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Advances in GaN-on-Glass for Optoelectronic Devices:
Progress in Epitaxial Growth, Device Integration, and

Applications
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GaN-on-glass epitaxy technology has transformed the landscape of
optoelectronic device fabrication, providing scalable and cost-effective solutions
for next-generation optoelectronic applications. Amorphous glass, characterized
by large-area scalability, transparency, and low cost, presents various challenges,
such as the absence of global epitaxy. Advances in epitaxial methods have
facilitated the growth of high-quality GaN thin films and nanostructures on glass
substrates. The integration of preorienting layers improves crystallinity, in-plane
symmetry, and device functionality. These advancements have led to the
successful fabrication of GaN-based light-emitting diodes, photodetectors,

and hybrid heterostructures for full-color displays, integrated systems, and
energy-efficient devices. Innovations in material compatibility and heterostruc-
ture designs allow precise control over crystal orientation and defect densities,
thereby pushing the boundaries of optoelectronic performance. This review
highlights the current progress in GaN-on-glass technology and emphasizes its
transformative role in optoelectronics. By reflecting on these advancements and
their applications, this review underscores the potential of GaN-on-glass as a
cornerstone for high-performance, sustainable optoelectronic devices.

optoelectronic applications. These semicon-
ductors offer significant advantages, such
as high chemical stability,”! excellent electron
mobility, and large piezoelectric coeffi-
cients."”! Traditionally, group-III nitrides are
grown on single-crystal substrates such as
sapphire, silicon, and silicon carbide (SiC).
However, these substrates are expensive
and have a limited wafer size.l’! For future
applications in next-generation displays, solar
cells, and lighting, large-scale and low-cost
substrates are critical, with amorphous glass
emerging as the most promising candidate.

Glass substrates offer notable advantages
such as freedom from size limitations,
low cost, and high optical transparency.”)
However, the amorphous nature of glass
poses significant challenges to the growth
of single-crystal group-III nitride semicon-
ductors because they lack a crystalline struc-
ture to support global epitaxy. In addition,

1. Introduction

Group-III semiconductors are essential for the fabrication of
optoelectronic devices. As direct-bandgap materials, they span a
wide spectral range, from infrared (0.68eV) to UV (6.2eV), for
optoelectronic applications,”” making them ideal for various
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the low thermal conductivity of glass intro-

duces operational challenges in device inte-
gration. To overcome these limitations, researchers have explored
the properties of polycrystalline GaN grown on glass substrates
using various epitaxial methods. To achieve high crystallinity,
specifically global epitaxy and in-plane rotational symmetry of
GaN, preorienting layers composed of group-III nitride buffers,
metals, and 2D materials have been developed and integrated into
the growth process.

These efforts have resulted in significant progress, culminat-
ing in the successful implementation of optoelectronic devices
such as light-emitting diodes (LEDs) and photodetectors (PDs)
on glass substrates. This review introduces the epitaxial growth
and characterization techniques employed for GaN growth on
amorphous substrates in Section 2. Section 3 discusses the
growth of GaN crystals on bare glass, while Section 4 focuses
on GaN crystal growth on glass coated with preorienting layers,
along with its applications in optoelectronic devices.

2. Growth and Characterization of GaN-on-Glass
2.1. Characteristics of Amorphous Glass Substrate
Recent studies have explored the direct growth of GaN on amor-

phous glass substrates. Unlike crystalline substrates, glass is not
restricted by size and serves as an electrical insulator, making it
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suitable for large-area displays and optoelectronic devices.
Applications include GaN-based micro-LED arrays on large pan-
els and glass substrates as interposers for semiconductor pack-
aging®! However, lattice matching during GaN growth is
inherently difficult because of the absence of a lattice structure
in the glass, leading to a relatively low crystal quality of GaN. In
addition, certain types of glass exhibit limited thermal stability
during high-temperature processing. Hence, understanding
the manufacturing methods and intrinsic properties of glass sub-
strates is essential for advancing the GaN-on-glass technology.
This section begins with an overview of the various compositions
and evaluations of technical glass substrates (Section 2.1.1),
followed by a focused examination of the properties of typical
SiOy-based glass (fused silica) in Section 2.1.2. Section 2.1.3 dis-
cusses how the electrical and thermal properties of glass substrates
influence the operational stability, signal response, thermal behav-
ior, and lifetime of GaN-based devices, highlighting the critical
need for effective thermal management and device design strate-
gies. In this discussion, we aim to identify the advantages and draw-
backs of amorphous glass substrates as GaN growth platforms.

2.1.1. Technical Glass Substrates: Key Characteristics and
Evaluation

“Technical glass” refers to high-purity and low-defect glass mate-
rials specifically tailored for targeted properties, such as minimal
thermal expansion, excellent transparency, or enhanced mechan-
ical strength.””) These modifications enable them to play diverse
roles in optical windows, display panels, semiconductor fabrica-
tion equipment, and photomask substrates. Major manufac-
turers such as Corning Inc., SCHOTT AG, and AGC Inc.
(Asahi Glass) supply a range of technical glass products, most
commonly based on silica (SiO,), borosilicate, or aluminosilicate
compositions, each suited to specific thermal and chemical resis-
tance requirements.® Although SiO,-based glass is the most
widely used, other variants such as phosphate or chalcogenide
glass can be adapted to specific fields, including IR optics and
biomedical applications."” Glass ceramics undergo controlled
crystallization to significantly improve their mechanical and ther-
mal properties. Notable example include compositions contain-
ing p-quartz or gahnite (ZnAl,0,), which can remain transparent
if either the crystallite site is considerably smaller than visible
wavelengths or if the refractive index mismatch between the crys-
tal and glass is minimized.!""

Technical glass is typically evaluated in terms of its coefficient
of thermal expansion (CTE), softening point, chemical durability,
and optical transmission spectrum. These properties must meet
the stringent demands of semiconductor fabrication, including
repeated thermal cycles, corrosive etchants, and dimensional pre-
cision.® Large-format planarization and polishing further
expand its utility in big-screen display substrates, photomasks,
and glass interposers. Certain glass-ceramic products exhibit
low thermal expansion and high toughness, making them poten-
tial substrates for advanced semiconductor packaging. In
GaN-on-glass research, low-alkali or high-temperature-resistant
glass materials (e.g., Corning EAGLE XG) are introduced to sur-
vive processing temperature beyond 600-700 °C. By suppressing
issues such as sodium ion diffusion, researchers can deposit
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GaN thin films across large areas at a relatively lower cost.
These developments have drawn attention to next-generation dis-
plays and optoelectronics, where glass-based GaN can enable a
broad range of new applications.®!

To assess the suitability of glass materials as substrates for the
GaN-on-glass approach, it is essential to review both commer-
cially available high-performance glass products and the industry
standards that define their properties. Table 1 summarizes key
examples of alkali-free glass substrates commonly used in semi-
conductor and display applications. It includes a brief description
of their characteristics and uses, source links (to official product
documentation or standard references), remarks on their com-
patibility with GaN growth, and relevant American Society for
Testing and Materials (ASTM) standards. Standard test methods
and specifications have been established to consistently evaluate
the physical, chemical, and mechanical properties of various
materials and are widely adopted by both research institutions
and industry. By adhering to these ASTM standards, material
performance can be assessed uniformly across different labora-
tories, thereby improving the reliability and reproducibility of
results in GaN-on-glass research. ASTM standards are especially
relevant for evaluating glass material properties as well. For
example, the CTE of glass substrates is quantitatively measured
using a push-rod dilatometer in accordance with ASTM E228.
The softening point is determined using ASTM C338, commonly
known as the Littleton softening point test. Additionally, ASTM
C336 is employed to assess the annealing point and glass transi-
tion temperature. Other relevant standards address mechanical
strength (e.g., flexural strength via ASTM C158), chemical dura-
bility (e.g., acid and alkali resistance tests), and optical transmit-
tance. In short, the thermal, mechanical, and chemical stability of
technical glass can be rigorously evaluated using ASTM standard
tests. These categories align closely with the key properties dis-
cussed earlier—thermal expansion, softening behavior, chemical
resistance, and optical transmission—and serve as critical indi-
cators for identifying glass materials suitable for GaN-on-glass
applications.

In the context of GaN-on-glass research, consideration of ASTM
standards is crucial. To enable uniform deposition of GaN thin
films over large areas, the glass substrate must retain its structural
integrity and dimensional stability under high-temperature proc-
essing and withstand repeated thermal cycling and etching.
Because GaN growth typically involves elevated temperatures, eval-
uating the softening point and deformation (strain) behavior of
glass according to ASTM protocols is necessary. Furthermore,
to prevent contamination from alkali ions diffusion—particularly
sodium—low-alkali glass is preferred. Its chemical composition
and durability should also be validated using ASTM-standard test.
Ultimately, ASTM standards provide a scientific basis for selecting
appropriate glass materials for GaN-on-glass integration and for
optimizing related process conditions. They play a critical role
in ensuring the long-term reliability required for next-generation
displays and optoelectronic devices. Based on this context, the fol-
lowing table summarizes representative commercial technical
glass products and their corresponding ASTM standards.

As shown in Table 1, modern display-grade glasses (e.g.,
Corning EAGLE XG, SCHOTT AF 32 eco, and AGC EN-A1)
share several advantageous properties. They are free of alkali
impurities—minimizing contamination during semiconductor
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Table 1. Overview of representative alkali-free glass substrates, relevant ASTM standards, and manufacturer resources, including notes on suitability for

GaN film growth.

Iltem

Description (key characteristics and applications)

Remarks (GaN growth suitability and CVD/PVD applicability)

Corning EAGLE XG!"'@ Alkali-free
display glass

SCHOTT AF 32 ecol'™™! Ultra-thin
semiconductor glass

AGC EN-A1"" Alkalifree interposer
glass

ASTM E228-22""! Standard Test
Method for Linear Thermal Expansion
of Solid Materials

ASTM €338-241""%! Standard Test
Method for Softening Point of Glass

ASTM C225-85""") Standard Test
Methods for Resistance of Glass
Containers to Chemical Attack
ASTM C1036-250""® Standard
Specification for Flat Glass

ASTM C657-241""% Standard Test
Method for Volume Resistivity of Glass

Corning!'?%

AGC Inc.'?1]

Adv. Photonics Res. 2025, 2500014

A high-quality, alkali-free boroaluminosilicate glass substrate
developed for flat panel displays and electronic applications.
It provides excellent dimensional stability, low density, and a CTE
closely matched to that of silicon. Free of added heavy metals, it
has a stain point of ~665-670 °C, allowing for moderately high-
temperature processing without warping or devitrification during
standard display fabrication.

Widely used in TFT-LCD, OLED, and emerging micro-LED
applications.

An alkali-free thin glass produced using down-draw technology,
characterized by high surface quality and a thermal expansion
coefficient (~3.2 x 10" °K™") closely matched to that of silicon.
It has a high glass transition temperature (717 °C) and is suitable
for processes up to ~600 °C, supporting wafer-level packaging and
MEMS integration.
Its low alkali content, excellent surface smoothness, and
dimensional stability make it ideal for sensor windows,
interposers, and optical applications.

A high-transmittance boroaluminosilicate glass designed for
advanced packaging, microfluidics, and display applications,
featuring a thermal expansion coefficient of ~3.8 x 107k,
closely matched to that of silicon.
Optimized for through-glass vias (TGV) with minimal tapering, it
provides excellent chemical durability and thermal stability, with a
glass transition temperature of 700 °C and a softening point of
950°C.
Commonly used in wafer-level optics, sensor wafers, and micro-
LED packaging as a transparent and dimensionally stable
platform.

Measures the linear CTE using a push-rod dilatometer from —180
to 900 °C.

Defines the softening point as the temperature at which a glass
fiber elongates at a rate of 0.1 mm/min under its own weight; this
is used to determine the maximum safe processing temperature.

Assesses glass resistance to acidic and neutral environments
through leaching and titration methods.

Specifies visual quality grades for flat glass, including allowable
limit for surface defects, bubbles, and edge chips.

Determines the electrical resistivity of glass to assess its insulating
performance under DC voltage.

Corning specializes in high-performance glass solutions for
displays, optics, and semiconductor applications. Their fusion-
draw process produces uniform, ultra-smooth substrates (e.g.,
EAGLE XG, Lotus series) widely used in LCD and OLED panels.

Corning also manufactures HPFS fused silica, a high-purity

material used in advanced optical system and photomask
applications.

AGC produces a wide range of display and functional glasses,
including the AN series for large-format panels and the EN series
for electronic packaging, as well as architectural glass. Their focus

on alkali-free boroaluminosilicate compositions supports
applications requiring minimal ionic contamination, such as
semiconductor processing. TGV-formable glass variants are
suitable for advanced packaging and microelectronic integration.

2500014 (3 of 25)

Tolerates moderate thermal processes (~600-700 °C); however,
standard high-temperature GaN MOCVD (>900 °C) may exceed
its softening point (=900-950 °C), risking deformation.
Consequently, direct epitaxy is challenging. Nonetheless, it can still
support GaN film deposition using lower-temperature method
such as sputtering, typically yielding polycrystalline films.

