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Coalesced nonpolar �112̄0� and semipolar �112̄2� GaN layers obtained by epitaxial lateral overgrowth on
sapphire have been studied by photoluminescence and reflectivity under normal incidence as a function of
temperature and light polarization. In nonpolar GaN, two strongly allowed excitonic levels A and C are
evidenced by reflectivity and are also observed in the luminescence spectra. The third exciton level �B� is only
observed in the luminescence spectra, showing that its oscillator strength is mainly concentrated in transitions
involving light polarized along the growth axis. The lower energy A exciton state is allowed for light polarized
perpendicularly to the c axis. Therefore, for light polarized along the c axis, the thermal quenching of the
luminescence of A results in a strong increase of the higher energy exciton emission, with an activation energy
corresponding to their energetic separation. We observe a similar temperature induced increase of lumines-
cence for transitions involving basal stacking faults and donor-acceptor pairs. In the latter case, our observation
is evidence of an acceptor excited state due to the valence band splitting. Careful examination of the energy
differences between the A exciton luminescence spectra recorded in both polarizations leads to an exchange
splitting of 1�0.5 meV, in good agreement with previous determinations. Our experimental results, exciton
energies, and oscillator strengths are in good agreement with those calculated from a k=0 strained wurtzite
valence band Hamiltonian using strain values measured by x-ray diffraction. Finally, the results for semipolar
GaN are qualitatively similar to those obtained from nonpolar GaN. However, the optical selection rules are not
as severe, owing to the fact that normal incidence light is never fully polarized perpendicular to the wurtzite
basal plane.

DOI: 10.1103/PhysRevB.77.075308 PACS number�s�: 71.20.Nr, 78.55.Cr, 71.55.Eq, 71.70.Gm

INTRODUCTION

After the spectacular breakthrough of the group III ni-
trides in the field of visible and UV optoelectronics in the
early 1990s,1 a current field of interest is their growth along
directions different from the wurtzite c axis,2–5 i.e., the
growth of so-called nonpolar or semipolar nitrides. Indeed,
most nitride devices are grown along the c axis, and it is
known that huge polarization �piezoelectric and spontane-
ous� gradients are then present at nitride heterointerfaces.6–9

In quantum wells, the induced Stark effect redshifts the tran-
sition energies but also strongly increases the ground state
radiative lifetime in the case of wide wells and large electric
field values �i.e., large differences in well-barrier materials�.
This is unfortunately the case as one goes from the blue
wavelength range to the green or even yellow ones, where
the human eye sensitivity is strongest. In an emitting device,
increasing the radiative lifetime evidently favors nonradia-
tive recombination, and the subsequent heating of the device
active region is deleterious for its lifetime. In the framework
of solid state lighting, the light emitting diode lifetime is a
parameter of paramount importance for the profitability
�counted in joules� of these epitaxial monocrystalline devices
relative to simpler glass based ones as Edison’s incandescent
bulb or Auer’s fluorescent tube. This motivates the research
on device crystalline orientations that decrease or even anni-
hilate interfacial polarization discontinuities in order to de-
crease the Stark effect. Another interest in the use of

nonpolar or semipolar orientations with regard to the UV
range is that above an Al composition around 0.2 in
AlxGa1−xN, the valence band maximum symmetry is �7 and
the progressive transfer of the ground state oscillator strength
to �1 excitons with increasing x does not favor surface emis-
sion in c-oriented devices.10,11

These are strong stimulations for exploring the growth of
nitride-based devices along nonpolar or semipolar orienta-
tions. However, heteroepitaxy on sapphire or other substrates
results in large densities of structural defects, mainly basal
stacking faults �BSFs� and threading dislocations.2,5,12 Only
recently have nice characteristics of light emitting diodes and
laser diodes on nonpolar or semipolar GaN appeared. The
latter results were obtained from structures grown on single
crystal GaN slices cut along the desired orientation from
thick freestanding c-plane GaN grown by hydride vapor
phase epitaxy.3,4 Such substrates are expensive and of limited
size. A promising alternative would be to get large, low de-
fect density nonpolar and semipolar GaN substrates by using
epitaxial lateral overgrowth �ELO�. ELO has proven to be an
effective defect filtration means in conventional c-plane GaN
epitaxy13 and recent studies have shown that it is also the
case for nonpolar and semipolar GaN epitaxy.2,5

In the present work, the optical properties of nonpolar and
semipolar GaN grown by ELO on sapphire substrates are
studied by luminescence and reflectivity as a function of
temperature and light polarization.
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EXPERIMENTAL DETAILS

