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III-nitride semiconductor materials have excellent optoelectronic properties, mechanical properties, and chemical
stability, which have important applications in the field of optoelectronics and microelectronics. Two-dimensional (2D)
materials have been widely focused in recent years due to their peculiar properties. With the property of weak bonding
between layers of 2D materials, the growth of III-nitrides on 2D materials has been proposed to solve the mismatch problem
caused by heterogeneous epitaxy and to develop substrate stripping techniques to obtain high-quality, low-cost nitride
materials for high-quality nitride devices and their extension in the field of flexible devices. In this progress report, the
main methods for the preparation of 2D materials, and the recent progress and applications of different techniques for the

growth of IIl-nitrides based on 2D materials are reviewed.

Keywords: nitrides, two-dimensional materials, van der Waals forces
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1. Introduction

Epitaxial growth is an important technique for prepar-
ing single crystal films, which can be divided into heteroepi-
taxy and homoepitaxy. Among them, homoepitaxy can obtain
high-quality epilayers that match the substrate structure, but
production cost is a factor restricting its further development,
especially for IIl-nitrides. At the same time, crystal quality
of heteroepitaxy layers is limited by the lattice and thermal
mismatch between the epilayer and substrate, which greatly
reduces the performance of integrated electronic devices.

In order to reduce generated defects and dislocations dur-
ing preparation, various epitaxial methods have been devel-
oped, such as low-temperature buffer layers,!?) and epitaxy
lateral over-growth (ELOG).?! Nevertheless, the quality of
the prepared films through heteroepitaxy is different from that
through homoepitaxy by several orders of magnitude.

In recent decades, the unique properties of two-
dimensional (2D) materials and the development of devices
based on 2D materials have attracted people’s widespread
attentions.*~7! 2D materials refer to the material with only the
thickness of the atomic layer in a certain dimension and the
other two dimensions with larger scales. The atoms of 2D ma-
terials are connected by covalent bonds and the layers of atoms
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are connected by van der Waals (vdW) forces. [®]

At present, 2D materials are mainly divided into the fol-
lowing types: graphene,*~'4 h-BN,I5-191 transition metal
disulfide compounds (TMDCs), 2024 and others.[?>-28] Un-
like three-dimensional (3D) materials, 2D materials exhibit
unique mechanical, magnetic, thermal, and optical proper-
ties due to the small size effect. For example, graphene ex-

(29301 high elastic strength, 3]

hibits high electron mobility,
high thermal conductivity,'3! and transparency.*?! The acti-
vated graphene can be made into the electrode of supercapac-
itor, used to store a large amount of charge and energy.!3’!
H-BN has good electrical insulation and thermal conductiv-
ity known as white graphene, usually used in deep ultra-
violet (UV) light sources, dielectric layers, cosmetics, mi-
crowave transparent shielding layers, etc.!*°) On the other
hand, the more stable materials in TMDCs are WSe», MoS»,
WS,, and MoSe,, which are direct band gap semiconduc-
tor materials with strong spin—orbit coupling and good elec-
tronic, mechanical properties. The excellent performance of
these 2D materials makes them very attractive applications
and development in the field of electronics and optoelec-
tronic devices,!®3*>7 energy conversion and storage, 38411

catalytic,*>~**I and photodetector. [+3—8]
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The process of growth thin-film materials on 2D materials
is called van der Waals epitaxy (vdWE) and its principle is to
use the weak vdW interaction on the surface of the 2D mate-
rial to connect the epilayer and substrate. Due to the covalent
bonding of conventional epitaxy (CE), the lattice mismatch of
different materials causes greater strain at the interface and re-
duces the quality of the material. Unrestricted lattice matching
exists on the surface of 2D materials due to the absence of dan-
gling bonds and low surface free energy. Even if existence of
large in-plane mismatch, no excessive interface strain exists in
quasi-van der Waals epitaxy (QvdWE).

Using 2D materials as the substrate for 3D films growth,
the interface between 3D and 2D material exhibits a weaker
chemical interaction than the interface between 3D epilayer
and 3D substrate, but the interface interaction of the former is
stronger than the pure 2D and 2D vdW interaction. Some peo-
ple also suppose that the epitaxy method of 3D film deposited
on 2D material is QudWE.[*°-!] The fly in the ointment is that
high-quality single-crystal 2D materials are difficult to obtain,
using these 2D materials as substrates will seriously affect the
crystallinity of the epilayer. In theory, the weak interfacial
forces of the 3D/2D system are helpful in alleviating the large
dislocation density associated with the interfacial strain of CE.
However, in fact, the low interfacial force is not strong enough
for 2D materials to influence the orientation relationship, re-
sults in large twist angles occurrence between the initial nu-
cleated grains, which sets the stage for grain boundaries in
subsequent film growth. This is the reason why the dislocation
density of III-nitride materials grown by QvdWE has remained
high so far. Therefore, the 3D films obtained in this way are
not conducive to the performance of devices. How to obtain
high-quality single-crystal films has become increasingly im-
portant.

In 1969, Distler and Shenyavskaya pointed out for the
first time in a report that the amorphous intercalation layer in
the epitaxy can be used as a channel to transmit direct epi-
taxial structure information and the epilayer is oriented by

1521 Similarly, Kim et

the underlying single-crystal substrate.
al. obtained a GaAs epilayer with the same orientation as the
substrate through single layer graphene (SLG) on a single-
crystal GaAs substrate, they called this method “remote epi-
taxy (RE)”.153! At present, it may be a solution to obtain high-
quality single-crystal films on 2D materials.

