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Abstract

High-quality GaN epitaxial films were successfully grown directly on 4H-SiC substrates. The difficulty in the

nucleation as well as the overgrowth of GaN islands, which is often observed during metal-organic chemical vapor

deposition, was solved using the concept of an epitaxial lateral overgrowth technique. The continuous mirror-flat GaN

epitaxial film could be obtained at a reduced reactor pressure (76 Torr) and a lower N/Ga supply ratio. The full-width

half-maximums (FWHMs) of the (0 0 0 2) and (1 0 1̄ 3) rocking curves of the GaN epitaxial films on the 4H-SiC

substrate at the optimized condition were 105 and 118 arcsec, respectively, under a skew symmetric diffraction

geometry. The intense bound exciton lines with a FWHM of 10meV and a free exciton peak appeared in the low-

temperature photoluminescence spectrum, illustrating the very high quality of the GaN film on 4H-SiC.

r 2004 Elsevier B.V. All rights reserved.

PACS: 81.15.Gh; 81.15.Kk; 61.72.�y

Keywords: A1. Growth models; A3. Metalorganic vapor phase epitaxy; B1. Gallium compounds
e front matter r 2004 Elsevier B.V. All rights reserve

ysgro.2004.12.002

ng author. Tel.: +82 288 07535; fax:

esses: cheolsh@plaza.snu.ac.kr (C.S. Hwang),

u.ac.kr (H.J. Kim).
1. Introduction

Gallium nitride (GaN) has attracted consider-
able interest because of its applications in blue,
green, and ultraviolet light-emitting diodes
(LEDs), detectors, and blue lasers. Most high-
quality GaN films are grown on sapphire despite
there being a large lattice mismatch with GaN
d.
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(�16%), which results in a strong mosaic structure
with a large number of threading dislocations.
Recently, hexagonal silicon carbide (4H-SiC) has
been used [1,2] as a substrate for achieving GaN
heteroepitaxy because it has a much smaller lattice
mismatch with GaN (3.4%). Moreover, the super-
ior physical properties of 4H-SiC, particularly its
excellent thermal conductivity, make it the sub-
strate of choice for high-power and high-tempera-
ture devices such as lasers or field-effect transistors
(FET). Therefore, the growth of GaN directly on
SiC is the key issue for achieving hetero-junctions
with the relevant properties for high-power and
high-temperature devices [1–3]. However, an AlN
buffer layer is required in order to grow high-
quality and mirror-flat surface GaN epitaxial films
by metal-organic chemical vapor deposition
(MOCVD) because of the poor wetting of Ga on
a SiC surface [4,5]. Recently, Lahrèche et al. [6]
reported the buffer-free direct growth of GaN on
6H-SiC using MOCVD. However, they used a
three-step growth process: first, a thin three-
dimensional (3D) GaN film was deposited at high
temperature, a 3D GaN layer was then annealed
under ammonia flow, and the main GaN growth
was then performed.
In this study, mirror-flat GaN films by MOCVD

were obtained by only the main growth process.
Moreover, the crystalline quality of the GaN film
was superior to that reported by Lahrèche et al.
[6]. The nucleation difficulties of GaN on SiC
material, which is typically observed during
MOCVD, was overcome without any added buffer
layer (such as GaN and AlN) using the concept of
Table 1

Summary of the deposition conditions used for depositing GaN films

Sample ID A B C

Substrate On-axis 81 off-axis On-axi

4H 4H 4H

Buffer layer No No Yes

TMGa (mmol/min) — — 37

Time (s) — — 210

Main growth

TMGa (mmol/min) 37 37 47

Pressure (Torr) 300 300 300
an epitaxial lateral overgrowth (ELO) technique
[7].
2. Experimental procedure