Suitable for deposition processes below ~600 °C (e.g., sputtering,
plasma-enhanced CVD [PECVD]), but not for conventional
MOCVD at ~1000 °C. As with other amorphous substrates, the
resulting films will be polycrystalline unless specialized buffer
layers or intermediate processes are employed.

Although mechanically robust, its glass transition temperature

(700 °C) limits sustained exposure temperature above 900 °C.

Conventional GaN epitaxy is typically too high in temperature,

posing a risk of warping. Nonetheless, EN-A1 can support low-

temperature GaN deposition via sputtering or plasma-assisted
CVD.

Used to evaluate CTE mismatch between GaN and the glass; such
mismatch can induce stress and lead to cracking during cooling.

It is important to ensure that GaN growth temperature (typically
~1000 °C) remains below the glass softening point, as
deformation during growth can degrade film quality.

GaN-on-glass substrates undergo chemical etching and cleaning;
chemical stability is essential to ensure durability and prevent
surface degradation.

Surface cleanliness and flatness are critical for defect-free GaN, as
even minor flaws may initiate dislocations in GaN film.

High insulation is essential for GaN-on-glass applications in RF
and power devices to minimize leakage current.

Corning’s product portfolio ranges from standard display glass to
specialized ultra-low-expansion glass for lithography. Each product
has specific thermal limits, which may or may not align with GaN-
on-glass growth requirements. To enable direct GaN epitaxy on
glass, additional strategies such as low-temperature growth,
engineered buffer layers, or wafer bonding techniques may be
necessary.

As a core supplier to major display manufacturers, some AGC
glasses are already used in micro-LED backplanes. However, direct
GaN epitaxy is generally constrained by the thermal budget of the
glass. For large-area GaN-on-glass applications, low-temperature

deposition methods or bonding-based integration may be
necessary.
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Item Description (key characteristics and applications)

Remarks (GaN growth suitability and CVD/PVD applicability)

SCHOTT AGI'#

SCHOTT is recognized for its specialty glass and glass-ceramics, SCHOTT's ultra-thin glasses enable large-scale MEMS and wafer-
including AF 32 eco, BOROFLOAT, and Zerodur. Its thin glass

level packaging. In addition to MEMS-compatible thin glass,

products are tailored for use in semiconductor packaging, imaging synthetic fused silica is offered for high-temperature lithography

sensors, and microfluidics. SCHOTT also produces various grades and high-power laser optics. While the thermal and compositional

of fused silica and ultra-low CTE glass-ceramics for precision
optics and wafer-level integration.

constraints of these materials may limit their use in direct GaN
growth, they remain viable candidate for GaN-on-glass integration
through low-temperature coating or transfer-based approaches.

processing—and exhibit thermal expansion coefficients closely
matched to that of silicon. Additionally, they offer high optical qual-
ity and stringent dimensional tolerances, making them well-suited
for large-area thin-film integration. However, a fundamental limi-
tation is their relatively low tolerance to high temperatures; strain
points typically range from ~600 to 700 °C, and softening points
from ~900 to 950 °C. Conventional GaN metal-organic chemical
vapor deposition (MOCVD) growth is performed near 1000 °C, pos-
ing a risk of substrate deformation. Consequently, amorphous glass
substrates often require reduced-temperature deposition methods,
such as sputtering, which produce polycrystalline GaN over large
areas. While such approaches do not yield single-crystalline film,
they offer scalable and cost-effective pathways for emerging display
and sensor technologies. The ASTM standards (E228, C338,
€225, C1036, and C657) provide fundamental guidelines for assess-
ing glass properties—including thermal expansion, softening point,
chemical durability, surface quality, and electrical insulation. While
useful for general glass selection, these standards only partially
address the stringent requirements of GaN-on-glass growth, which
demands high-temperature resilience, surface flatness, and com-
patibility with epitaxial processes.

2.1.2. SiO; Glass (Fused Silica): Properties and Semiconductor
Applications

Fused silica is widely recognized as one of the purest and most
durable glass materials. Owing to its exceptionally strong Si—O
bonds, it demonstrates outstanding thermal and chemical sta-
bility, thus earning its reputation as a premier substrate for
optical and semiconductor applications.®! Optically, high-
purity fused silica maintains excellent transmittance ranging
from deep UV (~180nm) to mid-infrared (=2.7 pm), while
its relatively low refractive index (~1.46) and high laser
damage threshold allow for diverse high-precision photonic
uses.'” In terms of thermal behavior, its linear expansion
coefficient (=0.5 x 10"®K™') is significantly lower than that
of borosilicate or soda-lime glass, resulting in minimal distor-
tion even under rapid heating or cooling.**! Its softening point
(=1660 °C) far exceeds that of most metals or ceramics, thereby
preserving structural integrity throughout the demanding
steps in semiconductor manufacturing. Along with an approx-
imate bandgap of 9 eV, fused silica serves as a robust electrical
insulator capable of sustaining high resistivity at elevated tem-
peratures. Furthermore, its chemical inertness, which allows it
to resist nearly all acids and bases except HF, broadens its
range of industrial applications.

Adv. Photonics Res. 2025, 2500014 2500014 (4 of 25)

The large-area scalability of fused silica is a major advantage in
the semiconductor field. Manufacturers can produce cylindrical
ingots and slice them into 300 mm wafers or larger panels, and
then employ laser or ultrasonic drilling and chemical etching to
form fine vias and patterns. Such machinability enables develop-
ments such as glass interposers, where the moderate thermal
conductivity and superior electrical insulation of fused silica
improve both high-frequency performance and heat dissipa-
tion.”®! For the applications in GaN-on-glass research, it typically
withstands short high-temperature steps (up to ~1000-1100 °C)
without substantial deformation. With well-established supply
chains and refined processing methods, fused silica is likely
to remain the key to next-generation GaN-on-glass technologies.

2.1.3. Effect of Glass Properties on GaN Device Performance

In addition to the limitations of GaN growth because of the
absence of a lattice structure, certain types of glass have limited
thermal stability under high-temperature processes, further com-
plicating GaN-on-glass implementation. Consequently, under-
standing the electrical and thermal properties of glass substrates
is essential for advancing the device-level performance in GaN-on-
glass technology. Because the glass has high insulation and
negligible electrical conductivity, GaN-based devices on glass, for
example, those related to optoelectronic or power applications, have
the advantage of minimizing the substrate leakage paths. In the
case of large-scale micro-LED displays composed of pixels, such
insulating properties help reduce pixel-to-pixel crosstalk and enable
truly independent operation. In addition, because glass has a rela-
tively low dielectric constant (=23.8 for fused silica), parasitic capaci-
tances can be lower, which mitigates RC delays or signal distortion
in high-frequency circuits.

One of the fundamental drawbacks of glass substrates is their
very low thermal conductivities. Typical silica-based glass exhib-
its a thermal conductivity of ~1-1.3 Wm™' K™}, significantly
below sapphire (25-35Wm™'K™Y), SiC (>300Wm ' K™?), or
even Si (=130 Wm™'K™!). Consequently, the heat generated
during device operation cannot easily dissipate through the sub-
strate, causing the local temperature to increase within the junc-
tion. A prior study assessed the time to 50% output decay of an
InGaN LED at 85 °C, revealing that a device on a patterned sap-
phire substrate lasted ~590 h, whereas one on standard sapphire
survived for only 305 h.'* Considering that glass has an even
lower thermal conductivity, its LED lifetime may decrease further
without suitable heat management. In micro-LED arrays,
substrate-driven heat conduction is crucial for micro-LED arrays.
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An experiment showed that transferring the same micro-LED
design from a diamond heat spreader (which operated stably
for up to ~10 W cm™?) onto a glass substrate caused thermal roll-
over at ~3.2Wcm™?, reducing the optical power density to
nearly one-third of that achieved with the diamond heat
spreader.' Thermal imaging confirmed the presence of pro-
nounced hotspots around the device. Such thermal build-up
severely degrades the reliability and performance, requiring
effective heat-spreading solutions (e.g., heat sinks or thin sub-
strate strategies).

Instead of direct growth on glass, GaN LEDs grown on sap-
phire can be released via laser lift-off and bonded onto glass,
allowing the device to retain the advantages of high-quality
GaN while exploiting the transparency of glass or large panel
form factors.'® This approach supports backside emission or
flip-chip layouts that improve heat conduction; however, addi-
tional high-thermal-conductivity adhesives or backside coatings
are essential. GaN high-electron-mobility transistors (HEMTS)
can also be transferred onto glass; however, device self-heating
becomes a limiting factor in high-power switching, restricting
their practical usage to low-power or pulsed operations unless
sophisticated cooling structures are adopted.'”) Over 1 W of heat
in a few mm? of the channel area may elevate the channel tem-
perature by tens of degrees, impairing both the performance and
device lifetime 1827

A low thermal conductivity often leads to local heating and
reliability concerns. However, glass substrates offer excellent
insulation, optical transparency, and cost-effective large-area
scalability, enabling novel applications in GaN-based devices,
such as micro-LED displays and backside-illuminated sensors.
Notably, recent demonstrations of GaN LEDs on glass reaching
80%—-90% of sapphire-based device efficiency, as well as high-res-
olution transparent micro displays via GaN-based micro-LED
transfer, highlight the feasibility of glass substrates for practical
GaN devices, provided that thermal and electric field manage-
ment are sufficiently addressed.!*"?%

2.2. GaN-on-Glass Growth Methods

Epitaxial GaN can be grown using various chemical vapor deposi-
tion (CVD) techniques, such as MOCVD,**! hydride vapor phase
epitaxy (HVPE),* and atomic layer deposition (ALD),**! as well as
physical vapor deposition (PVD) techniques, including sputtering
deposition,** molecular beam epitaxy (MBE),’””) and pulsed laser
deposition (PLD).”! However, not all deposition techniques are
suitable for GaN growth because an active nitrogen-rich environ-
ment is required for the reaction with gallium. This environment
is typically achieved by using NH; or plasma-activated nitrogen to
facilitate GaN growth. In this section, epitaxial GaN growth meth-
ods are introduced, followed by a discussion of GaN crystal
quality.””)

2.2.1. Growth Using CVD Methods

MOCVD is the most widely used technique for growing GaN
crystals in the compound semiconductor industry. It involves
reacting metal-organic precursors (e.g., trimethylgallium,
TMGa) and ammonia (NH;3) at high temperatures to form

Adv. Photonics Res. 2025, 2500014 2500014 (5 of 25)
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GaN thin films and is also employed in commercial LED produc-
tion. Typically, growth temperatures near 1000 °C are required to
achieve high-quality epitaxial layers on single-crystal substrates
such as sapphire or SiC. However, glass substrates generally have
poor thermal properties, making it difficult to directly apply such
high-temperature processes. For instance, large-area, alkali-free
display glass often exhibits a softening point of 970 °C and strain
point of ~670 °C; therefore, temperatures above 600 °C can lead
to substrate deformation or thermal damage. In addition, typical
glass contains a considerable number of alkali ions (e.g., Na), which
can diffuse to the surface during high-temperature processes and
be incorporated into the growing GaN layer. Consequently, to real-
ize GaN-on-glass, low-temperature growth is essential, and direct
growth at high temperatures often results in randomly oriented
polycrystalline GaN films. Various approaches have been explored
to address these issues. One strategy involves depositing a thin Ti
metal film on a glass surface to induce crystal orientation, forming a
GaN nucleation layer at low temperatures, followed by conventional
high-temperature GaN growth via MOCVD.P” This method ena-
Dles localized single-crystal-like growth of GaN on amorphous glass
and can ultimately produce LEDs with a performance comparable
to that of GaN grown on sapphire substrates.

In addition to MOCVD, HVPE is another major CVD tech-
nique for GaN growth. In HVPE, GaCl vapor species generated
by the reaction of metallic Ga with HCI subsequently react with
NH; to grow GaN. HVPE has been used to grow thick GaN layers
and fabricate GaN substrates. It can achieve a rapid growth rate,
often exceeding a few hundred micrometers per hour, which
makes it suitable for producing freestanding or bulk GaN sub-
strates. For example, Kim et al. reported the growth of a thick
GaN layer on fused silica via HVPE, followed by the removal
of the glass substrate by chemical etching to obtain a
20 x 20 m? freestanding GaN substrate.*!] Despite these advan-
tages in thick-layer fabrication, HVPE also requires very high
temperatures (>1000 °C), posing severe challenges for common
glass substrates such as borosilicate or soda-lime glass, which
tend to soften or crack, while alkali ion diffusion further deteri-
orates crystal quality. Yu et al. noted that the diffusion and reac-
tion of substrate elements affect GaN crystal formation during
HVPE on Si substrates, and these issues are even more severe
with glass.?? Consequently, the application of HVPE to GaN-
on-glass is quite limited; with specialized high heat resistance,
alkali-free glass (such as fused silica) can sometimes be used,
or the glass can be removed to obtain freestanding GaN.

