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Abstract: The effect of an insulation lid on the growth of 4-inch β-Ga2O3 single crystals by the
Czochralski method is analyzed by numerical simulation. The insulation lid mainly hinders upward
radiant heat transfer from the melt and crucible and increases the axial temperature gradient in the
crystal. Such benefits make the melt/crystal interface convex, which is conducive to suppressing
spiral growth and growing large crystals with high quality. Materials with low thermal conductivity
λ and low emissivity ε are the optimal choices for making an insulation lid. The inner hole has a
great influence on the isolation of radiant heat, and it is determined that the maximum size of the
inner diameter Din should not be larger than 130 mm. Thermal stress analysis results indicated that
the insulation lid will cause a better stress distribution, illustrating the effect of the insulation lid on
the quality of a cylindrical crystal.
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1. Introduction

Gallium oxide (β-Ga2O3) is an ultra-wide bandgap (UWBG) semiconductor that
has attracted much attention in recent years due to its ultra-wide bandgap width and
high breakdown electric field strength, as well as its large optical transmission range and
high-quality factor of Baliga’s figure of merit (BFOM) [1,2]. Because of its outstanding
properties, it has obvious advantages in applications for high-voltage power devices such
as metal oxide semiconductor field effect transistors (MOSFETs), Schottky barrier diodes
(SBD), and deep ultraviolet (DUV) photodetectors [2–4]. There have been many basic
studies on β-Ga2O3, such as those about defects and impurities, leading to β-Ga2O3 being
successfully applied as a material for power electronics and optoelectronics of the DUV
range [5]. β-Ga2O3 single crystals with a large diameter and high quality are required by
the rapid expansion of market requirements [6]. Therefore, melting growth methods that
can obtain high-quality β-Ga2O3 crystals at low cost have become the preferred choice and
research focus, such as the Czochralski (CZ) method [7–12], edge-defined film-fed growth
(EFG) method [13–16], Bridgman method [17,18], and optical floating-zone method [19,20].
Among them, the CZ method enables the growth of columnar β-Ga2O3 single crystals with
a large diameter, which is conducive to the preparation of wafers with different orientations.
However, Galazka et al. [9] reported that spiral growth usually occurs in the growth of
β-Ga2O3 single crystals by the CZ method due to the free carrier absorption of β-Ga2O3
crystals in the near-infrared (NIR) wavelength range. For the growth of crystals with a large
diameter, i.e., 2 inches or larger, the solutions they propose are lowering the free electron
concentration in the crystal or inducing an insulating state when doped with Mg, which
provide a high rate of heat removal from the growth interface [8]. However, for crystals
with a high free electron concentration, there is not yet an effective approach. Spiral growth
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is mainly caused by the concave interface [1,21]; thus, modifying the interface shape is
conducive to suppressing spiral growth.

Numerical simulation is an effective tool to study heat transfer in crystal growth and
design a thermal field subsequently, which is conductive to solving the problem mentioned
above. Researchers have conducted many numerical works to build models and analyze the
heat transfer in CZ growth, leading to the optimization of design of the thermal field, such
as the optimizations of the crucible position [22], heat shield design [23,24], radio frequency
(RF) coils’ position [25,26], furnace enclosure shape [27], and so on. Tang et al. [28] mainly
simulated the flow field of a Ga2O3 melt and analyzed the difficulties of growing large-size
bulk β-Ga2O3 single crystals via CZ growth. Furthermore, the quality of crystals is greatly
affected by stress, which makes the study of stress essential. Miller et al. [29] provided
a numerical model of the CZ growth of β-Ga2O3 single crystals and analyzed the three-
dimensional (3D) simulation of thermal stress. In the present work, we introduce a CZ
growth system with an insulation lid, which is a feasible idea for the growth of high-quality,
4-inch β-Ga2O3 single crystals by the CZ method. The insulation lid can effectively increase
the temperature gradient in the crystal, which is conducive to modifying the interface
shape and suppressing spiral growth. It is effective even for crystals with high free electron
concentrations. The effect of the insulation lid is first analyzed by temperature distributions
and the corresponding melt/crystal interface shapes. The heat transfer of the insulation lid
is also analyzed to clarify its concrete effect on different heat transfer modes. The material
parameters and the effect of the insulation lid’s inner hole are also discussed to determine
the material selection and the size of the inner diameter. At last, the Von Mises stress
distributions in crystals grown without or with an insulation lid are compared to illustrate
its effect on the quality of cylindrical crystals.