Through this technology, it is hoped that a covering layer
with the same lattice information can be obtained on any
single-crystal substrate with 2D materials. The heterostruc-
tures composed of 2D materials are mainly 2D/2D, 3D/2D,
and 2D/3D herterostructures.

studying film growth on 2D materials, we pay more attention

Considering the necessity of

to the stacking of 3D/2D heterojunction structure. Whether it

is ELOG, QvdWE, or RE, the assembly structure of 2D ma-
terials as a buffer layer should have the following advantages:
(1) The 2D material insertion layer greatly buffers the inter-
face lattice and thermal mismatches of 3D/2D/3D structures,
thus reducing the strain and dislocations. (ii) The weak con-
nection between the epilayer and 2D material can be blocked
by, for example, mechanical release, thereby facilitating the
peeling and transfer of the epilayer material. (iii) Small size
effect brings unique electrical, magnetic, optical, thermal, and
mechanical properties to 2D materials, so new 3D/2D assem-
bly structures are bound to change the performance of de-
vices with conventional 3D/3D heterogeneous structures. In
the 3D/2D assembly structure, the quality of the material de-
termines the device performance. In order to obtain high-
quality films and excellent performance heterojunction, we
need to understand its competitive growth mechanism and
unique physical coupling phenomenon, especially for QvdWE
and RE.

In this review, we summarize the methods of IlI-nitrides
grown on 2D materials and 3D/2D integrated devices, with
particular emphasis on key technologies for achieving high-
quality 3D films on 2D materials. In this article, we pro-
vide the development progress of this technology according
to different extension methods. In the first part, we introduced
3D/2D growth technologies and unique properties by QvdWE.
The second part explains how a new technology called RE can
achieve high-quality 3D films and device integration charac-
teristics in different fields in order to achieve a wider range of
applications.

2. Methods for the preparation of 2D materials

For Ill-nitrides epitaxy, the 2D materials should accord
with the following conditions:

(1) Thermal stability: III-nitrides usually fabricated at
high temperature (~ 800 °C for MBE, ~ 1040 °C for MOCVD
and HVPE). Therefore, 2D materials with high thermal stabil-
ity can be used for IlI-nitrides epitaxy, such as graphene, BN.
TMDCs (such as MoS, or WS;) should be protected before
epitaxy.

(ii) Lattice structure: IIl-nitrides are hexagonal system
materials. As a result, hexagonal-honeycomb-structure 2D
materials are more suitable for IIl-nitrides epitaxy. For ex-
ample, h-BN is more suitable than c-BN.

2.1. Methods of graphene preparation

Graphene was a typical 2D material used for epitaxial
growth of IlI-nitrides, which itself had excellent physical prop-
erties and played an important role in devices. The unique
2D structure of graphene could effectively alleviate the lat-
tice mismatch between the epilayer and substrate, and re-
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duced the strain and dislocations during growth. During epi-
taxial growth, the quality of 3D materials was mainly influ-
enced by 2D materials. The preparation method of large-
area and high-quality graphene was a prerequisite. The cur-
rent graphene preparation methods included micromechani-
cal exfoliation, chemical vapor deposition (CVD), redox, and
epitaxial growth. Among them, CVD or SiC epitaxy were
the more widely methods for obtaining graphene to epitaxial
growth of IlI-nitrides at present.

In addition, large-area 2D materials fabrication had be-
come mature in industry. For CVD graphene on copper foils,
roll-to-roll production of large-area polycrystalline graphene
films has begun to be in market after 2010.54 Wafer-scale sin-
glecrystalline graphene has been realized about 2012.131 For
graphene grown on noncatalytic substrates, wafer-scale sin-
glecrystalline graphene can be fabricated on Ge,P® SiC,P7]
and sapphire!>®! substrates, which can be used for epitaxy of
[I-nitrides directly.

2.1.1. CVD method

CVD method to prepare graphene generally used metals
(such as Cu, Ni, and Pt, efc.) as substrates and gaseous hydro-
carbons (such as methane, ethylene, etc.) as carbon sources by
metal catalysis at high temperatures. The principle was that
gaseous substances containing carbon, under high temperature
and vacuum, deposited on the surface of substrate, and thus
formed a continuous graphene layer.

Since 2009, when Rouff er al. first used CVD to synthe-
size graphene,®! this highly controllable and relatively low-
cost method for synthesizing high-quality, large-area graphene
The quality of CVD
graphene is governed by the substrate, precursors, and growth

had been attracted more attentions.

conditions. The growth conditions of CVD were often harsh
because the growth process required high-temperature cleav-
age of carbon precursors followed by rapid cooling to form
graphene. In recent years, many scholars had conducted
a lot of researches on these growth factors, and the CVD
growth parameters of graphene had been optimized continu-
ously, and now there are some feasible methods to synthe-
size high-quality graphene films at low temperature,!®®! low
pressure, [®!] and metal-free substrates, [®?] which gradually got
rid of the constraints of strict growth conditions and expanded
the applicability of CVD methods.

our group, we found that the defects of graphene were di-

After the research of

rectly influenced by the growth conditions, and in plasma en-
hanced chemical vapor deposition (PECVD), the defect type
of graphene changed from vacancy to boundary type with the
increase of ion source power; the morphology of graphene
changed from 2D to 3D with the increase of temperature or
ion source power,[%3l which was beneficial for us to prepare
especial graphene on non-catalytic substrate, such as sapphire,

GaN, and AIN substrates. At present, CVD method could
achieve large area graphene preparation, which was the most
ideal and widespread preparation technique in industrial pro-
duction.

2.1.2. SiC epitaxial method

The SiC epitaxy method was used to remove Si by heat-
ing single crystals of SiC, leaving carbon atoms to undergo
reconstruction on the substrate surface to form a graphene
layer. The SiC sample obtained by oxygen or hydrogen etch-
ing was heated by electron bombardment under high vac-
uum to remove the oxide, and then the sample was heated
to 1250 °C-1450 °C and heat preservation for 1 min—20 min
to obtain a graphene layer. This method usually produced
single-crystal graphene as the epitaxial graphene, the orien-
tation relationship of graphene and SiC was considered as
[1-100]graphene ||[11-20]sic. However, it was difficult to prepare
large-area graphene with a single layer.

