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and InGaN/GaN quantum wells on GaN bulk substrates
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GaN and InGaN/GaN multiple quantum well �MQW� were grown on semipolar �112̄2� GaN bulk
substrates by metal organic vapor phase epitaxy. The GaN homoepitaxial layer has an atomically flat
surface. Optical reflection measurements reveal polarization anisotropy for the A, B, and C excitons.
Free A excitons dominate the photoluminescence �PL� spectrum at 10 K and are accompanied by a
weaker, sharp doublet emission due to neutral donor-bound excitons. The InGaN/GaN MQW grown
on a GaN homoepitaxial layer involves fast radiative recombination processes. The PL decay
monitored at 428 nm can be fitted with a double exponential curve, which has lifetimes of 46 and
142 ps at 10 K. These values are two orders of magnitude shorter than those in conventional
c-oriented QWs and are attributed to the weakened internal electric field. The emissions from GaN

and MQW polarize along the �11̄00� direction with polarization degrees of 0.46 and 0.69,
respectively, due to the low crystal symmetry. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2397029�

Light emitters based on nitride semiconductors typically
consist of c-oriented quantum wells �QWs�, where the quan-
tum confinement Stark effect is caused by piezoelectric and
spontaneous polarizations, which lower the optical transition
probability.1 To circumvent this issue, several groups have
tried to fabricate InGaN/GaN and GaN/AlGaN QWs on

nonpolar planes such as �101̄0� �m plane� �Ref. 2� and

�112̄0� �a plane�.3 However, the layers contain numerous
nonradiative recombination centers because it is difficult to
grow perfect high quality crystals in nonpolar directions.

Alternatively, there is an increasing interest in semipolar
planes, which are tilted with respect to the c plane,4–9 be-
cause a reduced or even negligible electric field is theoreti-

cally expected.10,11 We have found that the �112̄2� plane is
promising for low internal electric fields when these planes
naturally appear as microfacets through the regrowth process
on c-oriented GaN templates.4 �This structure is being devel-
oped as a multicolor emitter.5,6� However, planar, semipolar
nitride layers and devices grown on foreign substrates suffer
from a high density of threading dislocations and rough
surfaces,7–9 which has led us to believe that, if high quality
GaN substrates were available, device performances would
be drastically improved. In fact, we have recently fabricated
high quality InGaN/GaN light emitting diodes on semipolar

�112̄2� GaN bulk substrates.12 This study investigates the
growth characteristics and fundamental optical properties of

semipolar �112̄2� GaN and InGaN/GaN QWs.
Figure 1 illustrates the crystal structure of GaN with a

�112̄2� surface. In terms of polarization anisotropy in the

optical properties, the key in-plane directions are the �11̄00�
direction, which is perpendicular to the c axis, and �1̄1̄23�,

which is parallel to the projection of the c axis on the �112̄2�
plane and perpendicular to �11̄00�. Semipolar �112̄2� GaN
substrates used in this study were equivalent to those in the
previous study.12 In this study, all the structures were grown

on the �112̄2� plane by low-pressure �300 Torr� metal or-
ganic vapor phase epitaxy. The GaN layers were directly
grown on the substrates at high temperatures, and
InGaN/GaN multiple QWs �MQWs� followed.

Let us begin by discussing GaN homoepitaxy. Two GaN
layers were grown at different temperatures of �1050 and
975 °C. The optimal growth temperature for conventional
c-oriented GaN on sapphire is 1050 °C, which creates GaN
surfaces with step and terrace structures. The surface mor-
phologies of these GaN layers as well as that of an as-
received bulk GaN substrate were observed by atomic force
microscopy �AFM� and are shown in Fig. 2. The surface of
the GaN substrate is covered with numerous dotlike struc-
tures �Fig. 2�a�� and the root mean square �rms� roughness is
2.6 nm. After growing 3-�m-thick GaN at 1050 °C, lots of
dots remained with a rms roughness of 1.8 nm �Fig. 2�b��,
which differs from c-oriented GaN on sapphire. A magnified