Standard on-axis and 81 off-axis (0 0 0 1) 4H-SiC
wafers with a Si face were used as the substrate for
GaN epitaxial growth. The GaN thin films were
grown using a horizontal and RF-heated MOCVD
system (HR21-SC, Hanvac Co., Ltd.) using
trimethylgallium (TMGa) and NH3 as the Ga
and N sources, respectively. Prior to loading into
the growth chamber, the 4H-SiC substrates were
cleaned in ethanol for 5min using an ultrasonic
cleaner and the organics on the SiC substrates
were removed by dipping them into a H2SO4 and
H2O2 (H2SO4:H2O2 ¼ 4:1) solution for 10min at
120 1C. Finally, the substrates were dipped into a
10% HF solution to remove the native oxide layer.
The substrates were then dried with an Ar gas
flow. For comparison, some samples were grown
with buffer-GaN films, which were grown at
500 1C with a thickness of 20 nm.The growth
temperature and the NH3 flow rate were fixed to
1080 1C and 1600 sccm, respectively, and the GaN
film thickness was approximately 2.5–5.0 mm. The
reactor pressure and flow rate of the TMGa were
varied from 76 to 300 Torr and from 37 to
60 mmol/min, respectively. The deposition condi-
tions of the GaN films grown in this study are
summarized in Table 1. The detailed experimental
procedures for GaN film growth have been
reported elsewhere [8].
D E F G

s Sapphire On-axis On-axis On-axis

4H 4H 4H

Yes Yes No No

37 37 — —

210 210 — —

47 47 47 60

150 150 150 76
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The surface morphology and cross-section of
the GaN films was observed by scanning electron
microscopy (SEM). The epitaxial quality of the
GaN films was analyzed by photoluminescence
(PL) at 10K using the 325 nm line of a 20mW
He–Cd laser and high-resolution X-ray diffraction
(HRXRD) with a triple-axis crystal diffractometer
(TCD) as well as a double-axis crystal diffract-
ometer (DCD) (Bede Science Instruments
HRXRD with 2 kW Cu radiation source).
3. Results and discussion

Fig. 1(a) shows the surface morphology of GaN
film on a standard on-axis 4H-SiC substrate
(sample A). The film was grown at a reactor
pressure of 300Torr and a TMGa flow rate of
37 mmol/min for 1 h, which are the optimized
conditions for GaN epitaxial growth on a sapphire
substrate [8]. However, a continuous GaN film
was not obtained. Only 3D GaN islands with a
side f1 0 1̄ 1g facet and a top (0 0 0 1) facet on the
4H-SiC substrate, which is the typical character-
istics of 3D MOCVD GaN growth [9,10], were
obtained as shown in Fig 1(b). It can be observed
that the small nuclei have a flat surface morphol-
ogy (large (0 0 0 1) surface area) but the larger
Fig. 1. Surface morphologies of (a) sample A, (c) sample B, and (d) sa

on-axis 4H-SiC (0 0 0 1) without buffer layer: flow rate of TMGa and

was deposited on 81 off-axis 4H-SiC at the same condition as sample

layer at the increased flow rate of TMGa (47mmol/min).
epitaxial grains have larger side f1 0 1̄ 1g facets,
suggesting that the growth rate of f1 0 1̄ 1g facets is
larger than that of (0 0 0 1) facets under this growth
condition. This feature exhibits the difficulties in
generation and lateral growth of the GaN nuclei
on the 4H-SiC surface. It is well known that the
poor wetting of Ga on a SiC surface results in the
poor nucleation of GaN by MOCVD [4,5]. Fig.
1(c) shows the surface morphology of a GaN film
grown on an 81 off-axis (toward ½1 1 2̄ 0�) 4H-SiC
substrate at the same growth condition (sample B).
The crystallographic identification of the surface
facets of the epitaxial grains, shown in Fig. 1, was
made based on the identified orientations of Fig.
1(c).
Because the 81 off-axis 4H-SiC substrate has

many kinks and step ledges on the surface, with an
excess surface energy compared to the on-axis 4H-
SiC substrate, it is expected that the nucleation of
GaN on the off-axis 4H-SiC will be enhanced due
to the reduced critical energy barrier of the nuclei.
Although the nucleation density of the GaN on an
off-axis 4H-SiC substrate increased locally along
the step ledges, a continuous film was not
achieved, as shown in Fig. 1(c). Moreover, the
shape and size of the GaN islands on the terrace of
the off-axis 4H-SiC substrate were similar to that
on the on-axis 4H-SiC substrate. Therefore, it can
mple C. (b) Cross-section of sample A. Sample A was grown on