2. Numerical Models
2.1. Geometric Model and Material Properties

Figure 1 shows the CZ system for the growth of a 4-inch β-Ga2O3 single crystal,
consisting of an insulation lid, a crucible, a seed rod, a RF coil, and insulation components.
The insulation lid is circular in structure, with an inner hole allowing the seed and crystal
to pass through. It is located above the free surface of the melt and can be placed at the
crucible mouth or suspended by an extra lifting device. The crucible is made of iridium,
and its inside diameter is set as 200 mm to satisfy a crystal/crucible ratio approach of
0.5 [10] and a crucible aspect ratio of 0.45 (i.e., the crucible height is 0.45 times the crucible
diameter). The seed rod is made of iridium and provides a pulling rate of 1.5 mm/h and
a rotation rate of 2 RPM. The pulling direction is parallel to the [010] crystal orientation.
The insulation components surrounding the crucible provide a suitable environment for
crystal growth, and the viewing window on the side is ignored in the present simulation
work. In the absence of specific instructions, the atmosphere in the growth furnace is set
to be composed of Ar gas. The material properties utilized in the present simulation are
summarized in Table 1.

Table 1. Material properties of β-Ga2O3 melt and crystal [30,31].

Properties Symbol Melt Crystal

Density ρ (kg/m3) 6217.35-0.65T 5974.5-0.0815T
Specific heat Cp (J·kg−1·K−1) 850 700

Thermal conductivity λ (W·m−1·K−1) 4.3 32,800 × (1/T)1.27

Emissivity ε 0.5 0.3
Melting point Tm (K) / 2093

Latent heat ∆H (kJ/kg) 533.5 /
Viscosity µ (Pa·s) 0.05 /
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Figure 1. Schematic diagram of CZ system for 4-inch β-Ga2O3 single crystal growth.

2.2. Mathematical Models

The stable growth stage of a β-Ga2O3 single crystal is modeled in present work. A
two-dimensional (2D) axisymmetric model was established to analyze the global heat
transfer problem, taking into account the melt convection coupled to the gas flow. The
following assumptions are made in the global model:

(1) The CZ system is quasi-steady-state due to relatively low crystallization rates. (2)
The melt is composed of incompressible Newtonian fluids which satisfy the Boussinesq
approximation. (3) The gas is incompressible, and the gas flow satisfies the low Mach
number approximation and the ideal gas law. (4) Radiative heat exchange between any
solid surfaces through a non-participating fluid is accounted for on the assumption of
gray-diffusive surface radiation. (5) Because of the free carrier absorption of the β-Ga2O3
crystal in the near-infrared (NIR) wavelength range [9], in the present work, the crystal
domain is assumed to be opaque to reach a limit state of NIR absorption. Based on the
above assumptions, the governing equations are as follows [32,33]:

In solid domains (with induction heating):

∇·(λs∇T) + Q = 0 (1)

In solid domains (without induction heating):

∇·(λs∇T) = 0 (2)

In the melt domain:
∇·⇀u = 0 (3)

ρ
⇀
u ·∇⇀

u = −∇ρ +∇·τ̂ + ρβ(T − T0)
⇀
g (4)

ρ
⇀
u ·∇T = ∇·

((
µ

Pr
+

µt

Prt

)
∇T

)
(5)

In the gas domain:
∇·

(
ρg

⇀
u g

)
= 0 (6)

ρg
⇀
u g·∇

⇀
u g = −∇pg +∇·τ̂ +

(
ρg − ρ0

)⇀
g (7)

∇·
(

ρg
⇀
u gCpgT

)
= ∇·

(
λgT

)
(8)
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Radiation transfer on the surface:

sinθ

r

[
cosϕ

∂(rIrad)

∂r
− ∂(sinθ Irad)

∂ϕ

]
+ cosθ

∂Irad
∂z

+ βrad Irad = Frad (9)

Irad =
(1− ε)qinc

rad
π

+ εσT4 (10)

At the melt/crystal interface:

Vcrys =
1

ρcrys·H

(
λcrys

∂Tcrys

∂n
− λmelt

∂Tmelt
∂n

)
(11)

where λs is thermal conductivity in solid domains, T is temperature, Q is the heat source,
⇀
u is melt velocity, ρ is the density, τ̂ is the stress tensor, β is the thermal expansion coeffi-
cient, T0 is the melt reference temperature,

⇀
g is the gravity vector, µ is the melt dynamic

viscosity, µt is the turbulent effective viscosity, Pr is the Prandtl number, Prt is the tur-
bulent Prandtl number taken to be 0.9, ρg is the density of gas,

