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Abstract
Epitaxial lateral overgrowth of GaN with (112̄2) facets was realized by metal–
organic chemical vapour deposition on GaN/sapphire (0001) substrates with
an SiO2 stripe mask. After wet etching of the mask, periodic AlGaN/GaN
multiple quantum wells (MQWs) were grown on the whole surface. Cross
section transmission electron microscopy showed that the average growth rate
on the (112̄2) facet is lower than on the (0001) plane. The concentration of
Al of AlGaN/GaN MQWs was higher on the (0001) facet than on the (112̄2)
surface, as measured by secondary ion mass spectrometry and high resolution
x-ray diffraction (HR-XRD). Micro-Raman scattering spectroscopy revealed
a significant relaxation of compressive stress in the laterally overgrown GaN.
Micro-photoluminescence spectra confirmed quantum confinement of electrons
in MQWs. The achieved optical quality of MQWs on the (112̄2) facet is
comparable with that on the (0001) plane.

1. Introduction

Semiconductors from the GaN family, such as Inx Ga1−x N and Alx Ga1−x N, are widely used for
light emitting devices (LED) in the green and blue spectral range [1, 2]. Their common part
is a layer with multiple quantum wells (MQWs) to trap electrons and holes for their efficient
recombination. The performance of these LEDs can be improved, if their design overcomes
two main issues.

First, there is a high dislocation density of about 109–1010 cm−2 in GaN grown on
traditional substrates like Al2O3 (sapphire) because of large lattice mismatch. Possible
solutions are to use better matching substrates like SiC or AlN [3], which are usually more
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expensive, or to grow GaN using the epitaxial lateral overgrowth (ELO) technique. In the latter
case, a mask of a foreign material, usually SiO2, is deposited on a GaN seed layer and the
growth is resumed on the openings of the mask. Thus GaN growing laterally over the mask has
lower dislocation density than the seed layer.

Second, when the GaN growth surface is the (0001) plane, planar strain induced by the
different lattice constants of the GaN quantum wells and the AlGaN barrier layers gives rise
to strong internal piezoelectric fields [4]. This leads to a local separation of electrons and
holes in these quantum wells, poor overlap of electron and hole wavefunctions, long radiative
lifetimes [5], and low internal quantum efficiencies [6, 7], where competing non-radiative
channels are always present in the device structures. Reduction of electrostatic fields is possible
by growing the structures on the non-polar or semi-polar plane of sapphire, e.g. on the r -
plane [8] or the a-plane, where GaN grows on the (101̄2) or (112̄0) direction [9, 10]. Other
approaches make use of more exotic substrates such as LiAlO2 [11], on which pure m-plane
GaN(11̄00) growth was achieved. However, on these substrates, it is difficult to achieve high
crystalline quality GaN, and device performance cannot compete with that obtained on the
commonly used c-plane of sapphire.

A technique which can help to overcome both problems is facet-controlled epitaxial lateral
overgrowth (FACELO). It is realized by starting the epitaxial growth on the (0001) plane
and tuning the growth conditions to develop other facets, e.g. (11̄01) and (112̄2), on ELO
stripes [12]. FACELO GaN was used as a substrate to grow InGaN/GaN MQWs with a reduced
piezoelectric field [13].

In this work, AlGaN/GaN MQWs on FACELO GaN(112̄2) facets were grown for the
first time. Scanning electron microscopy (SEM) and cross-sectional transmission electron
microscopy (TEM) were used to characterize the morphology and structure of the MQWs.
The concentration of Al was measured using secondary ion mass spectroscopy (SIMS). Optical
properties of MQWs on individual (112̄2) and (0001) facets were studied using micro-Raman
scattering and micro-photoluminescence (PL) spectroscopy. The results showed that the optical
quality of MQWs on the FACELO GaN(112̄2) facet is comparable with that of MQWs on the
(0001) plane, which is used traditionally for opto-electronic devices.

