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This study focuses on the edge-defined film-fed growth (EFG) method for growing Yb:YAG crystals,
analyzing the relationships among insulation structures, temperature gradients, and the driving force for
crystal growth. We investigated the temperature field through 3D numerical simulation and examined
how different insulation thicknesses modulate the axial temperature gradient near the die top and the
radial temperature distribution on the die top surface. By incorporating the axial temperature gradient
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into the pressure and heat balance equations at the meniscus, we derive the limiting ranges of the
process parameters, which provide guidance for successfully growing high-quality crystals. Subsequent
DOI: 10.1039/d5ma01160d measurements of X-ray excited luminescence (XEL) spectra and decay times revealed that the

luminescence characteristics of the EFG-grown crystals are comparable to those of crystals grown by
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1. Introduction

Yb ion doped Y3;Al;0,,(Yb:YAG) crystals, serving as the core
materials for functional devices in domains of precision man-
ufacturing, national defense, and high-energy physics, have
demonstrated broad application prospects in the fields of laser
technology and scintillation detection.'™ Since Johnson et al.
achieved the laser oscillation of Yb** doped YAG crystals in
1965," research on the laser performance of Yb:YAG crystals has
attracted much attention. Yb:YAG laser crystals exhibit no
excited-state absorption and up-conversion, and exhibit the
advantages of a broad absorption band and long fluorescence
lifetime.>” Meanwhile, Yb:YAG crystals are ultrafast scintilla-
tors. Since Guerassimova et al. first reported that the decay time
of Yb:YAG crystals under room temperature X-ray excitation was
2 ns in 2001,° the immense potential of Yb:YAG crystals in
ultrafast pulse radiation diagnosis was discovered.

At present, the primary method for growing large-sized
Yb:YAG crystals is the Cz method. In 2023, Beijing Opto-
Electronics Technology Co., Ltd used the Cz method to grow
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Yb:YAG crystals with a diameter of 10 inches.’ However, the Cz
method entails lengthy growth cycles and high costs, particu-
larly for the iridium crucibles required for growing large
crystals. The limited crystal size restricts equipment advance-
ment. Therefore, in order to meet strategic and application
demands, there is an urgent need for a new technology to grow
Yb:YAG crystals. The edge-defined film-fed growth (EFG)
method is widely used in the growth of sapphire, gallium oxide
and other crystals, with advantages including low growth cost,
short growth cycle, and controllable crystal shape.'®"" Cur-
rently, numerical simulations of EFG growth are primarily
applied to sapphire and gallium oxide crystals."*** Our
research group has previously successfully grown Yb:YAG crys-
tals using the EFG method."™*

In the process of crystal growth by the EFG method, the
control of growth stability is a critical factor to ensure the
successful growth of high-quality crystals."> However, the main-
tenance of stability faces many challenges. Edmundo et al.
established the thermal radiation model of Cz-grown YAG
crystals, confirmed the influence of the enclosing top surface
on the solid-liquid interface temperature, and revealed that
there was a dynamic limit temperature range.'® D. Schwabe
et al. studied the impact of crystal rotation speed on the flat
interface.”” In order to enhance the homogeneity of YAG
crystals grown by the Bridgman method, Lan et al. developed
a numerical simulation of facet formation that could predict
radial and axial abnormal segregation."® Jyotirmay simulated
YAG and Nd:YAG to study the influence of temperature
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Fig. 1 Schematic diagram of the EFG furnace for growing the Yb:YAG
crystals. 1-Graphite carbon felt; 2-resistance heaters; 3-Yb:YAG raw materi-
als; 4-lifting rod; 5-Yb:YAG crystals; 6-crucible cover; 7-die; and 8-crucible.

