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Abstract
We report the growth and fabrication of high-quality GaSe single crystals tailored for uses of nonlinear optics in the mid-infrared
spectral range. To improve crystal uniformity and nonlinear performance, the temperature distribution of the crystal-growth
furnace was optimized using a computational model based on the finite-volume method, enabling precise control of thermal
gradients during solidification. Vertical crystal development was subsequently carried out using the liquid-encapsulated
Bridgman technique, which minimizes melt oxidation and promotes stable crystallization. GaSe crystals produced under
the optimized furnace temperature profile exhibited significantly enhanced nonlinear optical behavior, with a higher second-
harmonic conversion coefficient (d) compared with conventionally grown, undoped GaSe crystals. These results demonstrate
that furnace-design optimization is an effective strategy for improving the nonlinear optical efficiency of GaSe, making the
material more suitable for advanced mid-IR frequency-conversion devices.
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1. INTRODUCTION

Nonlinear optic crystals are in high demand for covering the
close and far infrared wavelength areas, where efficient fre-
quency conversion is essential for applications in spectroscopy,
telecommunications, remote sensing, and high-power photonic
systems. Numerous efforts (Chen et al., 2020; That et al., 2020)
have been devoted to commercializing various nonlinear optical
substances, yet no single material has demonstrated unequivocal
suitability across the full operational range required for mod-
ern devices. Among the promising candidates, gallium selenide
(GaSe) stands out as a superior nonlinear optic (Loan and Anh,
2020b,c) of its exceptionally broad transparency window, from
0.65 to 19 𝜇m, combined with strong nonlinear coefficients and
favorable phase-matching properties. These attributes make
GaSe particularly attractive for frequency-conversion applica-
tions such as optical parametric oscillation, THz generation, and
mid-IR pumping (Loan and Anh, 2020a).

Despite these advantages, the commercial usability of GaSe
remains limited by its mechanical behavior. The crystal exhibits
significant cleaving propensity perpendicular to the c-axis, a
direct consequence of its layered structure held together by
weak van der Waals interactions (Hanh et al., 2020; Tran et al.,
2020b). This mechanical fragility complicates the fabrication of

large-area, optically uniform crystals and increases the difficulty
of handling, polishing, and integration into nonlinear optical
systems. As a result, improving GaSe’s fabrication robustness
has become a central challenge in advancing its technological
deployment (Tran et al., 2020b,a).

To address this issue, we developed a liquid-encapsulated
Bridgman crystal growth technique for producing altered (doped)
GaSe, which exhibits significantly enhanced fabrication ability
compared with clean, undoped GaSe (Hanh et al., 2021a; Luo
et al., 2020; Tran et al., 2020c). In this growth method, both com-
positional and thermal gradients arise during the solidification
process. These gradients induce density variations that generate
convective circulation under liquid–g (l–g) conditions (Anh et al.,
2025a; Le et al., 2026). Such circulation is undesirable because it
transports dopants toward the solid–liquid interface, leading to
spatially nonuniform impurity incorporation and compromising
the structural and optical quality of the resulting crystal.

Microgravity experiments offer a pathway to mitigate these
effects by suppressing thermal and solutal convection, thereby
stabilizing the dopant distribution and improving crystalline uni-
formity (Hanh et al., 2021b; Thanh Trang, 2022). However, access
to such conditions is limited, making it necessary to develop
computational models that can replicate and compensate for

https://doi.org/10.26554/ijmr.20264279


Loan et al Indonesian Journal of Material Research, 4 (2026) 72-78

the convective forces normally encountered during terrestrial
crystal growth.

In pursuit of fabricable large-area GaSe, we employed nu-
merical optimization to refine the heater geometry and thermal
environment used during Bridgman growth (Anh et al., 2025b; Le
et al., 2025; Trang and Anh, 2025). The computational approach
utilized finite-volume methods to solve the coupled heat-transfer
and mass-transport equations, allowing us to identify growth
conditions that minimize dopant redistribution and interface
instability (Pham et al., 2021; That et al., 2021).

This work presents the initial results from growing, process-
ing, and measuring the nonlinear coefficient (d-factor) of both
clean and altered GaSe crystals. Compared to earlier studies on
liquid-encapsulated Bridgman growth of GaSe, the work herein
not only synthesizes GaSe through the aforementioned method
and examines its nature (Nguyen and Nguyen, 2025; Loan et al.,
2025), but also utilizes GaSe to assess its influence on the optical
attributes of optical devices. These findings contribute to un-
derstanding how dopant incorporation and controlled thermal
gradients enhance structural integrity, optical quality, and over-
all device compatibility of GaSe for advanced nonlinear optical
applications.

