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AlN homoepilayers and heteroepilayers were grown on polar c-plane and nonpolar a-plane and
m-plane orientations of AlN bulk and sapphire substrates by metal organic chemical vapor
deposition. A systematic comparative study of photoluminescence properties of these samples
revealed that all AlN homoepilayers �c, a and m planes� were strain free with an identical band gap
of about 6.099 �6.035� eV at 10 �300� K, which is about 42 meV below the band gap of c-plane AlN
heteroepilayers grown on sapphire. Also, nonpolar a-plane homoepilayers have the highest emission
intensity over all other types of epilayers. We believe that a-plane AlN homoepilayers have the
potential to provide orders of magnitude improvement in the performance of new generation deep
UV photonic devices. © 2008 American Institute of Physics. �DOI: 10.1063/1.2965613�

AlN has a complete solid solubility with GaN �Ref. 1�
and emerged as an important semiconductor material for ap-
plications of light emitters down to 200 nm �Ref. 2� and
detectors in the deep ultraviolet �DUV� and extreme UV
spectral region.3,4 Quantum wells �QWs� have been the de-
vice structure of choice for efficient III-nitride semiconduc-
tor based light emitters.5,6 Conventional nitride c-plane mul-
tiple QW structures generate fixed sheet charges at the
interfaces due to the spontaneous and piezoelectric
polarization.7–10 which induce internal electric fields, lead to
carrier separation, and reduce the radiative recombination
rate. Consequently, optoelectronic devices such as light emit-
ting diodes and laser diodes based on heteroepitaxial c-plane
oriented III-nitride materials possess reduced internal quan-
tum efficiencies.

There has been tremendous effort in the investigation of
nonpolar a-plane and m-plane III-nitride epilayers11 and op-
toelectronic devices with QW structures9,10 to reduce the ef-
fects of internal electric fields. To achieve QW and other
heterostructure based devices with improved performance,
optical properties of epilayers grown on different orienta-
tions of available substrates have to be better understood.
Furthermore, most previous studies on the fundamental band
structures of AlN have been carried out for heteroepilayers
grown on sapphires, which are plagued by lattice mismatch
induced strain and high threading dislocation density, which
significantly inhibited our ability for precisely determining
the fundamental band structure parameters of AlN. In this
work, we report a systematic comparative study of optical
properties of both homoepitaxial and heteroepitaxial layers
of AlN grown on polar c-plane as well as a-plane and
m-plane orientations probed by DUV photoluminescence
�PL�.

AlN bulk single crystal substrates were produced by sub-
limation crystal growth using polycrystalline AlN wafer as
seeds and have a thickness of about 1 mm and an average

grain size of about 2�3 mm2.12 The surface of AlN bulk
crystal substrates was prepared by chemical mechanical pol-
ishing �done by NovaSiC� that provided a surface roughness
of about 1–4 nm. The dislocation density in AlN bulk single
substrates was below 1�106 cm−2 as determined by syn-
chrotron white beam x-ray topography.13 The 1 �m thick
undoped AlN epilayers were grown on c-plane, a-plane, and
m-plane bulk AlN and c-plane and r-plane sapphire sub-
strates by metal organic chemical vapor deposition
�MOCVD�. A low temperature AlN nucleation layer was de-
posited at 500 °C prior to the deposition of AlN heteroepi-
taxial layers on sapphire, while the nucleation layer was
eliminated for the growth of homoepilayers. The AlN epilay-
ers were grown at 1300 °C and the V/III ratio employed was
the same for all samples and was about 50. Trimethylalumi-
num and ammonia were used as Al and N sources, respec-
tively. The PL spectra were measured with a DUV laser spec-
troscopy system that consists of frequency quadrupled 100 fs
Ti-sapphire laser with 76 MHz repetition rate and photon
energy set around 6.30 eV. Since the optical absorption co-
efficient in AlN for the above band gap excitation is typically
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FIG. 1. Low temperature �10 K� PL spectra of c-plane, a-plane, and
m-plane AlN homoepilayers measured in a �a� wide spectral range from
2 to 6.2 eV and �b� narrow spectral range from 5.8 to 6.2 eV.
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�105 /cm,14 such an excitation scheme provides a typical
optical absorption depth of �0.1 �m, which is much smaller
than the epilayer thickness �1 �m�. Hence the measured PL
emission was purely from the epilayer.