A dielectric mask is deposited on nonpolar �112̄0� or

semipolar �112̄2� GaN templates grown by metalorganic va-

por phase epitaxy on �11̄02� or �101̄0� sapphire,
respectively.2,5 Stripes �2 or 3 �m� perpendicular to the c
axis were opened in these masks; then, the growth was car-
ried over by ELO up to coalescence of the overgrown stripes
�3 or 7 �m� and the obtainment of planar surfaces.5 The
surface ratio of the laterally overgrown materials �the wings�
to that of the materials directly grown above the mask open-
ings �the seeds� is 60 /40 to 70/30. The overall thickness of
the samples is bigger than 5 �m. Thanks to the lateral
overgrowth, the BSF densities are reduced to 5�103 cm−1 in
the wings of semipolar GaN compared to some 105 cm−1

in the seeds �1.5�104 cm−1 compared to about 106 cm−1 in
the nonpolar GaN case�.14 High resolution x-ray ��
=0.154 056 nm� diffraction measurements were carried out
in a Seifert XRD 3003 PTS-HR system, with a Ge�220� four-
bounce monochromator and a 2 mm slit in front of the de-
tector. For nonpolar GaN, the out-of-plane lattice parameter
was more precisely measured using a Ge�220� two-bounce
analyzer in front of the detector.

Nonspatially resolved photoluminescence �PL� and reflec-
tivity experiments were performed in the 10–300 K range
under normal incidence with an external f number of 1 /10
and a spot size of several hundred micrometers. The spectral
resolution was about 8000 for luminescence measurements
and 1100 for reflectivity. Luminescence was excited either by
the 325 nm line of a HeCd laser or the 244 nm line of a
frequency-doubled Ar laser �Imax�20 W /cm2�. Reflectivity
spectra were recorded by shining white light from a halogen
bulb on the samples. The linear polarization of the emitted or
reflected light was studied using a calcite Glan-Thomson
prism.

RESULTS: NONPOLAR GaN

Figure 1 shows the reflectivity and luminescence spectra

at 10 K of a nonpolar �112̄0� oriented ELO GaN sample for
light polarized along the c axis �hereafter the z direction, see
inset in Fig. 1� or perpendicular to it �hereafter the y direc-
tion�. Two pronounced excitonic reflectivity structures are
recorded, one for each polarization. The ground state �A�, at
3.476�0.001 eV, is strongly allowed for light polarized
along the y direction. Another excitonic level �C� is observed
at higher energy �3.511�0.001 eV� for light polarized along
z. It is worth emphasizing that thanks to the improved struc-
tural quality of the wings of our ELO sample, these transi-
tions are detected by simple reflectivity and not modulated
reflectivity, as usually done in the case of heteroepitaxial
nonpolar GaN on sapphire, SiC, or LiAlO2.15,16 The signal to
noise ratio of the reflectivity spectra in Fig. 1 is about 5.
Then, the absence of the A exciton �the C exciton� on the
E �c spectrum �the E�c spectrum� shows that its oscillator
strength for light polarized along c �perpendicular to c�
should be less than 20% of its total strength. A third wurtzite
exciton, B, is not observed in Fig. 1 and is then expected to

be mainly active for light polarized along the x direction in
virtue of the sum rule.

A factor of �10 between the PL intensities recorded for
E�c and for E �c, which is in agreement with the previous
estimates of relative oscillator strengths, is measured in Fig.
1. These PL spectra are dominated by band-edge transitions
involving free A excitons and donor bound excitons �D0X�
6 meV lower in energy, as usual in the low temperature �T�
spectra of undoped GaN.17 Note a shoulder near 3.51 eV
corresponding to the C exciton observed by reflectivity on
the E �c PL spectrum. A very intense transition of composite
nature is also observed at 3.41 eV. This PL band has been
attributed to excitons bound to I1-type BSFs.14,18,19 Other PL
transitions recorded in Fig. 1 are bands at 3.35 and 3.29 eV.
Liu et al.,19 in a combined transmission electron microscopy
and cathodoluminescence �CL� study, tentatively attributed
these two transitions to luminescence from prismatic stack-
ing faults and partial dislocations, respectively, both defects
terminating basal stacking faults. However, our previous CL
study of nonpolar and semipolar ELO GaN �Ref. 14� has
shown that though these lines are related to basal stacking
faults, they can be recorded from regions where prismatic
stacking faults and partial dislocations are absent.

Figure 2 displays the excitation power dependence of the
10 K PL spectra. It is seen that as the excitation power de-
creases, the 3.29 eV line shows a significant redshift, which
has been attributed to a donor-acceptor pair �DAP�-like
behavior.20 Figure 2 also shows that as the excitation power
decreases, the Huang-Rhys factor �estimated from the first
LO phonon replica� of the 3.29 eV band increases from �0.2
to 0.5, while its energy has decreased to 3.27 eV. The latter
values are very near those of the usual residual acceptor-
donor pair band in GaN. We conclude that in the case of our
sample, the 3.29 eV band is in fact a superposition of a de-
fect related transition at 3.29 eV and of the usual GaN DAP
band near 3.27 eV.