distribution on the shape of the solid-liquid interface.'® Quan
et al. investigated the issue of interface inversion in the Cz-
grown Nd:YAG crystals.”® Aleksandar et al. calculated the
growth conditions for Nd:YAG by combining the Reynolds
and Grashof numbers, and obtained coreless single crystals.>"
Although our group has previously demonstrated the feasibility
of growing Yb:YAG crystals via the EFG method,"* that pre-
liminary work primarily focused on process verification and
lacked a systematic optimization of the thermal environment.
In the present work, the die width was increased to enable the
growth of larger-sized crystals. However, this dimensional
expansion inevitably amplifies the radial temperature gradient
across the die top surface, making the precise control of the
surface temperature difference significantly more critical than
in smaller-scale experiments. Unlike the well-established ther-
mal models for EFG-grown sapphire or gallium oxide, or the
closed thermal systems of Cz-grown YAG, the large-scale EFG
growth of Yb:YAG faces unique challenges in balancing the
high axial temperature gradient required for crystallization
driving force against the low radial temperature difference
needed to suppress cracking and flat shoulder defects. Existing
studies have rarely addressed how specific insulation config-
urations can decouple these two conflicting thermal require-
ments. In this study, we propose regulating the graphite carbon
felt thickness on the crucible cover to independently tune axial
and radial temperature distributions.

To analyze crystal growth stability, we integrated a 3D global
numerical simulation with a 2D meniscus model to establish
an optimal temperature field for large crystal growth. We
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Table 1 Physical properties of the main materials used in the simulation

Material Variable Value

Y;Al;0,, melt Density (g cm ™) 3.6

Thermal conductivity (W m™ K™') 4

Heat capacity (J kg™' K™) 800
Dynamic viscosity (kg m™" s7*) 4.6 x 10?
Melting point (K) 2243
Thermal expansion (1/K) 1.8 x 10°
Surface tension (N m ™) 0.781
Growth angle (°) 17¢
Emissivity 0.3
Y;Al50,, crystal Density (g cm ) 4.3

Thermal conductivity (W m™' K™") 8
Heat capacity (J kg~' K1) 390
Emissivity 0.9

Latent heat of solidification (k] kg™') —455.4
Molybdenum Density (g cm ™) 10.28
Thermal conductivity (W m™" K~') 138
Heat capacity (J kg™' K™) 250
Emissivity 0.3
Graphite Density (g cm ™) 2.09

Thermal conductivity (W m™' K™") 80
Heat capacity (J kg~ K™ ) 1760
Density (g cm ™) 180
Thermal conductivity (W m ' K™') 1.5
Heat capacity (J kg~ K™ ) 1800

Graphite carbon felt
“ These values are the physical properties of the Al,O; melt.*?

investigated the influence of axial and radial temperature
distributions on crystal growth and adjusted the growth process
parameters to determine the appropriate range of pulling
speed. Through numerical simulations and optimization of
process parameters, the large-sized and high-quality Yb:YAG
crystals were successfully grown.

2. Experimental and simulation
description

2.1. Description of the EFG system for Yb:YAG crystals

The Yb:YAG crystals simulated in this paper are doped with a
low concentration of the Yb element, and the Yb concentration
is 0.1 at%. Fig. 1 illustrates the EFG insulation material system
for Yb:YAG, which consists of a molybdenum crucible, molyb-
denum die, a molybdenum crucible cover, resistance heaters, a
lifting rod, Yb:YAG crystals, Yb:YAG raw materials and insula-
tion materials - graphite carbon felt. The physical properties of
the main materials are detailed in Table 1.>*> The die with a
cross section of 300 x 10 mm? is placed in the center of the
crucible, and there is a slit with a width of 0.35 mm at the die
center. After being heated by resistance heaters, the raw mate-
rial in the crucible is melted. The existence of the slit makes the
melt in the crucible rise to the top of the die via capillary force,
subsequently forming a melt meniscus at the top of the die.
Insulations are arranged around the die top, and their shapes
and dimensions can be adjusted to affect the temperature field.

2.2. Numerical simulation of the temperature field

A global numerical simulation of the temperature field within
the furnace was conducted using the finite volume method in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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ANSYS Fluent software, with the numerical model employing
an unstructured mesh. Temperature continuity and conser-
vation of heat flux density are ensured at the internal
boundaries of two neighboring domains. Radiation heat
transfer is calculated by the discrete ordinates method. It
assumes a constant temperature (300 K) in the outermost
layer of the system. The following assumptions are employed
to simplify the model: (1) the argon gas in the furnace
chamber is characterized as an ideal gas; (2) all radiative
surfaces exhibit diffuse-gray; (3) the melt flow is laminar flow
and exhibits Newtonian incompressible behavior, with nat-
ural convection being considered using the Boussinesq
approximation. The turbulence model is employed to simu-
late the gases within the furnace.*** Due to the low concen-
tration of Yb doping, this numerical simulation can also be
applied to YAG crystals.

