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the performance of vertical homoepitaxial GaN Schottky and
p−n diodes, for example, a high leakage current has been
reported for rough surface areas.25,26 The exact origin of the
wavy surface has not been clarified yet. Crystal orientation-
dependent diffusion and migration of adatoms and high
supersaturation growth conditions required for homoepitaxial
GaN growth are believed to play a significant role in the
surface morphology.21,26 The formation of hillocks can be
eliminated using off-cut (0.25°) substrates under growth
conditions, providing a large degree of adatom desorption,
that is, at a high growth temperature and at a low V/III ratio.21

However, the wavy surface due to the step bunching still
remained. Therefore, a better understanding of the factors
governing the surface morphology in GaN homoepitaxy is
needed in order to allow precise control and optimization of
the growth conditions and to achieve GaN homoepitaxial
layers with smooth surfaces.

MOCVD is among the techniques of choice to fabricate
large-scale GaN electronic device structures and has been
demonstrated as a promising approach to obtain device-quality
GaN material.19,22,23,25 Hot-wall MOCVD is a modification
that offers reduced temperature gradients in both vertical and
horizontal directions. It further allows for independent control
of the gas-phase chemistry over the substrate and surface
diffusion, which may be exploited to control defect formation
and impurity incorporation in a wide growth window. Initially
developed for SiC,27 the hot-wall MOCVD has been proven to
enable superior III-nitride material quality and high-perform-
ance devices.28−30

Homoepitaxial GaN grown by hot-wall MOCVD has been
reported; however, the layers exhibited high levels of
unintentional oxygen, silicon, and carbon impurities ([O] =
2 × 1016 cm−3, [Si] = 3 × 1016 cm−3, and [C] = 3 × 1017

cm−3).31 Similarly, more recent works on hot-wall MOCVD
homoepitaxially grown high electron mobility transistor
structures employed semi-insulating GaN templates (with
[C] = 1 × 1018 cm−3) and semi-insulating GaN substrates.32 In
this case, two-step annealing of the GaN surface from 900 to
1050 °C under NH3 and using a small trimethylgallium
(TMGa) flow has been shown to avoid surface decomposition
keeping the GaN surface epi-ready.32 Hot-wall MOCVD of
GaN on GaN using N-face GaN substrates was also reported,
but the threading dislocation densities in the homoepitaxial
layers were quite high, about 4 × 109 cm−2.33 In all these
instances, impurity and extended defect densities in the
homoepitaxial GaN do not permit implementation in power
electronic devices. The latter require development of GaN
growth ensuring low-impurity levels ([O], [Si] ≤ 5 × 1015

cm−3 and [C] ≤ 1 × 1016 cm−3) and smooth surface
morphology on conductive n-type GaN substrates. In addition,
the growth rate should be reasonably high to allow for thick
drift layers needed to achieve the desired blocking voltages. To
meet these challenges, a better understanding of the
homoepitaxial growth is needed. As epitaxial growth needs to
be performed at elevated temperatures in order to achieve
good crystalline quality and to reduce impurities,34 the
preservation of the epi-ready surface is also a critical aspect
for successful growth and requires dedicated investigation.

In this work, we present a comprehensive study of GaN
homoepitaxial growth by hot-wall MOCVD on GaN/AlN/SiC
templates and n-type GaN substrates. First, we examine the
thermal stability of the GaN surface under different carrier gas
compositions and temperatures in order to establish optimal

conditions for initial nucleation. The effect of hydrogen carrier
gas flow is studied, and the observed trend in the
homoepitaxial layer surface morphology is explained in terms
of Ga supersaturation. A systematic study of the morphology,
crystal structure, and emission properties of layers grown on
GaN substrates as a function of growth temperature, growth
rate, and layer thickness is presented and discussed. We show
that by proper optimization of growth conditions, thick
homoepitaxial GaN layers with a smooth surface, low
dislocation density, and low background doping can be
obtained by hot-wall MOCVD.

