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Stress-induced in situ epitaxial lateral overgrowth
of high-quality GaN

Xiaotong Liu,ab Dabing Li,*a Xiaojuan Sun,*a Zhiming Li,a Hang Song,a Hong Jiang*a

and Yiren Chenab

We proposed a method, i.e., stress-induced in situ epitaxial lateral overgrowth (ELO), for growing high-

quality GaN heteroepilayers, and demonstrated its feasibility using both theory and experiment. Theoretical

analysis by finite element simulation indicated that at a proper lattice mismatch, GaN islands formed during

initial growth, continued to grow up to a stable state and finally coalesced into a film. To evaluate the

effectiveness of the theoretical analysis, GaN films were grown on AlN/sapphire and GaN/sapphire tem-

plates. The experimental results showed that the stress at the interface between AlN and GaN initially

caused separate GaN islands to form; subsequently, new islands stopped growing, and the islands displayed

lateral growth until they coalesced into a film; however, GaN grown on GaN/sapphire always showed

layer-by-layer growth, from the initial stage through to the final stage of growth. Therefore, the experimen-

tal results are consistent with the theoretical analysis, and stress-induced in situ ELO is a promising method

for growing high-quality GaN films on suitable lattice-mismatched substrates, which is effective not only

for growing GaN, but also for other lattice-mismatched epitaxial growth.
1 Introduction

Because of their wide band gap and good thermal and chemical
stability, III-nitride structures are attractive for applications
such as light-emitting diodes (LEDs), ultraviolet detectors, and
high-power, high-frequency electronic devices.1–4 Due to a lack
of commercial homosubstrates, the growth of III-nitrides is
mainly performed on mismatched sapphire substrates, leading
to dislocation densities as high as 108–1010 cm−2. It has been
proven that dislocations represent the main leakage pathway in
GaN-based Schottky contacts,5–7 and also act as nonradiative
recombination centers and charge scattering centers in GaN-
based optoelectronic devices.8,9 Thus, the high dislocation
density in III-nitrides represents an important limit for GaN-
based electronic and optoelectronic devices with respect to
their high potential for performance and reliability.

The question of how to obtain high-quality GaN-based
materials is key for the GaN research community, and several
efforts in the epitaxial field are producing important and
encouraging results for the improvement of III-nitride quality.
Epitaxial lateral overgrowth (ELO) is commonly used to
reduce the dislocation density in III-nitrides by bending and
terminating some dislocations.10,11 However, this method
requires ex situ patterning, which makes the growth technique
more complicated. Typically, a thin nucleation layer (NL)
of GaN or AlN is used between the main GaN layer and the
substrate. The growth conditions of such a NL – growth rate,
V/III ratio, and reactor pressure – were demonstrated to
strongly influence the structural quality of the GaN grown
above. The role of the NL is considered to be reducing the
interfacial energy between the GaN epilayer and the sapphire
substrate. However, the growth kinetics need to be studied
further and some mechanistic aspects are still not clear, such
as why only GaN islands are obtained when GaN grows
directly on a sapphire substrate without a NL.

Recently, a high-quality GaN layer was grown on an AlN/
sapphire template. It is found that very few dislocations pene-
trate into the upper GaN layers,12 however, the mechanism of
the reduction in dislocations in GaN epilayers grown on AlN/
sapphire templates is unclear. In this paper, we focus on the
lattice mismatch between the epilayers and the substrates,
and study the effect of lattice mismatch on the growth evolu-
tion of GaN using both theory and experiment. Based on crys-
tal growth theory, we first calculated the evolution of GaN
grown on different lattice-mismatched substrates using finite
element analysis, which indicated that at a proper lattice
mismatch, the growth of GaN underwent a transition from
islands to a film, which could bend some dislocations. Then
we evaluated these simulation results by growing GaN on
oyal Society of Chemistry 2014
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Fig. 1 Schematic illustration of the island structure (a) and the
relationship between F/V and the ratio of the height (h) to the base
radius (r), a, for GaN grown on heterosubstrates with different lattice
mismatches, ε: (b) 1.1%, (c) 2.4%, and (d) 16.1%.
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AlN/sapphire and GaN/sapphire template substrates, and our
experimental results were consistent with the theoretical
analysis. Based on these results, we propose a new growth
method to obtain high quality GaN, i.e., stress-induced in situ
epitaxial lateral overgrowth. The idea proposed here can
explain why high quality GaN films can be obtained on AlN/
sapphire templates, and also why only GaN islands can be
obtained on sapphire without a nucleation layer. The method
is efficient not only for growing GaN, but also for other
lattice-mismatched epitaxial growth.