The governing equations for flow and temperature field are

as follows:"*"?
In the melt:
V- (1)
o1y Vuy = =Vp, — Vot + pipig(Ty — Tm) (2)
piCoi VT, = kV-VT, (3)
In the gas:
V(pgug) =0 (4)
Pglly Vilg = =Vpg — VT + pog (5)
peCrgligVTy = —ksV-VT, (6)
Py = Rypo Ty (7)
In the heater:
knV-VT, + Qn =0 (8)
In the other solid parts:
kV-VT, =0 9)

where u is the velocity vector, p is the density, t is the stress
tensor, f§ is the thermal expansion coefficient, p is the pressure,
g is the gravitational acceleration vector, T is the temperature,
Tw is the melting point, Cj, is the heat capacity, & is the thermal
conductivity, and Qp is the specific volume power in the
resistance heater. The subscripts 1, g, s and h are the melt,
gas, solid components and the heater, respectively.

2.3. Pressure equilibrium in the meniscus and heat balance at
the solid-liquid interface

Fig. 2 shows a schematic of the meniscus. The meniscus at the
die top is in a state of pressure equilibrium. The pressure
difference between the liquid in the meniscus and the gas in
the furnace comprises three components: AP; is the hydrostatic
pressure that drives the liquid in the capillary to rise; AP, is the
pressure loss due to liquid flowing in the capillary; and AP; is
the pressure loss due to horizontal flow of the liquid at the die

© 2026 The Author(s). Published by the Royal Society of Chemistry
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top. The curvature related to the pressure difference can be
represented by the Laplace equation:*>

y/R = AP, + AP, + AP, (10)

tq—1 — 2hpy si ol
v~(d C)COS‘/’z ’mSI“‘/’:p]g.Ah+1zpv.&._3.1

Iy P lea

2

ps (fc — lea)

3uv. =2 ————

* . pl hm3

(1)

where 7y is the surface tension, R is the meniscus vertical radius
of curvature, ¢ is the thickness, i is the growth angle, &, is the
meniscus height, p is the density, Ak is the distance between
the die top and the crucible melt, u is the viscosity, V is the
growth rate, and [, is the capillary canal length. The subscripts
d, c and ca are the die, crystal and the capillary canal,
respectively.

In the energy conservation equation at the solid-liquid
interface, Q; is the heat conducted by the solid, Q, is the heat
conducted by the liquid, Q; is the heat radiation in the
meniscus, and Q, is the latent heat of solidification.

Q1+ Q2+ Q3+ Q4 (12)
kegrad T = kigrad|T + eo(T* — Tm") + psvis (13)
S c T - Ls
AT — Ksgrads T = p, VL ;CV ; (14)
4ea Ty — —
hm

where grad,T is the temperature gradient in the solid, grad,T is
the temperature gradient in the liquid, ¢ is the emissivity, ¢ is
the Stefan Boltzmann constant, L¢ is the latent heat of solidi-
fication, T is the temperature at the die top, and T, is the
melting point. The liquid temperature gradient grad,T varies
linearly with the meniscus height £,,.*> AT = T — Ty, the
overheating AT is defined by the temperature difference
between the die top and the melting point. Substituting the
simulated solid temperature gradient into eqn (11) and (14)
yields the relationship between the growth rate V, the meniscus
height A, and the overheating AT, thereby facilitating the
selection of an appropriate pulling speed.