pressure were 37 mmol/min and 300Torr, respectively. Sample B

A. Sample C was grown on on-axis 4H-SiC (0 0 0 1) with buffer
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be understood that increasing the GaN nuclei
density to a level that is sufficient to achieve a
continuous film is still difficult even by using an 81
off-axis SiC substrate due to the intrinsic poor
wetting property of GaN on SiC. Therefore, the
enhancement of the lateral growth of each GaN
nuclei should be achieved in order to obtain a
complete coverage with a GaN film.
In fact, the enhancement of the lateral growth

rate to vertical growth rate of GaN films on
sapphire and SiC substrates has been extensively
studied for the epitaxial lateral overgrowth (ELO)
of GaN, which is a useful technique to reduce the
threading dislocation densities in GaN epitaxial
film [11–13]. In ELO, the lateral overgrowth of
GaN extends over the SiO2 mask through the
opening, which is defined using conventional
photolithography and wet chemical etching. Thus,
the dislocations in the substrate under the SiO2

mask cannot propagate into the lateral epitaxial
film. ELO of GaN is based on the fact that the
relative growth rate of each facet depends on the
deposition conditions, such as temperature, pres-
sure, the flow rate of sources, and that the grown
crystalline shape is composed of slowly growing
facets. In ELO, the ratio of lateral growth rate to
vertical growth rate of GaN (0 0 0 1) films was
found to be increased at decreasing reactor
pressure and increasing growth temperature, and
the mechanism of this morphological change of
the grown GaN crystal was discussed based on the
stability of each surface atom [7,14,15].
According to this idea, the chamber pressure (or

the N/Ga ratio) was reduced in order to obtain a
wider (0 0 0 1) surface of the GaN film. Fig. 1(d)
shows the surface morphology of the GaN film on
Fig. 2. Surface morphologies of (a) sample E, (b) sample F, and (c)

conditions on on-axis 4H-SiC (0 0 0 1) with and without buffer layer, re

the increased flow rate of TMGa (47mmol/min) and the reduced reac

TMGa of 60 mmol/min and the more reduced pressure of 76Torr on
a GaN-buffered SiC substrate under an excess Ga
supply condition (sample C). A GaN buffer layer
was formed on the 4H-SiC substrate at a TMGa
flow rate of 37 mmol/min for 210 s in order to
overcome the difficult wetting problem associated
with Ga atoms on a SiC surface, as shown in Table
1. The 3D GaN islands began to merge with each
other but still did not completely cover the 4H-SiC
substrate.
In order to further increase the lateral growth

rate of the GaN nuclei, the reactor pressure was
reduced to 150Torr (sample E), and as a result of
this change, a continuous GaN film was achieved,
as shown in Fig. 2(a). However, there were many
hexagonal-shaped voids on the surface, which is
believed to be due to the incomplete coalescence
between the GaN islands. Indeed, a continuous
GaN film could be grown under the same
condition even without a buffer layer, as shown
in Fig. 2(b). Moreover, the density of the voids on
the surface of the GaN film was reduced when the
film was grown directly on the 4H-SiC substrate
(sample F) compared to that on GaN-buffered
4H-SiC. A close inspection of Figs. 2(a) and (b)
shows that the residual voids are composed of the
f1 0 1̄ 1g faces. Therefore, a further reduction in
the comparative growth rate of the (0 0 0 1) plane is
required. Finally, the deposition at extreme growth
conditions (TMGa flow rate of 60 mmol/min and
reactor pressure 76Torr) resulted in a clean and
featureless film (sample G) without any voids on
the surface, as shown in Fig. 2(c). This is due to the
enhancement of lateral growth, as mentioned
above. Although some concept of the growth
mechanism in ELO was taken in order to optimize
the growth conditions, the growth process here is
sample G. Samples E and F were grown at the same growth