The advantages of SiC-prepared graphene were that the
graphene films could be epitaxially grown on commercial SiC
substrates, which were now commercially available in large
size, and that the grown graphene could be patterned using
standard etching techniques with no transfer process involved,
making the technology compatible with current semiconduc-
tor technologies. Moreover, it has also been proposed in the
literature that the epitaxial graphene structure and electronic
properties could be tuned by nitrogen ion injection.[®*] The
graphene obtained by the SiC epitaxial method was very clean
and free of contamination or defects from transfer, and could
be directly applied to device preparation. However, due to the
expensive price of the SiC substrate and the high temperature
required for epitaxial preparation, the cost of graphene pre-
pared by SiC epitaxy was expensive.

2.2. Other methods of preparing 2D materials

Mechanical stripping was first reported in 2004 as a
method for producing monolayers of graphene. This method
was to use tape to repeatedly adhere block layer graphite, grad-
ually thin layer graphite. When it reached a certain level, the
ultrathin graphene nanosheet was transferred to the substrate
by pressing and heating. The substrate has a reflective effect,
so that the graphene nanosheet could be clearly observed un-
der an optical microscope. The 2D materials obtained by this
method have the disadvantages of small size, disuniform mor-
phology and thickness and low film yield. However, it is still
an important method for preparing 2D semiconductor materi-
als due to its low cost and availability.

Besides graphene, there are many 2D materials, such as
h-BN, black scale, silicene, and germanene, etc.%! These 2D
materials have excellent optical, mechanical, thermal, mag-

netic, and other properties. By stacking different types of
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2D materials, a more functional material system can be con-
structed. Therefore, these materials are expected to find appli-
cations in high-performance electronic devices, optoelectronic
devices, spintronic devices, and energy conversion and stor-
age.

This section mainly introduces the preparation methods
of h-BN and other 2D materials, including mechanical strip-
ping CVD, molecular beam epitaxy (MBE), liquid phase strip-
ping, and wet chemical synthesis.

CVD is a bottom-up growth method, which has the ad-
vantages of relatively simple and diverse precursors, good
growth speed, etc.!%°! CVD can be used to fabricate 2D mate-
rials with a large area, but the preparation process of different
materials is very different, and it is difficult to control the num-
ber of layers. Among them, metal-organic chemical deposi-
tion (MOCVD) can accurately and repeatability grow from a
single atomic layer to a thick epitaxy layer. This method can
be used to grow various V main group and subgroup com-
pound semiconductors and their multiple solid solution thin
layer single-crystal materials. For example, many teams have
successfully demonstrated the growth of h-BN epitaxy layer
by MOCVD.

MBE is a single-crystalline growth technology for high-
quality crystals film. This method can be used to prepare
single-element 2D materials, such as silicone, germanene; and
dual-element 2D materials, such as h-BN, MoS,, efc. Its main
advantage is that it can be implemented in ultra-high vacuum
conditions for accurate control of growth parameters. MBE
method is also characterized by extremely slow growth rate,
which is also conducive to achieving accurate control of thick-
ness structure and composition. 67!

The liquid phase stripping method is simple and conve-
nient for large-scale preparation of 2D materials. This method
can be used for large-scale preparation of antimonene, 8]
which has broad application prospects in industrial produc-
tion. However, due to the introduction of defects and liquid
phase contamination in the preparation process, the intrinsic
properties of 2D materials will be affected to a certain extent.

Wet chemical synthesis can produce high-quality ultra-
thin 2D materials. Wet chemistry is a method of synthesis of
certain precursors in solution which depends on biochemical
reactions under suitable experimental conditions. This method
has strong controllability and is a convenient and renewable
method for preparing ultra-thin 2D materials. This method
can use various ligands to synthesize 2D metal nanomateri-
als with different sizes and morphologies, crystal phases, and
thicknesses. It has great potential in the application of mass

synthesis of 2D metal nanomaterials.

3. Epitaxial growth of III-nitrides on 2D materi-
als

3.1. QvdWE

Since Koma et al. first demonstrated the Se/Te and
NbSe,/MoS, material systems in 1984,[°) vdWE has proven
to be a highly advantageous heterogeneous epitaxy route.
VAWE is also a way to grow film materials on substrates, with
the difference that the epitaxial and substrate layers are bonded
together by weak vdW forces. In the QvdWE process of III-
nitride materials, multilayers of 2D materials are introduced
between the epilayer and substrate layer to take advantage of
the lack of suspended bonds on the surface of the 2D mate-
rials, so that the epilayer interacts with the 2D materials only
through weak vdW forces. The lattice arrangement of the epi-
layer at the initial growth stage is not strict match to that of 2D
materials, but maintains its own intrinsic lattice parameters, so
that the lattice constants are very close to those of the bulk
material, with almost no strain residues.

The application of QvdWE in heterogeneous epitaxy re-
laxes the lattice mismatch and thermal mismatch requirements
between the epilayer and substrate layers and the weaker vdW
forces between the epilayer and underlying substrate layer
make it easier to peel the epitaxial film. In 2010, Chung et
al. had published an article in Science to apply graphene for
the epitaxial growth of GaN, "%l which achieved the transfer of
GaN films with the help of the layered structure of graphene
substrate. In 2018, Ou et al. grew high-quality, low-strain
monocrystalline AIN films on WS;/sapphire substrates using
MOCVD technology, providing a potential solution for further
development of deep ultraviolet light emitting diodes (DUV
LEDs) on unconventional substrates.!”!! In recent years, there
has also been a major breakthrough in the synthesis of III-
nitrides on amorphous substrates. Liu ef al. synthesized quasi-
single-crystalline GaN films on amorphous glass substrates
with GaN nanopillars as a buffer layer on graphene, verify-
ing that QvdWE can break through the substrate limitations to
achieve IlI-nitrides growth on amorphous substrates. %!