3. Results and discussion

The temperature gradient serves as the driving force for crystal
growth. To ensure effective crystal growth, it is necessary for the
magnitude of the temperature gradient to be appropriately
matched to the required driving force. Furthermore, the tem-
perature distribution on the die surface significantly influences
the stability of crystal growth. Therefore, we optimize the
thermal insulation configuration near the die top region. Inside
the furnace, the die is located at the center of the crucible, with
the die top slightly higher than the crucible cover. As shown in
Fig. 3, we define two structures: structure A, which lacks
insulation material on its crucible cover; and structure B, which
is equipped with carefully placed insulation material on its
crucible cover. The graphite carbon felt covers the entire upper

Mater. Adv.
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Fig. 2 Geometrical parameters of the meniscus and thermal balance at the solid-liquid interface.

surface of the crucible cover, with dimensions of 500 x 80 mm.
The thermal insulation material employed in structure B is
graphite carbon felt. To prevent any reaction between the
graphite carbon felt and the molybdenum crucible cover,
tungsten sheets are inserted between them.

Fig. 4 illustrates the temperature field distribution in the
core region, including the die, crucible, and melt. In view of the
biaxial symmetry of this region, only a quarter of it is depicted

L

A B

Fig. 3 Diagram of structures A and B, where only the crucible cover,
crucible, die, and insulation materials are shown.

Mater. Adv.

in the figure. As shown in Fig. 4(b), the application of insulating
carbon felt increased the overall melt temperature by approxi-
mately 30 K. This temperature rise demonstrated that at con-
stant heater power, the carbon felt could reduce the power
requirement for raw material melting, thereby improving
energy efficiency. The comparative analysis of die temperature
distributions in Fig. 4(a) and (b) demonstrates that the intro-
duction of insulating carbon felt induces significant thermal
modifications. The die region immersed in the melt exhibits a
marked temperature increase, while the axial temperature gra-
dient along the die height becomes substantially enhanced.
Meanwhile, the localized high-temperature zone observed in
Structure A between the melt surface and crucible cover is
effectively eliminated in Structure B. This phenomenon stems
from radiative heat transfer between the uninsulated crucible
wall and the die surface in the same horizontal plane, which
generates the localized hot zone depicted in Fig. 4(a). Following
the application of insulating carbon felt, the increase in melt
temperature elevated the temperature of the immersed die
region correspondingly, homogenizing the thermal distribution

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Temperature distribution of the die, crucible, and melt: (a) without carbon felt, (b) with carbon felt.

between the melt surface and crucible cover, thereby eliminating
the localized hot zone.

Fig. 5 depicts the temperature field distribution on the die
top surface, using a quarter-die structure. The thermal profile
exhibits a distinct radial gradient, with the maximum tempera-
ture (Point A: die center) decreasing gradually toward the
periphery (Point B: die edge). In the EFG furnace, the resistance
heaters mounted on the sidewalls are positioned in close
proximity to both the crucible and die. When there is no
insulating carbon felt on the crucible cover, thermal radiation
from the heater primarily heats the crucible cover and die top
surface. The die top edge exhibits accelerated cooling via heat
exchange with the surrounding environment, consequently
serving as the primary heat dissipation pathway. Consequently,
a significant temperature difference emerges between the cen-
ter and the edge of the die top surface, as shown in Fig. 5(a),
which is 7.29 K. While the application of insulation is evidently
effective, the extent of its impact is closely tied to the thickness
of the carbon felt. To precisely optimize the thermal insulation
configuration and achieve the desired temperature distribu-
tion, a systematic investigation into the influence of carbon felt
thickness is necessary.

To further study the impact of carbon felt thickness on
temperature distribution, simulation results of different thick-
nesses applied to the die top are shown in Fig. 5(b-e). With
a 20 mm thick carbon felt, this difference decreased to 3.42 K. A
more substantial improvement was observed at 40 mm thick-
ness, where the temperature difference was reduced to 2.43 K.
Further increasing the thickness to 50 mm and 60 mm resulted
in only marginal reductions to 2.37 K and 2.25 K, respectively.
The results of temperature difference between Point A Point B
(AT,_p) at the die top surface and the trend of temperature
variation are shown in Fig. 5(f). This trend indicates a dimin-
ishing marginal effect: carbon felt’s beneficial effect on redu-
cing the surface temperature difference becomes less
significant as the carbon felt thickness increases beyond
40 mm. Thus, the 40 mm thick carbon felt already achieves
an obvious improvement in radial temperature distribution,

© 2026 The Author(s). Published by the Royal Society of Chemistry

effectively minimizing thermal stress concentration and sup-
pressing crystal defects, while additional thickness offers lim-
ited further benefit.