a�Electronic mail: funato@kuee.kyoto-u.ac.jp
FIG. 1. �Color online� Schematic crystal structure of GaN with a �112̄2�
surface.
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AFM image �not shown� suggests that facets form around the
dots. Because the facet structure generally depends on the
growth temperature, other temperatures were examined.
Consequently, we found that a lower temperature of 975 °C

provides atomically flat surfaces for �112̄2� GaN and an ex-
ample is shown in Fig. 2�c�. As shown, the dots are replaced
by fine structures and the rms roughness is as low as
0.16 nm. Cross sectional analysis indicated that the step

height of the fine structures is close to the �112̄2� layer spac-
ing �0.136 nm�. A clue to understanding why a lower tem-

perature is suitable for growth on the �112̄2� plane can be
found in conventional regrowth techniques on patterned

c-oriented GaN where the �112̄2� facets tend to appear at low
temperatures.13,14

In order to assess the fundamental optical properties of
the GaN homoepitaxial layer grown at the optimal tempera-
ture �975 °C�, photoluminescence �PL� and reflectance were
measured at 10 K. For the PL measurement, the sample was
excited by a He–Cd laser �325 nm�. The reflectance mea-
surements were performed using a Xe lamp at a normal in-
cidence on the sample surface. Both PL and reflectance were
detected through a 1 m monochromator coupled with a pho-
tomultiplier tube. The resolution is �0.08 meV at 350 nm.
To see the optical anisotropy effect, a polarizer was set be-
tween the sample and detector. Figure 3 shows the PL and
reflectance spectra where the reflectance was measured for
the light with the electric field vector �E� parallel to the

�11̄00� direction ��c� or the �1̄1̄23� direction. In the reflec-
tance spectra, transitions involving ground-state A, B, and C
excitons are well resolved at 3.4802, 3.4848, and 3.503 eV

�denoted XA
n=1, XB

n=1, and XC
n=1�, respectively. These quantities

closely match those reported for bulk GaN,15–17 suggesting a
negligible strain in our homoepitaxial layers. A weak signal
denoted as XA

n=2 at 3.4977 eV is derived from n=2 free A
excitons. Comparing the two observed reflectance spectra, it

is found that the XA
n=1 signal is stronger for the �11̄00� direc-

tion and XC
n=1 is stronger for the �1̄1̄23� direction, both of

which are well accounted for by considering the crystal sym-

metry of the �112̄2� plane. For PL, emissions from XA
n=2,

XB
n=1, XA

n=1, and the neutral donor-bound exciton �D0 ,X� are
observed. XA

n=1 is dominant, indicating high optical qualities.
The �D0 ,X� emission is clearly split into a doublet at 3.4738
and 3.4729 eV; the relative intensities depend on the growth
conditions and therefore are attributed to different donor spe-
cies. A fit using two Lorentzian curves gives an identical
linewidth of 0.6 meV, which is comparable to those of most
state of art homoepitaxial or bulk GaN.15–17

A five-period InGaN/GaN MQW was fabricated on this
high quality GaN homoepitaxial layer. The x-ray diffraction
profile of the MQW consisted of satellite peaks, by which the
well and barrier layer thicknesses were evaluated to be 3.4
and 11.3 nm, respectively. As for the optical properties, the
carrier recombination dynamics interest us because the radia-
tive lifetime, which is inversely proportional to the transition
probability, is a good index of the strength of the internal
electric field. Therefore, time-resolved PL measurements
were conducted at 10 K, which is a temperature where non-
radiative recombinations are negligible. The excitation
pulses were from a frequency doubled Ti:sapphire laser with
a wavelength of 380 nm to selectively excite InGaN wells
and a power density as low as 470 nJ/cm2. The PL was
detected by a streak camera. Figure 4�a� shows the time-
integrated PL spectrum in the inset and a PL decay curve
monitored at the 428 nm emission peak. For comparison, a
PL decay curve measured for a �0001� InGaN/GaN QW,
which emits a similar wavelength, is plotted in Fig. 4�b�.
Both decay curves have fast and slow lifetimes and can be

fitted by double exponential curves. For the �112̄2� MQW,
the fast and slow lifetimes are estimated to be 46 and 142 ps,
respectively, and are nearly independent of the monitoring
wavelength within the PL spectrum. This observation is dif-

