of large
Nd:YAG crystals reduces the area of the central core.
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Figure 1. Central and lateral cores distribution of neodymium-doped yttrium aluminum gar-
net (Nd:YAG) crystals grown at different rotation rates; (a) the rotation rates are 16-13 rpm and
(b) 18-15 rpm.

However, for fixed pulling and crystal rotation rates, variations in the temperature
field can affect the growth interface of crystals. To confirm this hypothesis, we studied
the crystals growing on the shoulder under different temperatures. The crystal shown in
Figure 2a was grown using a temperature gradient across the crucible mouth of ~1 °C/mm.
The temperature gradient across the solid-liquid interface was subsequently increased by
increasing the temperature gradient across the crucible mouth to ~15 °C/mm, resulting
in the crystal shown in Figure 2b. The crystals shown in Figure 2a,b both have a 55 mm
diameter. The growth interface of the crystal shown in Figure 2a is clearly flat, and the melt
flow is non-uniform, reflecting the coexistence of forced and natural convection. The growth
interface of the crystal shown in Figure 2b is convex, and the uniformity and symmetry
of the liquid flow result in natural convection. During the growth of the Nd:YAG crystal,
when the process parameters of crystal growth are consistent, the larger the temperature
gradient at the solid-liquid interface is, and the more convex the growth interface is.

Figure 2. Growth interface of Nd:YAG crystals prepared at the same crystal growth speeds and
different temperatures; (a) the temperature gradients across the crucible mouth of ~1 °C/mm and
(b) 15 °C/mm.

The CZ method with medium-frequency induction heating is used to grow large
Nd:YAG crystals with a convex growth interface. To obtain high-quality crystals, an appro-
priate temperature distribution must be established in the crystal growth system. When the
driving force produced by the temperature gradient across the crucible is consistent with
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gravity, natural convection is considered to be proportional to the dimensionless Rayleigh
number, Ny, [12].
Ng, = agGh*/k, 1)

where « is the coefficient of thermal expansion, g is the acceleration of gravity, G is the
temperature gradient in the melt, & is the depth of the melt, k is the thermal diffusion
coefficient, and v is the viscosity coefficient of the flowing melt. Natural convection can be
strengthened via increasing G and h. However, the liquid level in the crucible gradually
decreases during the crystal growth process, indicating the slow weakening of natural
convection. Natural convection cannot be strengthened by reducing h.
Forced convection in the melt is proportional to the dimensionless Reynolds number,
NRge [12]-
Nge = mwd®y 1, 2

where w is the angular velocity of crystal rotation rate, d is the crystal diameter, and v is the
viscosity coefficient of the flowing melt. Equation (2) shows that forced convection can be
strengthened by increasing the rotation rate and diameter of the crystal during the growth
process. A convex interface can be maintained during the growth of Nd:YAG crystals using
the CZ method with induction heating when natural convection is dominant [13]. However,
during the second half of the crystal growth, the decreasing melt volume in the crucible and
radiation from the exposed crucible wall to the crystal gradually weaken natural convection
in the melt. To ensure that the growth interface of Nd:YAG crystals does not change, the
crystal rotation speed should be properly decreased to reduce forced convection.

Hence, the shape of the solid-liquid interface during the growth of large Nd:YAG
crystals is primarily attributed to the interaction between natural and forced convection.
The balance between natural and forced convection in the melt is the combined effect of
the crystal pulling speed, rotation speed, and thermal field surrounding the crystal. The
shape of the growth interface can be maintained by slowly reducing the crystal rotation
rate and adjusting the temperature gradient across the solid-liquid interface. We used the
theoretical calculation presented above in conjunction with many adjustments of the crystal
growth process and the temperature gradient across the solid-liquid interface to determine
specific temperature conditions for maintaining a convex interface: a crystal diameter of
65 mm, crystal rotation rate of 16-10 rpm, and a temperature gradient across the crucible
mouth of 15-18 °C/mm.

3.2. Interface Inversion

Analysis of the crystal growth interface revealed that forced and natural convection
usually coexist in the melt. While fixing all other processing conditions, gradually increas-
ing the rotation speed of crystals with a fixed diameter and size during equal-diameter
growth will cause the melt to transition from being dominated by natural convection to
being dominated by forced convection. The experimental results show that this transition
in the convective state is sudden. The inversion of the solid-liquid interface is driven by the
interaction between forced and natural convection, and the criterion for this state transition
is given below [14].

d>d. = (geATR372) w172, 3)

where d_ is the critical diameter for the inversion of the crystal interface, g is the acceleration
of gravity, « is the coefficient of the thermal expansion of the melt, R is the radius of the
crucible, & is the depth of the melt, AT is the difference in the temperatures of the melt at
the center and wall of the crucible, and w is the crystal rotation rate.

