Journal of Materials Chemistry C

&
4

Journal of

Materials Chemistry C

Flexible Single-Crystalline GaN Substrate by Direct
Deposition of III-N Thin Films on Polycrystalline Metal Tape

Journal: | Journal of Materials Chemistry C

Manuscript ID | TC-ART-09-2020-004634.R1

Article Type: | Paper

Date Submitted by the

Author 10-Dec-2020

Complete List of Authors: | Shervin, Shahab; University of Houston System

Moradnia, Mina; University of Houston System

Alam, Md Kamrul; University of Houston,

Tong, Tian; University of Houston, Department of Electrical and
Computer Engineering

Ji, Mi-Hee; Oak Ridge National Laboratory

Chen, Jie; University of Houston System, Mechanical Engineering
Pouladi, Sara; University of Houston System

Detchprohm, Theeradetch; Georgia Institute of Technology
Forrest, Rebecca; University of Houston System

Bao, Jiming; University of Houston, Department of Electrical and
Computer Engineering

Dupuis, Russell; Georgia Institute of Technology

Ryou, Jae Hyun; University of Houston System,

o

SCHOLARONE™
Manuscripts




Page 1 of 11

Journal of Materials Chemistry C

Flexible Single-Crystalline GaN Substrate by Direct Deposition of
1I-N Thin Films on Polycrystalline Metal Tape’

Shahab Shervin¥@b<  Mina Moradnia$,>¢, Kamrul Alam9d, Tain Tong?, Mi-Hee lJi¢, Jie Chen®b<, Sara
Pouladi*<, Theeradetch Detchprohme, Rebecca Forrestf, Jiming Bao?, Russell D. Dupuis¢, and Jae-
Hyun Ryou™abc

Flexible electronics and mechanically bendable devices based on Group IlI-N semiconductor materials are emerging, while
there are several challenges in manufacturing-cost reduction, device stability and flexibility, and device-performance
improvement. To overcome the limitations, it is necessary to replace the brittle and expensive semiconductor wafers with
single-crystalline flexible templates for a new-bandgap semiconductor platform. The substrates in the new-concept of
semiconductor materials have a hybrid structure consisting of a single-crystalline 1lI-N thin film on a flexible metal tape
substrate which provides a convenient and scalable roll-to-roll deposition process. We present a detailed study of a unique
and simple direct epitaxial growth technique for the crystallinity transformation to deliver single-crystalline GaN thin film
with highly oriented grains along both a- and c- axis directions on a flexible and polycrystalline copper tape. A 2-dimensional
(2D) graphene having the same atomic configuration as the (0001) basal plane of wurtzite structure is employed as a seed
layer which plays a key role in following IlI-N epitaxy growth. DC reactive magnetron sputtering method is then applied to
deposit an AN layer in an optimized condition to achieve preferred-orientation growth. Finally, single-crystalline GaN layers
(~1 um) are epitaxially grown by metalorganic chemical vapor deposition (MOCVD) on the biaxially-textured buffer layer.
The obtained flexible single-crystalline GaN film by this method suggests a new way for a wide-bandgap semiconductor
platform pursuing flexible, high-performance, and versatile device technology.

Introduction

Group llI-nitride (11I-N) wide-bandgap (WBG) semiconductor has
become a major material platform in the solid-state electronics
and photonics because of their excellent properties including a
wide range of direct bandgap energies (E; = 0.7 — 6.2 eV), high
saturation velocity of carriers (~1.5-2x107 cm/s), and high
breakdown field (¥3-6x106 V/cm). Their devices, therefore, play
a dominant role in short-wavelength optoelectronics and high-
frequency and high-power electronics'™. 1lI-N thin-film
materials are conventionally grown on single-crystalline
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sapphire (Al,03), silicon carbide (SiC), and silicon (Si) (111)
substrates by strained heteroepitaxy®. Sapphire is the most
dominantly used substrate due to its relatively small thermal
expansion coefficient (TEC) difference and in-plane lattice
mismatch (LM) to achieve high-quality gallium nitride (GaN) and
aluminum nitride (AIN) templates’8. In-plane LMs and TEC
differences between GaN and different substrates are shown in
Fig. S1 (ESI). Despite the small LM and TEC difference between
SiC and GaN for higher-quality epitaxial films, the wide adoption
of SiC substrate in the commercial market has been hampered
due to its high cost®. The use of Si (111) substrate generally
results in the epitaxial film with a higher density of crystalline
defects, even though it is the most economical approach for the
manufacturing of 11I-N devices911,