2 Experimental

GaN was grown on AlN/sapphire templates by MOCVD
at 1050 °C without first growing a low-temperature NL.
Trimethylgallium (TMG) and ammonia (NH3) were used as
the Ga and N precursors, respectively. For comparison, GaN
was also grown on GaN/sapphire templates at 1050 °C.
In both cases, the growth times were 1, 3, 5, and 10 min
and the growth rate was the same for all samples, at
about 40 nm min−1. Atomic force microscopy (AFM), photo-
luminescence (PL), a micro-Raman spectrometer in a back-
scattering geometry configuration and high-resolution X-ray
diffraction (HRXRD, Bruker D8) were used to characterize
their structural and optical properties.

3 Results and discussion

Stress-induced in situ ELO is based on the principle that if the
lattice mismatch is not large, i.e., below 0.5%, then growth
tends to be planar; if the mismatch is large, the material tends
to gather into islands.13 Whether the stress-induced islands
form or not depends on the total change in free energy. If the
net change in free energy is negative, then the islands will form
spontaneously, but otherwise the islands may not form. The
total free energy change is described as follows:13

F M V C dR M V V
a

aijkl ij kl
R
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2 3
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(1)

Stress-induced islands are shown in Fig. 1(a). To consider
a common phenomenon, we simplify the pyramidal island to
a circular cone, where a is the ratio of the height h to the
base radius r, M is the biaxial modulus, v is the Poisson ratio,
R̂ is the spatial region occupied by the islands, Ĉijkl is the
elastic coefficient array, ε̂ij is the elastic strain field (which
depends only on the lattice mismatch ε), and γ is the energy
density. The normalized total free energy change can be
described as follows:

F
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M V

a W a v Z a



m m

 =  = 2 2 1 31 1� � � �, ,            

(2)
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where the nondimensional ratio Z is defined as

Z
M V




m
2 1 3

We calculated the normalized free energy change per unit
volume F/V by performing finite element analysis of GaN
grown on heterosubstrates with different lattice mismatches
(ε). Fig. 1(b)–(d) show the relationship between F/V and the
aspect ratio, a, for GaN grown on heterosubstrates with dif-
ferent lattice mismatches. For all the heterosubstrates, F/V
decreased (expressed as a negative Δ(F/V)) initially as the
height/base ratio increased, meaning that the GaN films were
unstable and tended to form GaN islands. However, the Δ(F/V)
values of the three heterosubstrates differed greatly. The lattice
mismatch ε followed the trend ε(b) < ε(c) < ε(d) and Δ(F/V)
followed the trend ΔF/V(b) < ΔF/V(c) < ΔF/V(d), suggesting that
increasing the lattice mismatch ε led to GaN islands forming
more easily. For the heterosubstrates with ε = 1.1% and 2.4%
(Fig. 1(b) and (c), respectively) every curve except for that with
size parameter Z = 0 had a local minimum, and thus a stable
state for the GaN islands, after which the islands will
coalesce into a film. However, for the heterosubstrate with ε =
16.1% (Fig. 1(d)), the curves are all almost the same and none
exhibit a local minimum. These results indicate that, while
GaN islands formed most easily on the heterosubstrate with
the largest lattice mismatch and thus the strongest interface
stress, the islands have no stable state, meaning they will con-
tinue to grow without coalescing into a film, as the schematic
in Fig. 2(c) shows. In this case, separate islands will form,
which is consistent with previous experimental results where
GaN was grown directly on sapphire,14 and the same phenom-
enon was observed for AlN grown directly on sapphire
substrates.15 Comparing Fig. 1(b) and (c), when ε is too small
8060 | CrystEngComm, 2014, 16, 8058–8063

Fig. 2 Schematic for GaN grown on different lattice-mismatched
substrates: (a) GaN/sapphire substrate, (b) AlN/sapphire substrate,
(c) sapphire substrate.
and thus the interface stress is too small, the stress-induced
islands will coalesce easily because the stable state is attained
during initial growth with little Δ(F/V), as shown in Fig. 1(b).
In this case, especially for the GaN homoepilayer, the layer-by-
layer growth mode will dominate the GaN growth process and
the dislocations in the substrate will be propagated into the
epilayer, as shown in Fig. 2(a).