FIG. 1. Polarized reflectivity �linear scale� and photolumines-

cence �logarithmic scale� spectra of nonpolar �112̄0� ELO GaN at
10 K. Light is polarized either perpendicular to the c axis �upper
spectra� or parallel to it �lower spectra�. The reflectivity spectra
have been vertically shifted for clarity and the dashed lines are the
calculated reflectivities. The luminescence scale is common for both
polarizations. The inset defines the orthorhombic cell and the choice
of axis used.
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Figures 3�a� and 3�b� show the variation with temperature
of the PL spectra of nonpolar ELO GaN for light polarized
perpendicular and parallel to the c axis, respectively. It is
seen in these figures that the defect related bands at 3.29,
3.35, and 3.41 eV quench rapidly with increasing tempera-
ture, as previously reported.17,20,21 A striking feature in Fig.
3�b� relative to Fig. 3�a�, apart from the lower overall PL
efficiencies, is the emergence in the 60–120 K range of two
high energy PL bands at 3.49 eV �labeled B� and 3.51 eV,
the last one corresponding to the C exciton reported in Fig. 1.
These transitions are hardly observed in Fig. 3�a� due to the
unfavorable selection rules and to the predominant A exciton
luminescence, strongly allowed for E�c.

The quenching in the 10–180 K range of the various tran-
sitions observed in Fig. 3 is reported as Arrhenius plots in
Figs. 4�a� and 4�b�, again for both light polarizations. For
simplicity, the transitions are gathered into three groups, cor-
responding to the band-edge �BE� excitons �D0X ,A ,B ,C�,
the BSF-related band at 3.41 eV, and the 3.29 eV band
which also includes the DAP band �and electron to acceptor
transitions at high T�. The weakness of the 3.35 eV band
prevented any study of the T dependence of its intensity.

In Fig. 4�a�, corresponding to E�c, the intensity quench-
ing of the various transitions are fitted using either one or
two thermally activated nonradiative recombination channels
for each group,17 i.e., respectively:

I =
I0

„1 + a1 exp�− E1/kT�…
�1a�

or

I =
I0

„1 + a1 exp�− E1/kT� + a2 exp�− E2/kT�…
. �1b�

The fitting of the intensity of the DAP band was done by
considering that this band is the sum of a defect related tran-
sition and a DAP band, as evidenced in Fig. 2. The fitting
curve of its intensity is then given by the sum of two equa-
tions �Eq. �1a��, a rapidly quenching one �E1�5 meV� cor-
responding to the defect band supposed to be totally
quenched above 100 K and a second one corresponding to
the DAP, with a typical quenching activation energy of
185�15 meV corresponding to hole release from the
acceptors.17,21,22

The quenching of the band-edge exciton PL intensity
is fitted using Eq. �1b� with activation energies E1
�8�1 meV and E2�100 meV. The first low activation en-
ergy is likely to correspond to the thermal detrapping of do-
nor bound excitons.17 However, the second one is larger than
those usually observed in polar �c-plane� heteroepitaxial

FIG. 2. Excitation power dependence of the 10 K photolumines-

cence of nonpolar �112̄0� ELO GaN in the range of DAP
transitions.

FIG. 3. Temperature dependent PL spectra of nonpolar �112̄0�
ELO GaN for light polarized perpendicular to the c axis �a� or
parallel to it �b�. The spectra have been vertically shifted for clarity.
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GaN.17 For the BSF-related band at 3.41 eV, Eq. �1b� is also
used, with activation energies E1�8�1 meV and E2
�100 meV. The E1 value we find for the quenching of the
3.41 eV band is in excellent agreement with a similar study
of a-plane GaN on sapphire by Paskov et al.20 This first
activation energy should correspond to hole detrapping when
regarding basal stacking faults as type II cubic GaN quantum
wells in a wurtzite GaN matrix that bind excitons.18,20 How-
ever, since we find the same E1 value for band-edge excitons
and the 3.41 eV band, another possibility could be that the
BSF-related quantum well excitons are also bound to donor
impurities at low temperature. Finally, it is to be noted in Fig.
4�a� that in the 80–110 K temperature range, a small bump
is observed in the PL quenching of the band-edge exciton PL
and of the BSF-related PL. This could be due to hole release
from the acceptors toward the bands17,21 or also to the
quenching of the 3.29 eV defect band.

In Fig. 4�b�, we plot the PL intensity Arrhenius plots of
the same transition observed for light polarized in the z di-
rection �parallel to the c axis�. Note that the intensity scales
of Figs. 4�a� and 4�b� are the same. Up to �70 K, the various

transition intensities decrease in a way similar to the one
observed for the other light polarization, as shown by the
dotted curves corresponding to the fits in Fig. 4�a�, vertically
shifted. However, a salient feature in Fig. 4�b� is that, above
70 K, the PL intensities of these three groups of transitions
show a strong increase with increasing T. This increase is
further emphasized in the inset of Fig. 4�b�, giving Arrhenius
plots of the ratio of intensities measured for light polarized
along y to that measured for light polarized along z. Simple
considerations may explain this increase. Consider, for in-
stance, the group of band-edge exciton lines. This group in-
cludes A, B, and C free excitons and donor bound excitons
involving an A-type hole �D0X in Fig. 1�. For light polarized
along z, the intensity is proportional to

