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ABSTRACT: The progress in nitrides technology is widely
believed to be limited and hampered by the lack of high-quality
gallium nitride wafers. Though various epitaxial techniques like
epitaxial lateral overgrowth and its derivatives have been used
to reduce defect density, there is still plenty of room for the
improvement of gallium nitride crystal. Here, we report
graphene or hexagonal boron nitride nanosheets can be used
to improve the quality of GaN crystal using hydride vapor
phase epitaxy methods. These nanosheets were directly
deposited on the substrate that is used for the epitaxial growth
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of GaN crystal. Systematic characterizations of the as-obtained crystal show that quality of GaN crystal is greatly improved. The
fabricated light-emitting diodes using the as-obtained GaN crystals emit strong electroluminescence under room illumination.
This simple yet effective technique is believed to be applicable in metal—organic chemical vapor deposition systems and will find

wide applications on other crystal growth.

KEYWORDS: graphene, boron nitride nanosheets, GaN, hydride vapor phase epitaxy, light-emitting diodes

1. INTRODUCTION

Gallium nitride (GaN) is an important semiconductor material
for applications in short wavelength optoelectronics and high-
power, high-frequency electronics because of its wide band gap
and stability at high temperatures.”> However, because of a lack
of native substrates, almost all GaN-based devices are
heteroepitaxially grown on foreign substrates, such as sapphire
(ALO,), gallium arsenide (GaAs), and silicon.>™> Hetero-
epitaxial growth produces several stressed layers with a high
defect density and with cracking problems due to the large
lattice mismatch and difference in thermal expansion coefhicient
between substrate and layer.® The high dislocation density is
not conducive to the fabrication of high-performance GaN-
based devices with long lifetime. Some low-temperature
deposited buffer layer techniques have been used to obtain
high-quality GaN crystals, reducing the stress and the
dislocation density, and facilitating the removal of the
substrate.” "' To further improve the quality of GaN epitaxial
crystals, epitaxial lateral overgrowth technology has been
developed, producing high-quality GaN crystals.'> However,
progress in nitride technology is still inhibited by the lack of
high-quality GaN wafers."?

Currently two-dimensional (2D) materials have been
extensively explored in terms of their properties and
applications, mainly because of their excellent properties.'*
Their novel applications in different fields have never ceased to
surprise the scientific community."> Previously, Kunook Chung
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et al. reported that a graphene film can be used as a release for
mechanically removing a thin-film device from a substrate.'® Y.
Kobayashi et al. reported that hexagonal boron nitride (h-BN)
acted as a buffer layer for a nitride film device and enabled the
device to be released from the substrate and to be transferred to
another different substrate.'” However, there are few works to
investigate the influence of (2D) materials for growing crystal.
In this paper, graphene layers and h-BN nanosheets are used as
a mask layer to partially block the propagation of defects from
the substrate. Clearly, the prime goal of introducing layered
materials is to improve the crystal quality rather than function
as a releasing layer, which is markedly different from the
previous reports.'®'” This simple yet effective technique can
significantly improve the crystalline quality of GaN grown by
the hydride vapor phase epitaxy (HVPE) method.

2. RESULTS AND DISCUSSION

The as-obtained GaN epitaxial crystals have a mirrorlike
smooth surface. Photographs of GaN crystals grown on metal—
organic chemical vapor deposition (MOCVD) systems
consisting of graphene nanosheet-coated MOCVD-GaN/
ALO; (GMGA), h-BN nanosheet-coated MOCVD-GaN/
ALO; (h-BNMGA), and MOCVD-GaN/ALO, (MGA)
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Figure 1. Characterization of GaN crystals. (a—c) photographs of GaN crystal grown on GMGA, h-BNMGA, and MGA templates, respectively; (d—
f) SEM images of GaN crystal grown on GMGAh-BNMGA, and MGA templates, respectively; (g—i) S gm X S ym AFM images of GaN crystal

grown on GMGA, h-BNMGA, and MGA templates, respectively.
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Figure 2. HRXRD rocking curves of GaN crystals on GMGA (a), h-BNMGA (b), and MGA (c) templates (002) w-scans and (102) @-scans.

