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During GaN growth on an on-axis SiC substrate, a large density of dislocations (~109 cm−2) is unavoidably generated by the
GaN/SiC misfit, uncontrolled misorientation in the substrate and defects present at the surface of the substrate. Recently a
unique SiC substrate was developed with step-free and stepped mesas as well as continuous surface areas similar to a standard
wafer all in close proximity. It is now possible to isolate the influence of defects and steps on the deposition of GaN on SiC.
This paper provides a link between the dislocation environment and the strain state in the GaN film as well as the change of
this strain with increasing thickness. 
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Introduction

Currently, the most widespread technique to produce
III-nitride thin films is via metal organic chemical
vapor deposition (MOCVD) on sapphire and SiC sub-
strates [1, 2]. Unfortunately, this heteroepitaxy gene-
rates a density of dislocations (>108 cm−2) that essenti-
ally prohibits the operation of certain optoelectronic
devices such as ultra-violet (UV) light emitting diodes,
UV and blue laser diodes, and UV photovoltaics as
well as some III-nitride electronic devices such as vertical
bipolar transistors [3, 4]. The two commercial techni-
ques used to produce GaN with dislocation densities
less than 107 cm−2 are epitaxial lateral overgrowth and
deposition on pseudo-bulk substrates grown by hydride
vapor phase epitaxy [5-7]. Both routes are prohibitively
expensive except in the production of laser diodes and,
additionally, the configuration of epitaxial lateral over-
growth prevents the design of vertical or large area devices.

SiC is a favored substrate for deposition of GaN
based solely on its high thermal conductivity, hexagonal
crystal structure and relative availability, however, the
lack of progress in heteroepitaxy of low-dislocation
GaN is naively attributed primarily to the lattice para-
meter difference (−3.2%) and coefficient of thermal ex-
pansion mismatch (+16%) with SiC [1, 2, 7-11]. Growth
of GaN directly on SiC is difficult due to the energetics

of the SiC surface, thus an AlN buffer layer is inserted
prior to deposition of the GaN layer. Deposition of the
AlN buffer layer is characteristic of a Stranski-Krastanov
(S-K) growth mode in which the film coherently grows
up to a critical thickness of approximately 4 nm at
which point the excess total strain in the film favors the
subsequent formation of AlN islands that nucleate and
coalesce [12, 13]. The initial stages of AlN growth are
under compression due to the lattice mismatch with the
SiC substrate. Consequently, most of the lattice mismatch
with SiC is absorbed in the first few nm of AlN
deposition. The subsequent growth of GaN on AlN
follows a similar SK growth mode where the thickness
of the coherent GaN layer is typically 1 to 5 bilayers
due to the small (2.5%) mismatch between GaN and
AlN [12-17]. As a result, the lattice mismatch between
GaN and SiC is absorbed in the AlN and the first nm
of the GaN layers via defect generation. This defect
creation mechanism, however, does not account for the
high level of dislocations (109 to 1010 cm−2) often mea-
sured in GaN films on SiC. Nucleation of GaN islands
was observed at undulations in the AlN surface with
threading dislocations related to this nucleation event.
It has been proposed that these undulations in the AlN
layer are mostly due to defects in the SiC surface [12].

This islanding in the SK mode creates 106 cm−2 to
1011 cm−2 nuclei (or growth islands) similar to the Volmer
Weber (VW) growth mode [18]. The angular deviation
of growth islands is dependent on the misfit, offcut and
presence of defects in the substrate. Similar to VW
growth, during SK growth the nuclei will grow both
vertically and laterally until they intersect each other
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and at this point the nuclei will snap (or zipper)
together [19]. Because islands are firmly connected to
the substrate, this zippering will lead to a rapid increase
in tensile stress in the film that is dependent on the
grain size by [20]:

σg=0.683 (c11+c12–2c13
2/c33) ε=307.1 GPa Δ/d0 (1)

where d0 is the grain diameter, Δ is the gap distance, ε=
Δ/d0 is the strain due to the gap closure process. 