Iz �
nDX

�DXz
+

nA

�Az
+

nB

�Bz
+

nC

�Cz
, �2a�

and for light polarized along y, it is proportional to

Iy �
nDX

�DXy
+

nA

�Ay
+

nB

�By
+

nC

�Cy
, �2b�

where nA �nB , . . . � is the density of A excitons �B excitons
etc.� and �Az ��Ay , . . . � is the hypothetical radiative lifetime of
A excitons for emission of z-polarized �y-polarized� photons.
From the reflectivity spectra in Fig. 1, we can anticipate that
�By and �Bz��Ay and �Cz. We can also group the donor bound
exciton line �D0X� with that of the A exciton line �noting also
that the D0X line quenches rapidly with temperature,17 as
seen in Fig. 3�. Within this rough two level model, the ratio
of band-edge luminescence for both light polarizations re-
duces to

Iz/Iy �
� nA

�Az
+

nC

�Cz
	

� nA

�Ay
+

nC

�Cy
	 �

� nA

�Az
+

nC

�Cz
	

� nA

�Ay
	 . �3�

Using nA /nC= �NA /NC�exp�EAC /kT�, i.e., assuming non-
degenerate statistics, where NA and NC are effective densities
of states and EAC is the energy difference between A and C
valleys, leads to

Iz/Iy � � �Ay

�Az
	
1 + �NC�Az

NA�Cz
	exp�− EAC

kT
	� . �4�

This means that the ratio Iy / Iz can be described by Eq.
�1a�. The corresponding fits to the ratios Iy / Iz are given in the
inset of Fig. 4�b�. In the case of the group of band-edge
excitons, the activation energy deduced is 35�4 meV, in
very good agreement with the A-C energy separation of
33 meV obtained from Figs. 1 and 3. The increase of PL
efficiency with increasing temperature for light polarized
along the c axis is due to the thermal population of C valleys,
which concentrates most of the E �c oscillator strength. In the
case of the stacking fault related band at 3.41 eV, the acti-
vation energy deduced is lower �7 meV�. We have no clear
interpretation for this value, probably related to the compli-
cated valence band structure of the wurtzite-cubic interface
to which holes are bound.18

FIG. 4. Arrhenius plots of the temperature dependent PL inten-
sities of BE excitons, BSF-related band, and DAP band in nonpolar

�112̄0� ELO GaN. Light is polarized perpendicular to the c axis �a�
or parallel to it �b� and the intensity scales are common. The solid
lines in �a� are fits with Eq. �1a� or �1b�. The dotted lines in �b� are
the fits of �a� in the 10–60 K range, vertically shifted for matching.
The inset in �b� shows Arrhenius plots of the PL intensity ratios of
the BE, BSF, and DAP bands between light polarized perpendicular
to the c axis or parallel to it. The solid lines in this inset are fits
using Eq. �1a�.
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Interestingly, we also note a strong increase with tempera-
ture �T	70 K� of the DAP band intensity for light polarized
along the c axis, with an activation energy of 50�10 meV,
in Fig. 4�b�. Since this band involves acceptor bound holes
�should the band be of donor-acceptor pairs or electron to
acceptor nature�, an explanation should be that we are ther-
mally populating an acceptor state linked to the C valleys. As
an argument in favor of this explanation, we show the DAP
band spectra for both polarizations in the 70–100 K range,
normalized to their maximum intensity, in Fig. 5. Indeed, one
observes the emergence of an additional band on the high
energy side of the DAP band on the E �c spectra. The inset in
Fig. 5 shows the difference between these normalized spec-
tra. The additional band peaks near 3.315 eV, about 35 meV
above the DAP band recorded for E�c. This energy separa-
tion is of the same order as the A-C separation and the acti-
vation energy obtained from Fig. 4�b�. Though obtained in an
indirect way, this is an experimental detection of acceptor
excited states in GaN. The knowledge of the properties of
these excited states is of importance, for instance, for inter-
preting the temperature dependent Hall effect in p-type GaN.

Finally, Figs. 6 and 7 are further evidences of the thermal
population of higher energy exciton levels. The low intensity
of the ground state PL due to the experimental geometry in
Fig. 3�b� allows the resolution of two higher energy transi-
tions, particularly in the 60–140 K temperature range. The
higher energy one corresponds to the C exciton observed in
reflectivity. We ascribe the second one to another free exci-
ton level �B�, since it is observed in a T range where shallow
impurity-bound excitons are quenched. The contribution of
the various transitions in the band-edge excitonic band has
been estimated by deconvolution of the spectra in Figs. 3�a�
and 3�b�. The energy separation between the three free exci-
ton levels is nearly temperature independent, as shown in
Fig. 6, which compares the T dependence of the A, B, and C
exciton energies with that of c-plane GaN on sapphire.23

Above 140 K, the excitonic gaps decrease less steeply than
in the case of c-plane GaN. However, our results are in good

agreement with a previous determination of the T depen-
dence of gaps of nonpolar GaN on sapphire.20

Figure 7 displays Arrhenius plots of the intensity ratios of
A and B or C PL bands for both polarizations. Following the
previous discussion, fits were done using Eq. �1�. In the case
of light polarized perpendicularly to the c axis, the activation
energy for thermal population of B is found to be
16�3 meV, in good agreement with the separation deduced
from the PL spectra, i.e., 18�2 meV. For light polarized
parallel to c, the activation energy for C population is
30�5 meV, again in good agreement with the A-C separa-
tion. However, the fit to the B exciton intensity in this geom-
etry is poor, presumably due to the difficulty in the deconvo-
lution of a weak transition located between two higher
intensity ones.

