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Abstract: Thick GaN films were grown on GaN/sapphire template in a vertical HVPE reactor. Various material
characterization techniques,including AFM,SEM, XRD,RBS/Channeling,CL,PL,and XPS,were used to charac-
terize these GaN epitaxial films. It was found that stepped/terraced structures appeared on the film surface,which
were indicative of a nearly step-flow mode of growth for the HVPE GaN despite the high growth rate. A few hex-
agonal pits appeared on the surface, which have strong light emission. After being etched in molten KOH, the

wavy steps disappeared and hexagonal pits with {1010} facets appeared on the surface. An EPD of only 8 X
10°cm™? shows that the GaN film has few dislocations. Both XRD and RBS channeling indicate the high quality of
the GaN thick films. Sharp band-edge emission with a full width at half maximum(FWHM) of 67meV was ob-
served, while the yellow and infrared emissions were also found. These emissions are likely caused by native defects

and C and O impurities.
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1 Introduction

GaN is a promising material for optoelec-
tronic device applications,such as laser diodes and
light-emitting diodes in the visible and ultraviolet
spectrum,as well as for electronic devices, due to
its wide band gap and good thermal stability. Be-
cause of a lack of native substrates, these semicon-
ductor devices have been grown on many alterna-
tive substrates, such as sapphire and SiC. Howev-
er,there is a large lattice mismatch between the
GaN epitaxial layer and the foreign substrate, re-
sulting in a large number of dislocations. Bulk
GaN samples have been grown with several dif-
ferent techniques,including the high-temperature,
high-pressure, near-equilibrium growth method'’,
the sodium flux method™’, the ammonothermal
method™® , and hydride vapor phase epitaxy
(HVPE)"~™ . HVPE is so far the best among
these methods for growing large diameter, thick
GaN films because of its high growth rate. These
thick layers,once removed from the foreign sub-
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strate, have the potential to provide lattice-
matched and thermally-matched homo-substrates
for further epitaxial growth of high quality GaN
with a low dislocation density for different het-
erostructure devices.

In this paper, the homo-epitaxial thick GaN
film was grown on a thin GaN template grown by
metal-organic chemical vapor deposition
(MOCVD) in a vertical HVPE system. The sur-
face morphology of the GaN film was investigated
to understand the growth mechanism on the com-
posite substrate. We also analyzed the optical
properties of thick GaN film and discussed the or-
igin of the yellow luminescence.

2 Experiment

First, 2Zum GaN templated GaN films (on
sapphire) grown by MOCVD were prepared.
Next,the thick GaN film was grown by HVPE on
the GaN template in the vertical quartz reactor
with rotating graphite susceptor at atmospheric
pressure, as shown in Fig. 1. The substrate was

* Project supported by the National High Technology Research and Development Program of China(No.2004AA311040)

+ Corresponding author. Email : jxwang@ mail. semi. ac. cn

Received 19 June 2006, revised manuscript received 13 August 2006

©2007 Chinese Institute of Electronics



20 R

EE 't

% 28 &

=0
00

p— -
— N,
Substrate !
Ga
—

Exhaust gas F —
Resistive furnace with
v T T three thermo-regions

N,  HCI NH;

Fig. 1 Schematic diagram of reactor in HVPE system

top-mounted to remove contamination, and the
heating was applied in three separate sections,
with a conventional resistive surface. HCI diluted
by N, was reacted with liquid Ga at 850C to form
GaCl gas and was then transported into the
growth zone where it directly reacted with NH; at
1050C . The NH; flow rate was held at 1000mL/
min,while the HCI flow rate was typically 10~20
mL/min. The total flow rate of the NH; /N, mix-
ture passing the NH; inlet was fixed at 1. 3L/min.
The total flow rates of GaCl/N, via the shower-
heads were 710 ~720mL/min. In addition,a 3L/
min main N, flow to drive reactants and purge the
complete reactor was used from the reactor bot-
tom. The film thickness measurements were made
using cross-sectional SEM. A thick GaN film of o-
ver 80pm was obtained after one hour of growth
on the thin GaN layer by MOCVD,so the growth
rate exceeded 80pm/h.

The morphology on the surface of the GaN
film was analyzed by a JSM-5600LV scanning e-
lectronic microscope (SEM) and a Nanoscope [l
atomic force microscope (AFM) before and after
being etched in molten KOH for 5min. The crystal
quality of the epitaxial film was characterized by
X-ray diffraction (XRD) and RBS/Channeling a-
nalysis. The X-ray diffraction was measured with
a Philips X’ Pert Pro MRD system. The Ruther-
ford back scattering(RBS) measurements used 4. 0
MeV He® ions,with an incident angle of 7" and a

scattering angle of 165" ,and a fixed surface barri-
er detector. Photoluminescence spectra(PL) were
excited with the 325nm line from a He-Cd laser,
with an excitation density of about 10W/cm?®.
Cathodoluminescence ( CL) was measured in an
Oxford instruments MonoCL2 system on a JEOL
field-emission scanning electron microscope with
an e-beam accelerating voltage of 15kV. The
chemical composition was investigated with a
PHI-5702 multi-functional X-ray photoelectron
spectroscope ( XPS) operating with AlKqa radia-
tion as the excitation source and the binding ener-
gy of contaminated carbon (Cls at 284.8eV) as
the reference.