2. EXPERIMENTAL SECTION

2.1 Combination Preparing
The GaSe compound was synthesized by combining high-purity
elemental gallium (Ga, 6-9’s purity) and selenium (Se, 6-9’s pu-
rity) in stoichiometric proportions. The raw materials were first
loaded into a sealed quartz ampoule under an inert atmosphere
to prevent oxidation or contamination during processing. After
sealing, the mixture underwent purification through a direc-
tional solidification (directed freezing) technique, which gradu-
ally removed impurities by forcing them to segregate along the
solidification front. This purification step ensured the formation
of a high-quality melt suitable for subsequent crystal formation.

Following purification, the Ga–Se mixture was heated to
approximately 1050◦C and maintained at this temperature for
several hours to promote complete melting and thorough homog-
enization of the liquid phase (Dang et al., 2021a). Maintaining the
system at this elevated temperature allowed the Ga and Se atoms
to fully react, ensuring the formation of a uniform GaSe com-
pound throughout the melt. After the mixing period, the melt
was slowly cooled in a controlled manner to favor the formation
of well-ordered crystalline phases rather than amorphous or mul-
tiphase material (Dang et al., 2021b). As a result of the heating at
the aforementioned temperature, the crystallinity of GaSe yields
minimum defect density with uniform polycrystalline input, and
desirable symmetrical apex, signifying remarkable formational
homogeneity.

To confirm successful synthesis, the resulting GaSe product
was examined using X-ray diffraction (XRD). The diffraction
pattern exhibited characteristic peaks corresponding to the GaSe
phase, verifying that the desired crystalline structure had been
properly formed and indicating that no secondary phases were
present within the resolution of the measurement.

2.2 Development and Characterization
Crystal development was completed using the liquid- encap-
sulated Bridgman (LEB) technique, which provides a highly
controlled environment for the growth of high-quality GaSe-
based crystals. The growth ampoule consisted of a specially
prepared quartz tube that was thoroughly cleaned to remove sur-
face residues and contaminants, followed by an annealing treat-
ment at 1000◦C to eliminate any remaining impurities embedded
within the quartz structure. To further protect the forming crys-
tal from quartz-related imperfections such as micro-scratches
or impurity diffusion, the inner wall of the ampoule was coated
with a thin carbon layer formed through pyrolysis of acetone at
elevated temperatures, producing a smooth, inert, and chemi-
cally stable interface for the melt during the entire growth cycle
(Le et al., 2022; Thi et al., 2021).

Crystal nucleation and directional solidification of the modi-
fied GaSe material were initiated using a capillary-based seeding
technique, ensuring a controlled starting point for crystal orien-
tation and minimizing the formation of grain boundaries. After
completion of the Bridgman growth process, the resulting crys-
tals, typically 15 mm in diameter and 8–12 mm in length, were
extracted from the ampoule. They were then sectioned using a
precision wire-saw system to minimize mechanical stress and
microcracking (Loan et al., 2022; Thanh Trang, 2022). The cut
slabs were subsequently polished with fine diamond powder
abrasives to produce optically smooth surfaces suitable for in-
frared characterization. Once polished, the crystal plates were
inspected using an infrared imaging system to evaluate surface
quality, uniformity, and optical translucency prior to nonlinear
optical testing.

The second-harmonic generation (SHG) performance of the
fabricated crystals was detected utilizing a CO2 laser running
at 9.25 𝜇m as the pump source for the SHG process. This setup
allowed direct evaluation of the nonlinear conversion efficiency
of the material under mid-infrared excitation. Detailed measure-
ment results and additional SHG characterization procedures
have been published previously in reference.

3. RESULTS AND DISCUSSION

Unseeded GaSe crystals were successfully grown with their
crystallographic orientation aligned closely along the c-axis.
Compared to conventionally prepared GaSe crystals, these un-
seeded specimens exhibited a markedly reduced tendency to
cleave along the natural cleavage planes, making them consider-
ably easier to handle during post-growth processing and optical
polishing. An example of an as-grown GaSe crystal is shown,
exhibiting a slight misalignment of approximately 2◦ from the c-
axis. The crystal was sectioned into two slabs with thicknesses of
4mm and 9mm, respectively. When viewed through awiremesh,
the slabs displayed excellent optical transparency, demonstrating
the absence of microprecipitates, microbubbles, or inclusions. No
visible distortions or lattice deformations were detected under
optical inspection, confirming the high crystalline and optical
quality of the grown material.
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Figure 1. Scattering Coefficients with Various Wavelengths: (a)
Scattering Coefficient, (b) Reduced Scattering Coefficient