RESULTS: SEMIPOLAR GaN

This long presentation of the luminescence and reflectiv-
ity of nonpolar �112̄0� ELO GaN will help us present the

FIG. 5. PL spectra of nonpolar �112̄0� ELO GaN around the
maxima of the DAP band in the 70–100 K range for both light
polarizations. The spectra are normalized to their maximum inten-
sity, and the inset shows the difference spectra.

FIG. 6. Temperature dependence of the PL maxima of A, B, and

C excitons of nonpolar �112̄0� ELO GaN for both light polariza-
tions. 10 K reflectivity data are also included. The dotted lines show
the temperature dependence the excitonic gaps of c-plane GaN on
sapphire.

FIG. 7. Arrhenius plots of the ratios of A and B or C exciton PL

intensities of nonpolar �112̄0� ELO GaN for both light polariza-
tions. The solid lines are fits using Eq. �1a�.
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properties of semipolar �112̄2� ELO GaN in a shorter way.
As Fig. 1 in the case of nonpolar GaN, Fig. 8 shows the 10 K
reflectivity and PL spectra of semipolar GaN for light polar-

ized perpendicular to the c axis, i.e., parallel to the �11̄00�
axis �or m axis�, or parallel to the projection of the c axis,
i.e., perpendicular to the m axis. We use this expression
�E�m� in the following.

For E�m, two excitonic reflectivity structures are clearly
resolved, at 3.4865 eV �A� and 3.497 eV �B�. For E�c, one
strong excitonic reflectivity feature is recorded, interestingly
about 1 meV lower in energy than A in the other geometry, at
3.4855 eV. In this polarization, the B exciton can also be
observed as a shoulder on the A exciton feature. The PL
spectra are similar to those of nonpolar GaN. The PL peak
energy is slightly lower than the excitonic one given by re-
flectivity due to the unresolved contribution of donor bound
excitons in the low temperature PL spectra. Transitions from
basal stacking faults and other defects at 3.42, 3.35, and
3.29 eV are also observed. However, while there was a ratio
of about 10 in the band-edge PL intensities recorded for both
polarizations in the case of nonpolar GaN �see Fig. 1�, there
is now only a ratio of 2 between the band-edge PL intensities
recorded for E�c and E�m. This is obviously due to the
fact that in semipolar GaN under normal incidence, light
cannot be polarized perpendicular to both the x and y direc-
tions of the wurtzite structure,24 as defined in the inset of Fig.
1.

Figure 9 shows the T-dependent PL spectra of semipolar
ELO GaN recorded for light polarized perpendicular to c
��m�. This temperature dependence is very similar to the one
shown in Fig. 3�a� in the case of nonpolar GaN. However,
with increasing temperature, the contribution of B excitons to
the spectra is clearly observed, in agreement with its obser-
vation on the reflectivity spectra of Fig. 8. We do not show
the T-dependent PL spectra recorded for the other polariza-
tion, since they are similar to those shown in Fig. 9, apart

from the previously mentioned difference in intensity. In-
deed, since the A and B excitons cannot be extinguished
under normal incidence in the case of semipolar GaN, the
ground state A exciton always dominates the band-edge lu-
minescence, contrary to the case of nonpolar ELO GaN,
where the ground state extinction allows us to clearly dis-
criminate B and C excitons �Fig. 3�b��.

DISCUSSION

Strong anisotropic effects have been observed in this
work, particularly in the case of nonpolar GaN, and these
effects are also observed in the wurtzite basal plane, evidenc-
ing a lowering of the crystal symmetry.

The in-plane and out-of-plane lattice parameters of non-
polar ELO GaN were measured by x-ray diffraction. This
analysis showed that the wurtzite cell is deformed to an
orthorhombic one �actually slightly monoclinic� with param-
eters ax=3.1922�0.0005 Å, b=5.510�0.001 Å, and c
=5.182�0.001 Å �see the inset in Fig. 1�. These values have
to be compared with those measured by Tsuda et al.25 on a
metallorganic chemical vapor deposition �MOCVD�-grown
a-plane GaN template on r-plane sapphire: ax=3.194 Å, b
=5.504 Å, and c=5.170 Å. Our sample is less compressed in
plane and less extended out of plane. This is related to the
ELO growth and, actually, x-ray diffraction gives average
lattice parameters, which include template, seeds, and wings
of our sample. Using a0=3.189 Å and c0=5.185 Å for re-
laxed GaN gives the following strain values: 
xx=
1
= �1.0�0.2��10−3, 
yy =
2= �−2.5�0.2��10−3, and 
zz

=
3= �−0.6�0.2��10−3 �where we have introduced Voigt’s
notation and used 
2= �b−a0

�3� /a0
�3�.