Various strategies have been investigated to mitigate the prob-
lems arising from these high-temperature processes on glass
substrates, including buffer layers that alleviate the thermal
expansion mismatch and block impurity diffusion from the sub-
strate. For example, a thin low-temperature AIN or GaN nucle-
ation layer is routinely used when growing GaN on sapphire, a
concept that can also be extended to glass by depositing a thin
SiN, or AIN buffer layer, or by performing NH; plasma pretreat-
ment to nitride the glass surface.’® Sato et al. fabricated an
InGaN/GaN thin film on glass by slowly growing a GaN layer below
500 °C to form a polycrystalline film, which slightly increased the
temperature to improve crystal growth. Although lowering the pro-
cess temperature generally leads to a somewhat reduced crystal
quality, it prevents substrate damage, making it feasible to use
glass.*¥ Another approach is to use alkali-free substrates with
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improved chemical composition to minimize Na diffusion; recent
display technologies have introduced Eagle XG and Willow Glass,
which are largely free of Na and K and can be used up to=600—
700 °C. Such substrates can reduce defect formation in the growing
GaN layer, thereby facilitating the fabrication of glass-based LEDs.

To successfully implement GaN-on-glass via CVD, inducing
substrate-friendly conditions such as low-temperature nucle-
ation, surface nucleation, and buffer-layer insertion to block dif-
fusion is crucial. Even with these conditions, the resulting GaN
film is usually polycrystalline; nevertheless, it can exhibit a pref-
erential c-axis orientation. Further process optimization of mul-
tistep approaches may gradually enhance crystal quality.

2.2.2. Growth Using PVD

In addition to chemical reactions, growth techniques based
on physical evaporation or sputtering have been explored for
GaN-on-glass. Examples include MBE, PLD, and pulsed sputter-
ing deposition (PSD). These PVD methods typically require
relatively low growth temperatures and feature simple configu-
rations. In MBE, for example, Ga metal evaporates under ultra-
high vacuum and reacts with activated nitrogen (e.g., a plasma
source) to achieve epitaxial growth, allowing GaN thin film
growth at ~600-800 °C. PLD and PSD (such as magnetron sput-
tering) can form films at even lower temperatures, often below
300-500 °C, making them attractive for thermally sensitive glass
substrates. However, low-temperature growth typically leads to
inferior crystallinity. On noncrystalline substrates such as glass,
the grains often nucleate randomly, producing polycrystalline or
quasi-amorphous films. Zou et al. reported that GaN grown on
glass via mid-frequency sputtering exhibited an X-ray diffraction
(XRD) (002) rocking curve with a full width at half maximum
(FWHM) of several degrees, indicating poor crystal ordering.*”!
Furthermore, PVD-grown GaN often exhibits columnar growth,
in which grains nucleate randomly at the surface and grow
vertically in pillar-like structures, leading to a lack of uniform
in-plane orientation.

Various methods have been proposed to overcome these lim-
itations. First, plasma-assisted molecular beam epitaxy (PA-MBE)
employs nitrogen plasma to enhance the generation of active spe-
cies and increase the surface mobility, enabling crystal growth at
lower temperatures.*® For example, some studies have explored
growing GaN nanocolumns at 500 °C by PA-MBE, and then
attempting to coalesce these nanocolumns into a more oriented
film.*”) Second, the incorporation of a thin buffer layer during
the initial nucleation stage is beneficial. Liu et al. introduced
a thin ZnO buffer film during pulsed DC sputtering to improve
GaN grain size and orientation on glass, resulting in stronger
(002) texture at a low growth temperature of ~300°C.*®
Because ZnO has a wurtzite structure similar to that of GaN
and good adhesion to glass, it forms an effective interfacial layer.
Additional methods include plasma pretreatment of the glass
surface to enhance the chemical reactivity or introduce nitrogen,
as well as providing supplemental energy (e.g., ion beams) dur-
ing deposition to promote surface migration at low temperatures.
Ion-beam-assisted deposition (IBAD) is a well-known example of
reducing the defect density in TiN films via low-energy ion assis-
tance.”” When applied to GaN, similar ion energy inputs can
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favor oriented crystal nucleation. An increased plasma density
drives more frequent particle collisions and thus improves film
crystallinity, even at low temperatures. This technique blends ele-
ments of both chemical and physical deposition to achieve crys-
talline thin films at temperatures well below those used in
conventional CVD.

The PVD method is actively exploring additional techniques,
such as buffer layer insertion, plasma or ion-beam assistance,
and other enhancements, to preserve the low-temperature advan-
tages while improving GaN crystallinity on glass. Table 2 lists the
different growth methods for achieving GaN-on-glass, each with
intrinsic tradeoffs that lead to considerable variation in the crystal
quality. High-temperature CVD can attain superior crystallinity
but has low compatibility with common glass substrates, whereas
low-temperature PVD is more substrate-friendly but typically
yields poorer crystal quality.

2.3. GaN-on-Glass Growth Technology

For large-area glass-based optoelectronics, developing a hybrid
approach that prevents substrate damage while maximizing
the crystal quality of GaN is crucial. This section focuses on
improving the orientation and crystallinity of GaN-on-glass using
methods such as preorienting layers, local and global epitaxy con-
cepts, and the insertion of metal-based orientation films with fine
patterning for selective area growth (SAG). By employing these
strategies, nearly single-crystalline GaN thin films can be realized
even on amorphous glass, and their feasibility for devices can be
assessed.

2.3.1. GaN-on-Glass Preparation Methods and Characterization
of GaN

As with crystalline substrates, the surface cleanliness and initial
orientation are crucial for GaN growth on glass. First, the glass
substrate is cleaned using organic solvents to remove particles
and residual organics. Sequential cleaning with acetone, metha-
nol, and isopropanol reduces the surface contamination.
Additional plasma cleaning or UV-ozone treatment can be
applied to eliminate the remaining hydrocarbons completely.
After cleaning, a pretreatment step involving a group-V source
can be performed in the reactor of an MOCVD or MBE system
to modify the substrate surface. For example, annealing the sub-
strate under an NHj atmosphere, the so-called nitridation, can
form a nitride layer on the glass surface, creating favorable con-
ditions for initial GaN nucleation. For the sapphire substrate, the
nitridation forms a thin AIN layer that enhances the lattice
matching of GaN."**! Similarly, for amorphous glass substrates,
some Si—O bonds are replaced by Si—-N, which provide nucleation
sites.*”) By combining solvent cleaning and nitridation pretreat-
ment, the glass surface exhibited improved cleanliness and
chemical activity, which stabilized the GaN nucleation in the
early growth stage. In contrast, if no pretreatment is conducted,
then residual contaminants or moisture on the glass surface can
interfere with crystallization, leading to smaller grains and ran-
domly oriented polycrystalline phase.**! Therefore, optimizing
pretreatment conditions, such as surface cleaning and nitrida-
tion, is essential for achieving high-quality GaN-on-glass.
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Table 2. Comparison of key GaN thin film growth techniques for GaN-on-glass.

Growth Growth Growth  Applicable substrates/temp. limit on glass Crystal quality, X-ray rocking curve on Advantages and disadvantages
method temp. rate (pm/ sapphire, and crystal quality on glass
h)
MOCVD 900— ~1-5 Single-crystal substrates (sapphire, SiC, Si, ~on sapphire: Epitaxial quality (single Uniform large-area growth, proven
1100 °C etc.) / General glass only up to ~600 °C crystal), hundreds of arcsec (002) industrial use at atmospheric pressure,
(low-temp. (due to softening and Na diffusion at higher on glass: polycrystalline (c-axis ability to control complex compositions
nucleation temp.) preferred orientation, in-plane Requires ~1000 °C high-temperature
at ~500 °C) disorder) process, high precursor costs, thermal
damage risk for glass substrates
HVPE 1000— 10-200 Requires high-temp.-resistant substrates on sapphire: Thick-film high quality, Very rapid growth rate, capable of thick
1100°C (GaN templates or sapphire) / Some (002) a few tens to a few hundred layers that reduce defects (practical route to
research has used fused silica glass,®"?  arcsec for films a few micrometers thick bulk GaN)
incompatible with general glass (softening ~ on glass: c-axis-oriented polycrystal Handling issues due to HCl corrosion,
& chemical reactions) (grain boundaries present) difficult to control alloy composition, rough
surface, challenging direct growth on glass
(high temperatures)
PA-MBE 600-800 °C 0.1-1 Epitaxy on single-crystal substrates(Si, on sapphire: High quality when lattice-  Precise thickness/composition control at
sapphire, etc.)/Possible at lower temp., but ~ matched, hundreds of arcsec, defect ~the atomic layer level, easy doping profiling,
no lattice matching on glass cause density ~108-10° cm? (002) relatively low growth temperature possible
nanocolumns or amorphous films on glass: crystallites do not form well Very slow growth rate, expensive
(nanocolumn or polycrystalline) equipment, limited uniformity over large
areas, industrial mass production is
challenging
PLD RT-700 °C ~0.1-1  Compatible with a wide variety of substrates ~ on sapphire: polycrystalline or quasi-  Easy to deposit various materials in a lab
(depends (flat, curved, etc.)/Glass substrates are  single-crystal, crystal grain size of a few setting (not only GaN but also oxides, etc.),
on laser easily used (<500 °C) tens of nm, preferred orientation free control of composition by changing
repetition possible targets, relatively low temperature
rate) on glass: in-plane orientation is Particle defects from laser ablation, limited
random; local texture can form deposition area due to the plume,
reproducibility issues
Pulsed/RF RT-500°C  ~0.1-0.5 Can be deposited on most substrates on sapphire: tends toward Relatively low equipment cost, simple and
magnetron (depends (glass, plastic, etc.)/Large-area process polycrystalline or amorphous, several stable process, low-temperature deposition
sputtering on target possible and thin films can be formed below degrees (002) minimizes substrate damage, suitable for
(PSD) power) 400°C (compatible with flat-panel display ~on glass: vertically oriented columnar large-scale production
methods) grains (~20-50 nm)m] Incomplete nitridation under certain
conditions can lead to N-vacancies and
oxygen impurities (due to pressure
environment), small crystal grains degrade
electrical properties, difficult to grow thick
films (stress)
Plasma- 100-300°C afewnm/h  Can be used on virtually any substrate/ ~ on sapphire: ultrathin polycrystalline or Angstrom-level thickness control,
enhanced Excellent uniformity over large areas quasi-amorphous. At 250 °C, tens of outstanding film uniformity, low-
atomic layer (precise atomic-layer thickness control) ~ nm of GaN show (002) polycrystalline temperature capability allows application in
deposition formation with grain size <10nmP#  postdevice processing, good for vertical-
(PEALD) on glass: achieving pure GaN is difficult structure coating on glass

(O, H incorporation) Extremely slow growth rate, unsuitable for
anything beyond thin films, limited
precursor availability and high cost, lower

crystal quality

The effect of the pretreatment can be verified by observing
early GaN nucleation and buffer layer growth. For instance, when
a nitridation step is applied to a glass surface, the initial GaN
nuclei exhibit a lower density but grow larger in size with a domi-
nant c-axis orientation. This occurs because the nitrogen species
generated from nitridation are adsorbed onto the substrate and
form strong bonds with the Ga atoms, leading to relatively large,
well-aligned nuclei in the initial growth stage. In the absence of
pretreatment, multiple nuclei randomly emerge, resulting in an
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uneven grain size and poor orientation.*”) In MOCVD processes,
a two-step growth method is commonly used; a thin GaN or AIN
buffer layer is first grown at a low temperature, followed by the
main GaN layer grown at higher temperatures. This buffer layer
strategy has been similarly applied to glass substrates.'"! Some
studies have also inserted an intermediate layer with good lattice
compatibility, such as ZnO, before depositing GaN directly onto
the glass to enhance the crystal quality.”® These buffer layers
partially compensate for the lattice mismatch or manage the
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thermal expansion differences between GaN and the underlying
glass, thereby promoting uniform c-axis orientation and grain
growth of the GaN film.**! GaN-on-glass films grown through
proper pretreatment and buffer-layer incorporation tend to
exhibit larger grains and improved crystallographic alignment;
such microstructural improvements translate into enhanced
optical and electrical properties.**!

The crystal quality of the GaN-on-glass thin films has been
evaluated using various analytical methods. High-resolution
XRD measurements of the FWHM of the rocking curve of
(002) reflection have been used to determine the degree of
mosaicity. For example, Chung et al. demonstrated that GaN
grown on hexagonal boron nitride (h-BN) shows a (002) rocking
curve FWHM of about 2.37°, indicating a relatively good vertical
alignment. XRD ¢-scans of the GaN (102) reflection are used to
check the sixfold symmetry of wurtzite GaN crystals. Under
proper conditions, GaN films grown on glass can also exhibit six-
fold symmetry in the ¢-scan, suggesting that, despite being poly-
crystalline, locally aligned domains predominate.*?