■ EXPERIMENTAL SECTION
Homoepitaxial GaN layers were grown in a horizontal hot-wall
MOCVD reactor on two types of substrates: n-GaN/AlN/SiC
templates and commercial HVPE GaN substrates. The templates
consist of 700 nm thick n-GaN and 50 nm thick AlN nucleation layers
grown on 4H(0001) n-SiC by hot-wall MOCVD at a reactor pressure
(�) of 50 mbar and a temperature of 1250 °C. The subsequent n-GaN
layers were grown at � = 100 mbar and a temperature of 1120 °C. Si-
doping of n-GaN ([Si] = 2.5 × 1017 cm−3) was achieved using a
double hydrogen-diluted silane source. The HVPE GaN substrates
used are with a thickness of about 345 �m and a free electron
concentration of 3 × 1018 cm−3 as determined by infrared
spectroscopic ellipsometry.35 Prior to growth, the GaN substrates
were rinsed in acetone and ethanol for 3 min in an ultrasonic bath in
order to remove residual organic contaminants. The homoepitaxial
GaN layers were grown simultaneously on n-GaN/AlN/SiC templates
and GaN substrates at � = 200 mbar. The growth was always initiated
with a low-temperature 900 °C GaN buffer using a nitrogen-rich
mixture of carrier gases with 20% of H2 with respect to the total gas
flow, that is, 5.2 L/min. For the subsequent GaN homoepitaxy, the
temperature was raised to 1020−1100 °C, and the H2 carrier gas was
reduced to 10%. The growth conditions for all homoepitaxial GaN
layers studied are summarized in Table 1. The Ga supersaturation,

which is given by the difference in the chemical potential between the
gas and solid phases and represents the driving force for the epitaxial
growth from a vapor phase, was calculated from the input and
equilibrium vapor pressures of Ga using the model proposed by Mita
et al.36

The surface morphology of the GaN epilayers was studied by
atomic force microscopy (AFM) in a tapping mode (Veeco
Dimension 3100 scanning probe microscope). The thickness of the
GaN layers grown on GaN templates and on GaN substrates were
determined by white light interferometry and spectroscopic
ellipsometry in the visible-to-near ultraviolet range using a dual-
rotating compensator ellipsometer (RC2 J.A. Woollam Co., Inc.),

Table 1. Growth Conditions for GaN Layers Grown on
GaN-on-SiC Templates (C1−C6) and on GaN HVPE
Substrates (H5−H9) at � = 200 mbar and V/III = 906�

sample ID
growth
� [°C]

H2
(%)

thickness
[nm]

growth rate
[nm/h]

C1 1100 10 300 300
C2 1100 20 300 300
C3 1100 40 300 300
C4 1100 60 300 300
C5 and H5 1100 10 450 300
C6 and H6 1020 10 450 300
H7 1020 10 450 600
H8 1020 10 930 600
H9 1020 10 1030 830

� For all samples, a low-temperature GaN buffer layer has been grown
at conditions C described in Table 2. C5/H5 and C6/H6 were grown
simultaneously.
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respectively. The crystalline quality and lattice parameters were
evaluated by high-resolution X-ray diffraction (HR-XRD) using a
PANalytical Empyrean diffractometer equipped with a four-bounce
Ge(220) and a hybrid monochromator consisting of a parabolic X-ray
mirror and a two-bounce Ge(220). The CuK� radiation used had a
wavelength � = 1.5405974 Å. Threading dislocation density (TDD),
lattice parameters, and strain of the GaN homoepitaxial layers and
HVPE substrates were extracted as described previously.37−39

Residual impurities that were incorporated during growth were
accessed by secondary ion mass spectrometry (SIMS) through a
depth profiling analysis. For the homoepitaxial GaN grown at the
optimum supersaturation conditions, [Si] = 5 × 1015 cm−3, [O] = 3 ×
1015 cm−3, and [C] = 5 × 1015 cm−3, were measured. The values for Si
and O were at the SIMS measurement detection limit. Cathodolu-
minescence (CL) spectroscopy and imaging were performed at room
temperature using a scanning electron microscope coupled with a CL
spectrometer (Leo1550 MonoCL2 system, Oxford Res. Instr). All CL
measurements were done under the same excitation conditions: the
same acceleration voltage (7 kV), the same electron beam current
(243 pA), and under the same magnification. TDDs were estimated
by counting of the dark spots in the panchromatic CL images.40

■ RESULTS AND DISCUSSION
Surface Thermal Stability of GaN/AlN/SiC Templates.

In order to establish optimal conditions for initial nucleation,
the thermal stability of the GaN/AlN/SiC templates was
evaluated. This is accomplished by examining the surface
morphology modifications under selected carrier gas compo-
sitions and annealing temperatures at a fixed reactor pressure �
= 200 mbar and at a constant ammonia (NH3) flow of 2 L/
min. In particular, it is important to establish the optimal H2
flow in terms of surface thermal stability in the hot-wall
environment since H2 is employed as a carrier gas and plays an
important role in the growth process through surface etching.�
It has been reported that the decomposition of the GaN
surface during annealing in the H2-rich gas mixture with N2
can be avoided by a noncontinuous flow of a small amount of
trimethylgallium (TMG).28 However, as a result of this
process, a thin GaN layer may be grown. In order to solely
evaluate the behavior of the GaN surface, avoid potential
growth of a thin GaN layer, and determine when its
decomposition starts, we have not used in our study TMG.