Estimating the out-of-plane stress in our sample gives
�1=C11
1+C12
2+C13
3=−0.036�0.13 GPa using C11
=390 GPa, C12=145 GPa, C13=106 GPa, and C33

FIG. 8. Luminescence �logarithmic scale� and reflectivity �linear

scale� spectra at 10 K of semipolar �112̄2� ELO GaN for light po-
larized �c �upper spectra� or �m �lower spectra�. The reflectivity
spectra have been vertically shifted for clarity and the dashed lines
are calculated reflectivities. Note the five times multiplying factor
of the upper PL spectrum.

FIG. 9. Temperature dependent PL spectra of semipolar

�112̄2� ELO GaN for light polarized �c. The spectra have been
vertically shifted for clarity.
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=398 GPa.26 This is in agreement with the condition �1=0
usually assumed in the case of strained heteroepitaxy.

In the next step, we measured the out-of-plane lattice pa-
rameter ax of nonpolar ELO GaN by high resolution x-ray
diffraction �for geometrical reasons, the other lattice param-
eters cannot be measured that way�. Figure 10 shows the
corresponding low and high resolution diffractograms. A
double peak can be seen, corresponding to two lattice param-
eter values: 3.1945 and 3.1905 Å. Since one of these values
is very near that measured by Tsuda et al.25 for GaN on
r-plane sapphire and since the intensity ratio of both peaks in
Fig. 10 is �1.3, it is tempting to attribute the two peaks in
the high resolution diffraction pattern of Fig. 10 to diffrac-
tion from the seeds �low angle peak� and wings �high angle
peak� of our ELO sample.

Our previous CL study14 has shown that the seed region
has a much lower radiative efficiency than the wing one and,
in particular, no excitonic emission. Then, in order to inter-
pret the energies and oscillator strengths of the excitonic
transitions observed in the present study, we need to know
the strain tensor of the wings of our sample.

We already know that the average strain in our sample
obeys �1=0 within uncertainty bars. To obtain the missing
strain values of the ELO wings �
iw�, we use the fact that
they grow freely in the z directions also during ELO. Using
the system �1=0, �3=0, and 
1w= �0.5�0.2��10−3 �from
the data in Fig. 10�, we obtain 
2w= �−1�0.3��10−3 and

3w= �0.3�0.2��10−3 in the wings of our sample.

Knowing the strain tensor, we have calculated the band
structure at k=0 and the corresponding optical oscillator
strengths using the strained wurtzite valence band
Hamiltonian.27,28 We use the same deformation potentials as
Ghosh et al.,15 who studied m-plane GaN grown on
�-LiAlO2 by photoreflectance. However, we found it neces-
sary to change the crystal field and spin-orbit coupling terms

to 1=13 meV and 2=3=6 meV, respectively. This, to-
gether with an unperturbed gap of 3.5215 eV, allowed us to
reproduce the A, B, and C excitonic gaps of strain-free ho-
moepitaxial GaN.29 The deformation potential values also
assure agreement with the value dEA /d
1=−9�0.5 meV
measured in biaxially strained c-plane GaN.30,31 �Another set
of deformation potentials was proposed by Alemu et al.32

Their values are slightly different except for the shear defor-
mation potential D5 whose sign is reversed. This is due to an
interchange of the definitions of the x and y directions, which
is of no importance in C6v symmetry but not in C2v symme-
try.�

We get a good agreement with our experimental results on
ELO nonpolar GaN using 
1w=0.35�10−3, 
2w=−1.33
�10−3, and 
3w=0.10�10−3, within the quoted strain uncer-
tainty bars. The three exciton energies and the repartition of
their relative oscillator strengths f are

EA = 3.477 eV, fAy = 0.90, fAx = 0.07,

EB = 3.494 eV, fBx = 0.74, fBz = 0.24,

EC = 3.511 eV, fCx = 0.20, fCz = 0.74.

These calculated values confirm the experimentally ob-
served behavior of the band-edge transitions. In reflectivity,
only the A �C� exciton can be observed when light is polar-
ized E�c �E �c�. This is due to the too low oscillator
strength in the opposite polarization. On the other hand, it
also explains why the B exciton can only be observed in PL.
The relatively strong oscillator strength in direction z �fBz

=0.24� allows it to be observed in photoluminescence when
the ground state PL is almost extinguished by the polarizer,
but it is at the limit of observation by reflectivity within the
dynamic range of the experiment.

The calculated reflectivity spectra, using a Gaussian
broadened Lorentz oscillator model, are shown as dashed
lines in Fig. 1. The fitting parameters are EA=3.476 eV,
fAy =25 000�3000 meV2, and �A=8 meV �E�c� and EC

=3.511 eV, fCz=25 000�3000 meV2, and �C=8 meV
�E �c�, where � is the Gaussian broadening of the transition.