The optical performance of the crystal was further validated
through laser testing. Under pulsed operation, the GaSe crys-
tal generated laser pulses with a full width at half maximum
(FWHM) of approximately 20 ns and pulse energies reaching up
to 1 mJ. The emitted beam was tightly concentrated utilizing a
ZnSe lens, with the GaSe sample precisely positioned at the focal
point to ensure optimal intensity within the nonlinear medium.
The sample orientation was systematically adjusted to maxi-
mize second harmonic generation (SHG) output. The optimal
incidence angle was found to be approximately 40◦, correspond-
ing to an internal propagation angle of about 14◦. This value
closely matches the theoretical phase-matching angle predicted
for type-I SHG along the c-axis in GaSe, confirming that the
fabricated crystals possess suitable orientation and homogeneity
for efficient nonlinear optical conversion.

Figure 2. YGA:Ce Phosphor Proportion Values with Various
GaSe Proportions

Figure 3. CCT Values with Various GaSe Proportions

To further understand the thermal behavior influencing crys-
tal growth, modeling of thermal transport within the growth
furnace was conducted, incorporating the furnace’s heating pa-
rameters and the intrinsic thermophysical properties of GaSe.
The simulations indicate that purely conductive heat transfer
dominates during crystal growth, which is consistent with GaSe’s
very low Prandtl number, signifying minimal convective influ-
ence. The calculated isothermal distributions inside the growth
tube under experimental conditions reveal the evolution of the
temperature field during melting and subsequent solidification.
The thermal profile shows a distinct change in the temperature
gradient as the material transitions from liquid to solid, requiring
approximately 20 minutes for the temperature field to stabilize.
The two-zone heating configuration employed in the current
setup provides a stable and uniform thermal gradient, suggesting
that the solid–liquid interface remains well-defined and consis-
tent throughout the growth region. Ongoing modeling studies
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are being extended to include a three-zone furnace configuration
aimed at producing larger, higher-purity GaSe crystals with im-
proved control over the solid–liquid interface and compositional
uniformity.

Figure 4. Color Difference Values with Various GaSe
Proportions

The association among thermal simulation and nonlinear
optical properties of Bridgman-grown GaSe functions via multi-
ple intermediary mechanisms, mainly including interfacial form,
thermal strain, as well as liquefy convection. Based on thermal
simulations, the liquefy-crystal interfacial plane within GaSe
Bridgman growth would be highly arched because of the signif-
icant thermal anisotropic factor of the sample. The interfacial
divergence surges considerably alongside growth pace, whilst
boosting the ampoule-wall heat gradient abates the interfacial
arch. An arched interfacial plane encourages twinning as well as
polytype blending. Twin as well as polytype fringes function in
the form of realm barriers dispersing the pump ray as well as in-
terrupting the phase-linking cohesion. Formational assessment
via SHG angle scanning uncovers such defects and every diver-
gence of granular sheets with greater breadth surpassing the
cohesion span leads to a quantifiable alteration of SHG intense-
ness against angles. Simulation-oriented optimizing process
for the temperature gradient for flattening the interfacial plane
straightforwardly abates twinning, generating crystal granules
featuring 𝜖-polytype formation and subsequently greater SHG
transmutation proficiency (Cong et al., 2024).

Based on simulation estimation, the local heating across the
ampoule barrier may invert the flux pathway across the inter-
facial plane, substantially affects the allocation of dopants or
impurities within the solid phase. The Prandtl number of GaSe
at roughly 2.8 signifies that the liquefying flux as well as ther-
mal transference would be highly linked and every disruption
to towing or rotating pace alters the temperature allocation
as well as interfacial form. Non-homogenous impurity or stoi-
chiometric allocations generates localized variances within the

Figure 5. Luminescence Strength with Various GaSe
Proportions

Figure 6. CRI Values with Various GaSe Proportions

refraction index as well as absorptivity coefficient. In terms of
frequency transmutation, the phase-linking state necessitates re-
fraction index homogeneity across the whole interactivity span.
It was shown that the crystal granules developed within the
optimal simulation furnace setting displayed a greater second
harmonic transmutation coefficient that surpasses pure GaSe
crystal granules developed without an optimizing process. The
limited-volume simulation enables them to estimate and regu-
late convection profiles that may generate constitutional stripes
observable in the form of absorptivity bands.