Our group has been studying the growth of IlI-nitrides
In 2017, Xu et
al. had demonstrated a first step in the direction of growth
model of QvdWE of films using a case of AIN films on
multilayer graphene (MLG)/SiC at a high temperature, and
revealed the orientation relation of AIN, MLG, and SiC
as  (0001)[1-100] ]| (0001)[1-100]MmrG || (0001)[11-20]sic,
which suggested that the QvdWE heterointerface was not an

on graphene by QvdWE in recent years.

usual covalent bond and no excessive strain during the growth
process owing to the incommensurate in-plane lattices, as
shown in Fig. 1. Remarkably, zigzag cracks were formed be-

cause of the anisotropy of strain after the films were cooled
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down to room temperature, indicating that the growth model
of QvdWE was different from that of CE.[73

Subsequently, we studied the defects and strain of
QvdWE of IlI-nitrides. In 2019, Liu et al.U’#! prepared trans-
ferable single-crystalline GaN films on multilayer graphene
(MLG)/SiC by MOCVD. The films exhibited a flat and con-
tinuous surface morphology and c-axis orientation. The de-
fects types of GaN for QvdWE were discussed in detail.
In 2020, Zhou et al.'”>! directly grew graphene on sapphire
by PECVD to obtain an epitaxial graphene with characteris-
tic orientation, and ultra-low strain GaN films could then be
obtained through MOCVD assisted with the sputtering AIN
buffer layer. Through this method, we successfully obtained
continuous and flat GaN films with ultra-low biaxial compres-
sive strain (0.023 GPa) without the complicated strain engi-
neering during epitaxial growth. The physical mechanism of
the ultra-low strain in GaN films was explored with first prin-
ciple calculation, which reveals that the characteristic orienta-
tion of the epitaxial graphene was crucial to release the strain
in GaN. In 2020, Xiong et al.[’® obtained high-quality AIN
nanorods via QvdWE using graphene as a substrate, which
was almost strain-free and defect-free. The epilayer can be
easily peeled off and transferred from the substrate due to
weak vdW force between graphene and epilayers.

AIN

i BRI

Graphene

10001

uoRdBIP YIMOI) —————— >

1000

sic "%

(1100

Fig. 1. (a) Cross-sectional TEM image of AIN films grown on MLG/SiC.
(b) Magnified TEM image in panel (a). (c) HRTEM image of AIN/MLG/SiC
interface. (d)-(e) HRTEM images at the regions marked in panel (c). SAED
patterns of (f) AIN and (g) SiC at the regions in panels (d) and (e). (h)-(i)
Experimental and simulated CBED patterns of the AIN films.

Besides graphene, transition metal dihalide compounds
such as WS, and MoS; were also introduced into QvdWE
of Il-nitrides. In 1999, Yamada er al. successfully grew
GaN films with a thickness of 800 nm on MoS; using
plasma-enhanced molecular beam epitaxy and compared the
crystal quality with that of GaN films on Al,O3.I7”1 The
GaN films grown on MoS, exhibited better surface flatness
and crystal quality. In 2016, Gupta et al. grew strain-free
GaN single-crystal islands on mechanically exfoliated thin
slices of TMDCs such as WS, and MoS; using MOCVD
techniques.[”®! Their results showed that a variety of TMDCs

can be used as novel near-lattice matched substrates for ni-
tride growth. In this year, Chen et al. had grown GaN films
on MoS,/sapphire substrates using MOCVD technology.!”’!
They found that the grown GaN films are N-polar and have a
high crystal quality (dislocation density of 8.05 x 108 cm~2).
This work provides a new way to obtain III-nitrides with dif-
ferent polarities for optoelectronic and electronic applications.

In another way, metal substrates, have excellent ther-
mal conductivity, can be used for QvdWE of Ill-nitrides for
high-power devices. Chen et al. utilized the graphene layer
as the insertion layer for QvdWE the c-oriented wurtzite Al-
GaN on the polycrystalline Mo substrates with AIN as a buffer
layer.89 This work provides a possible route for the QvdWE
of IlI-nitrides on metal substrates and expands the application
fields of the corresponding devices.

3.2. RE

QvdWE not only cannot solve the problem of high de-
fect density, but also leads to in-plane twisting of the epilayer
due to the lack of lattice restriction of the substrate on epi-
layer, resulting in the formation of a large number of grain
boundaries and failure to form single-crystal films in the real

738182 Tn 2017, Kim et al.!®3! proposed remote epi-

sense. !
taxy, a new concept of epitaxy, which considers that the po-
larity of the substrate penetrates graphene to effect the epi-
layer, thus guiding the orientation of the epilayer and facil-
itating the obtaining of single-crystal semiconductor materi-
als without grain boundary defects. They used density func-
tional theory (DFT) calculations combined with experimen-
tal results to demonstrate that RE was achieved by a sub-
strate with ionicity and that the number of layers of penetra-
ble graphene was related to the ionicity of the substrate. %4
They successfully achieved remote homogeneous epitaxy us-
ing GaAs (001), GaAs (111), GaP (001), InP (001), GaN
(001), and LiF (001) materials.

Since RE was proposed, it has made great development
under the research of many scholars. In 2020, Hong et al.!®!
reported on the RE of GaN microrod (MR) heterostructures on
c-plane Al,O3 wafer through graphene, which enabled trans-
fer of entire MR LED arrays to copper plates using heat re-
lease tape technology with polymer molding, while retaining
the original Al,O3; wafers for reuse. The SLG was prepared
on copper foil by CVD, and was transferred to the c-Al,O3
substrate twice in order to obtain a high-quality graphene in-
terlayer without holes. According to DFT calculations, the
carbon atoms in graphene promoted the long-range transport
of charge density from Al,O3 to the bilayer graphene (BLG)
surface, leading to RE at non-covalent interfaces.