templates are shown in Figure la—c. Figure 1d—f shows
scanning electron microscopy (SEM) images of the surface
morphology of the GaN crystals grown on the GMGA, h-
BNMGA, and MGA templates. Atomic force microscopy
(AFM) images shown in Figure 1g—i reveal the microstructure
of the GaN layers. The root-mean-square (RMS) roughness (5
pum X S pm) of the as-obtained GaN crystals grown on the
GMGA, h-BNMGA, and MGA templates is ~0.76 nm, 1.21,
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and 1.74 nm, respectively. Many point defects are observed on
the surface of GaN crystals grown on MGA template, which
may be caused by edge-type dislocations.'® In contrast, the
point defects are rarely found both on the surfaces of GaN
crystals grown on GMGA and h-BNMGA. This directly
indicates that the crystal quality of the GaN crystals is
considerably improved by using the GMGA and h-BNMGA

DOI: 10.1021/am5087775
ACS Appl. Mater. Interfaces 2015, 7, 4504—4510


http://dx.doi.org/10.1021/am5087775

ACS Applied Materials & Interfaces

Research Article

)
~

8
Z 71 —MGA
£ 61 — GMGA
g 59 — h-BNMGA
2 4
S 3
=
< 1
&z ol . ‘ : :
0.0 0.2 04 0.6 0.8 1.0

Local misorientation (degree)

Figure 4. (a—c) EBSD Kikuchi patterns of GaN crystals grown on GMGA, h-BNMGA, and MGA templates. The local misorientation component
obtained from EBSD mapping data for GaN crystals grown on (d) MGA, (e) GMGA, and (f) h-BNMGA templates. The misorientation scale is
shown, with a variation of up to 1°. (g) The misorientation distribution for GaN crystals grown on GMGA, h-BNMGA, and MGA templates.

template. Moreover, the comparison of the RMS roughness
data shows the improvement of the GaN crystal quality.

The crystalline quality of the GaN crystals was characterized
by a high-resolution X-ray diffraction (HRXRD) rocking curve.
Figure 2 depicts the w-scan spectra of the (002) symmetry
planes and the (102) asymmetry planes of GaN crystals grown
on different templates. The full width at half-maximum
(FWHM) of the (002) peak is 154, 165, and 452 arcsec for
GaN grown on GMGA, h-BNMGA, and MGA templates,
respectively. The FWHM of the (102) peak is 173, 188, and
420 arcsec for GaN grown on GMGA, h-BNMGA, and MGA
templates, respectively. Previous studies have demonstrated
that the screw dislocation density and the edge dislocation
density are indirectly represented, respectively, by the FWHM
of the HRXRD peaks for the (002) and (102) planes.'”*° The
lower FWHM values of the (002) and (102) peaks of the GaN
crystals grown on GMGA and h-BNMGA templates suggest
that there are fewer threading dislocations present than with the
MGA template.

According to reported references’ and our prior
studies,”®>” we performed etching experiments in an eutectic
KOH-NaOH mixture (420 °C, 6 min) to determine the
dislocation density in GaN crystals. Figure 3 shows the SEM
images of etched GaN crystals grown on GMGA, BMGA, and
MGA substrate. The densities of the etching pits in the GaN
crystals grown on the GMGA and h-BNMGA templates are
~1.80 X 107 cm™* and 1.09 X 107 cm™2, respectively, less than
the value of 1.53 X 10® cm™ in the GaN crystal grown on the
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MGA template. The results also confirm that the GMGA and h-
BNMGA templates effectively reduce the dislocation density in
the GaN crystals.