3 Results

The examined thick GaN film typically shows
a relatively smooth surface morphology,as shown
in Fig.2(a). Well-defined stepped/terraced struc-
tures can be seen on the film surface. The terrace
widths are several microns separated by 6 ~10nm
high steps as measured by AFM. This is indicative
of a nearly step-flow mode of growth for HVPE
GaN even though the growth rate of GaN reached
80pm/h.In addition,a small number of hexagonal
pits can be seen on the surface in Fig.2(c),which
originate at the large scale columnar assemblies of
structural defects close to the thick film-template
interface'®' . The dimensions of the hexagonal pits
exceed 35um due to the high growth rate of the
GaN film. These pits affect the optical properties
of GaN. Their panchromatic CL map is shown in
Fig.2(d). The intensity of CL is spatially inhomo-
geneous ,and stronger luminescence is observed in-
side the hexagonal pits. We attribute the strong lu-
minescence localized at the hexagonal zone to
structural defects,i. e., high electron concentra-
tion in the hexagonal pits.

A surface morphology image of GaN film
etched in molten KOH (360C) for 5min is shown
in Fig. 3. After etching, wavy steps disappear and
hexagonal pits with {1010} facets appear on the
GaN surface. There are two kinds of pits,i.e.,
large pits with a diameter of about 10pm and
depth of about 1400nm, and small pits with a di-
ameter less than 4pm and depth less than 400nm.
The diameter of the large pits is almost the same,
while that of different and
discrete. According to TEM results"’’

small pits is
,the etch pits
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Fig. 2 (a) Surface morphology of thick GaN film; (b) AFM analysis; (¢),(d) SEM and panchro-
matic CL images of a hexagonal pit on the film surface.respectively
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Fig. 3 Surface morphology after etching for 5min in
molten KOH
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originated from the mixed dislocations in the GaN 3
film,so EPD may act as the evaluation approach 1500%,_.
for dislocation density. That the total etch-pit = I mgff%éa - ,R_BS spectra G
density is 8 X 10°cm ~? illustrates the high quality é‘ 1000F IR
of the GaN film. However,the large etch pit den- 52» s00 B
sity is only 1 X10°cm™?,and its appearance may be - " ‘ :
. . . . . Channeling spectra
caused by dislocation bunching or nanopipes in = e
the GaN film. A careful investigation of the initial L
growth stage needs to be carried out to clarify the 100 200 300 400
Channel
reason.
Figure 4(a) shows the FWHM of the w-mode Fig.4 X-ray rocking curve (a) and RBS/(0001) a-
scan for the (0002) plane of the thick film grown ligned channeling spectra (b) of thick GaN films
by HVPE. The narrowest linewidth of 5907 is grown by HVPE

found for GaN film. This shows that the thick
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film has high crystal quality in spite of the high
growth rate. At the same time, Rutherford back-
scattering spectroscopy and channeling experi-
ments are also applied to verify the crystalline
perfection,as illustrated in Fig.4(b). Because the
film thickness is much thicker than the penetra-
tion depth of « particles with the energy of
4.5MeV (about 5um), all signals are obtained
from the upper surface region of the film. The
(0001) aligned channeling spectrum shows that
the minimum RBS channeling yield is as low as
1. 8%, which again proves that the GaN films
grown by HVPE are of high crystalline quality
and highly <0001) orientation.

A typical room-temperature PL spectrum of
the GaN film is shown in Fig.5(a). Sharp band-
edge emission with a full width at half maximum
(FWHM) of 67meV is observed, which is indica-
tive of high quality material. However, a broad
yellow band and an infrared band also appear
near 575nm (2. 15eV) and 975nm (1. 27eV), re-
spectively. The origin of yellow band has not been
well established and is a subject of debate. It may
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Fig. 5 Room-temperature photoluminescence spec-
trum (a) and XPS spectrum (b) of thick GaN film

be due to a shallow donor-deep acceptor transi-
tion*1, a deep donor-shallow acceptor transi-

tion"'* ,or a level-to-level transition broadened by

large non-uniform strain in the vicinity of disloca-

tions

. In our undoped GaN film, there are C
and O impurities according to the XPS spectra in
Fig.5(b). These impurities may be related to the
strong yellow emission. In addition,infrared emis-
sion (975nm) is found for the first time in undo-
ped GaN film. We speculate that native defects
such as vacancies or native interstitial atoms, like-
ly recombined with C and O impurities leads to
the yellow and infrared emission. Careful investi-
gation will be carried out to clarify the infrared e-
mission.

4 Conclusion

In this paper,high quality HVPE-grown thick
GaN film was studied by various techniques.
Stepped/terraced structures appeared on the film
surface,indicating a step-slow mode of growth for
HVPE GaN in spite of the growth rate. A small
number of hexagonal pits with the dimensions of
35um were found on the surface, which have
strong light emission. An EPD of only 8 X10°cm~*
indicates that the GaN film had few dislocations.
That minimum RBS channeling yield was as low
as 1. 8% verified the high quality of the film. A
sharp band-edge emission with a full width at half
maximum of 67meV was observed. However,
yellow and infrared emission also appeared. These
emissions were likely related to the C and O impu-
rities.
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