⇀
u g is melt velocity, pg is

gas pressure, ρ0 is the reference density, Cpg is specific heat, λg is heat conductivity of
gas, Irad = Irad(r, Ω) is the radiation intensity at point r = (x, y, z) = (rcosϕr, rsinϕr, z)
in the direction Ω = (x, y, z) = (sinθcosϕΩ, sinθsinϕΩ, cosθ), ϕ = ϕΩ − ϕr, βrad is the ex-
tinction coefficient, Frad is the scattering integral, ε is the thermal emissivity of the opaque
media, qinc

rad is the radiative heat flux that is incident upon the surface, σ is the Stefan–
Boltzmann constant, Vcrys is the growth velocity at the melt/crystal interface, ρcrys is the
crystal density, ·H is the latent heat, λcrys and λmelt are the thermal conductivity of crystal

in the crystal and melt, respectively, and ∂Tcrys
∂n and ∂Tmelt

∂n are the normal derivatives at the
interface in the crystal and melt, respectively.

In addition, the 3D anisotropic thermal stress in a β-Ga2O3 crystal was also analyzed
in the present work. Thermal stress is not a strong coupling problem with heat transfer, so
there is no need to make any back coupling from 3D to 2D axisymmetric simulations. There-
fore, a 3D model is modeled for only the β-Ga2O3 crystal, with the boundary conditions
taken from the geometrical shapes and the temperature data of 2D axisymmetric simulation
results, as reported by Miller [29]. The thermal stress model and the corresponding material
properties refers to [29].

3. Results and Discussion
3.1. Effect of the Insulation Lid

Figure 2a compares the temperature distributions of the CZ system with and without
the insulation lid, and their corresponding melt/crystal interface shapes are shown in
Figure 2b. The insulation lid here is set as opaque and given a low thermal conductivity
value (0.15 W·m−1·K−1) and an emissivity value (0.8), which are common in superior oxide
insulation. The melt/crystal interface deflection is defined as the distance convex to the melt
relative to the horizontal height of the triple point (shown as the reference line in Figure 2b).
The melt/crystal interface in the CZ system without the insulation lid shows an obviously
concave shape, but the one with the insulation lid shows a significantly convex shape,
which is conducive to suppressing spiral growth and promoting crystal growth. It should
be mentioned that the crystal is assumed to be opaque in the present work, which is the
worst case for heat dissipation at the melt/crystal interface. Galazka et al. [9,11] reported
that high free electron concentration will lead to low transmittance in the NIR spectral
region and is not conductive to removing the latent heat of crystallization from the growth
interface. This indicates that the insulation lid can still make the melt/crystal interface
convex even for a 4-inch β-Ga2O3 single crystal with a high free electron concentration.
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Figure 2. (a) Temperature distributions of the CZ system. Left: without, and right: with insulation
lid. (b) The corresponding melt/crystal interface shapes in (a).

As shown in the left side of Figure 2a, for the CZ system without the insulation lid,
the temperature is relatively uniform and high in all the space above the melt; thus, the
crystal exhibits a low axial temperature gradient ∂T/∂y, leading to a low growth velocity
Vcrys and a concave shape of the melt/crystal interface. Axis y is set to be consistent with a
symmetry axis orientation. Nevertheless, as shown in right side of Figure 2a, the insulation
lid hinders upward heat transfer from the melt and crucible and significantly lowers the
temperature in the space above the insulation lid. For this reason, the crystal shows a high
axial temperature gradient ∂T/∂y, leading to a high growth velocity Vcrys and a convex
shape of the melt/crystal interface.

3.2. Heat Transfer Analysis

As mentioned above, hindering upward heat transfer from the melt and crucible is
the key for the positive effect of the insulation lid. As we all know, there are three heat
transfer modes: thermal conduction, thermal convection, and thermal radiation. Thus, it is
necessary to clarify the concrete effect of the insulation lid on different heat transfer modes.
The heat is mainly transferred from the bottom up, so the undersurface of the insulation
lid is selected for heat transfer analysis. Figure 3a shows the average heat flux of thermal
conduction (qcond), thermal convection (qconv), and incoming thermal radiation (qrad) on
the undersurface of the insulation lid. Obviously, qrad and qconv are positive values, and
qrad is five orders of magnitude larger than qconv, which means radiant heat is dominant
in the heat hindered by the insulation lid. The qcond is a negative value because a portion
of heat is lost by thermal conduction of the insulation lid. We have made three groups of
confirmatory simulations to verify the correctness of the above conclusion. In one group,
the insulation lid is set as transparent to allow radiant heat to pass through. Oppositely, in
the other group, the atmosphere is set as a vacuum to make sure the insulation lid can only
receive radiant heat from external objects. The group without the lid is set as the control
group. Figure 3b shows the melt/crystal interface shapes in the groups without the lid and
with the transparent lid. Both of them are almost the same, but they are quite different from
the group within the vacuum atmosphere, which is also very close to the curve shape of
the one with the lid in Figure 2b. This indicates that hindering radiant heat is the cause of
the melt/crystal interface being convex, which well verifies the conclusion above.
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Figure 3. (a) Average heat flux of thermal conduction, thermal convection, and incoming thermal
radiation on the undersurface of the insulation lid. (b) The melt/crystal interface shapes in CZ
systems that without lid, with transparent lid, and within vacuum atmosphere.