In 2021, Kim et al.'®] showed a novel platform based
on graphitized SiC for fabricating high-quality free-standing
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membranes. After mechanical removal of epitaxial graphene
on a graphitized SiC wafer, the quasi-dimensional graphene
buffer layer (GBL) surface remained accessible for RE. The
reduced vdW gap between the epilayer and the substrate en-
hanced the epitaxial interaction and facilitated the smooth
progress of RE (Fig. 2). The nucleation and merging qual-
ity of GaN on GBL was significantly improved, resulting in

(a) |

GBL

IOV 8E
(d)

EG
E=-0E—-00s-O—00s-Oi

GBL

g L L L

a good crystal quality of GaN grown on 2D materials (dislo-
cation density of 2.1 x 107 cm~2 obtained by electron chan-
neling contrast imaging) (Figs. 3(a)-3(c)). The GBL surface
showed excellent resistance to growth environments such as
high temperature, Hy, O, or O, plasma, and GBL/SiC sub-
strates could be repeatedly utilized and remain after GBL
stripping (Fig. 3(d)).
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Fig. 2. DFT calculation for field penetration. (a) Modeled atomic structures of the buffer layer on SiC, (b) potential fluctuation (in unit meV) maps
on the GBL, and (c) potential fluctuations across the horizontal direction on the GBL. (d) Modeled atomic structures of as-graphitized SiC. (e)
Potential fluctuation (in unit meV) maps on epitaxial graphene (EG). (f) Potential fluctuations across the horizontal direction on EG.

3x Reused GBL (@
substrate

2 R B
1st 2nd 3rd
Exfoliated GaN film

Fig. 3. GaN growth on the GBL. (a) The scanning electron microscopy
(SEM) image of GaN grown on the GBL. (b) The atomic force micros copy
(AFM) image of the surface of the GaN grown on the GBL. The root-mean-
square (RMS) roughness is 0.18 nm. (c) Electron channeling contrast imag-
ing (ECCI) image of GaN grown on the GBL, showing a total threading dis-
location density of 2.1 x 107 cm~2. (d) Photograph of the three-times-reused
GBL substrate and the exfoliated GaN epilayers.

Our group has also provided different insights into the
interfacial interactions in RE from other perspectives. Qu et

al.’®") suggested that there was long-range orbital hybridiza-
tion between the electronic states of the substrate and adsorbed
atoms in RE, and that the crystallographic properties of the
substrate played an important role in the in-plane orientation
relationship between the nucleation layer and the substrate
across the SLG. The adsorption energies of SLG on differ-
ent substrates at different positions were calculated, demon-
strating that polar substrates could greatly increase the adsorp-
tion ability of graphene to atoms, and the more polar the sub-
strate (AIN > Al,O3), the greater its adsorption energy with
adsorbed atoms (Fig. 4(a)). The differential charge density
plot more visually shows that more charge transfer occurred
in the Ga/SLG/AIN system, and the spacing between the Ga
atoms and the SLG and AIN substrates was shorter compared
to both of the other two systems (Figs. 4(b)-4(d)). Finally, a
more intuitive analysis of the orbital hybridization between the
bonded atoms was performed by calculating the partial den-
sity of states (PDOS) for the three systems mentioned above,
as shown in Figs. 4(e)—4(g). In the PDOS images, Ga-4p and
Al-3p in the Ga/SLG/AIN system undergone orbital overlap
near the Fermi energy level, even though the Ga and AIN sub-
strates were far apart (~ 4.35 A), and this long-range orbital
hybridization indicated the presence of strong chemical inter-
actions between them.
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Fig. 4. The influence of SLG with or without supporting substrate on the adsorption characteristics and electronic structure of Ga and N atoms on the
surface of SLG. (a) Adsorption energy of Ga and N atoms at T, H, and B sites on SLG, SLG/Al,03, and SLG/AIN substrates. CDD of (b) Ga/SLG,
(c) Ga/SLG/Al;03, and (d) Ga/SLG/AIN at H site. PDOS of (e) Ga/SLG, (f) Ga/SLG/Al, O3, and (g) Ga/SLG/AIN at H site.

3.3. Other epitaxy technologies

ELOG, namely selective area growth (SAG), was also an
effective way to grow high-quality [II-nitrides. Therefore, us-
ing graphene as a mask for ELOG could overcome the limita-
tion that a large number of grain boundary defects were gen-
erated in QvdWE.

In 2013, Han et al. proposed the first use of patterned
graphene as a buffer layer for the ELOG of high-quality GaN-
based devices. Scalable graphene oxide microscale patterns
were generated using a combination of simple lithography and
coating methods, which provided excellent heat dissipation for
subsequent GaN-based LED devices while maintaining elec-
trical and optical properties superior to those of LEDs grown
on sapphire. From then on, ELOG of GaN using 2D materials
as masks have been carried out by many research groups. (8]

In 2017, our group applied self-organized graphene as a
nanomask in two-step epitaxial lateral overgrowth (2S-ELOG)
of GaN.¥1' A GaN film of about 20-pum thickness was formed
on the GaN template by hydride vapor phase epitaxy (HVPE),
showing low threading dislocation densities (TDDs) (3.6 x

10% cm~2) and low strain (0.12 GPa) characterized using high
resolution x-ray diffraction and Raman spectra, respectively.

In 2019, we also used the self-assembly nanoselective
area growth (SNSAGQG) technology to obtain crack-free 150-
pum thick GaN films on multilayer graphene (MLG)/SiC sub-
strates with nanometer-sized mask (as shown in Fig. 5).190]
The TDDs of the film was about 5.9 x 10° cm™2, showing a
significant reduction compared to conventional epitaxial GaN
films. The GaN films were nearly strain-free and could be
mechanically exfoliated to obtain crack-free wafer-scale free-
standing single-crystalline GaN. This suggested that SNSAG
was a remarkably promising technology for wafer-scale inte-
gration of high-quality GaN with graphene for future applica-
tions in GaN-based devices.