Electron backscatter diffraction (EBSD) is another powerful
method for visualizing the orientations of individual grains. If
the EBSD pattern shows that the GaN grains on glass mostly
align their c-axis vertically and maintain consistent local orienta-
tions, then the material can be viewed as having a quasi-single-
crystalline texture. Further insights into the optical quality can be
obtained by measuring the band-edge emission intensity near
3.4 eV using photoluminescence (PL) spectroscopy and compar-
ing it to any defect-related emission (e.g., yellow luminescence
at ~2.2 eV). Generally, the higher the crystal quality, the stronger
the band edge emission and the more suppressed the defect
bands, which results in narrower emission linewidths.!*® By
integrating these techniques, including XRD rocking curves,
¢-scans, EBSD, and PL measurements, the crystallographic qual-
ity of GaN-on-glass can be quantitively assessed.

2.3.2. Methods for Improving GaN Crystallinity—Local Epitaxy

Researchers have introduced the concept of local epitaxy to
enhance the quality of GaN films on glass substrates with inher-
ently low crystallinity. While global epitaxy implies that the entire
substrate surface grows with a single orientation on a nonlattice-
matched substrate, such as glass, achieving uniform orientation
across the entire substrate is practically not feasible. In contrast,
local epitaxy focuses on inducing epitaxial growth within small
localized domains that later merge to form quasi-epitaxial
films.'* When GaN is grown directly on glass, numerous nuclei
are formed in random orientations, resulting in a macroscop-
ically polycrystalline film. Although local areas may exhibit epi-
taxial ordering, the overall film contains a mixture of differently
oriented grains. With local epitaxy, the aim is to constrain each
grain within a small region such that each grain can grow into a
sizable domain before coalescing, effectively preventing large-
area random orientations.*) Although the glass substrate does
not provide directional information, local ordering followed by
merging can significantly improve the crystallinity of the final
GaN film. One method for realizing local epitaxy is to employ
PA-MBE to spontaneously form GaN nanostructures. By tuning
the N/Ga flux ratio during the MBE growth on glass, vertical GaN
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nanowires or nanocolumns with diameters of tens of nano-
meters could be self-assembled.”* Individual nanowires act as
discrete single crystals with low dislocation densities because
they grow from the substrate without significant stress owing
to lattice mismatch. However, the nanowires exhibit random
positioning and anisotropic sidewall growth.

Another approach to local epitaxy is the use of SAG. This
involves depositing a mask layer, such as SiO,, SiNy, or Ti, on
the substrate surface and introducing lithographically defined
stripes or micro-openings (holes) by etching certain regions so
that GaN nuclei form only at predetermined locations.!*>*¢
The mask suppresses peripheral growth and confines GaN to
designated domains of a limited size. SAG-based epitaxial lateral
overgrowth (ELOG) is widely used on sapphire substrate to
reduce defect density and improve orientation. Extending the
ELOG to glass, Wang et al. formed SiO, stripe masks on glass
and induced lateral GaN overgrowth. Interestingly, unlike sap-
phire, the stripe orientation did not affect the overgrowth direc-
tion on glass, suggesting that the mask pattern itself guided the
growth rather than any structural influence from the underlying
substrate.*! This patterned growth leads to periodic uniform
nanowires that avoid undesirable edge overgrowth. These
approaches can be used for lateral merging to form a continuous
film.1*”-?) This strategy is also applicable to amorphous glass
substrates with a graphene preorienting layer and will be dis-
cussed in detail in Section 4.4.°% SAG and ELOG enable the for-
mation of large coalesced grains with relatively flat surfaces, even
on amorphous substrates, and are emerging as crucial technolo-
gies for large-area GaN-on-glass.

The GaN films supported by c-axis aligned nanowire template
can beneficial for optoelectronic devices. For instance, nanowire-
based LEDs allow for uniform current distribution through each
wire in a vertical path, and their sidewalls can serve as additional
emission surfaces, boosting the light output. Moreover, cavities
or photonic crystal structures leveraging nanowire arrays can fur-
ther improve light-extraction efficiency, offering a new design of
freedom. Hence, GaN nanowire arrays formed via local epitaxy
can provide a strategy for GaN thin films and improving device
performance in GaN-on-glass optoelectronics.

2.3.3. Methods for Improving GaN Crystallinity—2D Material
Preorienting Layer

Another innovative strategy for improving the crystal quality of
GaN grown on glass is the use of two-dimensional (2D) materials
as intermediate layer. Graphene and h-BN are commonly inves-
tigated as 2D layered materials that can be applied to glass sur-
faces prior to GaN deposition.*?) These 2D interfacial layers
physically insert themselves between the glass and the GaN film,
functioning as preorienting layers. Both graphene and h-BN are
atomically flat and feature strong in-plane sp* bonding but weak
bonding with the substrate, which can provide a partial lattice
template at high temperatures. Notably, h-BN shares the same
sixfold symmetry as GaN (unlike graphene) and can indirectly
guide GaN orientation. As mentioned earlier, h-BN provides a
clear sixfold symmetry to GaN, and EBSD shows a uniform c-axis
orientation of GaN. These findings suggest that, even on amor-
phous substrates, a 2D layer can favorably align in the out-of-
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plane direction (c-axis) and regulate the in-plane orientation of
the GaN film to some extent.

Two mechanisms have been proposed to describe the GaN
growth facilitated by 2D materials: quasi-van der Waals epitaxy
(QvdWE) and remote epitaxy.”*! QvdWE is not dependent on
the crystallinity of substrate; it occurs even on amorphous mate-
rials. In this mechanism, the weak van der Waals interactions at
the interface enable the deposited film to grow without being sig-
nificantly affected by the lattice mismatch with the substrate.”>*!
For example, when graphene is used as a 2D preorienting layer,
defects or unsaturated carbon sites on its surface can locally
induce chemical bonding between GaN nuclei and the graphene,
promoting the formation of highly oriented nuclei. As these
nuclei grow and coalesce, they may merge into a nearly single-
crystalline film. In this context, QvdWE involves a mixed inter-
facial bonding regime in which weak van der Waals interactions
coexist with a sparse covalent bonds—these localized bonds are
critical for establishing an epitaxial relationship between the GaN
film and the underlying graphene.”® In contrast, remote epitaxy
becomes relevant when the base substrate is crystalline. Even
when covered with an atomically thin 2D layer such as graphene,
the electrostatic potential of the underlying lattice—arising from
atomic charges or polarity—can partially transmit through the
2D layer. This enables the overlayer to “remotely” inherit the
crystallographic orientation of the substrate. In remote epitaxy,
there is no direct chemical bonding between the 2D interlayer
and the growing films; instead, long-range electrostatic interac-
tions such as Coulombic forces govern the alignment.

A long-standing debate centers on which mechanisms—
QvdWE or remote epitaxy—is more favorable for the epitaxial
growth of IlI-nitrides. Liu et al. provided key insights by investi-
gating AIN growth on wet-transferred graphene.*® In their
study, AIN films were grown on AlN/graphene substrates,
enabling a direct comparison of remote epitaxy an QvdWE. It
was found that remote epitaxy resulted in polycrystalline AIN
films, whereas QvdWE consistently yielded single-crystalline
AIN layers. In the case of remote epitaxy, the long-range electro-
static interaction from the AIN template was sufficient to suppress
out-of-plane polarity inversion but failed to control in-plane align-
ment, leading to misoriented grains and ultimately polycrystallin-
ity. In contrast, in QvdWE, localized chemical bonding at graphene
defect sites anchored the in-plane lattice orientation of the initial
nuclei, enabling coherent grain coalescence and the formation of
continuous single-crystalline AIN or GaN film.

QvdWE is therefore considered more effective in achieving
high-quality single-crystalline films. In contrast, pure van der
Waals epitaxy (vdWE), which lacks any chemical bonding at
the interface, has been reported to produce lower crystal quality
due to poor control over initial nucleation. Indeed, studies have
shown that I1I-nitride films grown via vdWE on pristine graphene
often exhibit inferior crystallinity, attributed to the absence of
robust nucleation sites. Nevertheless, remote epitaxy is not entirely
ruled out. If the underlying substrate is a strongly polar single crys-
tal, some lattice information can still be transmitted through the
2D layer. For example, in GaN-on-GaN remote epitaxy using gra-
phene, the resulting GaN epilayers have been shown to retain the
crystallographic orientation of the underlying substrate. However,
unless the defect states of the graphene interlayer are precisely con-
trolled, in-plane rotational disorder is difficult to suppress, leading
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to grains with slight angular misalignment. This issue becomes
particularly severe when the substrate is polycrystalline or amor-
phous, lacking a coherent lattice template.

In such cases, QvdWE becomes the dominant mechanism.
When GaN is grown on an amorphous glass substrate, which
lacks long-range order, 2D preorienting layers enable growth pre-
dominantly via QvdWE, resulting in a polycrystalline film with a
preferred crystallographic texture. Although true single-crystal
quality is not achieved, GaN-on-glass grown using 2D preorient-
ing layers often exhibits a distinct sixfold symmetry in ¢-scans
and a relatively narrow (002) rocking curve FWHM, typically
in the range of several hundred to a few thousand arcse-
conds—significantly better than what is observed for direct
GaN growth on bare glass.***”)

2.3.4. Challenges and Engineering Solutions in 2D-Assisted GaN
Epitaxy

To employ 2D materials as preorienting layers on target sub-
strates, it is common to use a transfer process in which 2D films
synthesized via CVD are physically relocated onto the desired
surface. However, this transfer step frequently introduces struc-
tural imperfections and mechanical damage to the 2D layer, sig-
nificantly impacting the outcome of subsequent epitaxial growth.
For example, CVD-grown graphene typically contains preexisting
defects such as grain boundaries from and point defects, and fur-
ther mechanical damage is often incurred during transfer. When
polymer-supported layers (e.g., PMMA) are used to lift and relo-
cate the graphene, incomplete adhesion to the substrate can lead
to local tearing or cracking upon removal of the support.
Wrinkles, tears, and pinholes commonly observed in transferred
graphene films are generally attributed to such transfer-induced
stresses.

Lee et al. reported that both intrinsic and handling-induced
defects severely degrade the mechanical strength of CVD gra-
phene, making it more susceptible to fracture and functional
degradation.’® These damages compromise the structural con-
tinuity of the graphene layer and undermine its ability to with-
stand the high temperatures required for epitaxial growth. When
the graphene is locally damaged, the underlying substrate may be
exposed. If the exposed region is part of a single-crystal substrate,
the resulting GaN nuclei may align with that crystal lattice, while
nuclei forming on intact graphene evolve independently—lead-
ing to nonuniform orientation. On polycrystalline substrates,
exposed regions may vary in crystallographic orientation, further
increasing the likelihood of grain misalignment in the overgrown
GaN. Moreover, lateral overgrowth of GaN onto exposed sub-
strate regions disrupts the intended epitaxial interface, exacerbat-
ing lattice mismatch and introducing grain boundaries. These
observations highlight the critical importance of maintaining
the structural integrity of the graphene interlayer.

GaN epitaxy typically requires high temperatures (1000 °C),
making the thermal stability of the interfacial 2D material a key con-
sideration. Graphene, in particular, is vulnerable to decomposition
or sublimation at elevated temperatures. Park et al. found that gra-
phene’s thermal stability is highly dependent on the underlying
substrate.*” For instance, graphene was partially preserved
after annealing above 1300 °C on sapphire, which contains oxygen,
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whereas it completely degraded under similar conditions on AIN,
which contains nitrogen. This degradation was attributed to nitro-
gen species released from AIN decomposition at high temperatures,
which chemically attack the graphene layer.

In contrast, h-BN remained structurally intact under the same
condition. Although it shares a similar hexagonal lattice structure
with graphene, h-BN’s alternating boron and nitrogen atoms con-
fer enhanced chemical stability in nitride-rich environments. In
the same study, h-BN was used as an interfacial layer on AIN
templates for AIN thin film growth. After growth, the h-BN layer
remained intact and enabled clean exfoliation of the overgrown
film, showing the importance of thermal stability for 2D
interlayers in high-temperature processes such as MOCVD or
HVPE. When using monolayer graphene, growth conditions
must be carefully optimized to preserve its interfacial function.
A well-known consequence of thermal instability is degradation
in crystallinity or even complete failure of epitaxy. Kwak et al.
demonstrated this during MOCVD growth of GaN on graphene/
AIN templates.® While initial nucleation at 750 °C enabled exfo-
liation, subsequent growth at 1050 °C caused graphene degrada-
tion near surface pits on the AIN. As a result, GaN began to
grow directly on the exposed AlN, resulting the overgrown film
nonexfoliable.