2. Experimental details

To prepare ELO GaN, a 2.0 μm thick GaN layer was first deposited on a c-plane sapphire
substrate by MOCVD. Trimethyl metals and ammonia (NH3) were respectively used as
precursors for group III and N, and H2 was used as carrier gas. An about 100 nm thick SiO2

mask was patterned into stripes oriented in the 〈11̄00〉 direction of GaN, defining a 4 μm
wide opening with a period of 13 μm. After 30 min of regrowth on these templates, ELO
GaN with {112̄2} facets was selectively overgrown. The growth temperature was 950 ◦C and
reactor pressure was 500 Torr. After the SiO2 mask was removed by HF solution, ten periods
of AlGaN/GaN MQWs were grown on the whole surface. The target Al composition in the
barriers was 10%. The growth temperature was about 1000 ◦C, the reactor pressure was kept at
60 Torr, the flow rates of TMGa and TMAl were about 30 and 80 sccm and the growth times
of the well and barriers were 12 and 18 s, respectively.

The morphologies of the layers and cleaved cross-sections were studied with a JEOL 6700
FE SEM at electron energy 5 keV. The internal structure of the MQWs was studied with
a Philips CM300 FEG TEM. The composition of the epitaxial layers was measured using
secondary ion mass spectrometry (SIMS) in a ToF-SIMS-IV instrument. The depth profiles
were obtained using 3 keV Ar+ for sputtering and 25 keV 69Ga+ beam for mass analysis,
both at 45◦ incidence. Focusing of the analysis beam provided lateral resolution better than
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Figure 1. Cross-sectional SEM of the FACELO GaN sample. AlGaN/GaN MQWs are within
140 nm under the surface. (a) and (b) are SEM images from the same sample at different
magnification.

1 μm. HR-XRD was also performed on the AlGaN/GaN MQW sample using a high resolution
Philips MRD system. The extent of stress relaxation in the faceted GaN stripes and flat GaN
was evaluated by micro-Raman scattering spectroscopy with a 514.5 nm excitation line from
an Ar ion laser. Lateral resolution of Raman measurements was about 1 μm. The PL spectra
were recorded at room temperature using a 325 nm excitation line with a lateral resolution of
2 μm (Renishaw 2000 set-up).

3. Structure and composition of MQWs

The morphology of FACELO GaN has the shape of a prism with a triangular cross-section, as
seen from the SEM image in figure 1. The triangular cross-sections are about 5 μm high and
5.8 μm wide and the spacing between them is about 7.2 μm. The roughness of the (112̄2)
surface seen in figure 1 is due to the short growth time of ELO GaN. The dark rectangular
shaped holes at the base of the triangles of ELO GaN are the voids formed due to removal of
the SiO2 mask.

Figure 2 shows the cross-sectional TEM images of the AlGaN/GaN MQWs grown
simultaneously on the (112̄2) facets and on the c-planes. From figure 2(a), it is seen that the ten
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(a)
100 nm 

140 nm (b)

Figure 2. Cross-sectional TEM images of the AlGaN/GaN MQWs: (a) taken along the (112̄2)
faceted MQWs; (b) taken along the c-plane MQWs.

periods of AlGaN/GaN MQWs are grown on the (112̄2) facet successfully with total thickness
of approximately 100 nm. From figure 2(b), we observed c-plane or (0001)-oriented MQWs
with total thickness 140 nm. The different growth rates of MQWs on these facets are evident
from the structural analysis. As the GaN growth rates are found to be 1.4 times higher along
the c-direction, the well and barrier width in these planes are larger than those on the (112̄2)
facets. The well to barrier ratio was determined by the growth time. The well and barrier
thicknesses are approximately 4 and 6 nm respectively on the (112̄2) facets and about 5.5 and
8.5 nm respectively on the c-plane.