Consequently, for a given growth system under a constant w, increasing the crystal
diameter, d, beyond d. causes the state of the fluid in the crucible to change from being
dominated by natural convection to being dominated by forced convection. Once the melt
undergoes this state transition, the crystal growth interface undergoes forced convection
circulation; at this time, there is a sudden decrease in heat transfer to the solid-liquid
interface, and the solid-liquid interface suddenly changes from convex to flat or concave,
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which is called interface inversion. Interface inversion causes the crystal to remelt. Interface
inversion often occurs during the transition from crystal turning to equal-diameter growth
or during the late phase of equal-diameter growth. During the late stage of equal-diameter
growth, as the liquid level of the melt falls, radiation from the exposed crucible wall
decreases the radial temperature difference, AT, across the crucible. Equation (3) shows that
the critical diameter, d., decreases as AT decreases, and interface inversion occurs when the
crystal diameter becomes equal to d.. Similarly, the growth interface can be inverted by
increasing the crystal rotation rate.

Interface inversion often occurs during preliminary experiments on Nd:YAG crystal
growth. Figure 3 shows the interface inversion of the crystal during the late stage of
shoulder growth, resulting in the sudden melting of the crystal. Apparently, the crystal
growth interface appeared to be concave. The images obtained using the orthogonal
polarizing system show that stress is distributed over an extremely large area inside
the crystal.

Figure 3. Interface inversion of the crystal during the late stage of the shoulder growth.

Figure 4 shows interface inversion during the late stage of equal-diameter growth
of the crystal. The crystal diameter increases suddenly (the measured diameter increases
by 3 mm), which is accompanied by several scattered particles and stress distribution
over a large area. As we used the automatic diameter-controlled method to control the
crystal diameter, the sensor detected a signal of an increase in the crystal weight within
a certain period of time; however, there was no indication of a sudden decrease in the
crystal diameter after interface inversion. The remelting of the crystal resulted in the sensor
detecting a signal of a sudden decrease in the crystal’s weight, followed by an error message
of a sudden decrease in the crystal’s diameter. The temperature controller immediately
increased the cooling rate after receiving the cooling signal, causing the crystal diameter to
increase suddenly.

Interface inversion strongly affects the crystal quality and generally induces crystal
defects. Thus, interface inversion during crystal growth should be prevented. The occur-
rence of interface inversion is directly related to the temperature field, process parameters,
and diameter of the growing crystal. We performed multiple experiments and successfully
eliminated interface inversion during the growth of large Nd:YAG crystals. The main
measures for preventing interface inversion are given below.
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Figure 4. Interface inversion of the crystal growth during the late stage of the equal-diameter phase.

1. A suitable temperature environment should be designed to maintain a considerably
large temperature gradient across the crystal growth interface to ensure that the
interface remains convex, and a temperature gradient of ~16 °C/mm above the liquid
surface should be achieved during the initial stage of pulling.

2. During the entire crystal growth process, the crystal rotation speed should be con-
trolled at 1610 rpm to ensure that the growth interface remains convex.

3. A suitable crystal growth diameter should be designed; a 160 mm diameter iridium
crucible can be used to grow an Nd:YAG crystal with a diameter below 65 mm. When
the crystal diameter exceeds 65 mm, interface inversion can occur.

3.3. Central and Lateral Cores of the Crystal

A large Nd:YAG crystal produced using the medium-frequency induction CZ method
usually grows with a convex interface, inevitably resulting in central and lateral cores
defects in the crystal. The presence of central and lateral cores severely compromises the
optical uniformity of the crystal. Figure 5a shows the stress region generated by central
and lateral cores of the poor-quality crystal, which was grown experimentally, as observed
using the stress meter, and the central core is shown by the arrow. Figure 5b shows the
crystal growth interface, where the lateral core (arrow) has a large petal shape. Figure 5c
shows the large central and lateral cores of the crystal observed under red parallel light.
The size of the central and lateral cores are important considerations in selecting a crystal.
The reduction and elimination of central and lateral cores of the crystal are critical problems
that need to be addressed to grow large Nd:YAG crystals.

Figure 5. (a) Stress region generated by the central and lateral cores of the crystal observed using a
stress meter. (b) Large petal-shaped central core of the crystal. (c) Large central and lateral cores of
the crystal observed under red parallel light.
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3.3.1. Reducing the Central Core of the Crystal

The solid-liquid interface of a crystal growing in a melt is typically rough. When the
rough surface is parallel to a low-index surface of the crystal, a facet appears. The low-index
surfaces of the Nd:YAG crystal are primarily {211} and {110} facets, and the position and
number of facets that appear are primarily determined by the orientation of the seed crystal
and the shape of the solid-liquid interface. Generally, Nd:YAG crystals are grown with
a convex interface using seed crystals oriented in the <111> direction, three {211} facets
with an angle of 19°28’, and with the <111> direction at the top of the interface [15]. The
crystal facet, known as the central core of the crystal, has the highest concentration of
impurities and stresses, as shown by the yellow area and central core position of the crystal
in Figure 5a. Previous studies [16] have demonstrated that the Nd3* concentration of the
central core is 20% higher than that outside the central core.