At a suitable ε, as shown in Fig. 1(c), GaN islands will form
during initial growth, continue to grow up to a stable state
(consistent with the local minimum in Fig. 1(c)), and finally
coalesce into a film. In this case, the growth mode transitions
from three-dimensional island growth to quasi-two-dimensional
layer-by-layer growth; this progression of in situ ELO bends or
terminates some threading dislocations, leading to a high-
quality GaN film, as shown in Fig. 2(b). Thus, it is easy to
understand why the performance of GaN-based LEDs grown on
AlN template substrates is sometimes better than that of those
grown on GaN substrates when the substrates have the same
dislocation density.

To evaluate our theoretical analysis, we grew GaN on
1 μm-thick AlN/sapphire templates with ε = 2.4% and on
3 μm-thick GaN/sapphire templates with ε = 0 for comparison.
The FWHM of the (0002) and (10−12) planes is about 100 and
1000 arcsec for the AlN/sapphire template and about 270 and
483 arcsec for the GaN/template, respectively. Fig. 3(a)–(d)
show AFM images of GaN grown on AlN/sapphire templates
with growth times of 1, 3, 5, and 10 min, respectively. At a
This journal is © The Royal Society of Chemistry 2014

Fig. 3 AFM images of GaN grown on AlN/sapphire templates for
different growth times and at a scale indicated by the black bar:
(a) 1 min, (b) 3 min, (c) 5 min, (d) 10 min and (e) the enlarged AFM
image of the selected area for 10 min growth.

http://dx.doi.org/10.1039/c4ce01003e


Fig. 4 Room-temperature micro-PL spectra of GaN grown for 1, 3, 5
and 10 min: (a) on AlN/sapphire templates and (b) on GaN/sapphire
templates.
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growth time of 1 min (Fig. 3(a)), separate GaN islands grew
initially on the AlN/sapphire template, confirming our theory
that stress-induced GaN islands would spontaneously form
when growing GaN on a heterosubstrate with ε = 2.4%. At
3 min (Fig. 3(b)), rather than more islands forming, the GaN
islands grew laterally. At 5 min (Fig. 3(c)), the GaN continued
to experience lateral overgrowth, eventually causing the
islands to coalesce, as shown at 10 min (Fig. 3(d)). This behav-
ior also agrees with our theoretical analysis: at the stable state
(at the local minimum in Fig. 1(c)), the islands will tend
towards quasi-two-dimensional growth. These images, showing
the evolution of GaN grown on AlN/sapphire templates, directly
support the existence of stress-induced in situ ELO. Fig. 3(e)
shows the enlarged surface morphology of GaN from Fig. 3(d),
while Fig. 3(e) reveals clear and distinct atomic steps with
terraces. AFM is often used to reveal dislocations in GaN
epilayers, as researchers have shown that threading dislocations
can cause surface depressions, step pins, and spiral growth
dislocations.16,17 Fig. 3(e) reveals no surface depressions, spiral
growth hillocks, or pin steps, indicating that the GaN grown by
stress-induced in situ ELO had a low dislocation density.