The growth rate on the two facets is controlled by two competing factors. First, the
(112̄2) surface has a lower number of coordinated surface atom bonds than those on the (0001)
surface [15]. For III–V semiconductors, surface atoms always prefer to attach at positions with
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(a)

(b)

Figure 3. SIMS results from AlGaN/GaN MQWs: (a) maps of Al and 71Ga on four stripes; the
analysis area is 50 μm × 50 μm; (b) depth profiles of Al concentration of the two different facets.

the highest possible coordination number since they are positions of minimum energy. Thus,
the sticking coefficient of Al and Ga adatoms on the (0001) surface is higher to result in a higher
growth rate. Second, (112̄2) facet morphology is different; it has more incorporation sites due
to a rougher surface related to the presence of steps and kinks, which can increase the growth
rate slightly. The results indicate that the dominant factor for the difference of the growth rates
is the different coordination of adatoms.

To determine the Al composition in the AlGaN/GaN MQWs, SIMS depth profiling was
carried out. During the acquisition of SIMS data, each secondary ion reaching the detector
is stored in a raw data file. From this file, it is possible to reconstruct the mass spectra,
depth profiles, or mass-resolved images (chemical maps) as shown in figure 3. The chemical
maps show ions of particular mass originating from the scanned pixels, where the white region
corresponds to higher and the dark region to lower intensity. On the maps of both Al and Ga,
shown in figure 3(a), the c-plane facets appear as bright and ELO prisms as dark. This is due
to the decrease of sputtering yield at glancing angles and curvature of electric field accelerating
secondary ions from the inclined surfaces. The typical chevron pattern on ELO is due to the
roughness of (112̄2) facets, which is also evident from figure 1. The depth profiles shown
in figure 3(b) were reconstructed on selected areas of the scan corresponding to the c-plane
(dashed line) and ELO regions (solid line). Ten periods of the multiple quantum wells are seen
on both areas.

To convert the ratio of Al to 71Ga SIMS intensities to the concentration of Al, a flat
Al0.1Ga0.9N layer on GaN/sapphire(0001) was used as a reference sample. It is seen that the
average content of Al is around 6% on both facets, but the amplitude of the oscillations is
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Figure 4. High resolution x-ray diffraction ω/2θ experimental (· · · · · ·) and calculated (— —)
triple-axis symmetrical scans near the (0004) GaN diffraction peak taken on the AlGaN/GaN MQWs
grown on the FACELO GaN templates.

different. On the flat c-plane MQWs, the contrast is determined by SIMS depth resolution,
which is estimated to be around 3 nm. On the (112̄2) facets, the contrast is lower due to the
roughness of these facets, so that the rising and falling slopes of the chevrons are sputtered
by Ar+ beam with different rates. Thus, the oscillations decay faster than on the c-plane and
there is a tail of Al after MQWs. SIMS results confirm that Al incorporation occurs on both
the c-plane and (112̄2) facet and the incorporation rate is the same within 10% accuracy. Two
factors can affect the incorporation rate of Al. Firstly, the (112̄2) surface has a lower number of
coordinated surface atom bonds, which decreases Al incorporation with respect to the (0001)
surface [15]. Secondly, because the MQWs were grown at higher temperature than preceding
GaN, there is a residual tensile stress, which is lower in the prism than in the (0001) seed layer.
This can increase Al incorporation on the (112̄2) facets. However, SIMS results cannot show
which factors have significant effects on the Al content difference between the two facets. Then
we use high resolution XRD to determine the Al composition in the AlGaN/GaN MQWs; the
XRD profile of AlGaN/GaN MQWs grown on the FACELO GaN templates (figure 4) was taken
in the vicinity of the (0004) diffraction. Only one satellite peak was seen; this may be induced
by the micro-size stripe line pattern and the roughness of the (112̄2) facets, so we cannot use
these data to deduce both quantum well thickness and Al content. But Al composition can
be estimated using the quantum well thickness characterized by TEM. The Al content of our
case of AlGaN/GaN MQWs grown on the FACELO GaN templates was 12.3% by a fit using
the dynamical diffraction theory. Compared with the SIMS results, this indicates that we have
more Al content of the AlGaN/GaN MQWs on the (0001) facets than the (112̄2) surface.