Conventional ELOG techniques, such as using SiO»,
SiN, as mask materials,*'3! reduce dislocation density by
blocking the extension of dislocations in the mask region, but
also bring new problems, %! including (i) strain cannot be
relieved completely by ELOG, and the mismatch between the
mask materials and films can also increase strain; (ii) thick
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mask materials can lead to small tilt angles in the epilayer
when the adjacent epilayers at window regions mergence.
Graphene is used as the mask, which is an ultrathin mask
with atomic-level thickness. In this ELOG/SAG technique, it
is then able to reduce the stress and dislocation density in the
epitaxial layer more effectively by reducing the mismatch with
the epitaxial layer compared to a conditional dielectric mask.

Airgap
SOUINTFE g

(c) TDDs=5.9+0.4x10%m?

~

Chan
This work "O ™

10' 10" 10"

Thickness (um)

Fig. 5. (a) Surface morphology of the GaN thick films formed by SNSAG on
multilayer graphene (MLG)/SiC. (b) Cross-section SEM image of the GaN
thick films formed by self-assembly nanoselective area growth (SNSAG) on
MLG/SiC; the inset shows an image of crack-free free-standing GaN af-
ter release. (c¢) CL image of the GaN thick films. (d) The TDDs of GaN
films formed by QvdWE (blue circle)/selective area growth (SAG) (purple
circle)/RE (orange circle)/SNSAG (red circle) on graphene when compared
with those formed by CE. The dashed line represents the influence of the
thickness of the conventional epitaxial GaN films on TDDs.

3.4. The origin and evolution mechanisms of defects

At present, the main source of Ill-nitrides is hetero-
epitaxially grown on foreign substrates. However, due to the
large lattice mismatch and difference in thermal expansion co-
efficient between the substrate and epilayer, the strain and dis-
locations generated in epilayer during the growth process. For
example, the lattice mismatch between the sapphire substrate
and GaN is as high as 16%, and the thermal expansion coeffi-
cient mismatch is 34%, so that the TDDs of GaN grown on it
is as high as 10 cm=2-10'" cm 2.1 The dislocation density
greatly limits the application of III-nitrides devices. Therefore,
studying the origin and evolution of defects on 2D materials is
very important for the epitaxial growth of III-nitrides films.

Balushi ez al.'®! studied the effect of graphene proper-
ties on GaN and AIN nucleation and they found that defec-
tive graphene was more conducive to nucleation. Therefore,
the 2D materials have to be pretreated to change the surface
chemical activity. Common methods include: bombarding the
surface with plasma,!®® etching by passing NH3 and other
gases before growth,!’%) obtaining poor quality 2D films by

CVD,%7! ete. All in all, defects are introduced in different
ways to provide nucleation sites for Ga, Al atom, and others,
which resulted in more defects existing in III-nitrides.

We investigated the microstructural properties of defect
at the interface of the GaN films grown using MOCVD on
graphene/SiC substrates.”®! Tt was found that small-angle
grain boundaries were ubiquitous in the GaN films grown on
graphene, which was mainly present at the interface (as shown
in Fig. 6). With the increase of the epitaxial thickness, the
grain boundaries merged and thus decreased. The existence of
grain boundaries was a typical feature of the QvdWE,*°! even
if large scale single-crystal 2D materials were used as sub-
strates. Therefore, this may be related to the interface force
was weak vdW force.

(a)

g=<0002>

6=0.65° ©-=1.156° 6=0.915° 6=0.736"° 6=0.338°

Fig. 6. (a) Cross-sectional TEM image of GaN films grown on graphene
near the interface. (b) The SAED patterns were obtained from five dif-
ferent regions of GaN interface by TEM. And the corresponding torsion
angle was given.

There are still a lot of stacking faults at the interface,
which was caused by the lattice mismatch between graphene
and GaN in the C-axis direction caused by the steps of the SiC
substrates. This suggested that C-axis lattice mismatch was
still the origin of stacking faults in QvdWE. The main type
of dislocation presented in GaN films was mixed dislocation,
which was resulted in the coalescent of adjacent different GaN
nucleation domains with different orientations.

The fabrication method of graphene has great influence
on the crystal quality of IlI-nitrides. For transferred CVD
graphene, high-angle grain boundaries could be found in GaN
films with the TDDs of ~ 1.3 x 10? cm~2,119 while for the
transferred mechanicalexfoliation graphene, low-angle grain
boundaries could be found in GaN films with the TDDs of
1.2 x 107 em2-2.4 x 10° ecm~2.1191 It indicates that the poly-
crystalline of graphene make an important role on the crystal
quality of Ill-nitrides. In 2019, Zhang’s group has improved
the GaN crystalline quality greatly to the TDDs of 1.8 x

108 cm~2 by using a sputtered AIN/sapphire substrate.[!?]
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The transfer process may introduce pollution onto 2D mate-
rials. Therefore, transfer-free 2D materials were more suitable
for IlI-nitrides epitaxy. GaN (AIN) films grown on transfer-
free CVD graphene showed the TDDs of 1.7 x 107 (9.9 x
10%) cm~2.[103.104 1 addition, for the epitaxial graphene from
sublimation of SiC, the TDDs of GaN (AIN) films can realized
to 2.1 x 107 (6.7 x 10%) cm=2,1195:196] which suggested that
transfer-free 2D materials can be used to obtain higher quality
I-nitrides.