3.3. Material Parameters Selection

As shown in Formula (10) of Section 2.2, the radiation intensity Irad can be described

by two parts; (1−ε)qinc
rad

π is the reflected radiation intensity, and εσT4 is the emission radiation
intensity of the insulation lid, both of which determine the radiant intensity. Therefore,
when the insulation lid is opaque, the Irad of the insulation lid reflects the amount of radiant
heat hindered by the insulation lid. According to Formula (10), when the incident radiative
heat flux qinc

rad is a certain value, Irad is dependent on the emissivity ε and the temperature T
on the undersurface of the insulation lid. The surface temperature T is directly related to
the thermal conductivity λ of the insulation lid: the lower the λ, the higher the T. Figure 4a
shows the curves of the melt/crystal interface deflection versus the λ of the insulation lid.
The melt/crystal interface deflection decreases with the increase of the λ because a larger λ
will cause more heat loss by thermal conduction of the insulation lid and lower T on the
undersurface of the insulation lid, leading to a smaller Irad. Figure 4b shows the curves of
the melt/crystal interface deflection versus the ε of the insulation lid with both low and
high λ. The melt/crystal interface deflection has no obvious change with the enhancement
of the ε when λ is as low as 0.15 W·m−1·K−1. This is because that the radiant heat can
hardly transfer upward due to the low λ of the insulation lid and is transferred back by the
emission radiation of the insulation lid, leading to a high temperature gradient in the crystal.
Comparatively, the melt/crystal interface deflection decreases with the enhancement of
the ε when λ is as high as 10 W·m−1·K−1. This is because that the lower ε is, the more the
radiant heat is transferred back by the reflected radiation of insulation lid undersurface.
Therefore, in order to form a convex interface, the insulation lid needs to be composed of
materials with low λ and low ε.

Figure 4. The curves of the melt/crystal interface deflection versus (a) thermal conductivity and (b)
emissivity of the insulation lid.
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The insulation lid should be made of materials suited to an oxygen-containing atmosphere
at high temperatures due to the harsh environments of β-Ga2O3 single crystal growth. Ir metal
and ZrO2 material are the preferred materials for making the insulation lid. Figure 5 shows the
effects of insulation lids made of different materials. The values of ε and λ refer to the physical
property parameters of common commercial materials: 147 W·m−1·K−1 and 0.3 for Ir metal, and
0.15 W·m−1·K−1 and 0.8 for ZrO2 material. As shown in Figure 5b–e, the melt/crystal interface
with the applied ZrO2 lid is more convex than the one for the applied Ir lid, indicating that a
ZrO2 lid can isolate more heat than an Ir lid, which is conducive to scaling up the crystal diameter
and suppressing spiral growth. However, the ZrO2 lid is at risk of cracking and dropping
into the melt at high temperatures, so it has to be applied with Ir metal. Figure 5d shows a
structure of a 3 mm thick ZrO2 lid connected concentrically with a 2 mm thick Ir lid below. The
melt/crystal interface has a convex shape and is very close to the one seen with the applied
ZrO2 lid. Therefore, the Ir lid + ZrO2 lid is the optimum selection. In addition, all the lids in
Figure 5b–d are effective in solving the concave interface problem compared to not using a lid.

Figure 5. Simulation results of the CZ system (a) without an insulation lid, and with an insulation lid
made of the following materials: (b) Ir, (c) ZrO2, and (d) Ir+ZrO2, respectively. (e) The corresponding
melt/crystal interface shapes in (a–d).

3.4. Effect of Inner Diameter

The insulation lid is circular structure, with an inner hole allowing the seed and crystal to
pass through, so the inner diameter Din has a great influence on the isolation of radiant heat.
In order to determine the size of the Din, the relationship between the Din and the interface
deflection was studied, as shown in Figure 6a. The melt/crystal interface deflection decreases
with the increase of the Din because more radiant heat is lost by passage through the inner
hole. When the Din increases to 130 mm, the melt/crystal interface deflection decreases to
negative value, and the interface becomes concave in shape. Therefore, the Din should not
be larger than 130 mm in this case. Figure 6b shows radial temperature distributions in the
presence of insulation lids with different Din values, and the slope of each curve represents the
corresponding radial temperature gradient at the melt’s free surface.