Our experimental procedure consists of three main steps: (i)
ramping up of the temperature to the annealing temperature � a
under N2 and NH3, (ii) annealing in a mixture of N2 and H2
with varying flows of H2, and (iii) cooling down under the
same N2 and NH3 gaseous flow environment as in (i). The
annealing time of 5 min was kept constant in all experiments.
Details of the conditions during the annealing steps in the
MOCVD reactor are summarized in Table 2. The first
experiment was performed at 950 °C under a N2 atmosphere,
hereafter referred to as conditions A (see Table 2). For
conditions B, the same temperature was kept, while the N2 and

H2 mixture was tuned so that the amount of H2 with respect to
the total gas flow is 20%. The effect of temperature was
evaluated by employing the same N2 and H2 mixture as in
conditions B but reducing the temperature to 900 °C
(conditions C). Finally, at the same low temperature, H2
flow was increased twice to 40% (conditions D). We note that
the GaN/AlN/SiC templates subjected to different annealing
conditions were grown simultaneously.

AFM images of the GaN templates before and after
annealing are presented in Figure 1. A similar root-mean-
square (rms) roughness was observed for the as-grown and
annealed surfaces. The main difference comes from the
presence of pits in the annealed layers. As seen in Figure 1b,
small pits start to appear when the annealing is performed
using conditions A. Since only NH3 and N2 are present during
the process and considering that N2 is an inert gas, this
observation suggests that in our MOCVD system, NH3 is
etching the material at 950 °C. The resulting H2 from the
partial dissociation of NH3, activated by temperature, is
responsible for the observed etching in Figure 1b. Note that
this released hydrogen is not accounted in the gas mixture and
in the percentage of H2 we refer to. Since only small pits
appear, we conclude that 950 °C is close to the activation
temperature for NH3 dissociation in our specific MOCVD at �
= 200 mbar. This is consistent with earlier studies on the effect
of the growth ambient on the extent of NH3 decomposition
showing less than 10% decomposition of GaN surfaces for the
temperature range of 950−1050 °C.41 Note that the NH3 gas
density depends on the pressure, which will affect the GaN
decomposition rate.42 Koleske et al.42 have shown previously
that the decomposition rate has a minimum at NH3 density of
≈1 × 1019 cm−3 and at a temperature of 992 °C independent
of pressure.� This NH3 density corresponds to the desorption
rate of N from GaN at such a temperature. The increase of H2
to 20% (condition B) leads to surface degradation by the
formation of larger pits (Figure 1d). This can be understood in
terms of enhanced GaN decomposition. It has been shown
earlier that at a pressure of 200 mbar and at a temperature of
992 °C, which are very similar to those used in our thermal
stability study, the GaN decomposition rate increases almost
by a factor of 3 once the H2 in the gas mixture is increased
from 10 to 20%.42 In order to find better-suited conditions for
initial nucleation while preserving the GaN surface intact, we
kept the same gaseous environment of 20% H2 but reduced the
temperature to 900 °C (conditions C). As can be seen from
Figure 1e,f, annealing using conditions C does not lead to any
appreciable difference in surface morphology between as-
grown and annealed templates. In other words, a temperature
of 900 °C does not provide enough thermal energy to activate
the GaN etching process when H2 is 20% with respect to the
total gas flow. However, when H2 increases up to 40%
(conditions D), a heavily pitted surface is observed (Figure 1h)
as a result of the etching by H2 even though the temperature
was kept at 900 °C. Based on these results, we conclude that in
our hot-wall MOCVD reactor with a uniform temperature
distribution, GaN surface is thermally stable and remains epi-
ready at a pressure of 200 mbar, a temperature of 900 °C, and
20% of H2 (conditions C). These growth parameters are
therefore suitable for initial nucleation and growth of low-
temperature GaN buffer layer.