Demands for wearable and flexible devices are growing in solid-
state lighting (SSL) and electronics for a wide range of
applications such as bendable/curved luminaire and display of
flexible electronics. Recent developments in flexible electronics
demonstrate that semiconductor materials can be very flexible
when their thickness is small enough (on the order of
micrometers), deviating from the brittle nature of bulk
properties’?6, However, currently developed substrates
cannot provide a platform for flexible electronic and photonic
devices due to the brittle nature of single-crystalline wafers
with a thickness of hundreds of micrometers. To fabricate
mechanically flexible 11I-N devices and components, therefore,
it is required to transfer the thin film for a device to a bendable
secondary substrate followed by the removal of the original
wafer substrate. This film-transfer technique involves additional
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complicated processing steps, hence, poses technical and
economic challenges in the manufacturing of flexible
semiconductor devices and systems, such as lower production
yields, potential degradation of device performance, higher
manufacturing cost, and process scalability limited by the
current choices of wafer substrates. The challenges are
associated with the current “top-down” process and can be
resolved by the adoption of the “bottom-up” process. For the
bottom-up process, it is necessary to begin with a flexible
substrate instead of the brittle wafer substrates for the
deposition of active thin-film device layers. However, all the
current flexible substrates are non-single-crystalline materials.
The deposition of thin films on such substrates results in non-
single-crystalline materials for active semiconductor layers,
which significantly degrade the performance characteristics of
the devices. For the development of high-performance flexible
devices, therefore, it is critical to obtain single-crystalline thin
films even on non-crystalline substrates, overcoming the
traditional epitaxial relationship between the substrate and
film.

In the present study, we develop a direct deposition technique in
which high crystalline quality of IlI-N thin films can be epitaxially
grown on a non-single-crystalline substrate. We demonstrate a
single-crystalline GaN template layer on a flexible copper (Cu) tape
substrate by employing graphene as a seed layer and AIN as a buffer
layer. Direct growth of the 2D material on the polycrystalline
substrate followed by the deposition of the buffer layer with
crystallographically-selected orientations in both the in-plane and
out-of-plane directions of hexagonal lattice provides a critical
solution for the crystallinity transformation from the polycrystalline
substrate to single-crystalline GaN thin film. The result is the flexible
single-crystalline GaN substrate consisting of a GaN template layer,
crystallinity-transformational layers, and Cu tape. The use of this new
flexible, inexpensive, and lengthy tape substrate, instead of brittle,
expensive, and limited-area wafer substrates, will enable low-cost
easily-scalable  manufacturing  of  flexible  wide-bandgap
semiconductor devices compatible with the roll-to-roll process.
Moreover, the flexible GaN substrate will help the easy fabrication of
multifunctional 1lI-N devices for electronic, photonic, sensing, and
energy harvesting applications'’~24. Among potential applications,
large-scale, flexible inorganic LEDs could be applied for flexible LED
TV displays, large-scale energy-efficient lighting, or window displays
in the future. Furthermore, single-crystalline, GaN-based, flexible
electronics, which promise higher efficiency, reliability, and a long
lifetime, can replace the aim of organic flexible electronics in a range
of applications, i.e., biomedical applications exploiting high electron
mobility transistor-based sensors or wearable electronics.