To overcome such limitations, the use of multilayer 2D
materials has emerged as a promising strategy. “Multilayer” here
refers to both vertical stacking of identical 2D layers (e.g., bilayer
or trilayer graphene) and the integration of heterogeneous mate-
rials. This approach serves two primary functions. First, mono-
layer graphene is highly susceptible to pinholes; even a single
defect can result in direct substrate expose. By stacking multiple
layers, the probability of pinholes aligning across all layers
decreases significantly, providing a more continuous barrier that
better isolates the substrate. Each layer can compensate for
defects in others. Bilayer and trilayer graphene have been shown
to reduce crack formation from transfer-induced stress and
better accommodate thermal expansion mismatches. However,
excessively thick stacks may fully screen lattice-level interactions,
making orientation control of GaN nuclei difficult.®*® Therefore,
when using multilayer graphene, the growth mechanism is more
likely to follow QvdWE, where the primary function of the inter-
layer is to ensure a defect-free interface. Another strategy
involves heterogeneous stacking, such as bilayer of graphene
and h-BN. Graphene provides excellent thermal conductivity
and mechanical strength, while h-BN offers superior thermal
and chemical stability. For example, h-BN can maintain its struc-
tural role throughout high-temperature GaN growth, preserving
interfacial integrity.®® This hybrid configuration leverages the
strengths of each material: h-BN for stability, graphene for exfo-
liability and thermal transport.

A second key strategy involves precise control of the growth
process. Ensuring a defect-free, conformal transfer of the 2D
interlayer is essential. Transfer techniques such as soft polymer-
supported transfer, roll-to-roll lamination, or optimized wet
etching should be fine-tuned to minimize wrinkles and ensure
uniform adhesion. Post-transfer annealing must also be opti-
mized to remove polymers residues without damaging the 2D
material.®® During growth, process conditions must suppress
thermal degradation and avoid unintended chemical reactions.
For example, Kwak et al. used a two-step MOCVD process:
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GaN nucleation began at 750 °C, followed by high-temperature
growth at 1050 °C to promote coalescence, with the goal of pro-
tecting the graphene layer.*” Although surface pits still caused
partial degradation, the approach demonstrated the value of ther-
mal step control. Critical parameters such as ramping rate, pre-
cursor injection timing, and NH;/H, flow ratios must be
carefully managed to preserve interfacial stability.

To promote QvdWE and induce in-plane alignment, it is also
important to control the density and type of interfacial defects.
Too few defects may lead to random nucleation; too many can
compromise the graphene’s continuity or lead to excessive nucle-
ation density and polycrystallinity. Liu et al. addressed this
by exposing graphene to atomic nitrogen plasma to introduce
C—N dangling bonds—defects sites that serve as moderate nucle-
ation anchors.®® By optimizing plasma exposure time and integ-
rity, they maintained graphene’s structure while introducing
sufficient nucleation sites to achieve single-crystalline GaN films.
Finally, substrate surface preparation is critical. The substrate
must be atomically clean and flat to ensure uniform adhesion
of the 2D interlayer. Pregrowth treatments should remove surface
roughness and residual reactive species that may cause local break-
down or nonuniform bonding under thermal stress. In summary,
the successful use of 2D materials in III-nitride epitaxy requires
comprehensive optimization—from substrate preparation to inter-
layer transfer, defect engineering, and thermal process control.
Only by addressing each stage meticulously can the full potential
of 2D-assisted GaN-on-glass integration be realized.

2.3.5. Polarity Control and Transmission in GaN Growth on 2D
Preorienting Layer

As discussed in the previous section, introducing a 2D preorient-
ing layer serves as an effective strategy for improving the crys-
tallinity of heteroepitaxial GaN by mitigating lattice mismatch
constraints. Another critical parameter in GaN epitaxy is the abil-
ity to control and maintain the lattice polarity of the epilayer. GaN
crystallizes in a noncentrosymmetric wurtzite structure and
exhibits strong spontaneous polarization along the c-axis, leading
to two distinct polarities: Ga-polar ((0001) orientation) and
N-polar ((000-1) orientation), depending on whether Ga or N
atoms terminate the top surface.®!! Polarity profoundly affects
surface chemistry, electrical behavior, and defect formation in
the epitaxial layer, making precise polarity control essential for
device applications such as LEDs and lasers. The polarity of
GaN is primarily determined during the initial nucleation and
is dictated by the atomic configuration and chemical bonding
at the interface. The atom that first bonds with the substrate dur-
ing nucleation generally determines the resulting polarity. For
instance, inserting a low-temperature AIN buffer layer between
GaN and a sapphire substrate allows Ga atoms to preferentially
bond with the buffer, promoting Ga-polar GaN growth. In con-
trast, direct growth without a buffer often results in N-polar GaN,
as N atoms bond with the substrate surface.®”! Polarity can also
be tuned by adjusting surface treatments and initial growth
parameters, such as the III/V precursor ratio and temperature,
even when using the same substrate, highlighting the sensitive
Ga-N bond orientation to the growth environment.°* In general,
if Ga atoms bond at the interface with N atoms positioned above,
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the resulting film exhibits N-polarity; conversely, if N atoms bond
at the interface and Ga atoms grow on top, Ga-polarity is favored.
Once established, this polarity tends to propagate vertically
through the film due to the energetic stability of the initial
bonding configuration. Reversing polarity mid-growth requires
forming high-energy inversion domain boundaries or dislocations,
which is energetically unfavorable. Therefore, the initial polarity
typically persists throughout the entire film thickness. However,
if nuclei with mixed polarity form during nucleation, inversion
domains may arise, increasing defect density and degrading both
optical and electrical performance. Thus, achieving uniform polar-
ity is critical.

Epitaxy on 2D materials such as graphene or h-BN introduces
new challenges and strategies for polarity control. Unlike conven-
tional substrates, 2D materials do not provide strong interfacial
chemical bonding, making GaN nucleation more prone to mixed
polarity. For example, monolayer graphene is chemically inert
and does not preferentially bond with either Ga or N atoms,
increasing the likelihood of random polarity nucleation or even
suppressed nucleation. Part et al. demonstrated that although
h-BN can act as a favorable template for initiating GaN epitaxy,
graphene presents notable difficulties in achieving consistent
crystallization./*”l Consequently, establishing polarity-controlled
GaN films on 2D layers requires deliberate engineering of polar-
ity-selective interfacial bonding. One approach involves chemi-
cally functionalizing the 2D layer to introduce favorable
nucleation sites. In the case of graphene, this may include doping
with heteroatoms or introducing surface defects to guide polarity
selection. Liu et al. showed that the polarity of GaN grown on
O-doped graphene can be switched depending on the order of
precursor supply: supplying Ga first results in N-polar films,
whereas supplying N first yields Ga-polar films.!*”! This dual-
mode selectivity is a significant demonstration that interfacial
atomic configuration can be harnessed to control GaN polarity
on 2D materials.

Beyond graphene, h-BN has also been explored as a preorient-
ing layer for polarity control. Unlike graphene, h-BN exhibits
intrinsic polarity, with one surface terminated by B atoms and
the other by N atoms. When transferred onto a substrate,
h-BN can either shield the substrate’s electrostatic potential or
strongly bond with it, depending on its orientation and defect
density.®! For example, Kong et al. reported that monolayer
h-BN bonded strongly to GaN substrates, effectively blocking
remote epitaxial interactions.”® Introducing defects into h-BN
allowed partial transmission of the substrate’s potential, enabling
epitaxial alignment. These results indicate that chemical state of
the h-BN interface can influence both the orientation and polarity
of the overgrown GaN layer. However, unlike graphene, strate-
gies for chemically tuning h-BN polarity via doping remain
largely unexplored.

In summary, polarity in GaN epitaxy on 2D materials is gov-
erned by the atomic bonding configuration at the nucleation
interface. Controlling this requires precise engineering of the
interfacial chemistry—via doping, defect engineering, or precur-
sor sequencing—and precise control of early-stage growth condi-
tions. The ability to manipulate polarity on 2D materials not only
deepens our understanding of QvdWE or remote epitaxy but also
expands the design flexibility of GaN-based heterojunction devi-
ces beyond conventional substrate limitations. These strategies
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are expected to extend to other polar III-nitrides, such as AIN
and InN, and contribute to new frontiers in epitaxial crystal
growth and device integration.

3. GaN Thin Film on Bare Glass Substrates

The direct growth of GaN thin films on amorphous glass sub-
strates presents significant challenges owing to the lack of a lat-
tice structure, which leads to polycrystalline GaN formations
despite the initial appearance of uniform growth. Sections 3.1
and 3.2 provide an in-depth examination of these challenges,
beginning with the baseline growth characteristics of GaN on
bare glass (Section 3.1) and advancing controlled growth techni-
ques (Section 3.2) aimed at providing in-plane symmetry and
structural quality. Strategies, such as SAG using Si;N, stripe pat-
terns and nanoimprint lithography, have been employed to
restrict the growth planes and promote 1D columnar coales-
cence, thereby enabling the subsequent fabrication of SiO, mask
holes for the growth of GaN nanorods on amorphous glass.
These approaches have demonstrated significant progress in
achieving c-axis-oriented growth but also highlight the persistent
challenges of attaining in-plane symmetry, indicating the critical
influence of the amorphous substrate. This section explores the
growth mechanisms and fundamental limitations imposed by
the amorphous nature of the substrate, thereby providing valuable
insights into the epitaxial growth of GaN on amorphous glass.

3.1. Growth of GaN Thin Film on Bare Glass

Figure 1a shows three schematic representations of GaN growth:
local epitaxy, global epitaxy, and absence of epitaxy.!*”! The con-
cept of local epitaxy refers to the preferred growth direction along
z-direction (c-axis) toward the surface normal, whereas the a-axes
are randomly oriented in the xy-plane. Because GaN growth
occurs on a polycrystalline preorienting layer, the resulting
GaN exhibits a polycrystalline nature. Global epitaxy, in contrast,
involves growth on a single-crystalline substrate in which both
the c-axis and a-axis of GaN are fully coherent with the substrate
lattice. Further, the absence of epitaxy results in completely ran-
dom orientation of both the c-axis and a-axis. However, when
considering GaN growth on amorphous glass using various epi-
taxial techniques, the c-axis orientation is preferred. The highest
surface energy along the (002) orientation results in the highest
growth rate, leading to the c-axis orientation.***¢°

Figure 1b,c shows planar and cross-sectional scanning electron
microscopy (SEM) images of polycrystalline GaN grown by
electron cyclotron resonance (ECR)-MBE on a nitridated glass sub-
strate.*”! Highly oriented, coalescent, and columnar GaN struc-
tures with smooth morphologies are visible. The inset of the
streaky reflection high-energy electron diffraction (RHEED) pat-
tern confirms a smooth morphology. However, no changes are
observed in the two types of diffraction patterns during rotation,
indicating that the c-axis-oriented polycrystalline GaN is randomly
oriented along the a-axis. Figure 1d shows a cross-sectional trans-
mission electron microscopy (TEM) image of polycrystalline GaN
at the GaN/glass interface, projected along the (11—20) direction.
The measurements confirm columnar growth along the (002)
direction, with a mean grain size ranging from 30 to 50 nm."””!
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Figure 1. a) Schematic representation of local epitaxy, global epitaxy, and the absence of epitaxy. In both local epitaxy and global epitaxy, the c-axis of GaN
is directed along the z-direction, while the a-axis lies in the xy-plane. In contrast, the c-axis and a-axis of GaN are randomly oriented in the absence of
epitaxy. POL, SCW, and AGS represent the preorienting layer, single-crystal substrate, and amorphous glass substrate, respectively. Reproduced with
permission.[®”] Copyright 2012, Royal Society of Chemistry. b) Planar and c) cross-sectional SEM images of the polycrystalline GaN thin film grown on a
nitridated glass substrate. The inset in (b) shows the spot-streak RHEED, indicating that the c-axis of GaN is uniformly oriented. Reproduced with
permission.l*”) Copyright 2003, Wiley-VCH. d) Cross-sectional TEM image of polycrystalline GaN, projection along the (11-20), with the formation
of hexagonal and cubic GaN. Reproduced with permission.’” Copyright 2003, Wiley-VCH. e) XRD (002) rocking curve of polycrystalline GaN on a glass
substrate which indicating a value of less than 1°. Reproduced with permission.% Copyright 2003, Wiley-VCH. f) XRD 20-scan measurement results of
polycrystalline GaN on a glass substrate showing hexagonal wurtzite-type GaN. Reproduced with permission.”"! Copyright 2017, Wiley-VCH. Planar SEM
images of the polycrystalline thin film GaN on g) bare glass and h) AIN/glass substrates. i) XRD (002) rocking curve of polycrystalline GaN (red solid line:
1.66°) on an AIN/glass substrate and AIN (green solid line: 3.97°), respectively. j) XRD 20-scan measurement results of polycrystalline GaN on an
AIN/glass substrate. Reproduced with permission.!® Copyright 2015, Wiley-VCH.
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Various crystal phases, including sphalerite, cubic, and wurtzite
hexagonal phases, are observed along with several defects such
as basal stacking faults and inversion domain boundaries. The
sample exhibits a (002) XRD rocking curve with an FWHM of less
than 1° (Figure 1e). Despite the multiple crystal phases at the GaN/
glass interface, the XRD 2¢-scan measurement reveals that
polycrystalline GaN-on-glass predominantly exhibits a hexagonal
wurtzite-type GaN crystal phase, as shown in Figure 1f.”"