Growth of GaN Layers on GaN/AlN/SiC Templates.
Undoped GaN layers were grown on GaN/AlN/SiC templates
in a series of experiments. The growth was initiated with a low-

Table 2. Experimental Conditions for the Thermal Stability
Study of GaN/AlN/SiC Templates: Annealing Temperature
(� a) and N2 and H2 Carrier Gas Flows at Reactor Pressure �
= 200 mbar, NH3 = 2 L/min, and Annealing Time of 5 min

conditions � a [°C]
N2

[L/min]
H2

[L/min] H2/(H2 + N2 + NH3) [%]

A 950 22.0 0 0
B 950 17.2 4.8 20
C 900 17.2 4.8 20
D 900 12.4 9.6 40
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temperature GaN buffer layer grown under conditions C and
with a thickness of 150 nm and a growth rate of � = 300 nm/h.
A low-temperature GaN nucleation layer has been routinely
used to provide active sites for nucleation in heteroepitaxial
GaN.43−45 For our purposes, however, the low-temperature
buffer layer is used to preserve the surface during the ramp up
to the growth temperature of the main layer. This approach is
an alternative to the two-step heating process using small

amounts of TMG previously reported to allow surface
stabilization of the GaN substrate via balancing between
growth and etching in H2-rich carrier gas mixture with N2.

32 In
the next step, high-temperature GaN layers, samples C1, C2,
C3, and C4 (see Table 1), were subsequently grown at 1100
°C with a thickness of 150 nm. While the reactor pressure was
maintained at 200 mbar, the H2 percentage in the mixture of
carrier gases was varied in different growth runs in order to

Figure 1. AFM images (5 × 5 �m 2) of as-grown (a,c,e,g) and annealed (b,d,f,h) GaN/AlN/SiC templates. The images (b,d,f,h) correspond to
annealing conditions A, B, C, and D (see Table 2), respectively. The optimum conditions correspond to C.

Figure 2. 10 × 10 �m 2 AFM images of as-grown references. (a) GaN-on-SiC template and (b) GaN HVPE substrate. 20 × 20 �m 2 AFM images of
GaN grown under conditions specified in Table 1 on GaN-on-SiC: (c) C1, (d) C2, (e) C3, (f) C4, (g) C5, and (h) C6 and on HVPE GaN
substrate: (i) H5, (j) H6, (k) H7, and (l) H8.

Figure 3. (a) AFM line profile and (b) growth rate vs H2 composition with respect to the total gas flow.
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determine the optimum epitaxial conditions for the high-
temperature GaN layers.

Figure 2c−f shows the surface of the GaN layers grown at
different H2 flows. The GaN layer grown with a carrier gas
mixture with 10% of H2 exhibits a smooth step-flow surface
morphology free of pits (2c). Pits start to appear on the surface
when H2 increased to 20% of the total gas flow (2d). The size
and depth of these pits is found to be directly proportional to
the amount of H2. The pits became deeper while increasing H2,
reaching 40 nm when H2 reaches 60% with respect to the total
gas flow as can be seen in Figure 3a. This is accompanied by an
appreciable increase in the surface rms roughness from 0.25 to
8.85 nm (Figure 2c−f). The growth rate is further found to
increase linearly with increasing the H2 percentage in the
carrier gas mixture (Figure 3b). The impact of H2 is complex
as it affects the GaN decomposition rate, gas phase, surface
reactions, as well as the temperature. Due to the differences in
carrier gas thermal conductivity, the actual temperature at the
surface was estimated to be about 50 °C higher in 100% H2 as
compared to 100% N2.

46 Hence, increasing the percentage of
H2 in the carrier gas mixture is expected to increase the surface
temperature leading to enhanced etching and decreasing of
growth rate. On the other hand, H radicals favor the TMGa
pyrolysis enhancing growth rate. In addition, changing the
carrier gas flow and the mixture of gases influences the
transport by convection as well as diffusion. Material transport
by diffusion is enhanced in H2 due to its lower molecular
weight with respect to N2. H2-rich gas mixture has less viscosity
than a mixture composed mainly of N2. This has a direct
implication on the thickness of the boundary layer when the
growth is mass transport-limited since it is directly propor-
tional to the kinematic viscosity of the gas. Therefore, when
the growth is performed under H2-rich carrier gas conditions,
the boundary layer becomes thinner and the growth rate
increases, as seen in Figure 3b. Based on our results evidencing
substantial deterioration of surface morphology with increasing
H2 in the gas mixture, we have selected 10% H2 for the high-
temperature growth of the main GaN layer for further
comparative investigation of homoepitaxy on GaN/AlN/SiC
templates and on GaN bulk substrates.