The structure possesses a large tensile intrinsic stress
at the point when the film becomes continuous. It is
common for a film grown beyond this point to experi-
ence a compressive stress associated with one or more
dislocation annihilation mechanisms [21]. The propor-
tional influence of this compressive stress on the net
stress locally and in the entire film can vary based on
the structure of the system and the availability of ener-
getically favorable dislocation annihilation mechanisms.
In our case, following an extension of Cammarata et al.
[21], annihilation of threading dislocations with increa-
sing thickness leads to an effective increase in pristine
crystal (grain) size. Accordingly this densification intro-
duces an intrinsic compressive stress into the film [22].
This stress contribution is described by [23]:

σt=ηYδ(1/d0–1/d t) (2)

where 1/d0 is the dislocation density at coalescence, δ
is the excess volume per unit area associated with the
defect-free crystal, η is a geometric factor that depends
on the shape of the defect-free crystal. 

Edwards et al. observed the compressive/tensile/
weak tensile (or compressive) transitions described above
for GaN growth on SiC with the peak in tensile stress
observed at approximately 1 μm of film thickness [24].
The absolute stresses generated at the growth temper-
ature are less tensile (or more compressive) than that
measured at room temperature by reason of the thermal
expansion mismatch stress between GaN and SiC,
nevertheless the general trend is the same. Additionally,
Edwards et al. found that GaN films were under more
tensile strain when grown on offcut SiC compared to
on-axis SiC [24]. Their conjecture - despite their acknow-
ledged contradiction to the experimental findings - was
that the presence of surface steps provided sites for
dislocation formation that would locally reduce the
stress in the film. More in concordance with this report
as well as the work of Edwards et al. [24] is a high
density of dislocations generated at the initial stages of
growth would create a high density of nuclei that gene-
rates a proportional tensile stress in the film [equation
(1)]. 

The opposite limiting case would be to investigate
the growth of GaN on an atomically-flat step-free SiC
surface. Until the recent work of Neudeck et al. such a
surface did not exist on SiC of any appreciable area
[8]. In this paper, three cases will be investigated: high,

intermediate and low rates of dislocation annihilation
in GaN grown on defective, stepped and step-free SiC,
respectively.

A technique was developed to deposit heteroepitaxial
films of 3C-SiC [8, 9] and, more recently, GaN [10]
with low dislocation densities (<107 cm−2) on step-free
SiC mesas. Square mesas up to 200 μm on a side were
etched into an on-axis 4H-SiC wafer to isolate growth
surface areas of SiC from other regions containing axial
screw dislocations. Prior to SiC epitaxial growth, the
surface of the mesas or any on-axis wafer will unavo-
idably contain atomic steps due to mis-alignments in the
cut and polishing of the wafer. Moreover, the curvature
of the SiC crystal planes due to the large build-up of
residual stress generated during sublimation growth of
SiC ingots only exacerbates this problem [11].

A pure step-flow SiC chemical vapor deposition (CVD)
growth process was developed to extend all the atomic
scale crystallographic steps on a given mesa to the
periphery, leaving behind a step-free and atomically
flat (0001) 4H-SiC surface [9]. In a properly optimized
SiC mesa growth process, a clear distinction between
step-free, stepped and highly defective SiC mesas is
readily observed via optical microscopy due to the
evolution of thin SiC cantilevers as illustrated in
Neudeck et al. [8]. The difference in width of the step-
free and stepped mesas typically fell between 5-8%.
Using TEM, Bassim et al. determined the density of
threading edge dislocations to be approximately 5×107

cm−2 and despite exhaustive analysis, they observed no
threading screw dislocations after 1 μm of GaN growth
[10].