Subsequently, An et al. grew a GaN thin film on an RF-
sputtering-deposited AIN/glass substrate using MOCVD and
compared the results.® Similar to GaN grown on bare glass
using ECR-MBE, small columnar GaN grains were observed
on the bare glass because of the large nucleation energy of
GaN (Figure 1g).”? In contrast, the MOCVD-grown GaN layer
on the RF-sputtering-deposited AIN/glass substrate exhibited
an improved morphology, as shown in Figure 1h. However,
the GaN grains on the AIN buffer layer did not fully merge into
a continuous thin film because of the random in-plane orienta-
tion. Figure 1i,j shows that the c-axis is still not completely ori-
ented, even with the use of the AIN buffer layer (XRD rocking
curve with an FWHM of 1.6°), although the hexagonal wurtzite
structures of GaN and AIN are maintained.

3.2. Controlled Growth of Thin Film GaN on Bare Glass

As previously discussed, polycrystalline GaN grown on bare glass
using ECR-MBE demonstrated that a coalescent columnar GaN
structure improved the surface uniformity of the thin film while
maintaining small grain sizes. Another promising method for
achieving such structural growth is PA-MBE, which produces
submicron-scale polycrystalline grains of highly c-plane-oriented
GaN on amorphous glass substrates at low growth tempera-
tures.”? Under the Volmer-Weber (VW) growth mode and
nitrogen-rich conditions with a high V/III flux ratio, coalesced
GaN columns can form preorienting layers, enhancing the uni-
formity.[*>¢*74 Additionally, the predominance of N-polarity,
achieved without the use of an Al platform, can lead to significant
changes in the energy band profiles of heterojunctions.”
This feature enables various electronic and optoelectronic
applications, such as field-effect transistors (FETSs) utilizing two-
dimensional electron gases at the GaN/AlGaN interface,”®
highly efficient LEDs with enhanced indium incorporation
and external quantum efficiency (EQE),”””® and other advanced
devices.

During the growth of polycrystalline GaN layers via PA-MBE,
an intermediate Si;N,4 layer was employed because of its thermal
expansion coefficient, which lies between those of GaN and glass.
This effectively reduces the detrimental stress on the GaN layer
during cooling. Furthermore, Si;N, can be easily deposited onto
thermally durable substrates. Figure 2a presents a schematic and
tilted-view SEM image of coalescent columnar GaN grown on a
glass substrate using PA-MBE.?) Each grain exhibits a diameter
of ~100 nm on surface of the coalescent columnar GaN, with the
c-plane growth direction oriented perpendicular to the glass sur-
face. The inset shows the discrete RHEED patterns of the (002),
(004), (101), and (103) orientations with fixed pattern positions
during rotation, indicating the absence of a preferential direction
for the a-axis of GaN.B”! Additionally, several cracks can be
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observed on the coalescent columnar GaN surface, which is
attributed to the difference in the thermal expansion coefficient
between GaN and glass. Figure 2b,c presents schematics and
tilted-view SEM images of MOCVD-grown planar GaN and
GaN grown using the SAG method for 15min, respectively.
The schematics illustrate the growth mode transitions from
VW to Stranski-Krastanov (SK) during MOCVD growth, result-
ing in the formation of GaN micrograins. In the MOCVD-grown
planar GaN (Figure 2b), each grain exhibits varying sizes and
angles between adjacent grains. However, in the MOCVD-grown
GaN using the SAG method (Figure 2c), SiO, stripe-patterned
masks are employed to mitigate irregular coalescence with neigh-
boring grains. This approach effectively reduces the number of
degree of freedom in the in-plane growth direction by half.
Consequently, the morphology shows regularly aligned GaN
micrograins along the mask patterns, demonstrating that
the morphology of MOCVD-grown GaN can be precisely
controlled using the SAG method.®!! The size of the plate-
let-shaped GaN grains produced by the SAG method is approx-
imately twice that of planar GaN. The cracks observed in the
PA-MBE-grown coalescent columnar GaN are covered by coa-
lescence above the crack boundaries (Figure 2d). Further
growth promotes lateral overgrowth, filling the gaps between
the GaN micrograins. However, the structure still displays a
distorted 3D microstructure owing to the absence of in-plane
symmetry (Figure 2e).

To further restrict the degrees of freedom in nitrogen-polar
coalescent columnar GaN/glass, holes were created on the
SiO, mask using a nanoimprint process. Subsequently, the
MOCVD GaN grew within these holes, resulting in the forma-
tion of GaN nanorods.®? Figure 2f shows the LED mesa pat-
tern of the GaN nanorod arrays grown by MOCVD, along the
tilted-view SEM images of the morphology of the GaN and
InGaN/GaN core-shell nanorods. The densely packed nano-
rods were fully elongated and exhibited flat-top shapes, which
is a characteristic feature of nitrogen polarity. The detailed pro-
cedure for fabricating the SiO, hole mask pattern via nanoim-
print lithography is presented in Figure 2g. As shown in
Figure 2h, the out-of-plane and in-plane symmetries of the coa-
lescent columnar GaN grown on glass via PA-MBE and the
GaN nanorods grown using the SAG method with MOCVD
were measured using EBSD. Both samples showed a preferen-
tial orientation along the (002) direction. However, in the
(10—12) plane, both samples exhibited dispersed circular ring
patterns, indicating the absence of a preferential direction
along the g-axis of GaN. Although each GaN nanorod retained
sixfold symmetry, the overall GaN nanorod ensemble still
lacked in-plane symmetry. Nevertheless, localized spots are
observed in the figures, which can be attributed to the low
sampling numbers caused by the enlarged size of the GaN
nanorods and the shadowing effect of the 3D structures.
The nanorod growth method using SAG demonstrated that
epitaxial growth could be achieved even on templates with thin
and weak crystalline quality on amorphous glass. Bae et al. suc-
cessfully demonstrated GaN nanorods and InGaN/GaN core-
shell structures on amorphous glass substrates and analyzed
their structural and optical properties, which showed promis-
ing potential for device applications.®?
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Figure 2. Schematic representation and corresponding tiled-view SEM images of a) PA-MBE-grown coalesced columnar GaN on an Si3N4/glass sub-
strate, b) MOCVD-regrown GaN on coalesced columnar GaN, and ¢) MOCVD-regrown GaN using the SAG method on coalesced columnar GaN with
SiO, stripe-patterned masks. Reproduced with permission.”®! Copyright 2016, IOP Publishing Ltd. SEM tilted views of MOCVD-regrown GaN using the
SAG method for d) 15 min and e) 45 min, respectively. Reproduced with permission." Copyright 2015, Royal Society of Chemistry. f) SEM tiled view of
MOCVD-regrown GaN nanorods using the SAG method on coalesced columnar GaN with nanoimprinted masks. GaN nanorods were grown over a large
area, with higher magnification revealing densely packed, elongated GaN nanorods. InGaN/GaN core-shell nanorods are also shown on the right.
g) Schematic representation of the growth procedures for MOCVD-regrown GaN nanorods using the SAG method on coalesced columnar GaN with
nanoimprinted masks. EBSD results of h) coalesced columnar GaN and GaN nanorods, respectively. Reproduced with permission.®? Copyright 2017,

Nature Portfolio.

4. GaN on Preorienting Layer-Coated Glass
Substrates

In this section, GaN nanostructures and thin films grown on pre-
orienting layer-coated glass substrates are discussed for their
applications in optoelectronic devices. Building on the concepts
of local and global epitaxy introduced in the previous section, this
study expands the discussion on preorienting layers to include
more comprehensive approaches. For instance, thermally stable
and highly conductive thin films, such as Ti or Ti;C, MXene, can
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be used as preorienting layers to enhance the crystallinity of
nanostructures while providing sufficient electrical conductivity
for device operation. Alternatively, GaN nanostructures can be
grown on indium tin oxide (ITO)-coated glass, which offers both
transparency and conductivity, enabling heterogeneous integra-
tion with other materials. The vapor-liquid—solid (VLS) method
is also a promising approach for device implementation. GaN
nanostructure arrays exhibit hexagonal symmetry in individual
nanostructures along the in-plane direction, although the overall
ensemble lacked in-plane symmetry. Despite these limitations,
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these structures demonstrate the feasibility of fabricating func-
tional optoelectronic devices on amorphous substrates.

Approaches using GaN thin films on amorphous substrates
leverage 2D materials as preorienting layers. Table 3 summarizes
recent studies in which single-crystalline GaN was successfully
grown on amorphous substrates using various 2D materials,
such as graphene, WS,, h-BN, and MoN, as preorienting layer.
These examples highlight the role of 2D materials in promoting
epitaxial alignment and improving crystalline quality, even in the
absence of long-range order in the underlying substrate. Unlike
nanostructures, thin films form uniform layers during merging,
thereby exhibiting in-plane symmetry. An additional advantage
of 2D materials is their weak bonding at the 2D material inter-
face, which enables the exfoliation of thin films. The strategies
discussed in this section are expected to significantly enhance the
performance and potential of GaN-based devices on amorphous
glass substrates, thereby paving the way for innovative advance-
ments in optoelectronics.

4.1. Growth of GaN Nanostructures on Preorienting Layer

ITO has achieved significant industrial success and is widely
used as a current-spreading layer in LEDs®*#* and as a transpar-
ent conductive layer (TCL) in perovskite solar cells (PSCs).”!
GaN-based devices in industry are primarily grown using
MOCVD, which relies on high-temperature processes, making

Open Access,
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GaN growth on ITO impractical. However, using PVD methods,
GaN growth on ITO is feasible at low temperatures.¢*’!
Inspired by this, Prabaswara et al. demonstrated the direct
growth of GaN nanowires on ITO-coated glass using PA-
MBE.B8 A 100-nm-thick ITO layer was deposited onto an amor-
phous glass substrate via RF magnetron sputtering, followed by
rapid thermal annealing (RTA) at 650 °C. Figure 3a shows a sche-
matic of the columnar ITO grains formed after RTA. Subsequently,
GaN nanowires were grown in a nitrogen-rich environment, on top
of the ITO grains. The nanowires were analyzed using high-annular
dark-field scanning transmission electron microscopy (HAADEF-
STEM), which confirmed the successful growth of GaN on the
ITO surface (Figure 3b). As shown in Figure 3c, the GaN nanowires
showed nitrogen polarity, and the GaN/ITO interface revealed a
nonuniform region of ~4nm thickness, where polycrystalline
and amorphous phases coexisted (Figure 3d).

No clear epitaxial relationship was observed between the ITO
and GaN nanowires. However, the growth of GaN on 2D materials
presents a promising opportunity for advancing the epitaxial growth
of GaN on amorphous substrates. Prabaswara et al. demonstrated
the epitaxial growth of GaN nanowires on Ti;C, MXene nanoflake
films using PA-MBE and investigated their properties.®™ MXene is
a promising preorienting layer for glass substrates because of its
high thermal stability, high metallic conductivity (0.5-8kQsq ™),
and partial transparency (40%-90%),”*°" making it highly suitable
for device applications. Figure 3e shows a schematic of GaN nano-
wires grown on Ti3C, MXene nanoflakes. The Ti;C, MXene

Table 3. The progress of 2D material-assisted single-crystal GaN film epitaxy on amorphous substrates.