In addition to the IlI-nitrides films epitaxy directly on 2D
materials, 2D materials also played a crucial role in the pro-
cess of ELOG. Zhang et al.!' reported that the TDDs of
1.80 x 107 cm~2 and 1.09 x 107 cm~2 GaN films were ELOG
on graphene and h-BN nanosheets using the HVPE method.
They found that the dislocations in the substrate terminated
under the 2D materials, resulting in a significant reduction in
TDDs of GaN films. This report revealed that the mechanism
of dislocation evolution using graphene and h-BN nanosheets
as masks was similar to that of one-step epitaxial lateral over-
growth (1S-ELOG).

Subsequently, we used self-organized graphene as a nano-
mask for 2S-ELOG,®! found that the evolution mechanism of
dislocation was different from the conventional ELOG tech-
nique and the 1S-ELOG technique. A large number of dislo-
cations could be seen at the initial interface of the GaN films
fabricated by HVPE (HVPE-GaN) and MOCVD (MO-GaN),
as shown in Fig. 7. Lattice mismatch may be created at the
interface due to the growth of GaN buffer layer at low temper-
ature, resulting in various orientations and a lot of dislocations
formed at the interface.l’”) For 2S-ELOG with graphene as
a mask, besides the TDDs reduction, the differences were as
follows: (i) Dislocations were annihilated at the interface of
HVPE-GaN and MO-GaN. (ii) New dislocations were mainly
produced at the summit of the triangle defective domains,
which were the coalescence of different orientation domains
and lateral-overgrown GaN.

Table 1. The TDDs of GaN or AIN films grown on graphene prepared by
different methods.

Methods TDDs of GaN or AIN films  Ref.

GaN: 1.3 x 10° cm™2 [100]
(high-angle grain boundaries)

Transferred CVD graphene

GaN: 1.8 x 108 cm 2 [102]

Transferred mechanical-exfoliation ~ GaN: 1.2-2.4 x 10° ecm™2  [101]

graphene from graphite (low-angle grain boundaries)

Transfer-free CVD graphene GaN: 1.7 x 107 cm 2 [103]

AIN: 9.9 x 108 cm~2 [104]

Epitaxial graphene GaN: 1 x 10° cm™2 [107]

from sublimation of SiC GaN: 2.1 x 107 cm—2 [105]

AIN: 6.7 x 108 cm™2 [106]

graphene sraphene

g=11-20

| e=0002

Fig. 7. The representative two-beam bright field TEM images of the HVPE-
GaN grown on MO-GaN without a graphene mask (a) g = 0002 and (b)
g = 11-20; with a graphene mask (c) g = 0002 and (d) g = 11-20.

3.5. Mechanical exfoliation and strain of nitrides on 2D
materials

Due to the vdW force between 2D material and epilayer,
lattice matches between epitaxial and substrate materials were
not very strict, resulting in ultra-low residual strain of epitaxial
[-nitrides. Therefore, nearly strain-free III-nitrides could be
obtained and the epilayer could be mechanical stripping and
transferred to foreign substrates.

In 2010, Chung et al.'’! achieved the transfer of GaN
grown on graphene to foreign substrate for the first time. They
grew high-density ZnO nanowalls on plasma-treated graphene
as a buffer layer, and the grown GaN could be successfully
transferred to foreign substrates. Kobayashi et al.l'%! stud-
ied the GaN and GaN based LEDs QvdWE on h-BN, and
found that GaN before and after the release was compressively
strained and unstrained, respectively.

Our group has also studied on the growth of low-strain,
exfoliable III-nitride materials on 2D materials. In 2020,
Zhou et al.'” reported strain-free GaN films QvdWE on
PECVD graphene with a AIN buffer, which could be easily
mechanical stripped. The E; (high) peak positions of the GaN
films before (568.10 cm™") and after (567.94 cm™!) released
as shown in Fig. 8. Compared with the E, (high) peak po-
sition of strain-free GaN, the strain of this GaN film is only
0.023 GPa.

Also in 2020, Zeng et al.!''%1 reported Raman analysis of
E; (high) and A1-LO phonon to the strain-free GaN grown on
sputtered-AlN/graphene buffer layer by comparing four GaN
samples grown on different types of buffer layers (sputtered-
AlN/graphene, MOCVD-AIN/graphene, graphene/MOCVD-
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AIN and MOCVD-AIN) with MOCVD. Compared with the
graphene on MOCVD-AIN, the intensity of D + D’ scatter-
ing peak of graphene was more obvious on the sputtered AIN
layer, which indicated the high density of defects provided
higher nucleation for GaN. As shown in Fig. 9, the frequency
of E, (high) phonon of GaN epilayer on graphene/sputtered
AIN was 568.2 cm™!, the closest to the strain-free GaN
films."' 11 On the other hand, the full width at half maximum
(FWHM) of the E, (high) phonon scattering peak was dis-
tinctly the narrowest and the intensity was the largest on the
graphene/sputtered AIN.

(2) e

;aN/AIN/MLG/ALO, GaN after release
- i |- E,"4/567.94cm!
. B A% pog 2D
= =
£ p e
% E sapphire after release
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Fig. 8. Raman spectra of (a) GaN/AIN/MLG/sapphire and (b) GaN film after
released.

GaN with gra/sputtered-AIN
GaN with gra/CVD-AIN
GaN with CVD-AlN/gra
= GaN with CVD-AIN
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Fig. 9. E; (high) phonon of Raman spectra of GaN films grown on sapphire
substrate with graphene/sputtered AIN buffer layer, graphene/MOCVD AIN
buffer layer, MOCVD AlN/graphene buffer layer, and MOCVD AIN buffer
layer in the low-wave region of 550 cm~'-590 cm™!.

4. Nitride device applications on 2D materials

For GaN materials with a wide direct bandgap (=~ 3.4 eV)
and an exciton binding energy (= 24 meV), more and more at-
tention has been paid to optoelectronic devices, such as LED,
LD, and ohters. In 2012, Kobayashi ef al., NTT Laboratory
in Japan, successfully realized the epitaxial growth and strip-
ping of GaN-LED on h-BN.!'%! The 3-nm h-BN was grown
on sapphire substrate by MOCVD, and then epitaxial high-
quality GaN films were grown on h-BN with an AIN buffer
layer. The dislocation density was 8.6 x 10° cm™2. After that,
InGaN-LED was epitaxial on GaN films, and the separation
of LED and substrate was successfully achieved by thermos
releasing adhesive.