Homoepitaxial Growth on GaN Templates vs Growth
on HVPE GaN Substrates. Homoepitaxial GaN was grown
simultaneously on the GaN/AlN/SiC templates (samples C5
and C6) and on the HVPE GaN substrate (samples H5 and
H6) (see Table 1). First, a 150 nm GaN buffer layer was grown
at conditions C (Table 2) followed by a 150 nm thick GaN
layer grown at 1100 °C with 10% H2 in the carrier gas mixture.
The growth rate for the two GaN layers was about 300 nm/h.
The surface morphology of both substrates and homoepitaxial
layers are shown in Figure 2. While some pits can be seen on
the surface of GaN grown on the GaN/AlN/SiC template
(Figure 2g), no additional pits and smoother surface are
observed for GaN growth on the HVPE GaN substrate (Figure
2i). However, we observed that the backside of the GaN
substrate has undergone partial decomposition.

In order to avoid damage of the backside of the GaN
substrate and to avoid parasitic reactions, both favored at
elevated temperatures, the growth temperature of homoepitax-
ial GaN layers was reduced to 1020 °C. The growth rate and
thickness of the layers remained unchanged. When growing
GaN simultaneously on the GaN/AlN/SiC template and on
the HVPE GaN substrate at 1020 °C, different growth modes
were observed (Figure 2h,j). This can be understood by

considering the differences in growth thermodynamics and
kinetics on the two types of substrates used. Let us first
consider the differences in the crystal quality of GaN material
in the two types of substrates. The HVPE GaN substrates
fabricated from the pseudo-bulk material are virtually un-
strained with a residual in-plane strain value of 3.7 × 10−4. On
the other hand, although the GaN layer thickness in the GaN/
AlN/SiC templates is well above the critical growth thickness,
there is still residual in-plane strain of 0.0039.37 Furthermore,
the screw dislocation densities measured by HR-XRD in both
GaN substrates differ significantly with values of 9 × 107 and
1.1 × 106 cm−2 for the GaN/AlN/SiC templates and HVPE
GaN substrate, respectively. Different surface morphology in
terms of step width and height are also clearly observed
(Figure 2a,b). Altogether, the differences in strain, dislocation
density, and morphology impose a different wetting behavior
of the GaN homoepitaxial layers on the HVPE GaN substrates
and GaN/AlN/SiC templates. This affects directly the
nucleation, and hence the catalytic potential the substrate
exerts on the epi-layer will be different in the two cases. For
GaN/AlN/SiC, there is a periodic potential field on the top
GaN surface with a period equal to the interatomic spacing and
amplitude equal to the activation energy for surface diffusion,47

which favors three-dimensional (3D) nucleation. In the ideal
case of an unstrained and defect-free substrate, there is no
periodic surface potential and the energy required for surface
diffusion is zero, which leads to two-dimensional (2D)
nucleation. The growth on HVPE GaN substrates is expected
to be closer to the ideal case. The surface of the GaN epilayer
grown on the GaN/AlN/SiC template at 1020 °C is shown in
Figure 2h. The morphology and the high roughness indicate
that the GaN layer has grown in a 3D mode. On the contrary,
the simultaneous growth on the HVPE GaN substrate occurs
in a 2D mode (Figure 2j). The observed differences in the
growth mode on the two types of GaN substrates can be
associated with differences in the growth thermodynamics and
kinetics, which lead to different nucleation schemes,
respectively.

When it comes to thermodynamic aspects, we note that the
equilibrium vapor pressure (� e) of a nucleus depends on the
strain energy47

(1)

where � is the strain energy per atom, � is the vapor pressure in
the system, and �� is the thermal energy. Hence, as a result of
the different strain states of the GaN template and substrate,
one can expect differences in nucleation in the two instances.
In the case of 3D nucleation, the chemical potential � tends to
be thermodynamically impeded, and more energy is needed to
form a strained 3D nuclei than to form an unstrained 2D
nuclei, that is

(2)

where Δ� is the Gibbs free energy. The number of atoms in
the critical nucleus (�*) beyond which the clustering starts to
depend directly on Δ� is inversely proportional to the
supersaturation (Δ�) 47

(3)
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Since in our experiments, the growth was done simultaneously
on GaN/AlN/SiC templates and on GaN substrates, the
supersaturation conditions are approximately the same. From
eqs 2 and 3, it follows that

(4)

that is, at the same supersaturation conditions, the number of
atoms in the critical nucleus on the GaN templates is larger
than that on the GaN substrates. Note that from a microscopic
point of view, at the early stages of nucleation, the
supersaturation is slightly reduced on the GaN template
surface with respect to the HVPE GaN surface due to the
higher chemical potential of the nucleus induced by higher
strain (eq 1).