Institution (year) GaN crystallinity Epi structure Preorienting Growth template Growth
layer method
Seoul National Univ. (2012)°® c-plane orientation with twelve- Blue LED on ZnO nanowalls buffer Graphene Glass MOCVD
fold symmetry layer

Univ. of Tokyo (2014)F” c-plane orientation with sixfold Blue LED on AIN buffer layer Graphene Glass PSD
symmetry

Univ. of Tokyo (2014)%3 c-plane orientation with sixfold GaN thin film Graphene  100-nm-thick SiO; on PSD
symmetry Si(100)

Seoul National Univ. (2017)1 c-plane orientation with sixfold GaN thin film h-BN Glass MOCVD
symmetry

Taiyuan Univ. of Tech. (2018)!'* c-plane orientation GaN thin film Graphene  300-nm-thick SiO, on ~ MOCVD

Si

Tsinghua Univ. (2019)'?4 c-plane orientation with sixfold GaN thin film on AIN buffer layer Graphene Copper sheet PA-MBE
symmetry

National Research Nuclear University c-plane orientation with sixfold GaN thin film on AIN buffer layer Graphene  300-nm-thick SiO, on  PA-MBE

MEPhI (2019)1'*! symmetry Si

Chinese Academy of Sciences (2021) c-plane orientation with sixfold Blue LED on coalescence layer of Graphene Glass MOCVD
symmetry AlGaN nanorods

Chinese Academy of Sciences (2022)f”! c-plane orientation with sixfold Blue LED on AlGaN buffer layer WS, Glass MOCVD
symmetry

KAUST (2022)1%¢ c-plane orientation with sixfold GaN thin film MoN Glass PA-MBE
symmetry

Chinese Academy of Sciences (2023)['®®)  ¢-plane orientation with sixfold ~ GaN thin film on AlGaN buffer layer WS, Glass MOCVD
symmetry

Chinese Academy of Sciences (2024)"""  ¢-plane orientation with sixfold ~ Blue LED and PD on AIN buffer layer ~ Graphene  400-nm-thick SiO, on  MOCVD

symmetry

Si(100)
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wth of GaN nanostructures on pre-orienting layer coated glass
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Figure 3. a) Schematic representation of GaN nanowires grown on an ITO-coated glass substrate. b) Cross-sectional TEM image of GaN nanowires on an
ITO-coated glass substrate. c) High-resolution TEM image of GaN nanowires, indicating the single-crystalline nature of GaN. The red solid arrow shows
the growth direction of the c-axis GaN. d) High-resolution cross-sectional TEM image of the interface between GaN and ITO. Reproduced with permis-
sion. B8 Copyright 2019, Springer. e) Schematic representation of GaN nanowires grown on an MXene-coated glass substrate. f) High-resolution cross-
sectional TEM image of the interface between GaN and MXene. g) EDS elemental mapping image at the GaN/MXene interface. h) Schematic image of the
atomic configuration between the first atomic plane of hexagonal wurtzite GaN and Ti;C, MXene. i) Planar SEM image of GaN nanowires grown on an
MXene-coated glass substrate, with the yellow solid arrow indicating identical in-plane orientation of GaN. j) False-color mapping of the planar SEM
image of GaN nanowires on MXene, where each color represents a distinct in-plane direction of GaN. k) XRD pole figure of GaN nanowires on MXene,

showing a random in-plane orientation distribution of GaN. Reproduced with permission.®¥ Copyright 2020, American Chemical Society.

solution was spray-coated onto a glass substrate using an air-
brush, and the thickness was controlled by adjusting the coat-
ing time. Figure 3f shows a high-resolution HAADF-STEM
image of the GaN/MXene interface, revealing the lattice
structure of GaN grown directly on the MXene film along
the c-plane direction. Energy-dispersive X-ray elemental map-
ping (Figure 3c) confirmed that Ga, Ti, and Si formed distinct
interfaces without diffusion across the boundaries. As shown in
Figure 3h, the primitive unit cell distance of GaN in the
(11-20) direction is 3.189 A, whereas Ti has a similar distance
of ~3.071 A in the same direction, resulting in a lattice mis-
match of &3.7%. This small lattice mismatch supports the
potential of MXene as a preorienting layer for high-quality
GaN growth. SEM measurement was conducted to confirm
the in-plane epitaxial relationship of GaN grown on MXene.
Figure 3i shows a high-magnification planar SEM image of
the GaN nanowires, clearly revealing that the hexagonal

Adv. Photonics Res. 2025, 2500014 2500014 (16 of 25)

nanowires were aligned in specific directions within the in-
plane orientation. To further validate this observation, a low-
magnification planar SEM image was obtained (Figure 3j).
As is evident from the false-colored images, distinct in-plane
orientations can be identified within small regions. The pres-
ence of multiple in-plane orientations indicates an epitaxial
relationship between the GaN nanowires and MXene nano-
flakes. However, the XRD pole figure measured in the GaN
(10—14) direction shows a lack of symmetry over a wide range,
suggesting that the MXene nanoflakes coated on an amorphous
substrate cannot fully transfer in-plane symmetry to GaN
(Figure 3k). Nevertheless, these measurements strongly sug-
gest that if a few monolayers of a 2D material are uniformly
coated onto the substrate, then they can provide extensive in-
plane symmetry to GaN. This feature highlights the potential
of 2D materials for achieving uniform epitaxial growth and
GaN-based technologies.

© 2025 The Author(s). Advanced Photonics Research published by Wiley-VCH GmbH
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4.2. GaN Nanostructures on Glass: Device Applications

In local epitaxy, epitaxial growth occurs on a polycrystalline preor-
ienting layer. Although individual nanostructures lack in-plane
symmetry, their overall arrangements are random. This lack of
in-plane symmetry does not significantly affect the operation of
the nanostructure-based devices. Unlike thin films, which require
precise merging for functionality, nanostructure arrays operate as
an ensemble, with numerous individual nanostructures collectively

www.adpr-journal.com

contributing to the overall device performance. Choi et al. deposited
a 150 nm-thick Ti preorienting layer on a glass substrate.?”
Titanium has a hexagonal crystal structure with a lattice mismatch
of 7.4% with GaN. As a result, polycrystalline GaN grown on a Ti
preorienting layer using MOCVD showed superior ¢-plane orienta-
tion compared to GaN grown directly on bare glass. Subsequently,
SiO, hole patterns were created via lithography and nanopyramids
were grown using the SAG method via MOCVD. Figure 4a illus-
trates the p-i-n nanopyramid structure, where the Ti preorienting
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Figure 4. a) Schematic representation and SEM tilted view of MOCVD-grown GaN nanopyramids using the SAG method on a Ti-coated glass substrate.
b) EL spectra of the nanopyramid LED structure under varying voltages. Reproduced with permission.®% Copyright 2011, Nature Portfolio. c) Schematic
representation of the evolution of MOCVD-grown GaN nanowires on a glass substrate, controlled by a metal alloy catalyst. d) Schematic illustration of a
complete nanowire-based red LED structure. e) |-V characteristic of the nanowire-based red LED. The inset shows an optical photograph of the PL
emission from nanowire-based red LED. Reproduced with permission.”®! Copyright 2020, Elsevier. f) Schematic representation of a nanowire-based
LED structure grown by PA-MBE on a Ti-coated glass substrate. g) Optical photograph of the nanowire-based yellow LED. h) EL spectra of the nanowire-
based yellow LED under varying injection currents. i) L-I-V characteristics of the nanowire-based yellow LED. Reproduced with permission.®®! Copyright
2019, Springer. j) Schematic representation of an MAPbI; PSC device with n-type GaN nanowires-on-glass as an ETL. k) False-color cross-sectional SEM
image of the device. |) Photovoltaic parameters of three different Si doping concentrations in GaN nanowires-on-glass ETL under AM 1.5 G with 1 sun
illumination. m) Spectral responsivity and rise and fall times calculated at a light intensity of 100.17 mW cm 2 (20 Hz). Reproduced with permission.l*!
Copyright 2024, Wiley-VCH.
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layer provides c-plane orientation and serves as a reflector. LED
fabrication performed by a planarization process using a polymer.
Figure 4b shows the electroluminescence (EL) spectrum of the
device. This is the first demonstration of LED operation on an
amorphous glass substrate with a blue LED emitting at a central
wavelength of 448-478 nm.

In addition to the high-cost SAG method, the low-cost VLS
growth method has been employed to fabricate nanowire arrays
on glass substrates. Kuykendall et al. reported that the liquid
metal-nanowire interfacial energy determined the growth direc-
tion when Au catalysts were used, promoting the growth of
m-plane GaN nanowires along the (1-100) direction.
Similarly, Johar et al. demonstrated the growth of m-plane
GaN nanowires via MOCVD using Au/In/Ga metal alloy cata-
lysts.*”! Subsequently, a uniform InGaN/GaN core-shell struc-
ture with a triangular cross-section was grown along the
semipolar (11—22) plane. Figure 4c illustrates the growth process
of the nanowires, and Figure 4d shows a schematic of the LED
device structure. The p-type GaN regions coalesced, eliminating
the need for additional planarization. Figure 4e also shows
the I-V curve and an optical photograph of the PL emission
from the nanowire-based red LED (inset). This device achieved
a high quantum efficiency of 76.1%, with suppressed quantum-
confined Stark effects.

When the VLS method was used, a GaN wetting layer formed
at the interface between the GaN nanowires and glass substrate;
however, obtaining the EL spectra proved challenging.
Prabaswara et al. investigated GaN nanowires grown via PA-
MBE on a 20-nm-thick Ti preorienting layer deposited on a glass
substrate.”* The Ti layer was exposed to nitrogen plasma to form
a TiN layer, which improved the transmittance approximately
twofold, from 22% to 42%, at a visible wavelength of 550 nm.
The TiN/Ti layer on the glass served as a translucent conductive
layer and maintained similar transmittance even after the growth
of the p-i-n nanowire-based yellow LED structure. Figure 4f
shows a schematic of the LED structure, and the corresponding
optical photograph (Figure 4g) shows the EL spectra emitting yel-
low light. The nanowire-based yellow LED operated stably and
exhibiting EL spectra in the red-amber-yellow range. A blue shift
in the center wavelength from 650 to 590 nm was observed with
increasing injection current, as shown in Figure 4h. The
luminance—current-—voltage (L-I-V) characteristics in Figure 4i
reveal a turn-on voltage of 2.6 V and a turn-on resistance of 300 Q.

GaN grown on a TCL is a strong candidate for optoelectronic
device applications via heterogeneous integration with other
material platforms. One example is the combination of PSCs
with n-type GaN nanowires as the electron transport layer
(ETL). GaN nanowires were grown on ITO coalescent columnar
grains using PA-MBE with a two-step growth method to form a
GaN wetting layer at the GaN nanowires/ITO interface. After
spin-coating the light-absorbing layer MAPDbI; onto n-type
GaN nanowires, spiro-OMeTAD was applied as a hole transport
layer to complete the PSC structure. Figure 4j shows a schematic
representation of the PSC structure, and the cross-sectional SEM
image in Figure 4k shows well-separated interfaces.”* Prior to
device operation, optical simulations confirmed that the GaN
wetting layer and n-type GaN nanowire ETL effectively absorbed
UV light while allowing visible light to pass through the MAPbI;
layer without significant absorption. Figure 41 shows that the Si
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doping level of the n-type GaN nanowire ETL was optimized
using Mott-Schottky measurements, achieving a power conversion
efficiency of 15.67% at an electron concentration of 6 x 10'® cm>.
The peak EQE was ~71.9%, which corresponded to a spectral
responsivity of 420 mA W™ at 750 nm for the 300-800 nm range
(Figure 4m). The inset shows the response characteristics of the
PSC device when modulated by a 520 nm laser with an intensity
0f 100.17 mW cm ™, indicating rise and fall times of 6.55 ms and
7.71 ms, respectively, demonstrating its functionality as a PD.
Unlike GaN grown on highly insulating sapphire substrates or
nontransparent Si substrates, GaN grown on TCL enables seam-
less integration with other materials. This approach introduces a
new concept expanding the applications of optoelectronic
devices.

4.3. Growth of Single-Crystalline GaN Thin Films

Unlike nanostructures, growing a single-crystalline GaN thin
film on a glass substrate requires inheriting the in-plane symme-
try from the preorienting layer. This is a critical factor in
achieving single-crystalline GaN properties after nucleation
and merging. As demonstrated in the case of GaN grown on
MXene nanoflakes, the use of 2D materials as preorienting layers
presents an optimal approach for this goal. In particular, PVD
operates at significantly lower growth temperatures than conven-
tional MOCVD, making it well-suited for utilizing substrates
with low softening temperatures, such as glass, in GaN-based
devices. Shon et al. used PSD to employ multilayer graphene
(MLG) as a preorienting layer on a Si(100) substrate coated with
a 100-nm-thick amorphous SiO, layer.”®®! The thick Si(100) sub-
strate effectively absorbed and efficiently transferred heat to GaN
grown on the amorphous SiO, layer. Figure 5a,b presents the
EBSD measurements of the GaN thin films grown on the
MLG preorienting layer. Notably, the absence of an AIN buffer
layer resulted in the coexistence of the zincblende and wurtzite
phases, with the zincblende phase constituting ~45%. In con-
trast, the inclusion of the AIN buffer led to the exclusive presence
of the wurtzite phase. Figure 5c shows the XRD 20/w scan
results, indicating peaks corresponding to the (002) and (004)
planes of wurtzite GaN and the Si(400) plane. Figure 5d,e shows
the EBSD results, where the (002) point exhibits distinct c-plane
orientation, and the spots measured at (102) demonstrate perfect
sixfold rotational symmetry.