4. Optical properties of MQW

The optical properties of the AlGaN/GaN MQWs were investigated by micro-Raman scattering
and micro-PL spectroscopy. Raman scattering was used to examine the relaxation of
compressive strain, which is due to the difference of thermal expansion and lattice constants of
GaN and sapphire. Raman spectra of the samples were recorded from different regions of the
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Figure 5. Room temperature micro-Raman spectra recorded from the AlGaN/GaN MQWs at
different positions are marked in the inset of the SEM image. The dashed line in the inset indicates
the peak position recorded from the strain-free freestanding GaN.

(This figure is in colour only in the electronic version)

facets and are shown in figure 4. The E2-high mode in the Raman spectra was used to measure
the strain, because it has been proven to be particularly sensitive to the biaxial stress in GaN
epitaxial layers [14]. Along the c-direction of the seed layer, the E2-mode is shifted to higher
frequencies with respect to the standard value of 567.5 cm−1 recorded from a 400 μm thick
freestanding GaN substrate. The shift is about 2.0 ± 0.2 cm−1 on the seed layer GaN and only
0.4 ± 0.2 cm−1 on top of ELO GaN. Intermediate values were recorded along (112̄2) facets.
Using the proportionality factor of 4.2 cm−1 GPa−1 for hexagonal GaN [16], we obtain values
of residual stress of 0.47 ± 0.05 GPa in the seed layer GaN and a stress variation of 0.09–
0.17 GPa on the (112̄2) facet of the ELO GaN (figure 5). Thus the average strain relaxation
difference between the two facets is about 0.3 GPa. Because visible Raman excitation probes
the whole crystal, no conclusive evidence of Al content can be found in the two different facets
due to the small Al concentration in MQWs.

In PL experiments, the penetration depth of the excitation light is less than 200 nm, hence
most of the PL emission originates from the MQWs. The contribution of the GaN substrate is
discussed at the end of the next paragraph. In the PL spectra shown in figure 6, the peaks from
both facets show a blue shift with respect to bulk GaN and the shift is higher for the (112̄2)
facet. The shift of PL peaks can be caused by three factors.

First, compressive stress shifts the peaks to higher energy. The value of 21±3 meV GPa−1

was used as the factor of the PL peak shift in GaN induced by stress [17], and we calculate that
the stress component of the shift is about 3–4 meV for ELO GaN and 10 meV for seed layer
GaN with respect to the bulk. However, the peak from MQWs on (112̄2) facets is actually on
the higher energy side of that of (0001) facets, hence the stress effect is compensated by other
stronger effects. The stress-induced shift must be present in PL spectra of ELO GaN substrate,

7
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Figure 6. Room temperature micro-PL spectra recorded from AlGaN/GaN MQWs at two different
facets. The arrow indicates the peak position at 3.390 eV in bulk GaN.

but there are no features at those positions, and thus the contribution of the substrate to the PL
intensity is really small.

Second, quantum confinement of charge carriers in quantum wells must give a blue-shift,
which is higher for thinner wells. As a rough estimation, we use the electron effective mass as
0.2 m0 and the formula for the ground state energy in a deep well ∼h2/8 ma2, where h is the
Planck constant, m is the electron mass and a is the well width. Thus roughly we can obtain a
shift of about 117 meV in the 4 nm wide wells on the (112̄2) facet and 62 meV in 5.5 nm wide
wells on the (0001) facet.

Third, GaN with wurtzite structure has a singular polar [0001] axis, and this creates
an electrostatic field along the [0001] axis due to the spontaneous and piezoelectric
polarization [18, 19]. According to the quantum-confined Stark effect [20, 21], the PL peak
energy of (0001)-faceted GaN will show a red-shift compared to non-polar directions. In
the case of AlGaN/GaN MQWs grown on R-plane (112̄2) sapphire substrates by molecular-
beam epitaxy, the peak transition energies showed a significant blue-shift when compared to
the (0001) MQWs [9]. According to a theoretical study of the orientation dependence of
piezoelectric effects in InGaN/GaN quantum wells [22], we can get a similar estimation of
piezoelectric fields in our AlGaN/GaN quantum wells, which are about 0.2 MV cm−1 on the
(0001) facet and −0.08 MV cm−1 on the (112̄2) facet; the signs of these values are opposite in
accordance with [22]. The second contribution to the electric field is due to the difference in
spontaneous polarization of the layers, which has a considerable value of −0.55 MV cm−1