Fig. 4(a) and (b) compare the room-temperature micro-PL
spectra of GaN grown for 1, 3, 5 and 10 min on AlN/sapphire
templates and GaN/sapphire templates, respectively. For GaN
grown on AlN/sapphire templates, the micro-PL spectral
intensity of GaN increased with growth time and the PL
intensity of GaN grown for 10 min was over five times greater
than that of GaN grown for 5 min. The lowest PL intensity,
for GaN grown for 1 min, occurred because the GaN islands
were not yet covering the substrate, as shown in Fig. 3(a). As
growth time increased, the GaN islands grew laterally and
coalesced, increasing the PL intensity. As shown in the inset
of Fig. 4(a), in all GaN PL spectra and over all growth times,
we observed no yellow luminescence, which is defect-
related.18,19 In contrast, for GaN grown on GaN/sapphire tem-
plates, the intensities of the PL spectra remained nearly con-
stant with growth time (Fig. 4(b)) and yellow luminescence
near 550 nm was observed. This result indicates that the
stress-induced in situ ELO method can effectively decrease
the number of defects in GaN epilayers. Moreover, the
FWHM of the GaN films grown by stress-induced in situ ELO
was 180 arcsec for the (0002) plane and 290 arcsec for the
(10−12) plane, while the FWHM of the GaN films grown on
GaN/sapphire templates was 265 arcsec for the (0002) plane
and 470 arcsec for the (10−12) plane. The FWHM of GaN
epilayer grown on the GaN/Sapphire template was almost the
same as that of the GaN/sapphire template, consistent with
our theoretical analysis. The narrower FWHM for both the
(0002) and (10−12) planes of GaN layers grown by stress-
induced in situ ELO again confirms their high crystalline
quality.9,20 The thickness of the GaN layer is about 2.4 μm on
both AlN/sapphire and GaN/sapphire templates.

To study how the interface stress changed as the GaN
islands grew, we used Raman spectroscopy. Fig. 5(a) shows
Raman spectra of GaN grown on AlN/sapphire templates for
various growth times. The E2 (h) phonon peak of GaN is
This journal is © The Royal Society of Chemistry 2014
widely used to assess stress, because this frequency is very
sensitive to biaxial strain in the c-plane and can be accurately
measured using Raman spectroscopy. We used the 419 cm−1

phonon peak of sapphire as a reference. These results reveal
compressive stress in the GaN grown by stress-induced in situ
ELO on the AlN/sapphire templates: the position of the E2 (h)
phonon peak shifted to lower frequency as growth time
increased, compared to the peak value of 568 cm−1 for bulk
GaN; increasing the growth time from 1 min to 10 min caused
the E2 (h) phonon peak to shift from 579 cm−1 to 572 cm−1.
The relationship between the residual stress, N, and the shift
of the phonon peak, ΔW, is derived as follows:21

N W
K M





where N is the stress, K is the linear stress-shift coefficient,
and M is the biaxial modulus of GaN. We can deduce that the
stress decreases with increasing thickness of the GaN epilayer
and the stress is largest at the interface, which causes the
GaN islands to form and is the driving force behind the in situ
CrystEngComm, 2014, 16, 8058–8063 | 8061
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Fig. 5 Raman spectra of GaN grown for 1, 3, 5 and 10 min: (a) on AlN/
sapphire templates (b) on GaN/sapphire templates.
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ELO. In addition, the A1 (TO) peak at around 520 cm−1 is
observed in the Raman spectra of GaN grown on AlN/sapphire
templates for 1, 3 and 5 minutes. According to the Raman
selection rule, the appearance of the A1 (TO) peak indicates
that instead of a planar GaN film, GaN islands are formed in
the initial growth stage when GaN is grown by stress-induced
ELO. The Raman spectra of GaN grown on GaN/sapphire tem-
plates are shown in Fig. 5(b). In contrast to the GaN grown on
AlN/sapphire templates, the Raman spectra of GaN layers grown
on GaN/sapphire templates showed no obvious shift of the E2
(h) phonon peak and no appearance of the A1 (TO) peak, indi-
cating that a planar GaN film was formed in the initial stage.

Conclusions

In conclusion, we studied the growth kinetics of GaN on dif-
ferent lattice-mismatched substrates and proposed a growth
method for heteroepitaxial GaN, stress-induced in situ ELO,
demonstrating its potential through theory and experiment.
8062 | CrystEngComm, 2014, 16, 8058–8063
For GaN grown on the AlN/sapphire template, the stress at
the interface initially caused separate GaN islands to form.
Eventually, new islands stopped growing, and the islands that
had formed grew laterally until they coalesced into a film.
AFM images revealed these films to have smooth surface
morphology with RMS of 0.1 nm; PL spectra exhibited no
dislocation-related yellow luminescence, and XRD measure-
ments revealed narrow FWHMs of 180 arcsec for the (0002)
peak and 290 arcsec for the (10−12) peak. These results
demonstrate that stress-induced in situ ELO produces high-
quality GaN, and that the method is also promising for grow-
ing other heteroepitaxial layers.
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