The energies given by these fits are in good agreement
with those determined by PL and the calculations. However,
the oscillator strengths obtained are lower than those re-
ported for the A exciton in c-plane GaN, which are in the
40 000–50 000 meV2 range.23,33,34 However, as we men-
tioned earlier, spatially resolved CL of nonpolar ELO GaN
has shown that there is no band-edge excitonic PL from the
seeds of our sample due to their much larger defect densities
�stacking faults and partial dislocations� than the wings.14

The apparent oscillator strengths of our sample should be
multiplied by 1.67, which is the ratio of the total surface of
the sample to the surface of the ELO wings when regarding
the seeds as “dead” material for excitonic transitions. This
greatly improves the agreement with the measured and ex-
pected oscillator strengths.

We shall not discuss the strain state of the semipolar ELO
GaN sample. Strained heteroepitaxy in a direction that is not
a principal axis of the strain tensor of wurtzite leads to non-

FIG. 10. Low �dotted line� and high resolution �solid line� x-ray

diffraction patterns of �112̄0� planes of nonpolar �112̄0� ELO GaN.
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zero shear components of the strain35 and the structure loses
the symmetry. The higher ground state energy of semipolar
ELO GaN relative to nonpolar ELO GaN shows that the
former is more compressed than the latter.

We shall only briefly discuss the polarized reflectance
spectra �shown in Fig. 8�, taking into account our results for
nonpolar GaN, i.e., the optical anisotropy in the basal plane.
The dashed lines on the reflectance spectra in Fig. 8 are fits
using a two or three Gaussian broadened Lorentz oscillator
model. The fitting parameters are as follows. For E�c:

EA = 3.4855 eV, fAy = 37 000 � 3000 meV2,

�Ay = 6.5 meV

and

EB = 3.497 eV, fBy = 4000 � 2000 meV2, �By

= 6.5 meV.

For E�m:

EA = 3.4865 eV, fA = 9000 � 2000 meV2, �A

= 6.5 meV,

EB = 3.497 eV, fB = 13 000 � 2000 meV2, �B

= 6.5 meV,

and

EC � 3.522 eV, fC = 4000 � 2000 meV2, �C = 6.5 meV.

We first note that the ground state is mainly polarized
along the y direction, as in the case of nonpolar GaN. Its
oscillator strength of 37 000 meV2 is in the range of values
quoted for the A exciton in c-plane GaN. On the other hand,
the oscillator strength of the B one is very low for this po-
larization. For light polarized perpendicular to the m direc-
tion, the ground state oscillator strength is fAz cos2���
+ fAx sin2��� where � is the angle between the c axis and the
growth direction.24 Since �=31.6° in undeformed GaN, we
then estimate 0.73fAz+0.27fAx�9000 meV2 and, for the B
excitons, 0.73fBz+0.27fBx�13 000 meV2. From these values
and remembering that the optical oscillator strength of
A excitons in unstrained GaN is in the 40 000–50 000 meV2

range, we can estimate that 29 000 meV2� fBx
�45 000 meV2 and 0� fBz�7000 meV2. Regarding the A
exciton, the same assumptions point to a very weak oscillator
strength for the electric field in the z direction �fAz

�1000 meV2�. As in the case of nonpolar ELO GaN, a
strong optical anisotropy in the basal plane is observed in
semipolar ELO GaN. A weak structure at 3.522 eV is ob-
served on the E�m reflectivity spectrum in Fig. 8. We ten-
tatively attribute it to the third exciton C. However, its oscil-
lator strength is very weak. We have no clear explanation for
this fact at the moment, probably related to the circumstance
that in this sample, the C exciton is resonant with the A and
B valence band continuums.

Our previous transmission electron microscopy and
cathodoluminescence studies have shown that the crystalline
quality of semipolar GaN is higher than that of nonpolar

GaN in the case of heteroepitaxy on sapphire, and this is
valid for both wing and seed materials.14 This improved
quality manifests itself in the reflectivity spectra. In semipo-
lar ELO GaN, the oscillator strengths of excitons are within
the range of values measured in c-plane GaN �i.e., there is no
need to regard the seeds as dead material�. Moreover, the
inhomogeneous broadening parameters � are also lower in
semipolar ELO GaN than in nonpolar.

Another point is to be emphasized. The fitting of the re-
flectivity spectra of semipolar ELO GaN �Fig. 8� has shown
that there is a 1�0.5 meV blueshift between the A exciton
energy obtained for E�c and that measured for E�m.
Though we have not observed such a shift in the reflectivity
spectra of nonpolar ELO GaN due to the poor signal to noise
ratio �see Fig. 1�, we note in that case a similar blueshift of
1�0.5 meV of the A exciton PL energy between the two
polarizations, in the temperature range of 60–140 K where
the precision on the energy of A is maximum due to its
intensity and the quenching of donor bound exciton PL. We
think that these slight shifts are significant and reflect the
excitonic electron-hole exchange splitting. Indeed, our previ-
ous calculations concerned electron-hole transitions and the
exciton energies were obtained by subtracting the excitonic
Rydberg ��26 meV for A, B, and C� from the calculated
band-to-band transition energies. From an excitonic point of
view, it is known that, in wurtzite symmetry, excitons formed
from a �7 electron and a �9 hole from the A valence bands
leads to two levels of �5 and �6 symmetries, the latter being
dipole forbidden and the former being allowed for E�c op-
tical transitions. Excitons formed by �7 electrons and �7
holes from the B and C valence bands are split into �1, �5,
and �2 symmetries. �1 excitons are allowed for E �c optical
transitions and �2 ones are dark.32,36 Here, �1 to �9 label
irreducible representations of the C6v point group. Lowering
the symmetry from C6v to C2v due to the anisotropic defor-
mations in the basal plane, as observed in our samples, leads
to the following splittings and selection rules:

�1 → �1�z�, �2 → �3�dark�, �5 → �2�x� + �4�y�,

�6 → �1�z� + �3�dark� ,

where the � on the right of the arrows are now irreducible
representations of the C2v point group. The allowed polariza-
tions for optical transitions within the dipole approximation
are given in brackets. One can see first that in our samples,
the transitions involving A excitons for z-polarized light �i.e.,
E �c� originate from the �6 state of A, which is dipole for-
bidden in wurtzite symmetry. It is then no surprise that in our
samples, the corresponding oscillator strength fAz is very
weak. Second, the separation between the �5 and �6 levels of
unstrained GaN is the exchange interaction parameter �, with
�=0.6 meV.32,36 We then ascribe the 1�0.5 meV blueshift
of the PL of A excitons in nonpolar ELO GaN to the exci-
tonic exchange interaction. A similar origin is given to the
same splitting observed in the polarized reflectivity spectra
of A excitons in semipolar ELO GaN. Our experimental res-
olution is unfortunately too poor to measure this splitting in
the case of the B or C excitons.
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In order to further evaluate the optoelectronic quality of
nonpolar and semipolar ELO GaN, we compared their rela-
tive unpolarized PL intensities at 10 and 300 K with that of a
standard c-oriented �polar� undoped MOCVD-grown GaN
layer, with threading dislocations density in the low
108 cm−1. The PL yield of the three samples, integrated from
1.8 to 3.6 eV �i.e., including yellow band, donor-acceptor
pair band, etc.� are the same within a factor less than 2 at
both 10 and 300 K. However, as expected, there are differ-
ences in the band-edge excitonic PL intensities. The ratios of
band-edge PL intensities are 1 /0.2 /0.05 at 10 K and
1 /0.9 /0.15 at 300 K for the polar/semipolar/nonpolar
samples, respectively. At 10 K, the decrease of band-edge PL
yield in ELO nonpolar and semipolar GaN is compensated
by hole trapping on acceptors and by exciton trapping on
stacking faults, both effects preventing minority carriers
from diffusing toward nonradiative centers. The larger ac-
ceptor doping in nonpolar and semipolar ELO GaN relative
to c-oriented GaN, evidenced by the intensities of the DAP
band, is tentatively attributed to silicon acceptors from the
SiO2 or SiNx ELO masks used. The similar band-edge PL
efficiencies of polar and semipolar ELO GaN at 300 K attest
to the quality of the latter. The low structural defect densities
in the wings of this sample, in particular, the absence of
dislocations,14 compensate the fact that these wings represent
only 60% of the sample surface.

Finally, we point out that due to the anisotropic strain in
the basal plane, the ground state oscillator strength is con-
centrated in transitions polarized along y �see inset in Fig. 1�
in nonpolar and semipolar ELO GaN. For an edge emitting
laser, this favors TE modes, since the corresponding oscilla-
tor strength is increased by almost a factor of 2 relative to
unstrained GaN. In the case of homoepitaxial lasers grown
on freestanding m-plane GaN, as those described in Refs. 3
and 4, the GaN is unstrained. However, the �Ga,In�N quan-
tum wells, which are the lasers’ active region, are anisotrop-
ically strained in the basal plane by epitaxy on GaN, and as
such, their ground state should show the same beneficial en-
hancement of oscillator strength. This is another interest of

the use of nonpolar or semipolar orientations for nitride op-
toelectronics.

CONCLUSIONS

Nonpolar �112̄0� and semipolar �112̄2� GaN grown by

epitaxial lateral overgrowth on �11̄02� or �101̄0� sapphire,
respectively, have been studied by polarization dependent re-
flectivity and luminescence under normal incidence. In both
cases, the strain anisotropy in the basal plane leads to an

excitonic ground state polarized along the �11̄00� direction
�the m axis�. In the case of nonpolar GaN, this allows to
almost completely extinguish this ground state by a suitable
polarizer orientation, making possible the study of high en-
ergy transitions up to now unseen. This is, for instance, the
case of luminescence from acceptor states linked to the upper
C valence band. This example shows that though GaN is a
wide band gap material, it is a well-behaved semiconductor
in the framework of the hydrogenic approximation. With in-
creasing temperature in the 10–300 K range, the thermal
population of upper exciton states, also showing linear po-
larization, leads to an excitonic band almost unpolarized at
room temperature. In spite of the broadening of optical tran-
sitions due to heteroepitaxy, the material quality is sufficient
to allow the detection of fine structures such as the excitonic
exchange splitting of the ground state. The presence of struc-
tural defects such as stacking faults or others still manifests
itself through specific PL bands in the low temperature spec-
tra.
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