Figure 6. The curve of (a) the melt/crystal interface deflection and (b) radial temperature distributions
versus inner diameter Din of the insulation lid from 110 mm to 150 mm. The inset is an enlarged
portion near the triple point.
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The radial temperature gradient decreases with the increase of the Din, which is benefi-
cial to a more stable control of the crystal diameter and helps avoid the poly-crystallization
caused by the fast expansion of the crystal diameter. Furthermore, all the temperatures
with an insulation lid on the crucible wall (radial position = 100 mm) are lower than the
one without an insulation lid, which is conducive to suppressing the decomposition of the
Ga2O3 melt and the corrosion of the crucible.

3.5. Thermal Stress Analysis

The high axial temperature gradient ∂T/∂y in the crystal caused by the insulation lid
can improve the shape of the melt/crystal interface, but it also brings a risk of increasing
thermal stress. In this section, all physical properties and orientations discussed refer to the
Cartesian reference system shown in Figure 7a. Axes y and z are parallel to the [010] and
[001] crystal orientations, respectively, and the pulling direction of the crystal is parallel
to axis y. Axis x is perpendicular to the (100) facet but not parallel to the [100] crystal
orientations, which are parallel to the axis x* and have an angle of 103.7◦ to axis z [29].
β-Ga2O3 has two cleavage planes parallel to {100} and {001}. In order to show the 3D stress
distribution inside the crystal, two cross sections parallel to the (100) and (001) facets are
taken, as shown in Figure 7b.

Figure 7. (a) Unit cell of β-Ga2O3 in standard coordinate system. (b) Schematic diagram of two cross
sections in a cylindrical crystal.

Figure 8 compares the Von Mises stress distributions in crystals which are grown
without or with an insulation lid. The distributions of those with an insulation lid are
also shown, with the crystal length Lcl = 35 mm and 95 mm, respectively. The crystal
length Lcl here is defined as the axial length from the shoulder position where the constant
diameter growth started to the triple point. For the crystal grown without insulation lid,
the stress inside the crystal is small because the temperature gradient is low because of
the low ∂T/∂y, as shown in Figure 2a. However, obvious stress concentration appeared
in the center of the melt/crystal interface and the position near the triple point. This may
lead to more dislocation multiplication and reduce the effective area of the wafer. For the
crystal grown with an insulation lid, stress mainly concentrated on the crystal surface,
especially on the surface close to the insulation lid, but the stress shows no significant
increase inside the crystal. According to the distribution in the (100) section, there is stress
concentration near the center of the melt/crystal interface and on the shoulder. However,
on the melt/crystal interface, stress distributes lower in the center and higher in the outer
edge, and the stress in the center is reduced compared with the crystal made without a
lid. As the crystal grows to 95 mm in length, the stress on the melt/crystal interface and
the shoulder decreases significantly and is basically distributed only at the outer edge.
This indicates that the insulation lid will cause a better stress distribution, which inhibits
dislocation multiplication in the center of the cylindrical crystal and will increase the
effective area of the wafer.
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Figure 8. Von Mises stress distributions in crystals grown without an insulation lid, with an insulation
lid (crystal length = 35 mm), and with an insulation lid (crystal length = 95 mm). (a) 3D distribution
and plane distributions in (b) the (100) section and (c) the (001) section. The boundary condition of
fixed constraint is added at the top surface of the seed.

4. Conclusions

The effect of an insulation lid on 4-inch β-Ga2O3 single crystals growth by the Czochral-
ski method is analyzed by numerical simulation. The insulation lid can hinder upward
radiant heat transfer from the melt and crucible and increase the axial temperature gradient
in a crystal. As such, the use of the insulation lid makes the melt/crystal interface form
a convex shape, which is conducive to suppressing spiral growth and promoting crystal
growth. This indicates that the insulation lid can provide a favorable temperature distribu-
tion for 4-inch β-Ga2O3 single crystal growth, even with a high free electron concentration.
Selecting the appropriate materials and size of the insulation lid is not only conducive to
making the melt/crystal interface convex, but also facilitates better suppression of Ga2O3
melt decomposition and crucible corrosion. The insulation lid will also cause a better
stress distribution, which inhibits dislocation multiplication in the center of the crystal
and increases the effective area of the wafer. Taken together, adding an insulation lid may
be a feasible idea for the growth of high-quality, 4-inch β-Ga2O3 single crystals by the
Czochralski method.
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