Figure 1 compares the low temperature �10 K� PL spec-
tra of AlN homoepilayers with three different orientations
�a-plane, c-plane and m-plane� �a� in a broad spectral range
from 2.0 to 6.2 eV and �b� in a narrower spectral range from
5.8 to 6.2 eV. We observed weak and deep impurity related
emission bands centered around 2.9 eV and 4.4 eV from the
m-plane sample related to O impurities15 and at 4.70 eV in
a-plane sample related to Al vacancy complex with one
negative charge,16 �VAl-complex�1−. However, the intensities
of these impurity transitions are less than 1% of the corre-
sponding band-edge emissions, which confirms the high op-
tical quality of our AlN homoepilayers.

Figure 1�b� shows the dominant peak at 6.008
�6.007� eV in c-plane �a-plane� homoepilayer due to the do-
nor bound exciton transition �I2�, while the 6.025 eV peak

due to the free exciton transition �FX�. I2 is about 17 meV
below FX, which is the binding energy of the donor bound
excitons in AlN and agrees well with the previously reported
value. Figure 2 shows the Arrhenius plot of the PL intensity
of the high energy peak �6.025 eV at 10 K� measured in
a-plane AlN homoepilayer. The inset of Fig. 2 shows the
temperature dependent PL spectra. The solid line is the least
squares fit of data with the equation

I�T� =
I0

1 + Ce−E0/KBT . �1�

The fitted value of E0 is 74 meV, which is close to the pre-
viously reported value of 78 meV for the binding energy of
FX in AlN /Al2O3 and further corroborates our assignment of
a FX transition for the 6.025 eV peak. In m-plane homoepil-
ayers, there is only one dominant FX transition at 6.022 eV
and no observable I2 transition. The 5.983 eV peak in this
sample is 4LO of excitation laser. We thus conclude that all
AlN homoepilayers �c-plane, a-plane, and m-plane� have al-
most identical FX peak positions �varying only slightly be-
tween 6.022 and 6.025 eV� at 10 K. no I2 emission is visible
in m-plane AlN. This implies a smaller amount of uninten-
tional donor impurity incorporation during epigrowth into
m-plane films than a-plane and c-plane films. This observa-
tion is consistent with a previous study that revealed that the
oxygen incorporation on m-plane is 1

5 of that on c-plane of
the sublimation grown AlN bulk crystals.17

The PL properties of AlN homoepilayers and heteroepil-
ayers grown in different orientations are summarized in
Table I for comparison. The near band-edge emission spectra
measured in all a-plane, c-plane, and m-plane AlN homoepil-
ayers at 300 K exhibit only one peak at an energy position of
5.961 eV due to the FX transition, which lines up exactly
with the FX peak position in AlN bulk crystals. All ho-
moepilayers, therefore, are nearly stress free and the band
gap of strain free AlN is thus �6.025+0.074� eV=6.099 eV
at 10 K and �5.961+0.074� eV=6.035 eV at 300 K. This
conclusion is further corroborated by the x-ray �XRD� mea-
surements of the lattice parameters. For example, the spectral
peak positions of � /2� scans of both the symmetric �002�
and asymmetric �102� reflection peaks of a c-plane AlN ho-
moepilayer and AlN bulk substrate exactly line up revealing
an in-plane lattice constant of a=3.112 Å, which also indi-

FIG. 2. Arrhenious plot of the PL intensity �Ln�Iemi� vs 1 /T� of FX transi-
tion �6.025 eV at 10 K� for an a-plane AlN homoepilayer. The solid line is
the least squares fit of data with Eq. �1�. The inset shows the temperature
evolution of the band-edge emission between 100 and 300 K.

TABLE I. Comparison of PL emission properties of a-plane, c-plane, and m-plane AlN homoepilayers,
c-AlN /c-Al2O3, and a-AlN /r-Al2O3 heteroepilayers including emission peak position �Ep�, peak intensity �Ip�,
full width at half maximum �FWHM�, and binding energy �E0�.