The rate of nucleation is faster when the energy barrier is
lower, so 2D nuclei are being formed on the GaN HVPE
substrate. On the other hand, 3D strained nuclei are expected
to be formed until the critical size is reached. Therefore, on
GaN/AlN/SiC templates, the growth of 3D islands is favored.
The surface potential determines the nucleation characteristics
and consequently the origin of the growth steps. The growth
theory48 predicts that when there are enough screw
dislocations terminating on the surface, there will be active
sites for adatom incorporation, and the initial growth stages
will be in the form of spirals. On the contrary, when the defects
of the substrate are not so abundant, the steps are formed as a
consequence of clustering and advancement of initial 2D nuclei
which adopt a pyramid shape.

In addition, the growth kinetics also plays an important role
for the observed differences between homoepitaxial GaN
grown on templates and bulk substrates. There is a
competition between two processes when it comes to kinetic
considerations. First is the rate of crystallization, that is, the
kinetic coefficient of a step � st.

47 Second, we have adatom
diffusion on the step which is regulated by the diffusion
coefficient, 	 s, and the mean distance, � s

47

(5)

where 
 des is the adatom desorption energy and 
 sd is the
surface diffusion energy. 
 sd,bulkGaN ≪ 
 sd,GaN/AlN/SiC as a
consequence of the significantly lower periodic potential at the
surface for the HVPE GaN substrate with respect to the
templates, as discussed above. Then, it follows that for a
constant temperature

(6)

When , the crystal facets grow in a kinetic regime, so
the growth is limited by the kinetics and advancement of the
steps. This is the case of growth on GaN substrates. On the
contrary, when , the crystal facets grow in a diffusion
regime due to the slow process of adatom diffusion,47 which is
the situation of GaN growth on GaN/AlN/SiC templates.

Growth of GaN Layers on HVPE GaN Substrates. The
comparison between the surface morphology of GaN layers
grown at 1100 °C (sample H5) and at 1020 °C (sample H6)
(Figure 2i,j) reveals that there are growth instabilities in the
latter case. These results can be explained in terms of the so-
called Ehrlich−Schwoebel energy barrier (ESB) that is present

at the edges of atomic steps.49,50 According to the growth
theory, the incorporation of adatoms to the steps depends on
the coordination at the step edges. When an adatom comes
from a lower terrace, it will encounter an ascending step with
atoms attracting the diffusing adatom. On the contrary, an
adatom descending from an upper terrace will be repulsed by
the atoms situated on the descending step. This repulsion
energy represents a potential energy barrier known as ESB.
Therefore, the ESB has a direct implication for the probability
of adatom attachment on the steps and on the kinetics of step
propagation, directly affecting the surface morphology. When
growing at lower temperatures, the adatoms do not have
enough thermal activation energy to overcome the ESB,
resulting in surface instabilities47,49 as observed for sample H6.

In order to overcome the step meandering, homoepitaxial
layers with different growth rates were grown on the HVPE
substrates keeping the other growth parameters constant with
respect to the conditions for H6. For sample H7, the 450 nm
GaN layer was grown with twice as high growth rate of 600
nm/h (Table 1) by doubling the amount of TMGa and NH3
flows, so that the same V/III ratio of 906 is kept. The
respective surface morphology of this layer is presented in
Figure 2k, revealing a smooth surface with an rms value of 0.09
nm over a 20 × 20 �m 2 area. It is seen that the step
meandering growth observed for sample H6 with a slower
growth rate (Figure 2j) has transitioned into a step-flow
growth (Figure 2k). We explain these results in terms of the
kinetic effects of the ESB, as discussed in detail by Kaufmann
et al.49 The ESB is present at the step edges limiting the
diffusion length of the Ga adatoms. As a result, nucleation
takes place preferentially close to the edge of the atomic steps
where the energy barrier is located producing the observed
roughness of the step-meandering morphology (Figure 2j).
The increment of the TMGa flow for sample H7 provides an
additional path for diffusion through the atomic steps, so the
adatoms do not have to overcome the ESB. Further
improvement can be achieved by increasing the layer thickness
to 930 nm (sample H8) as illustrated in Figure 2l. The growth
maintained its step-flow mode with time without any visible
pits on the surface. The rms is decreased to 0.049 nm, which,
to the best of our knowledge, is the smallest reported so far for
homoepitaxial GaN. Further increase of the growth rate to 830
nm/h (sample H9) leads to deviation from the step-flow
growth and deterioration of the surface morphology.