Assuming that the solid-liquid interface of the crystal growth is a rough surface, where
o represents the free energy in any direction and 0 represents the angle between the {211}
facet and the curved, rough surface, the following expression is satisfied:

0 cos 6 = 011y, 4)

where op11) is the surface free energy of the {211} facet [17]. The {211} facet only appears
after the {111} facet has become stable. Increasing the convexity of the solid-liquid interface
or overheating the melt reduces the faceted area or hinders the formation of facets.

Considering the above analysis in conjunction with the actual growth characteristics
of large Nd:YAG crystals, we appropriately increased the temperature gradient across the
solid-liquid interface by adjusting the heat dissipation of the thermal insulation system
during the crystal growth experiment. The growth of the crystal’s central core was con-
siderably reduced by continuously adjusting the rotation speed over the different growth
stages of the crystal. Figure 6 shows the core distribution (blue area) of a 65 mm diameter
Nd:YAG crystal observed using the stress meter. The crystal was grown along the <111>
direction by adjusting the temperature field and using a crystal rotation rate of 14-11 rpm
during the cylindrical growth stage. The area of the crystal central core area is effectively
reduced, and stress is generated over an extremely small area.

Figure 6. Distribution of the central core of the Nd:YAG crystal grown in the <111> direction after
adjusting the temperature field, as observed by an orthogonal polarizing system.

3.3.2. Reducing the Lateral Core of the Crystal

The formation of a lateral core in the Nd:YAG crystal grown using the CZ method
with a convex interface is primarily attributed to the growth of the {110} facet. When the
{110} facet is tangent to the solid-liquid interface, small crystal facets are formed on the
growth interface. The growth of these small crystal facets results in the formation of a
lateral core in the crystal.
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Brice [18] derived an expression for the crystal facet size considering the difference
between the growth mechanisms of singular and non-singular planes and corresponding
kinetic laws.

b* = 2RAT/G, (5)

where G is the temperature gradient across the solid-liquid interface, AT is the undercooling
of the interface, and R is the radius of curvature of the interface. Equation (5) shows that
the area of the lateral core of the crystal can be reduced by decreasing R and AT and
increasing G.

Considering the growth characteristics of large Nd:YAG crystals, we chose to reduce
the area of the small surface by adjusting G at the solid-liquid interface, which is the most
effective and feasible way of reducing the lateral core. The results of many experiments
showed that the central and lateral cores of Nd:YAG crystals were reduced by increasing
the temperature gradient above the liquid level to ~16 °C/mm. Figure 7a,b shows the
lateral core of the crystal observed under red parallel light before and after changing the
temperature gradient, respectively. The areas of the central and lateral cores of the crystal
before the improvement were relatively large, whereas after the improvement, the areas
were considerably reduced.

Figure 7. Lateral core of an Nd:YAG crystal observed under red parallel light (a) before and (b) after
improving the temperature gradient.

4. Conclusions

We performed several experiments to study the growth interface of large Nd:YAG
crystals. The solid-liquid interface shape associated with crystal growth was controlled via
the interaction between natural and forced convection. The balance between natural and
forced convection in the melt was achieved due to the combined effect of the interaction of
the crystal pulling speed, crystal rotation speed, and thermal field surrounding the crystal.
The convexity of the growth interface can be increased by increasing the temperature
gradient of the solid-liquid interface or decreasing the crystal rotation rate. The more
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convex the growth interface is, the smaller the central and lateral cores of the crystal are.
During the crystal growth process, the growth interface was controlled by slowly reducing
the crystal rotation rate and increasing the temperature gradient across the solid-liquid
interface. Interface inversion generally occurred during the shoulder stage and late stage of
the cylinder phase of crystal growth. The occurrence of interface inversion was directly
related to the temperature field, process parameters, and diameter of the grown crystal.
The interface inversion of large Nd:YAG crystals was successfully eliminated by designing
a suitable temperature environment for crystal growth, continuously reducing the crystal
rotation rate, and ensuring a suitable diameter for the growing crystal. The areas of the
central and lateral cores of the crystal were considerably reduced by increasing the temper-
ature gradient across the solid-liquid interface and adjusting the rotation speed at different
growth stages of the crystal. The experimental results show that under the conditions of
a crystal rotation rate of 16-10 rpm and a temperature gradient of 15-18 °C/mm, high-
quality Nd:YAG crystals with a diameter of 65 mm can be grown, with smaller central and
lateral cores, and the interface inversion phenomenon is avoided.
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