in AlGaN/GaN quantum wells on the c-plane, while it could be neglected in InGaN/GaN
quantum wells [22]. In the direction normal to the ELO facet, the component of spontaneous
polarization is −0.27 MV cm−1, thus together with the piezoelectric contribution the field is
−0.35 MV cm−1. On the c-plane, these contributions are in opposite directions, thus the total
field is also −0.35 MV cm−1. With these values, the estimation of the quantum-confined Stark
effect as in [22] gives a red-shift of the transition energy by an amount of −37 meV in 5.5 nm
wells on the (0001) facet and −27 meV in 4 nm wells on the (112̄2) facet. So this factor
also contributes to the blue-shift of PL from GaN/AlGaN MQWs on the semipolar (112̄2)
facet with respect to the (0001) facet. Assuming that the three contributions of PL peak shift
can be added, we can estimate the overall shifts, as shown in table 1. In the calculation of
quantum confinement of charge carriers in quantum wells, we are not including the difference
of the barrier heights between both facets. With our HR-XRD results, the (112̄2) facets show
higher Al content than the (0001) facets, that means it will induce a larger blue-shift compared
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Table 1. Estimated contributions toward the peak shift in PL spectra from ELO AlGaN/GaN
MQWs on two facets.

Contributions (meV) Peak shift (meV)

Facet
Well width
(nm)

Thermal
strain

Quantum
confinement Stark effect Calculated Measured

(0001) 5.5 10 62 −37 35 36
(112̄2) 4 4 117 −27 94 62

to the AlGaN/GaN MQWs on the (0001) facets. This maybe explains why we have a large
discrepancy in PL shift between the theoretical and experimental values for (112̄2) facet in
table 1. Hence in our case the main contribution toward the blue-shift of PL from (112̄2) facets
is the quantum confinement effect in MQWs.

The width of this PL peak from MQWs on the (112̄2) facets is larger than that from (0001)
faceted MQWs. Because the main factor for the PL peak shift is quantum confinement of
electrons, the peak broadening must be attributed first of all to random variations of quantum
well width, which is more significant for rougher substrate and thinner wells. We attribute the
broadening to the well-size fluctuation in the non-polar AlGaN/GaN MQWs.

The PL peak intensity of the (112̄2) faceted MQWs is weaker and about half of the intensity
recorded from (0001) MQWs. Because collection of emitted light to the PL spectrometer
from inclined (112̄2) facets is half that from (0001) facets, these intensities show that internal
emission efficiency is similar on both facets. In GaN-based materials, usually a roughened or
porous surface shows higher PL intensity due to light extraction related to multiple-scattering
events of emitted photons. However, from inclined surfaces the collection efficiency of the side
wall scattered photons is lower. These results show somewhat comparable optical properties
of AlGaN/GaN MQWs grown on (0001) and on (112̄2) facets by the FACELO method, in
contrast to the low quality of MQWs grown directly on (112̄2) substrates. Such structures
show promising feasibility for realizing stronger oscillator strength for UV/blue colour light
emitting diodes (LEDs) owing to the suppression of piezoelectric fields grown on FACELO
GaN/sapphire templates.

5. Conclusions

Successful growth of AlGaN/GaN MQWs was achieved on the (112̄2) facets of ELO GaN.
Periodic MQW structure was confirmed by TEM and SIMS. TEM showed that the average
growth rate on the (0001) facet is lower than on the (112̄2) plane by a factor of 0.7. SIMS
showed that the concentration of Al is the same on both facets. Micro-Raman scattering
revealed that there is a relaxation of compressive stress in FACELO GaN when compared to
the case of the (0001) plane. Micro-photoluminescence spectra showed a blue-shift from the
(112̄2) facet with respect to the c-plane. This is in agreement with quantum confinement of
electrons. Comparable PL properties on both facets indicated high optical quality of MQWs on
the (112̄2) facet.
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