spectively. The ambient for the main GaN growth was shifted to

tor pressure of 150Torr. Sample G was deposited at the higher

on-axis 4H-SiC (0 0 0 1) without buffer layer.
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Fig. 4. Rocking curves of the GaN symmetric (0 0 0 2)

reflection for samples E, F, and G.
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not the same as ELO because bare substrates,
instead of SiO2 patterned substrates, were used.
Detailed structural characterizations by X-ray

diffraction were performed for the continuously
grown films (samples E, F, and G). First, a normal
Bragg–Brentano ðy=2yÞ XRD pattern for these
GaN films shows a narrow and intense GaN
(0 0 0 2) and (0 0 0 4) peak at 2y of approximately
34.61 and 72.81, respectively, suggesting that the
GaN film was a single phase with a wurzite crystal
structure. An in-plane f scan of sample E was also
taken by rotating the sample around the normal
direction to investigate the in-plane alignment of
the GaN film, and the result is shown in Fig. 3.
The asymmetric diffraction peaks from the
ð1 0 1̄ 5Þ reflex of the GaN film on 4H-SiC were
observed at 601 intervals, which confirms that the
GaN film is single crystal.
Fig. 4 shows the rocking curves of the GaN

(0 0 0 2) symmetric reflex from the three samples.
The FWHMs of the reflexes for samples E, F, and
G were 342, 234, and 105 arcsec, respectively. As a
comparison, a GaN film was grown on sapphire
(sample D) under similar conditions as for sample
E. It showed a FWHM of 269 arcsec for (0 0 0 2)
the symmetric reflex. The FWHM values of
samples F and G were smaller than that of sample
D, suggesting that a better lattice match with the
4H-SiC substrate improved the film quality even
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Fig. 3. The f scan of the ð1 0 1̄ 5Þ GaN reflection for sample E.

Reflection peaks with six-fold symmetry were observed for

sample E.
without the buffer-GaN layer. It should be noted
that the adverse effects on epitaxial growth of
GaN on sapphire due to the very large lattice
mismatch between the GaN and sapphire can be
largely reduced by adopting thin (20 nm) buffer
GaN films grown at a much lower temperature
(500 1C) [16,17]. However, adoption of the same
GaN buffer layer on 4H-SiC greatly deteriorated
the film quality, as shown by the larger FWHM
value of sample E. This means that the buffer GaN
film on 4H-SiC has an adverse effect on the
epitaxial growth of the GaN film, which contrasts
with the case of the sapphire substrate. In
addition, the fact that the FWHM value of sample
F was much smaller than that of sample E
indicates that the growth of GaN on 4H-SiC
without a buffer layer can be a better technique
than that with a buffer layer, at least in terms of
the crystalline quality. This can be explained by
the conditions of buffer layer growth, which
occurs between conditions B and E where 3D
island films with many voids are formed. There-
fore, the buffer layer must be a discontinuous film
and hence the main growth on it cannot have a
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high crystalline quality. The film quality of GaN
was greatly improved at a reduced pressure and
the more excess Ga condition (sample G) com-
pared to that of sample F.
In the case of GaN, the edge dislocation density

(�109–1010 cm�2) was found to be higher than the
screw dislocation density (�108 cm�2) [18–20]. It is
well known that line broadening (FWHM) of the
symmetric (0 0 0 2) reflection is mainly caused by
screw dislocations with the Burgers vector b ¼

½0 0 0 1�; while those of the asymmetric reflections
such as ð1 0 1̄ 3Þ; and ð3 0 3̄ 2Þ are induced by edge
dislocations with b ¼ 1=3ð1 1 2̄ 0Þ as well as screw
dislocations [21]. Therefore, the FWHM of asym-
metric reflection is a reliable indicator of structural
quality. FWHMs of the (0 0 0 2) and ð1 0 1̄ 3Þ
rocking curve of the GaN epitaxial films, which
were measured in skew symmetric diffraction
geometry using an Eulerian cradle, are summar-
ized in Fig. 5. For all the samples, the FWHMs of
ð1 0 1̄ 3Þ were slightly higher than those of (0 0 0 2).
This suggests that threading edge dislocations are
the main contributor to the overall threading
dislocation density as shown by the previous
studies. Note that the FWHM of the ð1 0 1̄ 3Þ
reflection for sample G was only 118 arcsec, which
is the smallest ever reported including MOCVD
and molecular beam epitaxy films [22–26].
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Fig. 5. Summary of the FWHMs of (0 0 0 2) and ð1 0 1̄ 3Þ