Experimental

Graphene Growth on Cu

Chemical vapor deposition (CVD) was applied for the growth of
graphene in a custom-built system, which consists of a quartz
tube as a reaction chamber and a heating furnace with ~ 30-cm

uniform temperature zone. Cu foil tapes with a thickness of 25
pum and a surface area of 16x21 mm? (99.8%, Alfa), sitting inside
a quartz sample holder, were loaded into the reaction chamber
and placed in the uniform-temperature zone of the furnace. The
reaction chamber was evacuated thoroughly and then quickly
filled to ambient pressure with argon (Ar) gas. Subsequently,
the Cu tapes were annealed at 1050 °C in a slight reduction
environment using a mixture of Ar (600 sccm [standards cubic
centimeter per minute]) and hydrogen (H,, 60 sccm) during the
heating and stabilizing process. A precursor with a mixture of
methane (CH,4, 100 sccm) and H; (30 sccm) was introduced into
the reaction chamber by a carrier gas of Ar (1200 sccm) for the
graphene growth for ~2 hours. Samples were fast-cooled down
to room temperature after the shutoff of CH,, typically within
an hour, by pushing the sample holder out of the heating zone,
under the protection of Ar and Hs.

AIN Thin-Film Growth on Graphene/Cu

AIN thin films were grown on the graphene-deposited Cu tapes
using a DC reactive magnetron sputtering system (AJA
International) equipped with a DC power supplier (Advanced
Energy MDX 500). The base and working pressures of the
sputtering chamber were 10° Torr and 2 mTorr, respectively.
The working pressure was set by adjusting a gate valve to a
cryopump. The AIN films were deposited with an Al target (1.5-
inch diameter, 99.5%, AJA International) at 110 W of a DC
cathode power in a mixture of Ar and nitrogen (N,) gases, which
were introduced into the chamber by separate mass flow
controllers. Before and during the sputtering, the sample holder
was rotated at 20 revolutions per minute (rpm) to ensure the
uniformity of the film. Prior to each run, pre-sputtering was
performed with Ar* ion bombardment to clean the Al target for
5 minutes with the movable shutter covering the substrate.
Reactive sputtering was initiated by introducing N, into the
chamber and opening the shutter. After the deposition, a post-
sputtering was performed for 10 min to avoid the target
poisoning. The oxygen (O;) and water (H,0) partial pressures in
the chamber were monitored by a residual gas analyzer (RGA)
(Kurt J. Lesker) and kept as low as 101° Torr and 10! Torr
ranges, respectively. A 200-nm-thick AIN film was deposited for
90 minutes using an optimized condition.

GaN Thin-Film Growth on AIN/Graphene/Cu

Epitaxial GaN layers were grown by metalorganic chemical
vapor deposition (MOCVD) in a 6x2" reactor system equipped
with a close-coupled showerhead chamber (Thomas Swan).
Trimethylgallium (TMGa, Ga(CHs)s3), and ammonia (NH3) were
used as Group-lll and Group-V precursors with H, carrier gas.
The growth of a GaN layer was carried out at a chamber
pressure of 500 Torr and a temperature of 900-950 °C for a
target thickness of ~1 pum. The growth temperature was
intentionally set at lower than the typical growth temperature
of GaN by MOCVD (~1050 °C) due to a concern of potential
damage in Cu tape by overshoot during the heating-up.

Characterizations
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The graphene was characterized by Raman spectroscopy using
a 532-nm solid-state laser for the source of excitation in a
home-built setup with a spectrometer (Horiba Jobin Yvon) at
room temperature. Microscopic surface morphology of the
graphene and IlI-N layers were characterized by atomic force
microscopy (AFM) (Veeco Dimensions 3000). Microscopic
surface images were taken by scanning-electron microscopy
(SEM) (JEOLJSM 6400). Structural and crystalline qualities of the
AIN and GaN layers were characterized by electron
backscattered diffraction (EBSD) (Hikari Super EBSD camera
from Ametek/EDAX attached to a Philips XL 30SFEG electron
microscope) and high-resolution X-ray diffraction (HR-XRD)
(Bruker D8 with the parallel beam for thin-film
characterization).