Experiments

In this study, GaN layers were grown by MOCVD on
4H-SiC mesas with and without surface steps arrayed
across the same substrate as well as on the so-called
defective continuous layers in trenches adjacent to the
mesas. Growth was carried out in a modified vertical
impinging flow CVD reactor. 4H-SiC wafers were
cleaned in TCE, acetone, methanol for 5 minutes each
in an ultrasonic bath, followed by HF submersion for 5
s, then blown dry in N2. An Al seed layer was deposit-
ed prior to the onset of NH3 flow to protect the 4H-SiC
surface and to prevent the formation of a discontinuous
silicon nitride layer. A 100 nm AlN buffer layer was
deposited at 1050 oC and 50 Torr (6.7 kPa). Subsequently,
a 3 μm GaN structure was deposited at 1020 oC and
250 Torr (33 kPa). In-situ reflectance from a 534.5 nm
wavelength HeNe laser was used to monitor the growth
process in real time. Micro-Raman-scattering measu-
rements were performed at room temperature with the
488 nm line of an Ar+ ion laser. Further details of the
growth process and equipment are available elsewhere
[25].
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Results and Discussions

The identification of stepped and step-free mesas is
possible with optical microscopy as shown in Fig. 1.
The SiC step-flow growth mode is designed to extend
every step in the SiC surface to the periphery of the
mesa. This high horizontal growth rate creates canti-
levers that extend over edge of the original mesa as is
also observable in Fig. 2. SiC stepped mesas are
created via an incoherent step-flow (step-bunching)
mechanism that exists due to the existence of screw
dislocations that continually source steps and thus
prohibit step-flow growth to the edge of the mesa.
Statistically a certain number of mesas will contain
defects such as micropipes, poly-type inclusions or
even large particulates. These highly defective mesas
are easily identified with optical microscopy and are

excluded in this study. Lastly, the areas between the
mesas will be identified as continuous as they
experience a growth environment similar to that of a
continuous GaN layer on an unpatterned SiC substrate.
To minimize error, structural comparisons with a mesa
will be made with continuous layers immediately
adjacent to the mesa.

Micro-Raman characterization was employed to investi-
gate the strain-state of GaN at different points in the
film with an approximate 1 μm resolution (Fig. 3). A
shift to shorter wavenumbers indicates a stretching of
the III-nitride bonds due to a tensile stress in the layer.
The wavenumber shift to stress relation was reported to
be about 2.9 cm−1/GPa for GaN [26]. The GaN near the
interface with the step-free mesa displayed a peak at
567.7 cm−1, which corresponds to a tensile stress of
103.4 MPa. This tensile strain reduced (or compressive
strain increased) slightly (Δσ=69 MPa) with increasing
thickness. Comparatively, the GaN on the stepped mesa
displayed a moderately larger tensile stress of 172 MPa
near the interface with a slightly greater rate of tensile
strain reduction (Δσ=103 MPa) with increasing thick-
ness. The strain in the continuous GaN near the mesas
was recorded to provide a qualitative strain comparison
with GaN on mesas. The continuous GaN at the SiC
interface was strained by 482 MPa near the stepped
mesa and 620 MPa near the step-free mesa. This high
tensile strain state was rapidly reduced by 207 and 310
MPa over the next 2 μm of growth near the stepped
and step-free mesas, respectively.

This study of GaN growth on these dissimilar SiC
surfaces provides a unique insight into the development
of the dislocation environment and strain in GaN. It is
known that threading dislocations annihilate with
increasing growth thickness in many semiconductors.Fig. 1. Plan view optical picture of the patterned surface. The SiC

pure step-flow growth creates cantilevers that are observable as
small wings on the mesas. The inserts display cross-sectional
optical pictures of their respective step-free or stepped mesa. The
high horizontal growth rate in the SiC as well as GaN is observable
in the cross-sectional picture of the step-free mesa. 

Fig. 2. Electron micrograph of a GaN film on step-free (left) and
stepped (right) SiC mesas. The cantilever on the left mesa is
indicative of step-free growth. Note the rough surface of the GaN
film on the stepped mesa (right) particularly when compared to the
smooth GaN film on the step-free mesa (left).