To provide a quantitative description of the homoepitaxial
growth, the supersaturation for different growth rates with the
corresponding surface morphology is presented in Figure 4.
We found an optimum supersaturation value of � = 3.4 × 104,
which corresponds to sample H8 (and H7), Table 1. AFM
images confirm that at higher supersaturation conditions,
achieved here by increased growth rate, the growth instabilities
originated from the ESB disappear as shown in Figure 4. The
demonstrated smooth surface with record-low surface rms is
challenging in homoepitaxy due to the proximity to highly
supersaturated epitaxial conditions. At a high supersaturation,
the critical size of initial 2D nuclei decreases, which makes 3D
growth mode more favorable. Also, the terrace width is
inversely proportional to the supersaturation which means that
spiral growth is more favored under this epitaxial environ-
ment.48 Our results remark the potential of the hot-wall
MOCVD technique to reach stable step-flow 2D homoepitaxial
growth. However, higher supersaturation than the optimum,
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that is, for sample H9 (� = 3.9 × 104), gives rise to growth
instabilities resulting in a narrow optimum growth window.

In order to get further insight into the homoepitaxial
material properties, the room-temperature CL spectra of the
GaN layers grown on HVPE GaN substrates were compared
(Figure 5). Two main emissions are observed in Figure 5, the

near band edge (NBE) emission at 3.43 eV and the deep level
related emission at 2.2 eV referred as yellow luminescence
(YL). The YL in GaN is commonly associated with deep CN,
VGa−ON, or VGa−3H� acceptors.51 By comparing the CL
spectra of samples H5 and H6, it is seen that the intensity of
YL in the layer grown at a lower temperature (1020 °C) is
significantly reduced. Previous studies have shown that for
GaN layers grown by hot-wall MOCVD, the incorporation of
background C impurities decreases with increasing growth
temperature.30,52 Then, the enhanced YL observed for the
GaN layer grown at 1100 °C can rather be attributed to an
increase of the Ga vacancy-related defects than to the CN
acceptors. Note that at 1100 °C, there is enough energy to
overcome the energy barrier for formation of VGa−ON
complexes.53 At lower growth temperature (i.e., at a higher
Ga supersaturation), the reduced intensity of YL is probably
due to the lower concentration of VGa−ON. An opposite trend
has been observed in heteroepitaxial GaN on SiC, where the

YL intensity increases at reduced growth temperatures, but in
this case, the reason was the much larger C incorporation.54

The observed blueshift of the YL with increasing growth
temperature (Figure 5) also indicates that different deep point
defects are involved in the YL from the homoepitaxial layers
grown at different temperatures. With increasing growth rate
from 300 to 600 nm/h for layers grown at 1020 °C (sample
H6 and H7, respectively), the intensity of the YL remains
almost the same, but the NBE emission is considerably
enhanced. This indicates that at a higher growth rate (i.e.. at a
higher Ga supersaturation), the concentration of the defects
accountable for nonradiative recombination decreases. Further
increase of the NBE emission compared to the YL (i.e., further
reduction of the nonradiative recombination) is observed with
increasing layer thickness (see the CL spectra of samples H7
and H8). Based on the results from our CL measurements, we
can conclude that a low growth temperature and a higher
growth rate are preferable for obtaining high-quality homo-
epitaxial GaN layers in terms of reduction of the defects that
can act as traps for electrons in GaN. These results are also
consistent with the optimal supersaturation of � = 3.4 × 104

found to enable the smooth surface morphology with a record
low rms roughness as described above.

Finally, the TDD, as determined from HR-XRD and
panchromatic CL images (see the Supporting Information),
of the GaN homoepitaxial layers grown at the optimum
supersaturation � = 3.4 × 104 (samples H7 and H8) are
compared to the respective values for the HVPE GaN
substrates in Table 3. Both screw and edge + mixed type

dislocation densities, determined from HR-XRD, are signifi-
cantly reduced in the homoeptiaxial GaN layers, reaching
down to 6.1 × 105 cm−2 and 3.1 × 106 cm−2 for H8,
respectively. The TDD obtained from panchromatic CL
images do not show any significant variation; however, they
are statistically less representative as compared to the XRD
estimations. We also note that the crystal quality amelioration
of the homoepitaxial GaN layers with respect to the HVPE
GaN substrate is further demonstrated by a drastic reduction
in the full-width at half-maximum of several asymmetric
rocking curves for the regrown GaN (see the Supporting
Information).