Results

2-Dimensional Material Seed Layer

A planar hexagonal atomic configuration of sp? bonded carbon
atoms in graphene, which also creates weak van-der-Waals out-
of-plane binding at the cleavage planes, is expected to provide
the preferential nucleation sites for the epitaxial growth of the
hexagonal-lattice 3-dimensional structures. A graphene domain
can grow over polycrystalline Cu grains crossing the grain
boundaries of Cu due to the weak interaction between them for
the surface catalyzed process, hence, no epitaxial relationship
between the Cu lattice and graphene grains?>. Therefore,
relatively large single-crystalline graphene grain can be formed
on polycrystalline Cu foil?>. Figure 1a shows a microscopic
surface image of a graphene film on a Cu tape substrate grown
by chemical vapor deposition (CVD). The presence of wrinkles
(as pointed by vyellow arrows in the scanning-electron
microscopy (SEM) image of Fig. 1a) confirms that the graphene
film is continuous. The wrinkles are formed as the graphene
expands during cool-down due to its negative TEC value. A red
arrow shows a grain boundary of Cu, which also indicates the
graphene domain covers the multiple grains of the Cu. The
average grain size of Cu is estimated to be ~0.5 mm. Raman
spectrum of the graphene shown in Fig. 1b presents a typical
feature of few-layered graphene with a symmetric 2D-band
peak centered at about 2690 cm™ with a full-width-at-half-
maximum (FWHM) of ~40 cm™. An intensity ratio of 2D-band
peak to G-band peak (/,p/15) is sensitive to the layer numbers of
graphene and /,p/ls characterizes the disorder degree of
graphene?6?7, The I,p/lg intensity is ~1.6 and no D-band peak is
present, confirming that high-quality defect-free graphene with
less than three layers is grown on the Cu tape substrate.

AIN Buffer Layer

A proper choice of a buffer layer between the substrate and
epitaxial film is critical to improve the crystalline quality of the
I1I-N films grown by strained heteroepitaxy?®-31. Especially, the
growth of a GaN layer, which serves as a template for most IlI-
N devices, on the graphene is significantly different from those
on other bulk substrates. For the epitaxial growth of 3D
materials on 2D substrates, it is necessary to have at least one
side of the interface with dangling bonds. However, the lack of
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dangling bonds of the graphene, which makes it chemically inert
with very low surface energy, causes a thermodynamic problem
for the nucleation of foreign atoms with the strong sp? bonding
of GaN32, Therefore, directly-grown GaN thin films on graphene
were found to contain microstructural defects3?34. For the
epitaxial growth of GaN on graphene, it is necessary to mitigate
the large surface free energy difference between GaN and
graphene layers (1970 and 52 mJ/m? respectively) by
introducing a proper nucleation layer compensating the lack of
dangling bonds on the graphene surface.