The layered formation of GaSe featuring faint van der Waals
interlayer binding leads to high susceptibility towards split frac-
turing subject to thermal strain. Microscopic fractures as well
as strain-generated delamination produce dispersion penalties
which abate the interactivity span in terms of frequency transmu-
tation. They will also yield wavefront contortion which lessens
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ray performance and abate the laser- induced damage threshold,
restricting the maximal utilizable pump energy. Integrated GaSe
crystal granules developed using optimal simulation parameters
have shown greater optical damage threshold as well as greater
frequency transmutation proficiency, surpassing normally de-
veloped crystal granules.

Figure 7. CQS Values with Various GaSe Proportions

While GaSe would be mainly deemed a nonlinear optical
crystal, there would be notable associations among its crystal
growth performance and LED optical parameters. GaSe would
be a straightforward bandgap semiconductor with an opening
reaching about 2.0 eV under room temperature, matching the red
discharge at 620 nm, making it applicable to nonlinear frequency
transmutation as well as illumination discharge settings such as
LEDs, electronic ray lasers, as well as electro-optical transmuters.
The identical crystalline growth parameters optimizing nonlin-
ear optical proficiency essentially control parameters associated
with LEDs. Figure 1 describes how GaSe dosage influences light
dispersion, with Figures 1(a) and (b) respectively exhibiting scat-
tering coefficient and reduced scattering coefficient, showing
that GaSe enhances optical efficiency by improving wavelength
converting efficiency and illumination transfer. Decreased for-
ward spreading and reabsorption increase blue-light brightness
while strengthening forward blue-light emission (My et al., 2023;
Thanh Tung et al., 2023). This enhancement is achieved by de-
creasing the yellow-phosphor concentration and increasing the
GaSe content. Likewise, the ability to adjust the correlated color
temperature (CCT) remains limited, as CCT does not depend on
concentration, as shown in Figures 3 and 4. As the GaSe dosage
increases, the YGA:Ce yellow-phosphor content also rises, as
demonstrated in Figure 2, which further shows that increasing
the GaSe dosage (9–13 wt.%) decreases the YGA:Ce phosphor
proportion from 21.7% to 19.5%. Figure 3 indicates that higher
doping reduces CCT variance, with CCT reaching a peak of 3025
K at 11 wt.% GaSe. Figure 4 shows that the D-CCT drops to its
minimum value at 9 wt.% GaSe, which is approximately 130 K

lower than the peak observed at 13 wt.% GaSe ( 250 K).
Figure 5 indicates that GaSe does not consistently enhance

the brightness of white-light emissions, with the brightest bright-
ness occurring at 9 wt.% GaSe and the lowest at 13 wt.%. At
higher GaSe concentrations, increased backscattering and reab-
sorption reduce blue-light emission and produce uneven hue
distribution, and stronger backscattered blue light can shift the
phosphor’s emission from blue toward yellow or orange-red. Be-
cause the phosphor covering may solely tolerate a limited GaSe
content, light interacting with surrounding objects undergoes
multiple reflections, narrowing the emission spectrum (Tung
et al., 2024a,b). As a result, higher phosphor loading increases
the proportion of converted light reflected backward, raising the
CCT whereas reducing illumination strength. Figure 5 further
shows that incorporating 9 wt.% GaSe into a simulated WLED
with a lumen output of nearly 60 lm enhances overall brightness
and hue homogeneity.

Figures 6 and 7 additionally show that varying GaSe content
influences the brightness and color rendition of white LEDs, with
CRI and CQS exhibiting slight declines as the GaSe concentration
rises to 13 wt.%. These reductions are likely associated with the
unstable behavior of blue, green, and yellow-orange emissions, as
elevated GaSe values introduce irregular illumination emission,
a stronger shift toward yellow-orange hues, and raised spread.
As the outcomes are evaluated, adjustments to the CRI and CQS
of this phosphor will additionally consider other influencing
factors such as particle size (Cong et al., 2024; Le et al., 2024).

4. CONCLUSIONS

The liquid-encapsulated Bridgman technique proved effective
for producing high-quality modified GaSe crystals, yielding
centimeter-scale specimens suitable for frequency-conversion
uses. Preliminary measurements indicate that these altered GaSe
crystals exhibit enhanced second-harmonic generation (SHG)
efficiency, reflected by a higher nonlinear coefficient (d-factor)
compared with unmodified GaSe, suggesting that the structural
or compositional modifications introduced during growth have
a positive influence on nonlinear optical performance. Building
upon these encouraging results, initial computational modeling
is now being used to inform the development of an improved ther-
mal system designed to maintain a fully isothermal solid–liquid
interface throughout the growth zone. Achieving such thermal
uniformity is expected to further minimize defect formation,
promote compositional homogeneity, and ultimately support the
fabrication of even higher-quality GaSe crystals optimized for
advanced nonlinear optical technologies.
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