Electron backscatter diffraction (EBSD) is an effective
technique for studying the crystal phase, orientation, and
lattice strain variations that are typical in semiconducting
materials.”* ' This technique allows us to probe the
mechanism of the crystal quality improvement at micrometer
level by providing the information on the misorientation
distribution of the sample. Figure 4a—c shows the EBSD
Kikuchi patterns of GaN crystals grown on (a) GMGA, (b) h-
BNMGA, and (c) MGA templates. The high-quality diffraction
patterns were collected from the surface, providing orienta-
tional indexing of the GaN crystal (a highly oriented crystal
structure along the c-axis) on these templates. The local
misorientation component exhibits small orientation changes
on the map, highlighting regions of higher deformation. This
component calculates the average misorientation between every
pixel and its surrounding pixels and assigns the mean value to
the central pixel. Mapping of the small orientation changes
provides sufficient detail for quantitative analysis of the
crystallographic integrity of GaN. Figure 4 (d—f) shows the
local misorientation component obtained from EBSD mapping
data for GaN crystals grown on MGA, GMGA, and h-BNMGA
templates. It is clear that on the map of crystals grown on the
MGA template (d), there are areas colored with a mixture of
green and yellow, signifying a 0.2—0.75° orientation change.
On the map of crystals grown on the GMGA template (e) and
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h-BNMGA template (f), however, the predominantly green and
blue color indicates that for almost the entire area, the
orientation change is less than 0.5°. Figure 4g shows the
misorientation distribution for GaN crystals grown on the
GMGA, h-BNMGA, and MGA templates. Compared with the
crystals grown on the MGA template, the misorientation
distribution widths for the crystals grown on the GMGA and h-
BNMGA templates decrease. These results indicate that the
crystallographic integrity of the GaN crystal is improved by
using GMGA and h-BNMGA templates.

Figure Sa—c shows the SIMS depth profile of the GaN
crystals grown on the GMGA, BMGA, and MGA substrates.
Table 1 shows the SIMS measurement results for all obtained
GaN crystals. As indicated in Table 1, the C concentration in
GaN crystal grown on the GMGA template is 1.2 X 10" cm™,
which is higher than those grown on the BMGA and MGA
templates. The C probably came from graphene on the GMGA
template. The O concentration in GaN crystal grown on the
BMGA templates is more than 1 order of magnitude higher
than those grown on the GMGA and MGA templates. This is
because O can be easily introduced in the preparing process of
hexagonal boron nitride nanosheets.

Raman spectroscopy can provide information about the
vibrational states of GaN that are sensitive to crystalline quality
and stress. Hexagonal wurtzite GaN has space group C¢, with
four atoms in the primitive cell. Near K = 0, group theory
predicts eight sets of phonon modes: 2E,, 2A;, 2E, and 2B.
Only the two E, sets, one A, set and one E,; set, are Raman
active.*” The optical modes, which can easily be seen with first-
order Raman scattering, consist of a doubly degenerate
transverse optical (TO) mode and a single longitudinal optical
(LO) mode at a higher frequency.*® The E, phonon frequency
gives information on internal stress and crystalline quality. The
shift of the E, phonon lines observed in Raman measurement is
a good indication of the amount of stress in the crystal.>*

As observed in Figure 6, the E, phonon peaks of the GaN
crystal grown on the h-BNMGA, GMGA, and MGA templates
were observed at $68.066, $68.252, and $68.519 cm™,
respectively. The position of the E, (TO) mode of a GaN
bulk sin§le crystal (stress-free standard) is taken to be 567.6

m~'3%% On the basis of this value, we calculate the
compressive stress relaxation using the equation37

= A—w(cm_1 GPa™)
42 (1
where Aw is the E, phonon peak shift, and o is the biaxial
stress. With these data, it is calculated that the compressive
stress that exists in the HVPE GaN crystals grown on the h-
BNMGA, GMGA, and MGA templates is ~0.111, 0.155, and
0.219 GPa, respectively. Therefore, stress relaxation of 0.108
and 0.064 GPa is estimated in using the h-BNMGA and GMGA
templates.

Combining the above analyses and our experiments on the
early stage of GaN crystal growth (see Supporting Information
S2), the process of the GaN crystal growth and the mechanism
of the quality improvement of the GaN crystal are speculated as
follows (a schematic illustration is shown in Figure 7): In the
nucleation phase, most nucleation occurs at the interface
between the sheet and the substrate along the perimeter of the
graphene nanosheets (see Supporting Information S2). And no
nucleation or growth occurred on the nanosheets, which is
consistent with reports by Kunook Chung16 et al and by Y.
Kobayashi'” et al. that GaN nucleation does not occur on the
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Figure S. (a—c) The SIMS depth profile of the GaN crystals grown on
the GMGA, BMGA, and MGA substrates.