We employed an AIN buffer by sputtering, which has reasonable
dangling bonds and comparable surface energy to promote
uniform nucleation of IlI-N layers. The AIN possesses the same
crystal structure as GaN and its basal plane has the same atomic
configuration to the underlying 2D material33-35, The sputtered
AIN film does not necessarily follow the crystal structure of the
underlying layer and sputtering parameters directly affect the
final structure and quality of the deposited thin film. Reactive
sputtering parameters of the AIN film, such as deposition rate,
the target-to-substrate distance, and a ratio of reactive ion gas
flow rate to total flow rate, were optimized based on the x-ray
diffraction (XRD) characterization results. The Si (100) substrate
was used for the calibration of AIN sputtering parameters due
to its easy availability. By introducing N, gas to the Ar plasma,
the deposition rate decreases drastically, as the collision of
particles in the plasma increases. A reactive gas ratio was
optimized at R = ~44% with flow rates of Ar and N, set at 10
sccm and 8 sccm, respectively, based on the XRD 2theta-omega
(29-w) scans (Fig. S2 (ESIT)) to achieve the highly c-axis-textured
AIN in the out-of-plane direction. A mean free path (A) of
sputtered atoms should be larger than the target-to-substrate
distance (d). The mean free path of Al atoms, which depends on
the working pressure, A = ~10 cm at P = 2 mTorr3637; hence, the
substrate should be kept less than 10 cm away from the target.
The optimum target-to-substrate distance of d = 8 cm was
obtained using the reactive gas ratio of R = ~44% (Fig. S3 (ESIT)).
Fig. 2a shows XRD 28-w scans of the AIN films on the
graphene/Cu substrates at various deposition temperatures.
For all the deposition temperatures, the AIN films are preferably
grown in the c-axis of wurtzite structure normal to the surface,
i.e., along the out-of-plane direction. However, small peaks of
(1010) and (1011) are also detected for AIN deposited at lower
temperatures (400-600 °C), showing minor polycrystalline
nature of the AIN films, which may originate from adatoms’
energy reaching the substrate and bombardment of sputtering
ions38. Fig. 2b compares the FWHM values of the peaks from AIN
(0002) rocking curves (w scan) at various deposition
temperatures. With increasing deposition temperature, the
FWHM values decrease, indicating less spread in the tilt of c-
plane out of surface; hence, the crystalline quality of the AIN
film is improved. The alignment of a c-axis of AIN in the out-of-
plane direction is confirmed (refer to a uniaxially textured
structure schematically shown in Fig. S4a (ESIt).

To achieve the single-crystallinity of the film, in-plane alignment
(a-axis) as well as out-of-plane alignment of AIN needs to be
confirmed. To evaluate the in-plane alignment of the deposited
AIN films, XRD phi (¢) scan was performed by rotating the
sample at the diffraction angles of AIN {1012} asymmetric
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planes, i.e., w = 42.73°and 29 = 49.84°. Fig. 3a shows the XRD ¢
scan for the peaks of {1012} planes of AIN film deposited at 650
°C. Six peaks separated by 60°, showing the six-fold rotational
symmetry, are observed, which confirms that the AIN film is
highly aligned in both a-axis and c-axis directions (refer to a
biaxially textured structure schematically shown in Fig. S4b
(ESIT). The FWHM value for one of the peaks is estimated to be
AP AN (mfz) = ~4°. The electron backscatter diffraction (EBSD)
data further confirm the single-crystalline nature of AIN. Fig. 3b
shows that the surface of the AIN has a uniform (0001) plane.
The pole figures in Fig. 3c also indicates intense (0001)
reflections at the center, showing the growth of highly c-axis
oriented AIN. Furthermore, a clear six-fold rotational symmetric
feature is observed in the pole figures of (1120) and (1010)
planes. Figure 3d and e show the crack-free and flat surface
morphology of the AIN. The root-mean-square (rms) roughness
of the AIN surface measured by AFM is ~ 6 nm.

GaN Template Layer

After the successful development of nearly a single-crystalline
AIN buffer layer, the epitaxial growth of a GaN film becomes less
challenging. Fig. 4a shows an XRD 29-w scan in a wide range for
the GaN directly grown on the AIN/graphene/Cu substrate. The
presence of only (000/) peaks such as (0002) and (0004) peaks
and no other peak of GaN and AIN further confirm the epitaxial
growth of IlI-N films along the c-axis of wurtzite structure on
graphene. The polycrystalline nature of the Cu tape is clear from
different peaks related to different crystallographic orientations
of the Cu grains. Fig. 4b shows an XRD ¢ (rotational) scan
around GaN {10i2}. Again, six separate peaks with 60° apart
indicate both the in-plane and out-of-plane alignments,
supporting the epitaxial growth of a single-crystalline GaN film.
The XRD results also show that the crystalline quality of GaN is
further improved. The FWHM values of the peaks are slightly
decreased for those of AIN peaks, A@ gan (101_2) <~3° Considering
the large size of the XRD slit and the low A¢ values in GaN {101
2} peaks, it is clear that single-crystalline GaN domains are large
enough in the range of more than hundreds of micrometers and
millimeters.