FIG. 2. Surface morphologies of �a� �112̄2� GaN substrate and GaN ho-
moepitaxial layers grown at �b� 1050 °C and �c� 975 °C. The peak-to-valley
distances are �a� 13.9 nm, �b� 9.9 nm, and �c� 1.0 nm. The scale bar repre-
sents 200 �m.

FIG. 3. �Color online� PL and reflectance spectra of the GaN homoepitaxial
layer acquired at 10 K.

FIG. 4. PL decays for �a� �112̄2� MQW and �b� �0001� QW at 10 K. The
inset of �a� is the PL spectrum.
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ferent from conventional InGaN/GaN QWs because recom-
bination dynamics in conventional InGaN/GaN QWs are
well explained by weakly localized excitons and the PL life-
times decrease as the wavelength decreases in the short-
wavelength tail of the spectra. Analysis of this wavelength
dependence is currently in progress. On the other hand, for
the �0001� QW, the lifetimes are 4.43 and 25.1 ns, which are

two orders of magnitude larger than in the �112̄2� MQW.
Because the PL linewidth of the �0001� QW is narrower than

that of the �112̄2� MQW, potential fluctuations may be less
in the �0001� QW, and consequently, the radiative recombi-
nation process should be faster. Nevertheless, the lifetimes

for the �112̄2� MQW are much shorter, indicating a higher
transition probability in this semipolar MQW due to the sig-
nificantly weakened internal electric field.

Due to the low crystalline symmetry of the �112̄2� plane,
the PL should exhibit polarization anisotropy. Our calcula-
tion based on the k ·p theory predicts the following: �a� PL is

polarized along the �11̄00� direction ��c�, �b� unstrained
GaN has a polarization degree of 0.56, and �c� strained In-
GaN on unstrained GaN shows a larger polarization degree
where the polarization degree is defined as
�I�11̄00�− I�1̄1̄23�� / �I�11̄00�+ I�1̄1̄23��. The polarizations were mea-

sured for our �112̄2� GaN homoepitaxial layer and
InGaN/GaN MQW at 10 K and Fig. 5 shows the results. For
the GaN layer, to avoid the overlap with the XB

n=1 emission,
the polarization was monitored on the lower energy side of
the XA

n=1 emission �3.4792 eV�. It is clear that both the GaN
layer and InGaN/GaN MQW emit strongly polarized light.
The polarization degrees were calculated to be 0.46 and 0.69,
respectively, which agree well with the prediction and indi-
cate the high optical quality of our samples. The larger po-
larization degree for the MQW is due to the anisotropic com-

pressive strain induced by the lattice mismatch between GaN
and InGaN.

To summarize, GaN and InGaN/GaN MQW were grown

on semipolar �112̄2� GaN bulk substrates. The GaN ho-
moepitaxial layer had an atomically flat surface and exci-
tonic transitions governed the optical properties. The InGaN/
GaN MQW grown on the GaN homoepitaxial layer involved
carrier radiative lifetimes of �100 ps, which are much
shorter than conventional c-oriented QWs and were attrib-
uted to the weakened internal electric field. The emissions
from both GaN and the MQW indicate that the polarization
ability is due the crystal symmetry.
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FIG. 5. PL polarization property of the �112̄2� GaN homoepitaxial layer
�open circles� and InGaN/GaN MQW �closed squares� at 10 K. �=0° cor-

responds to the �11̄00� direction, while �=90° corresponds to the �1̄1̄23�
direction.
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