During the crystal growth process, the radial temperature
distribution has a significant impact on the growth stability
and defect formation, and this influence is particularly pro-
nounced during the shoulder stage. Although the pulling rate
remains constant throughout the shoulder stage, the shoulder
area expands exponentially with time, resulting in a rapid
increase in the crystal mass. As the shoulder area expands,
the heat dissipation rate of the shoulder also increases. This
leads to an increase in thermal stress within the crystal, thereby
increasing the risk of cracking. Consequently, it is necessary to
control the radial temperature distribution, keeping it at a
relatively low level and ensuring a uniform distribution. Along
the die top surface, an excessively large temperature difference
will accelerate the lateral growth rate of the crystal, inducing
the flat shoulder phenomenon and subsequently degrading the
crystal quality. By applying insulating carbon felt, the tempera-
ture difference on the die top surface is reduced to one-third of
that without the application, effectively suppressing the for-
mation of crystal cracking and the flat shoulder phenomenon.
The axial temperature data within a 3 cm range above the die
top surface are extracted, and the results are illustrated in
Fig. 6. As depicted in Fig. 6(a), with the increase of the
thickness of the carbon felt, the temperature near the die top
surface decreases. The temperature was lower than that without
the use of carbon felt, but there were differences. The main
point is that after the thickness of the carbon felt exceeded
40 mm, further increasing the thickness to 50 mm or 60 mm
resulted in a smaller decrease in temperature as Z increased.

Fig. 6(b) displays the axial temperature gradient. When the
thickness of the carbon felt is gradually increased to 40 mm,
the gradient increases from —6.13 K cm ' to —10.95 K cm ™,
thereby enhancing the driving force for crystallization. When
we continue to increase the thickness of the carbon felt to
60 mm, it can be observed that the gradient decreases to
—8.47 K em ™. This might be due to the restricted axial heat

Mater. Adv.
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Fig. 5 Temperature distribution at the die top surface: (a) without carbon felt, (b) 20 mm thick carbon felt, (c) 40 mm thick carbon felt, (d) 50 mm thick
carbon felt, (e) 60 mm thick carbon felt, and (f) temperature difference at the die top surface.
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Fig. 7 Relationship between AT and growth rate V.

dissipation path when the carbon felt was too thick. Conse-
quently, the addition of appropriate thickness thermal insula-
tion carbon felt facilitates the growth of thick and wide crystals
with uniform shapes and fewer cracks.

We thoroughly analyze the key role of controllable para-
meters in the crystal growth process and their impact on
growth results, in order to more accurately regulate and opti-
mize the crystal growth conditions. Two critical controllable
parameters are the overheating at the die top and the pulling
speed in the process of crystal growth. After modifying the
design of the thermal insulation device, we conducted simula-
tions of the temperature field and incorporated the simulated
temperature gradient into the heat and pressure balance equa-
tions within the meniscus. By substituting the axial tempera-
ture gradient of structure B into the above formula (11) and
(14), the relationship between the growth rate and the over-
heating is derived and recorded in Fig. 7. As shown in Fig. 7, AT
decreases as the growth rate V increases. Overheating AT
represents the temperature difference between the melting

2.0

e EFG-grown Yb:YAG
e Cz-grown Yb:YAG

Intensity (a.u.)
Intensity (a.u.)

~
-~
N’

200
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Fig. 9
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Fig. 8 Photograph of the Yb:YAG crystal grown using the EFG method.

point and the die top, and the pulling speed can be approxi-
mated as the crystal growth rate V.

As illustrated in Fig. 7, the maximum growth rate of the crystal
is constrained. An excessively rapid pulling speed can result in a
negative value of AT. When the pulling speed exceeds 4.5 um s~ %,
the value of AT becomes zero, resulting in the interface freezing
on the die. Therefore, during the growth phase, a pulling speed
near the center of the appropriate range should be selected, for
instance 3.0 um s~ '. In practical crystal growth processes, the
introduction of low-temperature seeds effectively enhances the
axial temperature gradient near the die top surface, thereby
increasing the theoretical maximum growth rate.