Motivated by scientific interests and practical importance, the
epitaxial growth of IlI-N films on graphene has been actively
investigated using different approaches in recent years. Among
them, Yu et al. reported a direct growth of GaN on flexible
graphene-deposited Cu substrates. While the single-crystalline
AIN and GaN were claimed in a selected condition, it was not
fully confirmed by characterizations in a large area such as
asymmetric XRD scan3®. Moreover, the study employed
migration-enhanced molecular beam epitaxy (ME-MBE), which
is an inherently very low throughput process. Another work by
Ramesh et al. by laser molecular beam epitaxy (LMBE) for the
growth of GaN film on graphene/Cu foil reported a non-single-
crystalline mixed-phase of GaN grain film*°. Chung et al.’s work
employed a high throughput CVD process to grow a GaN film on
a non-single-crystalline silica substrate*l. However, the work
was not a direct growth process, as the graphene layer had to
be transferred to the substrate. Also, the substrate is not
mechanically flexible which makes the process incompatible to

the roll-to-roll process and flexible devices. Kim et al. and
Balushi et al. reported single-crystalline GaN and AIN layers on
graphene/(0001) SiC wafer substrate3342. Also, Zhang et al.
reported the reduced threading dislocation density in the GaN
grown on graphene/AIN on a (0001) sapphire substrate*3. In
those studies, it is not clear if the epitaxial growth occurs by the
graphene, since the single-crystalline SiC (or AIN) can also play
a role in the epitaxial growth. The studies also require an
additional transfer process for flexible devices. Our study is the
first demonstration of single-crystalline GaN directly grown on
polycrystalline flexible metal tape using high throughput
processes.

The outcome of this single-crystalline GaN epitaxy produces a flexible
GaN substrate consisting of the GaN template layer on Cu tape with
transfer-free seed/buffer layers as shown in the photo of Fig. 4e. The
EBSD characterization further confirms the formation of a single-
crystalline GaN film (Fig. S5a and S5b (ESIt)). However, the AIN and
GaN films contain threading dislocations as shown in the cross-
sectional transmission-electron microscopy (TEM) image of Fig. S5c
(ESIT), similar to all the lI-N epitaxial films grown by heteroepitaxy.
The density of threading dislocations in the single-crystalline GaN
layer is estimated to be ~4x10'° cm=2 and ~7x10%° cm-2 for screw and
edge dislocations, respectively, from XRD rocking curves of (0002)

and (1012) planes using a method suggested by Kaganer et al.** The
density is higher than typical values of well-matured GaN epitaxial
films on single-crystalline substrates of SiC, sapphire, and Si (e.g.,
10%-10° cm), as expected. The density of dislocation is required to
be reduced by further optimization of the deposition processes to
achieve comparable performance of devices to those of wafer-based
non-flexible devices. Fig. 4c and d show the surface morphology of
the GaN layer. The SEM image shows a continuous film with a similar
surface to that of AIN. The surface of the GaN probed by AFM is
slightly rougher than that of AIN, possibly related to lower growth
temperature than the typical MOCVD growth temperatures of GaN
by 100-150 °C.