Transition
type

T=10 K
300 K

Ep �eV�Ep �eV� Ip �a.u.� FWHM �meV� E0 �meV�

Homoepilayers c plane
FX 6.025 24 16.0 74 5.961
I2 6.008 136 13.1 17

a plane FX 6.025 320 13.0 74 5.961
I2 6.007 820 11.6 18

m plane FX 6.022 35 21.0 ¯ 5.961

Heteroepilayers
�Sapphire�

FX 6.063 89 22 78 5.984
I2 6.045 63 19.2 18

FX 6.030 38 33 ¯ 5.956
I2 6.013 23 20 17

AlN bulk c plane FX ¯ ¯ ¯ ¯ 5.961
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cate that the AlN homeepilayer is perfectly lattice matched to
the AlN bulk substrate and is almost strain free.18

The band-edge emission peak intensity ratio for a-plane,
c-plane, and m-plane AlN homoepilayers is approximately
32:5:1. Due to the unique band structure of AlN near the �
point, the PL intensity in a-plane AlN is enhanced by the fact
that AlN exhibits a maximum emission in the directions per-
pendicular to the c direction �or in the E / /c measurement
geometry�.19 In our measurement, the c direction of a-plane
AlN lies in the substrate plane so that the maximum emitted
light propagation direction is normal to the surface. Thus,
optoelectronic devices with a-plane homoepilayers in their
active region can exploit optimum quantum efficiency.

Figure 3 shows the 10 K PL spectra of a c-plane AlN
epilayer grown on c-sapphire and a-plane AlN epilayers
grown on r-plane sapphire and also on a-plane bulk AlN �a�
covering a broad spectral range from 2.0 to 6.2 eV and �b� in
a small spectral range from 5.8 to 6.2 eV. The near band-
edge emission spectra of an AlN epilayer grown on c-plane
�r-plane� sapphire has two peaks at 6.063 �6.030� and 6.045
�6.013� eV, corresponding to the recombination of FX and
I2.16 Clearly the FX emission peak in a-plane AlN heteroepil-
ayer is about 33 meV lower than that in c-AlN heteroepil-
ayer. This implies that the strain induced by lattice mismatch
between AlN and sapphire substrate is almost relaxed by
simply switching the growth to r-plane. However, compared
with homoepilayers, the unique band structure induced en-
hancement in the band-edge emission intensity is absent in
a-plane AlN heteroepilayers due to the presence of high dis-
location density because the growth technology for a-plane
AlN epilayers is still far from mature. This interpretation is
consistent with three other observations: �1� the FX emission
linewidth is narrower in c-plane AlN heteroepilayers than
that in a-plane hetero-epilayers; �2� the presence of a much
higher concentration of Al vacancies in a-plane AlN het-
eroepilayers; �3� the full width at half maximum of XRD
rocking curve of the asymmetric �102� reflection peak of
c-plane AlN heteroepilayers �400 arc sec� is much narrower
than that of the �110� reflection peak of a-plane AlN het-
eroepilayers. �940 arc sec�.

We can also make a comparison between emission spec-
tra of a-plane homoepilayers and heteroepilayers. As seen in
Fig. 3, the near band-edge spectrum of a-plane AlN ho-

moepilayer exhibits an emission peak at 6.025 eV due to the
FX recombination, which is only about 5 meV below that in
a-plane AlN heteroepilayer, which reiterates the fact that the
strain induced by the use of a foreign substrate is very small
in a-plane AlN. The a-plane homoepilayer has an emission
intensity that is at least one order of magnitude higher and a
much narrower emission linewidth compared to those of
a-plane heteroepilayers, although no optimization processes
for homoepilayer growth was carried out due to the limited
supply of AlN bulk substrates. The results reaffirm the higher
crystalline and optical qualities of homoepilayers over het-
eroepilayers.

In summary, we have carried out MOCVD growth and
investigated the optical properties of AlN homoepilayers and
heteroepilayers. Our results indicate that homoepilayers are
nearly stress free and possess an identical band gap of about
6.099 �6.035� eV at 10 �300� K. The stress on a-plane AlN
heteroepilayers grown on r-plane sapphires is very small.
Due to the unique band structure of AlN, we believe that
a-plane AlN homoepilayers have the potential to provide or-
ders of magnitude improvement in the performance of new
generation DUV photonic devices, especially surface emit-
ting devices.
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FIG. 3. Low temperature �10 K� PL spectra of c-AlN /c-Al2O3,
a-AlN /r-Al2O3 and a-plane AlN homoepilayers measured in a �a� wide
spectral range from 2 to 6.2 eV and �b� narrow spectral range from
5.8 to 6.2 eV.
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