Table 1. SIMS Measurement Results for GaN Crystals
Grown on GMGA, BMGA, and MGA Template

sample C (ecm™) H (cm™3) O (em™3) Si (cm™)
GMGA 12 x 10V 1.8 x 107 5 x 10 5 x 10"
BMGA 7 X 10% 1.8 x 10 3 x 108 8 x 10'¢
MGA 6 x 10 1.8 x 10V 1.5 x 10V 7 % 10%

basal plane of pristine graphene and h-BN nanosheets. Then
these nuclei gradually grow into islands in the lateral
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Figure 7. (a—d) Fabrication processes of GaN crystal growth. (e) The
mechanism of the quality improvement of the GaN crystal on
graphene or h-BN nanosheets coating layers. (f) The cross-sectional
TEM bright-field images of GaN grown on h-BNMGA template.

overgrowth way (see Figure 7c). Such lateral epitaxy growth
extends over the nanosheets until coalescence of the islands and
smoothing occurrence (see Figure 7d). Thus, dislocations in
the substrate beneath the nanosheets are blocked and cannot
propagate into the lateral epitaxial layer. This growth mode also
effectively blocks the propagation of the threading dislocations
arising from the MOCVD-GaN substrate (see Figure 7e).
Therefore, the as-obtained GaN epitaxial crystals have much
lower dislocation density and higher quality. The dislocation
annihilation processes caused by the nanosheets were also
revealed by the direct cross-sectional transmission electronic
microscopy (TEM) observations of the as grown GaN crystal.
Figure 7f shows the cross-sectional TEM bright-field images of
GaN grown on h-BNMGA template. It shows that the
dislocations in the nanosheets area are terminated by h-BN
nanosheets, and most of them bend toward the nanosheets
area, which leads to a significant reduction in threading
dislocation densities. In contrast, threading dislocations from
the underlying GaN layer/substrate interface penetrating
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through the GaN layers in other regions are found. All these
findings directly demonstrate that nanosheets can be used to
improve the quality of GaN crystals.

High-quality GaN films grown on the GMGA and h-
BNMGA substrates can be used to fabricate many optoelec-
tronic devices, such as light-emitting diodes (LEDs) and laser
diodes (LDs). We fabricated LEDs as an example of a device
application. Figure 8a shows a schematic diagram of the
fabrication of GaN LEDs on GMGA and h-BNMGA substrates.
The LED structure consists of n-GaN (1 ym), 1§ periods of
InGaN/GaN multiple-quantum-wells (MQW), p-GaN (200
nm), indium tin oxide (200 nm), and p- and n-type Cr/Au
electrodes. The GaN LEDs fabricated on GMGA and h-
BNMGA substrates emitted strong blue light under normal
room illumination. From the optical microscopy image in
Figure 8b, it can be seen that the light emission was fairly
uniform over an area of 14 X 18 mil*> on the GMGA and h-
BNMGA substrates. Figure 8c shows the light output power
(LOP) curves of GaN-based LEDs on the GMGA, h-BNMGA,
and MGA substrates as a function of injection current. The
LOP of LEDs on the GMGA, h-BNMGA, and MGA substrates
is 47.2, 44.7, and 20.5, respectively, at a forward current of 60
mA. The LOP of LEDs on the GMGA and h-BNMGA
substrates is greater than those grown on the MGA substrate by
130.2% and 118.0%, respectively, at 60 mA. The dramatic
increase in the LOP of LEDs is attributed to the improvement
of cryatlline quality enhanced by 2D nanosheets.**** As shown
in Figure 8d, the current—voltage (I-V) curves of LEDs on the
GMGA, h-BNMGA, and MGA substrates show good rectifying
behavior with a turn-on voltage of 2.6 V. These data indicate
that the graphene and h-BN nanosheets cause no degradation
of the electrical properties of the LEDs.