Van-der-Waals Epitaxy vs Remote Epitaxy

Single-crystalline AIN is confirmed to be epitaxially grown on the
graphene layer. Van-der-Waals epitaxy (vdWE) was proposed as
a possible mechanism of a thin-film growth on a 2D material.
The vdWE is different from the conventional epitaxy where
strong chemical bondings exist at the interface of the substrate
and epitaxial materials. The vdWE makes crystalline growth
possible between 2D and 3D materials by a weak van der Waals
interaction at the heterojunction. The vdWE eliminates the
necessity of reducing lattice mismatch between epitaxial layers
and underlying 2D materials and allows the heteroepitaxial
growth for various materials with different crystal structures
due to having no broken bond on the vdW surface*®*>. The
vdWE has been experimentally observed in IlI-N film on
graphene. Qi et al. introduced graphene as an interlayer for the
growth of AIN on a sapphire substrate. Decreasing threading
dislocations along with strain relaxation could come from
reducing lattice mismatch between AIN and sapphire substrate
by graphen?t. Despite the less crystalline quality of GaN which
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was grown on the transferred multilayer graphene on sapphire,
Li et al. found that light-emitting diodes grown on such
multilayer graphene resulted in high output power?’. These
results could address the problem of large lattice and thermal
mismatch between the IlI-N films and substrate by using
multilayer graphene. However, in the previous reports, the
growth of IlI-N occurred on the graphene that was transferred
onto a sapphire substrate, i.e., on a graphene/sapphire
substrate. Therefore, the epitaxy of IlI-N film was not confirmed
to originate from either graphene or sapphire. The epitaxial
relationship between IlI-N and sapphire substrate was reported,
suggesting that the IlI-N epitaxy may still originate from the
sapphire®®. Kim et al. recently introduced remote epitaxy as
another possible epitaxial growth mechanism of the thin film on
2D materials. The remote epitaxy occurs when the substrate
directly affects the orientation of epitaxial growth and transfers
its crystallographic information to the over-layers during the
epitaxy. Because of sufficiently thin and electrical penetration
of graphene characteristics, the over-layers can follow the
orientation of the underlying substrate®°.

This study provides an ideal structure to study the mechanism
of IlI-N epitaxy on graphene, which is yet inconclusive because
it uses a polycrystalline substrate underneath the graphene. In
the IlI-N epitaxial layers on graphene/Cu of the present study,
AIN and GaN are single-crystalline while Cu is polycrystalline as
described earlier (Fig. 3a and Fig. 4a and b), which provides
evidence to support vdWE over remote epitaxy. According to
the remote epitaxy mechanism where a structure mirroring of
a substrate happens in an over-layer, the graphene interlayer
should transfer the crystallographic structure of the underlying
Cu substrate to the AIN over-layer. If the remote epitaxy is the
dominant mechanism of the IlII-N epitaxy on a
graphene/underlying substrate, IlI-N films tend to be
polycrystalline too. The remote epitaxy mechanism cannot
explain the single-crystal growth of IlI-N on the polycrystalline
Cu substrate. A further comprehensive study was performed on
the structural properties of AIN films deposited on different
substrates of poly- and single-crystals in combination with
with/without the graphene layer, as shown in Fig. 5. All the AIN
layers are uniaxially textured along the c-axis of the wurtzite
structure regardless of the substrate when the optimized
sputtering condition was employed (Fig. 5a). This is
conventionally observed for AIN deposited by sputtering mainly
due to the surface energy of its polar surface®. The crystalline
quality of the films appears to be the best and worst for the AIN
on graphene/single-crystalline Cu and polycrystalline Cu
without graphene, respectively, from the intensity and FWHM
of the AIN (0002) peaks (Figure 5a). In-plane alignment,
however, cannot be obtained without the help of epitaxial
relationships from the underlying layer. Figure 5b shows the
XRD ¢ scan around AIN {1012} planes. All the AIN grown on
graphene show the in-plane alignment of single-crystals
regardless of the crystallinity of Cu, i.e., on graphene/single-
crystalline  Cu  (black curve of Fig. 5b) and
graphene/polycrystalline Cu (red curve of Fig. 5b). In contrast,
no in-plane alignment is observed for AIN on polycrystalline Cu
without graphene (green curve of Fig. 5b). These results further
support the vdWE for IlI-N on graphene. In other words, single-
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crystalline 11I-N can only be epitaxially grown on graphene. Only
polycrystalline uniaxially textured AIN can be achieved without
graphene, suggesting that AIN single-crystal growth cannot
occur without the effect of graphene on the polycrystalline Cu
while it is independent of copper crystal orientation®!. To
exclude a possibility of polycrystalline AIN growth by non-
optimized deposition condition on Cu, we deposited AIN on a
single-crystalline Cu substrate without graphene using the same
condition. The AIN is single-crystalline on a single-crystalline Cu
substrate without graphene (blue curve of Fig. 5b). Therefore,
these results suggest that the epitaxy of IlI-N is influenced by
directly underlying layer and vdWE occurs for the growth of IlI-
N layers on graphene/Cu substrate.