Xu et al. made a similar attempt using MoN as a preorienting
layer on a glass substrate.”® The lattice mismatch between hex-
agonal (001) o-MoN and hexagonal (001) GaN is only 11.1%,
which is smaller than the lattice mismatch between GaN and sap-
phire or Si(111). Figure 5f schematically represents PA-MBE-
grown GaN thin films. XRD 20-scan results (Figure 5g) and
(102) @-scan measurements (Figure 5h) confirmed the wurtzite
structure and perfect sixfold rotational symmetry. WS, is another
promising candidate for a preorienting layer. Yin et al. demon-
strated that WS, is advantageous for GaN epitaxy owing to its
polarity matching.””! Figure 5i shows a schematic of the GaN
growth process. XRD analysis confirmed the wurtzite structure
of the GaN film, with a (002) rocking curve FWHM of 1.6°.
Figure 5j presents the XRD (103) ¢-scan results, showing sixfold
in-plane symmetry. These 2D materials, including graphene,
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Figure 5. EBSD scan results of GaN thin film grown on multilayer graphene a) without and b) with AIN interlayers on an amorphous-SiO,/Si substrate.
c) XRD 20/w scan measurement results and EBSD results for d) (002) and e) (102) planes of the GaN thin film on an amorphous-SiO,/Si substrate.
Reproduced with permission.®>! Copyright 2014, IOP Publishing Ltd. f) Schematic representation of a GaN thin film on a MoN/glass substrate. XRD
g) 26-scan and h) (102) ¢-scan measurement results of the GaN thin film on a MoN/glass substrate. Reproduced with permission.°®! Copyright 2021,
Wiley-VCH. i) Schematic representation of the evolution of GaN thin film on a WS,/glass substrate and j) XRD (103) ¢-scan measurement of the sample.

Reproduced with permission.””l Copyright 2022, Wiley-VCH.

MoN, and WS,, have demonstrated exceptional orientation guid-
ance as preorienting layers for growing single-crystalline GaN
thin films on glass substrates, paving the way for advanced
optoelectronic applications.

4.4. Optoelectronic Device Applications of GaN Thin Films
on Glass

Using a 2D material as a preorienting layer, the in-plane rota-
tional symmetry can be transferred to the GaN grown on top.
This process is generally attributed to the van der Waals epitaxy
mechanism, which enables high-quality material growth despite

Adv. Photonics Res. 2025, 2500014 2500014 (19 of 25)

the lattice mismatch between 2D materials and III-nitride semi-
conductors. The resulting single-crystalline GaN thin film exhib-
its excellent crystalline quality and conductivity, making it
suitable for device operation. Figure 6a shows the GaN thin film
growth procedure on a graphene-coated amorphous SiO,/Si(100)
substrate. Notably, the graphene layer used in this study was
synthesized via CVD rather than by transfer. The graphene syn-
thesized on the SiO,/Si(100) substrate at 1050 °C for 5 h in a fur-
nace achieved large-scale uniform coverage with a thickness of
~1-5 layers. Subsequently, the AIN buffer layer was grown at
1200 °C. The low energy barrier for the slip and rotation of
AIN on graphene allows the AIN nuclei to align easily at high
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Figure 6. a) Schematic representation of the evolution of a GaN thin film on graphene on an amorphous SiO,/Si substrate.Reproduced with permis-
sion."" Copyright 2024, Wiley. b) Schematic representation of a PSD-grown GaN thin film LED structure on a multilayer graphene/glass substrate. c) EL
spectra for the green LED under varying injection currents and photographs and EL spectra for d) blue and red LEDs. Reproduced with permission.F”!
Copyright 2014, Nature Portfolio. ) Schematic representation of on-chip integrated devices comprising GaN thin film LED and PD on graphene on an
amorphous SiO,/Si substrate. f) EL spectra of the blue LED under varying injection currents. g) 1-V curves of the PD corresponding to illumination from
the LED (operated at 0 and 100 mA). Reproduced with permission."'"! Copyright 2024, Wiley. h) Schematic representation of an array of GaN thin film
LED pixels and i) a single blue LED on an n-type GaN/ZnO/graphene/glass substrate. j) Optical photograph of EL emission under varying injection
currents. Reproduced with permission.®®! Copyright 2012, Nature Portfolio. k) Schematic representation of a GaN blue LED structure on a graphene/
glass substrate and ) cross-sectional TEM image of the structure. m) High-resolution TEM image at the GaN/graphene interface. Optical photographs of
n) a blue LED at room temperature showing blue luminescence, o) a flexible blue LED exfoliated from the glass substrate, and p) blue luminescence from
the flexible blue LED. Reproduced with permission.”®! Copyright 2021, American Association for the Advancement of Science.

temperatures, forming larger islands that merge to create a
highly crystalline GaN thin film with sufficient conductivity
for device operation.

Figure 6b shows the first thin-film LED grown on an MLG-
coated glass substrate using this method. Shon et al. demonstrated
a green LED with an adjustable intensity based on injection current,
as shown in the EL spectra in Figure 6¢.*” The LED was grown
using a PSD, and by varying the indium composition in the active
layer, they also obtained EL spectra for blue and red LEDs, indicat-
ing the feasibility of full-color RGB LEDs on amorphous glass sub-
strate (Figure 6d). Figure 6e shows a schematic of a single-chip
device integrating a blue LED and a PD on a SiO,/Si(100) substrate.

Adv. Photonics Res. 2025, 2500014 2500014 (20 of 25)

The InGaN/GaN multiquantum well (MQW) used as the active
layer for the blue LED also served as the photodetection layer
for the PD. Figure 6f shows EL spectra with a blue shift from
462.1 nm to 453.2 nm, and the inset displays an optical photograph
of the LED emission. For PD operation, the device exhibited a dark
current of 2.49 x 10~ A at zero bias, while under blue LED illumi-
nation, the photocurrent reached 3.24 x 107® A (Figure 6g). The
responsivity was measured at 2.01 x 10° AW ™", and the response
time (rise and fall times of 248 and 129 ps, respectively) demon-
strated significant potential for rapid response.

In addition to thin-film devices using AIN buffers on 2D mate-
rial preorienting layers, alternative approaches involving hybrid
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heterostructures have also been explored. Chung et al. used
MOCVD-grown ZnO nanowalls as a buffer layer on graphene with
a height of 200-400 nm and density of 10'° cm™*® The subse-
quent GaN epitaxial layer exhibited a high quality. Figure 6h,i
shows schematic representations of the array-type pixel LEDs,
which display a strong EL even under room illumination
(Figure 6j). Ren et al. further advanced this research by introducing
GaN epitaxy onto graphene-coated glass substrates using nano-
rods.**! The nanorod formation maintained only three major
in-plane orientations, enabling the coalesced GaN to achieve high
crystalline quality. Figure 6k shows a schematic of the LED struc-
ture grown on this surface, and the cross-sectional TEM image in
Figure 6l shows a fully coalesced n-type GaN thin film. The high-
resolution TEM image in Figure 6m confirms that the graphene
preorienting layer remains stable at the GaN/graphene interface.
The fabricated blue LED exhibited blue luminescence, as shown in
Figure 6n. Epitaxial growth on 2D material preorienting layers fol-
lows the van der Waals epitaxy mechanism, which enables easy
exfoliation of the epitaxial structure using methods such as ther-
mal release tape. Figure 60 shows an optical photograph image of
the epitaxial structure of the exfoliated blue LED. This structure
demonstrates strong EL characteristics at ~477 nm, as evidenced
by the emission device shown in Figure 6p. Hybrid heterostruc-
tures incorporating 2D preorienting layers provide a functional
material system for the development of innovative optoelectronic
devices on amorphous glass substrates. Moreover, their stable
operation in optoelectronic devices has introduced new possibili-
ties for their applications on amorphous substrates.

5. Discussion and Conclusions

5.1. Key Summary and Insights

The exploration of GaN growth on amorphous glass substrates
represents a transformative step toward the realization of cost-
effective and scalable optoelectronic devices. Advances in epitax-
ial methods, including MOCVD, PA-MBE, and PSD, have
enabled researchers to make significant progress in the develop-
ment of high-quality GaN thin films and nanostructures on glass,
addressing challenges such as the lack of global epitaxy. The
introduction of preorienting layers, such as ITO and Ti metal
layers, and 2D materials, such as graphene, MXene, WS,, and
MoN, has further facilitated improved crystallinity, in-plane rota-
tional symmetry, and enhanced device functionality. These inno-
vations have led to the successful fabrication of LEDs, PDs, and
hybrid heterostructures, with applications ranging from full-
color displays to integrated systems. Future research will likely
emphasize refining heterostructure designs, improving material
compatibility, and achieving precise control over crystal orienta-
tion and defect density. Such advancements are expected to pave
the way for high-performance, energy-efficient devices, firmly
positioning GaN-on-glass technology as a cornerstone for next-
generation optoelectronics and photonics.

5.2. Potential Applications

One of the most promising applications of GaN-on-glass technol-
ogy is in monolithic micro-LED displays. Direct epitaxial growth
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of GaN LED pixels onto a glass substrate (similar to depositing
organic films on thinfilm transistor glass for organic LED
(OLED)) allows manufacturing of an entire display in a single
process, thereby eliminating the mass transfer of tiny LED
chips.®”! This approach significantly reduces the pick-and-place
step, which has long been a bottleneck for micro-LED proto-
types.®®! Compared to both OLED and liquid crystal displays
(LCD), monolithic GaN micro-LED displays offer multiple advan-
tages. Unlike OLEDs, the inorganic nature of GaN LED enables
them to withstand high brightness without degradation or burn-
in. Indeed, micro LEDs have demonstrated exceptionally high
luminance, far surpassing the ~500-1000cdm™ > typical of
OLED.["%!%U Meanwhile, LCDs inevitably suffer from limited
contrast owing to the constantly operating backlight; however,
but micro-LED can switch off individual pixels for essentially infi-
nite contrast. Furthermore, the inherent durability and efficiency
of inorganic LEDs allow them to maintain their brightness and
long operational lifetimes even under continuous high-bright-
ness conditions.'%1%% Structurally, micro-LED displays are
much simpler than LCDs, enabling lower power consumption
and thinner form factors. One might say that they combine
the thin, self-emissive nature of OLED with the high efficiency
and robust lifespan of inorganic LEDs.

In addition, glass substrates can be made transparent or
extremely thin, allowing for transparent or flexible displays.
For example, transparent micro-LEDs can be integrated into
heads-up displays (HUDs) or augmented reality (AR) glasses.
iBeam Materials is developing a GaN-on-X process that grows
GaN micro-LEDs on metal foils or other substrates, yielding devi-
ces that are ultrathin and flexible while maintaining high
performance.'**"%! Researchers have also explored the direct
integration of drive circuitry on the same substrate, to facilitate
an all-in-one drive and emission matrix."” 1% Further possibil-
ities include bonding wafer-scale micro-LED arrays to standard
display backplanes or, ultimately, epitaxially growing both LEDs
and drive electronics on the glass itself to eliminate additional
process steps. Ultimately, the prospect of directly growing
large-area, ultrabright, long-lifetime micro-LED arrays on glass
could redefine the display paradigm.

5.3. Challenges and Future Outlook

Despite these remarkable advances, GaN-on-glass still faces sev-
eral technical challenges in commercialization. The first is the
crystallinity and defect density. GaN grown on amorphous
glass frequently exhibits a greater lattice mosaicity and higher
dislocation density than GaN grown on single-crystal wafers.
Early attempts mostly produced random polycrystalline films,
although the use of 2D material preorienting layers has helped
to significantly reduce the number of in-plane orientations.
Careful control of nucleation and domain coalescence remains
essential for scaling uniformly over large area.

The second challenge is thermal management. Most display-
grade glass deforms around at =600 °C, and plastic glass substrates
tolerate even lower temperatures, whereas high-quality GaN typically
requires ~1000°C. Low-temperature MOCVD, low-temperature
MBE, and plasma-assisted growth methods have been investi-
gated to bridge this gap. For example, BluGlass reported that
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its remote plasma CVD (RPCVD) process can achieve high-qual-
ity GaN at temperatures much lower than those required for con-
ventional MOCVD.!''?

The third issue concerns polarity control and interface engi-
neering. GaN grows differently depending on whether the Ga-
or N-polar face is exposed, and mixed-polarity domains can be
easily formed on an amorphous substrate.””#!) Avoiding this
may require the establishment of a uniform polarity at the nucle-
ation stage or the inserting of 2D layers to induce a selective ori-
entation. If the underlying substrate is crystalline, then remote
epitaxy effects, that is, partial electrostatic interactions penetrat-
ing the 2D layer, can also be leveraged to influence GaN ordering.
In the future, wafer-scale single-crystal graphene or h-BN can be
transferred or formed onto glass, providing a template for GaN
epitaxy.

Industries and academia are already pursuing innovative sol-
utions to these issues. As mentioned previously, BluGlass
addresses thermal issues with RPCVD, whereas iBeam
Materials’ GaN-on-X uses IBAD to establish oriented buffer
layers on virtually any substrate for growing GaN LEDs. Such
roll-to-roll manufacturing enables the fabrication of massive
low-cost GaN-on-glass displays. Researchers have continued to
explore 2D material-assisted growth, remote epitaxy, nanoscale
texturing, and advanced in situ monitoring to optimize nucle-
ation and coalescence.

In summary, while GaN-on-glass has progressed rapidly in
recent years, key tasks have focused on low-temperature epitaxy,
van der Waals epitaxy, and polarity/interface control before
achieving full commercial adoption. Nevertheless, the success
of glass-based LED demonstrations of quasi-single-crystalline
films and flexible devices indicates the superiority of these bar-
riers. The coming years, in which research innovation will tran-
sition into commercial products, will be pivotal and the future of
GaN-on-glass will appear bright.
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