rocking curves of GaN epitaxial films (samples D, E, F, and

G), which were measured in a skew symmetric diffraction

geometry using an Eulerian cradle.
Lahrèche et al. [6] also reported the buffer-free
direct growth of GaN on 6H-SiC by MOCVD.
However, they used a three-step growth process.
The FWHM’s of the symmetric (0 0 0 2) and
asymmetric ð1 0 1̄ 5Þ reflection for their best GaN
film were 107 and 190 arcsec, respectively. In this
study, a mirror-flat GaN film was obtained only by
the main growth. Moreover, it is evident that the
crystalline quality of a GaN film is better, as shown
by the smaller FWHM values of sample G in Fig. 5.
It should be noted that the high crystalline quality
of sample G was accompanied by a dramatic
improvement in the surface morphology of the
GaN film. In general, the relatively high disloca-
tions density in a GaN epitaxial film is believed to
be due to the columnar structured growth. Screw
and edge threading dislocations are generated to
accommodate the tilt and twist between the
neighboring nuclei when they coalesce and low
angle grain boundaries are formed. Therefore, in
principle, the nucleation density has to be reduced
in order to reduce the threading dislocation density.
In this study, the reduced nucleation density and
the enhanced lateral growth of each nucleus
resulted in larger grain sizes of the GaN epitaxial
films. The lower reactor pressure and higher Ga
flow rate produced the low nucleation density as
well as the higher lateral growth rate, compared to
the vertical growth rate, resulting in a lower
threading dislocation density, a better crystalline
quality, and void-free surface morphology.
Fig. 6 shows the low-temperature photolumi-

nescence (LTPL) spectra of (a) sample A, (b)
sample E, and (c) sample G. In sample A, only a
very broad peak near 3.38 eV appeared due to the
three-dimensional island nature of the GaN film.
However, in sample E, where a continuous
morphology was obtained, an intense near band
emission peak with a FWHM of 12meV was
observed and the momentum conserving LO
phonon replica (�92meV) lines were clearly
observed. In the case of sample G, which had the
best morphology and crystalline quality, the
FWHM of the intense near band emission peak
was 10meV. In addition, the free exciton peak as
well as the bound exciton peak also appeared,
indicating a high quality and lower defect density
of sample G.
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4. Conclusions

GaN epitaxial films were successfully grown
directly on a 4H-SiC substrate without the need
for a buffer layer. The difficulty in the nucleation
of the GaN islands, due to the poor wetting of Ga
on the SiC surface, was overcome using the ELO
technique. Hence, the continuous GaN films were
obtained by enhancing the lateral growth rate. The
formation of voids on the film surface was
effectively suppressed at a reduced reactor pressure
(76Torr) and excess Ga flow rate (60 mmol/sccm):
mirror-flat GaN films (sample G) could be
obtained. As the surface morphologies of GaN
films were improved, the epitaxial GaN films had a
lower FWHM value for the (0 0 0 2) and ð1 0 1̄ 3Þ
XRD reflections. The FWHMs of the (0 0 0 2) and
ð1 0 1̄ 3Þ XRD rocking curves of the GaN epitaxial
film on 4H-SiC grown under the optimized
conditions were 105 and 118 arcsec, respectively,
which are the smallest ever reported for GaN
films. The high quality of the epitaxial GaN film
(sample G) was confirmed by the small FWHM
(10meV) for the intense near band emission peak
and the appearance of a free exciton peak in the
LTPL spectrum. It is expected that the excellent
quality of the GaN epitaxial films grown directly
on the 4H-SiC substrate can be used to fabricate
vertical as well as hetero-junction semiconductor
devices.
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