GaN and Cu (111) have a significant discrepancy in LM and TEC.
Graphene growth is of critical importance for reducing the
effect of the lattice mismatch between AIN and copper foil,
which comes from the vdWE growth for lll-nitrides on
graphene3241, Thanks to the weak vdW bonding between AIN
and graphene, AIN can be epitaxially grown on Cu substrate
without the necessity of reducing LM and TEC mismatch
between AIN and Cu (111) substrate.

Conclusions

We developed a unique structure material, which enables
continuous roll-to-roll (R2R) thin-film epitaxial GaN growth on
low-cost and bendable Cu poly-crystalline tape by employing
suitable buffer layers. In this method, a 2D graphene interlayer
grown by a CVD method provides an in-plane hexagonal atomic
arrangement for single-crystalline AIN buffer layer growth by
vdW epitaxy growth. Optimized conditions for DC reactive
magnetron sputtering was applied to achieve preferred-
orientation AIN buffer. The XRD pole-figure of AIN (1012) shows
a six-fold symmetry of AIN which is highly textured in both a-
and c-axis crystallographic directions. The single-crystalline
wurtzite structure of GaN is formed on the biaxial textured AIN
buffer layer by MOCVD. The XRD 29-w scan shows that the c-
plane of GaN and AIN films are preferably grown from (0002)
and (0004) peaks. The outcome is the flexible single-crystalline
GaN substrate on a Cu tape. The present findings, focusing on
the interface, epitaxial relationship, and vdW epitaxy growth
mechanisms to achieve single-crystalline lllI-nitride materials on
flexible/polycrystalline substrates, offer a promising solution to
meet the rapidly increasing demand for bendable/curved
luminaire and display of flexible electronics.
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Fig 1 (a) SEM image and (b) Raman spectrum of a graphene film on a Cu tape substrate grown by CVD. In (a) a red arrow points to a grain boundary of Cu and
yellow arrows point to graphene wrinkles. In (b) an intensit?/ ratio of 2D-band peak to G-band peak (I12D/IG) is ~1.6 and no D-band peak is present, confirming
that high-quality defect-free graphene with less than three layers is formed.
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Fig 2 #a) XRD 26-w scans and (b) FWHM values of AIN (0002) peak measured by XRD rocking curves (w scans) for AIN layers on graphene/Cu tape substrates deposited
at different temperatures.
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Fig 3 (a) XRD ¢ scan of AIN {1012§ peaks, (b) color-coded orientation mag and (c) (0001), (1010), and (1120) pole figures measured by EBSD, (d) SEM and (e) AFM
(2.5%2.5 um? with z scale of 65 nm) images for an AIN film on a graphene/Cu tape substrate.
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Fig 4 (a) XRD 26-w scan of GaN on AIN/graphene/Cu foil, (b) XRD ¢ scan of GaN {1012} peaks, (c) SEM and (d) AFM $4x4 um? with z scale of 80 nm) images for a GaN
film on an AIN/graphene/Cu tape substrate. (e) A photo of a flexible GaN substrate consisting of a GaN template layer on Cu tape with graphene/AIN seed/buffer

layers.
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Fig 5 (a) XRD 26-w scans and (b) XRD ¢ scan of {1012} peaks of an AIN layer on different substrates includin%1 single-crystalline Cu without graphene (blue curve),
graphene/single-crystalline Cu (black curve), graphene/polycrystalline Cu (red curve), and polycrystalline Cu without graphene (green curve) substrates.
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