■ CONCLUSIONS
We present a comprehensive study of homoepitaxial GaN
growth by hot-wall MOCVD. The surface stability of Ga-polar
GaN under different carrier gases and temperatures has been
studied, which has allowed us to select the optimum
experimental conditions for homoepitaxy and to avoid GaN
decomposition and surface degradation. We have shown that a
low-temperature thin GaN layer is needed to preserve the
quality of the substrate. Smooth GaN layers grown
subsequently at higher temperatures demonstrate that the

Figure 4. Supersaturation value as a function of growth rate for GaN
layers grown on GaN substrates. The corresponding 40 × 40 �m 2

AFM images of samples H6, H8, and H9 described in Table 1 are also
shown.

Figure 5. Room-temperature CL spectra of all studied GaN layers
grown on HVPE substrates.

Table 3. Screw (� screw) and Edge + Mixed Type (� e+m)
Dislocation Dentisies Determined by HR-XRD and Total
TDD Determined by Panchromatic CL for GaN Substrate
and Samples H7 and H8

sample � screw [cm−2] � e+m [cm−2] TDD [cm−2]

GaN substrate 1.1 × 106 9.5 × 106 1.4 × 106

H7 4.5 × 105 6.4 × 106 2.2 × 106

H8 6.1 × 105 3.1 × 106 1.4 × 106
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low-temperature GaN buffer provides an optimum nucleation
scheme.

We further have investigated the simultaneous homoepitaxy
on GaN grown on SiC (templates) and HVPE GaN substrates.
It is demonstrated that 2D nuclei are favored on the HVPE
GaN substrate, whereas strained 3D GaN nuclei are formed on
the surface of the GaN/AlN/SiC templates. These results are
explained in terms of different chemical potentials and specific
surface energies for the two types of GaN materials. A higher
surface energy, that is, higher catalytic effect, higher residual
strain, and higher screw dislocation density, are deduced for
the GaN templates as compared to the GaN substrates.
Therefore, at reduced growth temperatures, the growth on
GaN/AlN/SiC occurs in the 3D mode due to the poorer
diffusion, while the 2D growth is preserved on the GaN
substrate. The different GaN surfaces for the template and bulk
substrate lead to different growth regimes. For GaN on bulk
substrates, the growth is limited by the kinetic advance of the
step, while the adatom diffusion is faster. On the contrary,
when GaN grows on GaN/AlN/SiC, the crystal faces grow in a
diffusion regime, and the growth is limited by the adatom
diffusion, which is the slowest process in this case. Our results
clearly demonstrate that although growth takes place on the
GaN material, this material on SiC is different from the
material of the substrate in view of kinetics and thermody-
namics. Even when the growth of GaN on GaN/AlN/SiC
advances to a thickness close to 1 �m, the situation is not
equivalent to that of the homoepitaxial growth on GaN
substrates, which may have important implications for
regrowth employed in device structures.

It is proposed and experimentally demonstrated that higher
Ga supersaturation conditions are needed for homoepitaxy as
compared to heteroepitaxial growth due to the difference in
chemical potentials of the substrate and the epilayers. We have
found that for homoepitaxial conditions, the surface quality is
improved by using a N2-rich carrier gas mixture, that is, at
increased supersaturation. We have shown that the initial
growth instabilities, explained in terms of the ESB energy
barrier, can be suppressed by increasing the growth rate due to
the alternative diffusion channel provided by the excess of Ga
adatoms. The optimum homoepitaxial conditions, with a
supersaturation value of � = 3.4 × 104, allow us to achieve
atomically flat GaN surface with an rms value of only 0.049 nm
over a 20 × 20 �m 2 area. The latter, to the best of our
knowledge, is the lowest rms value reported for homoepitaxial
GaN. For the optimum value of supersaturation, low
dislocation densities of 6.1 × 105 cm−2 for screw and 3.1 ×
106 cm−2 for edge and mixed type dislocations are
demonstrated. This is accompanied by reduction of defects
that can act as traps for electrons and control of background
impurity levels at the detection limit of SIMS. Our results
demonstrate the potential of the hot-wall MOCVD technique
to deliver high-quality GaN material for vertical power devices.
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■ ADDITIONAL NOTES
� H2 also affects the pyrolysis of TMGa and supersaturation,
which is discussed further below.
� The minimum decomposition rate has different values for
different pressures.
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