3. CONCLUSION

In summary, we have demonstrated that graphene or h-BN
nanosheets can be used to significantly enhance the quality of
GaN crystals. Introducing graphene and h-BN nanosheets on
substrates can effectively block the thread dislocation
propagating, create lateral overgrowth along the circumference
of sheets, and reduce the nucleation of GaN. The performance
of LEDs fabricated using high-quality GaN films grown on
GMGA and h-BNMGA substrates improved considerably. The
improvement is independent of the chemical components of
the nanosheets, although the degree of improvement is
different from type to type. Therefore, we expect that by
using this technique, other nanosheets such as WS, and MoS,
can also be used to improve the quality of GaN crystals.

4. METHODS

Multilayered graphene nanosheets and h-BN nanosheets were
prepared according to previously reported methods.***' The 2D
nanosheets were directly deposited onto a variety of substrates by the
spin-coating method. With this technique, graphene- or h-BN
nanosheet-coated MOCVD-GaN/ALO; (GMGA and h-BNMGA,
respectively) templates were fabricated. A template with a S ym
GaN layer grown by MOCVD on an Al,O; substrate was employed as
the starting substrate. The graphene and h-BN solutions were spin-
coated onto the substrate and then dried in a vacuum oven at 80 °C
for 24 h.

The GMGA and h-BNMGA templates were mounted in the HVPE
reactor to grow GaN layers. Ga and NH; were used as gallium and
nitrogen sources. HCI gas was reacted with liquid Ga at 820 °C to
form GaCl, which was transported to the growth zone of the reactor
and reacted with NH; at 1030 °C to form the GaN deposition on the
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Figure 8. (a) Fabrication of LEDs on GMGA and h-BNMGA substrates. (b) Optical images of light emission from as-fabricated LED on the GMGA
and h-BNMGA substrates. (c) The light output power curves of the GaN-based LEDs on GMGA, h-BNMGA, and MGA substrates as a function of
injection current. (d) Current—voltage curves of the LEDs on GMGA, h-BNMGA, and MGA substrates.

substrate. Nitrogen was used as the carrier gas. The reactor pressure
was kept near atmospheric pressure. The NH; flow rate was held
within the range of 800—1000 mL/min, while the HCI flow rate was
10—20 mL/min. The growth rate was controlled within the range of
10—30 um/h. The thickness of the resulting GaN layer was ~40 pm.

The GaN-based LEDs with the size of 14 X 18 mil* were fabricated
by conventional process. The GaN-based LED wafer was grown on the
GMGA and h-BNMGA substrates by MOCVD. The LED chip
structure consists of GMGA or h-BNMGA substrates (440 um),
undoped GaN (u-GaN, 2 ym), n-GaN (1 pm), 15 periods of InGaN/
GaN multiple-quantum-wells (MQWs), p-GaN (200 nm), indium tin
oxide (200 nm), and p- and n-type Cr/Au electrodes.

SEM images were taken with a Hitachi S-4800 field emission
microscope equipped with a Horiba EX-450 energy-dispersive X-ray
spectroscopy (EDS) attachment. AFM (Digital Instrument Dimension
3100) was used to investigate surface morphology. Defect selective
etching in molten KOH—NaOH eutectic was performed to reveal
dislocations threading to the growth surface of GaN crystals. The
Raman spectra of the samples were obtained with a LabRAM HR
system of Horiba Jobin Yvon at room temperature using a 532 nm
solid-state laser as the excitation source. The TEM specimens of the
GaN crystal were prepared by conventional method of mechanical
polishing followed by ion milling. The sample was imaged in FEI
Tecnai TF-20 FEG/TEM operated at 200 kV. The crystalline quality
of the GaN crystals was characterized by HRXRD using symmetrical
(002) and asymmetrical (102) reflections. Background impurity levels
of GaN crystals were measured by SIMS. The crystal structure and
orientation was characterized with an EBSD system (Oxford
Instruments INCA Crystal EBSD system, Nordlys EBSD Detector,
and HKL CHANNELS software) in the FE-SEM. The EBSD
measurements were carried out at 20 kV with a working distance of
20 mm and a sample tilt of 70°.
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