Fig. 3. Strain (a) and FWHM (b) of GaN deposited by MOCVD on
SiC step-free and stepped mesas as well as in continuous areas
surrounding the mesa. The rate of strain reduction is greatest in the
continuous layers while this rate of change is the least in the step-
free GaN. Note that the edge of the GaN cantilever is essentially
strain free.
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In GaN deposition, the dislocation density is inversely
related to film thickness by :

ρtd=1/hn, (3)

where h is the film thickness and n varies depending on
the material system with n=0.66 in a study of thick
GaN on sapphire by Mathis et al. [27]. It is possible to
measure the strain state of GaN at various locations in
a thick layer, however, this strain state does not corre-
late to a change in dislocation density, rather the strain
state is related to macroscopic bowing particularly
when the film thickness approaches the thickness of the
substrate. 

Comparatively, in this study, the unique substrate
with step-free, stepped and continuous surface areas in
close proximity reveals in the GaN epitaxial layer a
large dissimilarity in initial strain state and evolution of
this strain with increasing thickness. A detailed investi-
gation of this microstructure of similar films has been
reported elsewhere [10] and is in progress on the
sample examined in this paper [28]; the relevant points
of which are presented below. 

The continuous GaN layer behaves as is typical for a
GaN layer grown on large area SiC substrate. During
the initial stages of growth, a large density of defects
(~1012 cm−2) is generated due to misfit with the sub-
strate. Additional screw-type threading dislocations are
generated by step edges as well as a screw-island growth
mechanism instigated by macro-defects present at the
substrate surface. The distortion of the continuous GaN
crystal near the interface with SiC is observable in Fig.
3. The high tensile stress within the first 1 μm of
growth is presumably due to the generation of a small-
grain structure with a high density of dislocations inter-
secting the nuclei. Similarly, the large FWHM of the
Raman signal is emblematic of severe tilt and twist in
the film. The high dislocation density provides an
effective route for densification and thus compressive
strain with increasing film thickness via annihilation of
threading dislocations through a slip plane [22, 23].
This increase in compressive strain was the highest for
the continuous GaN layers due to the high initial dis-
location density as is predicted by equations (1), (2)
and (3). 

The GaN grown on stepped mesas is mainly controll-
ed by the misfit with and the presence of step edges in
the substrate. Additionally, the presence of step edges
has been shown to create a periodic set of screw dis-
locations via the Nagai tilt mechanism [29]. Electron
microscopy in Bassim et al. [10] measured a relatively
low dislocation density of approximately 108 cm−2 for
GaN grown on stepped mesas. A similar trend is observed
again for this structure as Fig. 3 displays a moderate
level of tensile strain within the first 1 μm of growth
and corresponding moderate rate of tensile strain
reduction with increasing thickness. 

Comparatively, epitaxy on step-free mesas isolates

the role of misfit in film deposition. Related studies of
step-free GaN revealed a remarkable absence of vertical
threading dislocation generation [10] as well as the
formation of dislocation annihilation pathways that are
typically obscured in highly defective films [28]. Trans-
mission electron microscopy found that after 1 μm of
GaN growth on step-free mesas that the density of
threading edge dislocations was approximately 5×107

cm−2 and the density of threading screw dislocations
was zero within the entire mesa width [30]. The resolution
of the micro-Raman system used in this analysis is
limited to approximately 1 μm thus it is not possible to
measure strain in the nuclei deposited close to the sub-
strate. Nevertheless, Fig. 3 suggests that a high quality
film with a low density of dislocations has a lower rate
change, i.e., driving force, to a lower strain state.

Growth on mesa structures is also advantageous as it
localizes strain to the particular mesa. Normally such
strains in a large-area continuous layer will bend the
entire substrate [31, 32]. By removing the horizontal
constraint of a continuous film, the strain in each mesa
is effectively isolated [4, 30]. 

Conclusion

In summary, the development of strain in GaN films
on SiC has been investigated. A comparison of GaN
epitaxy on three different SiC surfaces revealed the
strong influence of defects and step edges on the evolution
of strain in the GaN. 
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