These calculations provide crucial guidance for crystal
growth processes, enabling a more scientific approach to para-
meter regulation, enhancing controllability, and substantially
reducing the costs associated with multiple experiments. The
crystal grown using this 40 mm thick carbon felt thermal
insulation device and the specified process parameters is
shown in Fig. 8. The transparency of the as-grown crystal is

® EFG-grown Yb:YAG
B Cz-grown Yb:YAG

Time (ns)

(a) XEL spectra and (b) decay time of the Yb:YAG crystals grown using the EFG and Cz method.
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good, but there is a bubble layer on its surface. As depicted in
Fig. 8, there are lines on the crystal surface, reflecting the
diffusion paths of microbubbles within the melt onto the die.
The specific mechanisms underlying these phenomena require
further investigation.

In order to further characterize the luminescence properties
of the crystal, we measured the XEL spectra and decay times
using an Edinburgh Instrument FLS1000 photoluminescence
spectrometer coupled with an X-ray generator and a 213 nm
laser, and both the EFG-grown and Cz-grown crystal samples
were cut and polished to identical dimensions of 10 x 10 x
1 mm?®. The Cz method is currently the primary technique for
growing Yb:YAG crystals, which exhibit excellent optical proper-
ties. In this study, the Cz method was also utilized to grow
Yb:YAG crystals. Fig. 9 shows the XEL spectra and decay time
profiles of Yb:YAG crystals grown using the EFG and Cz
method. At room temperature, it can be seen that the XEL
spectral line of the EFG-grown crystal is basically consistent
with that of the Cz-grown crystal. The main luminescence peak
at 335 nm corresponds to the charge transfer (CT) state transi-
tion to 2F-,, and the weaker luminescence band near 500 nm is
caused by the CT state transition to *Fs,.>* The decay curves are
fitted using a single-term exponential function. Under the
excitation of a 213 nm laser, the decay times of the EFG-
grown and Cz-grown crystals at 330 nm are comparable, which
are 1.45 ns and 1.44 ns respectively. This fully demonstrates
that the crystals grown using the EFG method exhibit compar-
able luminescence characteristics to those grown using the Cz
method.

4. Conclusions

In order to establish an appropriate temperature field, we
installed different thicknesses of graphite carbon felt on the
crucible cover and conducted numerical simulation calcula-
tions. The results demonstrate that applying a 40 mm thick
carbon felt on the die top can effectively optimize the tempera-
ture distribution. Specifically, the axial temperature gradient is
increased to —10.95 K cm™', while the radial temperature
difference is reduced to 2.43 K. This modification significantly
enhances the axial temperature gradient, providing the essen-
tial driving force for crystal growth. Moreover, the uniform
temperature distribution across the die top surface effectively
prevents thermal stress concentration and cracking. Further-
more, we refined and adjusted the growth process parameters
to optimize the crystal quality. Through the accurate calcula-
tion of the meniscus, we established the relationship between
the overheating at the die top and the growth rate, thereby
providing a reference range of pulling speeds suitable for the
crystal growth process. Consequently, we successfully grew the
large-sized and high-quality Yb:YAG crystal. Subsequent tests
on the annealed crystal samples, including XEL and decay
time measurements, revealed that the luminescence properties
of the EFG-grown crystal are consistent with those of the
Cz-grown crystal. Furthermore, given the high similarity in
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thermophysical properties—such as the melting point, thermal
conductivity, and melt viscosity—between Yb:YAG and other
rare-earth ion-doped yttrium aluminum garnet (RE:YAG) crys-
tals, the thermal field optimization strategy proposed in this
study is widely applicable. The established correlation between
the insulation configuration and temperature gradient regula-
tion can be theoretically extended to the EFG growth of other
garnet systems, providing generalizable guidelines for achiev-
ing high-quality growth within this class of materials. This
achievement lays a foundation for the research and develop-
ment of growing other rare earth ion-doped garnet crystals
using the EFG method.
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