For comparison, the intensities of the electrolumines-
cence increased with current (as shown in Fig. 10) and the
electroluminescence intensities from the transferred LED were
comparable to or higher than the intensities from the conven-
tional LED on the low-temperature AIN buffer layer at the
same current. This LED emitted blue light at room temper-

ature.
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Fig. 10. Electroluminescence of transferred and conventional LED at room
temperature. (a) Current—voltage characteristics of the transferred LED. (b)
Electroluminescence spectra from the transferred LED with currents ranging
from 10 mA to 50 mA. (c) Electroluminescence spectra from the conven-
tional LED with currents ranging from 10 mA to 50 mA. (d) Optical image
of the bluelight electroluminescence from the transferred vertical-type LED.

In 2020, our group obtained epitaxial graphene with char-
acteristic orientation on sapphire by PECVD, and then pre-
pared metastable continuous flat GaN films with ultra-low
biaxial compressive strain (0.023 GPa) by sputtering AIN
buffer layer-assisted MOCVD.!”3 The transferred GaN het-
erojunction was directly fabricated into a metal-insulator—
semiconductor (MIS) devices from which typical electrical
properties can be obtained. He et al. fabricated hexagonal GaN
microdisks using the multilayer graphene by HVPE.!!!?] The
presence of a 2D buffer layer of graphene allowed GaN mi-
crodisks to be transferred to any substrate as desired. Then,
under room temperature pulsed excitation, a double-triangular
whispering-gallery mode (D3-WGM) multimode lasing was
confirmed with a high Q factor of 3049 and an excitation
threshold of about 11.5 uW in a single GaN microdisk.
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These results demonstrated the superior characteristics of D3-
WGM lasing, which had potential applications in the fields of
nanophotonics, lighting and optical communication.

In addition, GaN HEMT made with h-BN as a buffer layer
can be transferred to other substrates with a simple mechani-
cal exfoliation, and the substrates are recyclable. H-BN has
the characteristics of high thermal conductivity and small di-
electric constant. The HEMT device, made by Hiroki et al.
from NTT laboratory, using h-BN as a buffer layer was trans-
ferred to the Cu substrate, which greatly inhibited the self-
heating effect of the device and improved the performance of

113,114

the device.! 1 At the same time, due to its easy transfer-

ability characteristics, Glavin et al. used it to transfer to a flex-
ible substrate to make a flexible radio-frequency device.!'!3]
The development of nitride fabrication technology on 2D
materials is helpful to reduce the cost of nitride devices and
realize high-quality IIl-nitride devices in order to extend its
application. We believe that with the gradual realization of
fine regulation of nucleation sites and in-depth understanding
of the QvdWE or RE process of IlI-nitrides, the quality of III-
nitrides on 2D materials will be further improved, and corre-

sponding III-nitrides devices will be greatly developed.

5. Conclusion and perspectives

III-nitride epitaxy on 2D materials can effectively address
the mismatch problems (lattice mismatch and thermal mis-
match) caused by heterogeneous epitaxy and the development
of substrate exfoliation techniques to obtain high-quality, low-
cost III-nitride materials for high-quality III-nitride devices
and their extension in the field of flexible wearable electronics.

This paper describes the preparation of some common 2D
materials (e.g. graphene, h-BN), mainly summarises the com-
mon methods for epitaxial III-nitride on 2D materials and ad-
dresses the defects and stresses in IlI-nitride, and finally men-
tions some applications of III-nitride on 2D materials for de-
vices. Specifically, the common techniques for epitaxial III-
nitride on 2D materials with their characteristics are as fol-
lows.

(i) QvdWE. The interfacial mismatch problem of III-
nitride materials was significantly improved by QvdWE due
to its weak van der Waals forces at the interface, and the
advantages of low strain and peelability were given. At the
same time, the growth rate of the III-nitride material was sig-
nificantly increased due to the growth mode. However, the
weak van der Waals forces were a double-edged sword, which
leaded to an increase in the number of tilted grains in the
[I-nitride material during growth, which in turn leads to an
increase in the dislocation density with a spiral component,
making the predominant dislocation type in QvdWE predom-
inantly mixed dislocations. In addition, the low surface en-
ergy of 2D materials makes II-nitride nucleation difficult in

the early stages of growth. The solution was to create defects
and insert buffer layers (e.g. ZnO, AIN) predominantly on 2D
materials.

(i) RE. RE has been proposed with the idea that the
charge of the polar substrate could “penetrate” the graphene
and act on the epitaxial layer, thus facilitating the fabrication
of single-crystal III-nitride materials without grain boundary
defects. Our team believed that there was a remote orbital
hybridisation effect between the substrate and the adsorbed
atoms in remote epitaxy. At present, the relationship between
growth mechanisms and interfacial interactions in RE was less
studied, and its profound physical nature was yet to be further
investigated. Research into the scientific aspects of remote epi-
taxy was expected to break through the inherent properties of
large mismatch heterogeneous epitaxy of IlI-nitrides and drive
a completely new transformation of Ill-nitride epitaxy tech-
nology.

Furthermore, the strategy of polarization-driven
orientation-selective growth was proposed in 2022, based
on the principle of tuning the energy profile of the system by
means of an applied electric field. In other words, i.e. polar-
ization can change the orbital energy level to produce the most
favorable orbital coupling. This provides the idea that an elec-
tric field can be applied in situ to control the epilayer polarity
and orientation during the growth of nitrides on 2D materials,
hopefully making it possible to realize single-crystal nitrides

on arbitrary substrates.
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