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The band-edge excitonic properties of AlN are investigated using low-temperatures1.7 Kd optical
reflectance and transmission measurements of samples with various crystal orientations. TheA, B,
and C excitons are found to have energies of 6.025, 6.243, and 6.257 eV in unstrained material,
which shift with strain. The results are compared to a calculation of exciton energies and oscillator
strengths to yield a crystal-field splitting of −230 meV in unstrained AlN, in good agreement with
previousab initio calculations. ©2004 American Institute of Physics. [DOI: 10.1063/1.1818733]

Aluminum nitride, a very wide band-gap wurtzite III-
nitride semiconductor, is of increasing interest as a substrate
for both short-wavelength optoelectronic devices and high-
temperature high-power electronic devices. It is also an end-
point of the important AlGaN alloy system used in such de-
vices. The optical and excitonic properties of this material
have been investigated by several groups. Band-edge lumi-
nescence has been investigated using cathodoluminescence
(CL) or photoluminescence(PL) measurements on both
heteroepitaxial1–5 and bulk AlN.5–7 The features assigned to
A and B free excitons in luminescence are generally in the
ranges between 6.023–6.033 eV and 6.036–6.041 eV,
respectively.4,6,7

However, early transmission measurements typically in-
dicated a substantially larger band gap near 6.2 eV, and re-
cent low-temperature optical reflectance and ellipsometry
studies have assigned excitonic features in the range from
6.216–6.250 eV toA free excitons, and features in the range
from 6.268–6.360 eV toB or unresolvedB and C free
excitons.8–11 A large Stokes shift therefore seems to exist
between reflectance(absorption) and luminescence peak en-
ergies, which is not understood. Moreover, the oscillator
strength of the absorption/reflectance feature assigned toA
excitons has generally been much larger relative to that of
the feature assigned toB/C excitons than would be expected
based on polarization selection rules.9–11 A related issue is
the determination of the crystal-field splitting parameter,
Dcr,

12 which largely sets the separation betweenA andB/C
excitons. Recent experiments imply values which vary
widely from −0.017 eV(Refs. 6 and 7) to −0.055 eV(Ref.
9) to −0.110 eV(Ref. 11).

In the present study, low-temperatures1.8 Kd optical re-
flectance measurements were performed on a bulk AlN
single crystal and on AlN epilayers grown on sapphire sub-
strates to characterize the excitonic properties of AlN. Theo-

retical calculations of exciton energies and oscillator
strengths are discussed and correlated to the experimental
results. The results yield a reasonably accurate crystal-field
splitting value of −0.230 eV, significantly different from pre-
vious experiments. They also clarify the existing confusion
in the literature.

An AlN bulk single crystal was grown at a temperature
of 1900 °C in a resistively heated growth reactor, employing
sublimation of AlN powder in a nitrogen atmosphere at
North Carolina State University(NCSU).13 A ,0.5 mm thick
AlN epilayer was grown by low-pressure metal organic
chemical vapor deposition(MOCVD) around 1000 °C on a
sapphire substrate at the University of South Carolina(USC).
Another,2 mm thick AlN epilayer was grown by MOCVD
on a sapphire substrate at Kansas State University(KSU).
Low-temperature optical reflectance spectra were measured
at 1.7 K with a high radiance 30 W deuterium lamp. The
light was dispersed by an ISA HR-320 monochromator with
a 2400 grooves/mm grating, and then incident on the
samples at an angle of,45°. A Hamamatsu R-7154 photo-
multiplier tube was used to collect the reflected light. Nitro-
gen purging was used, and all spectra are normalized to the
reflectance of a double polished sapphire substrate(absolute
reflectivity was not determined).

The bulk AlN crystal has a relatively flat naturally oc-
curring m face, which permits measurements in boths- and
p-configurations. Figure 1 shows reflectance spectra of this
sample with itsc axis (identified by x-ray Laue diffraction
experiments) either parallel or perpendicular to the spectrom-
eter slits(no polarizers were used). Due to the(unknown)
partial polarization properties of the spectrometer gratings,
the light reflected from them face contains exciton features
from mixeds andp configurations, whose relative strengths
change with orientation. The theoretical calculations dis-
cussed below show thatB andC excitons have most of the
oscillator strength ins sE'cd configuration while theA ex-
citon dominates inp sE icd configuration. We assign the
lower-energy excitonic structure at 6.024 eV to theA free
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exciton, and the broad structure near 6.25 eV to unresolved
free B and C excitons, which are expected to be only
14 meV apart. Previous reflectance measurements generally
involved backreflection fromc faces(s-polarization), where
the A exciton is nearly forbidden and only theB/C exciton
structure should be detectable.

The reflectance spectra were fitted using a standard
model dielectric function with three Lorentzian oscillators
for the A, B, andC excitons, including an exciton-free dead
layer at the surface.12 Spatial dispersion is neglected due to
the breadth of the observed features. As theB andC excitons
are not resolved and should have nearly identical oscillator
strengths, we fixed their separation at the theoretical value of
2Dso/3 (Dso is the spin–orbit splitting parameter,12 taken to
be 20 meV)14–17 and assumed equal broadening parameters
and polarizabilities. The energies and broadening parameters
sGd of the three excitons are about 6.025, 6.243, and
6.257 eV and 0.019, 0.070, and 0.070 eV, respectively; the
dead layer thickness is around 3.3 nm. The polarizabilities
s4pad of the B and C excitons decrease from 0.0062 to
0.0051 when the sample is rotated, while the polarizability of
theA exciton increases from 0.0033 to 0.0043. This behavior
is consistent with the theoretically expected oscillator
strengths in the two different configurations. Preliminary
measurements using a Rochon polarizer and a half-wave
plate to achieve purer polarizations(not shown) show that
the A exciton feature is clearly observed and theB/C exci-
tons are undetectable(for our signal-to-noise ratio) in
p-polarization, whereas theA exciton is about two times
weaker and theB/C exciton feature is clearly present ins
polarization. The residualA exciton feature ins-polarization
may be due to imperfect polarization optics. TheB and C
excitons are broader than theA exciton, in spite of their
lower sensitivity to inhomogeneous strains. We believe this
is because they are degenerate with the continuum(unbound
states) of the A excitons and therefore experience greater
scattering. We have observed similar anomalous broadening
for the C exciton in GaN when strain causes it to become
degenerate with the continuum of theA exciton.

Figure 2 shows reflectance spectra of the MOCVD AlN/
sapphire(0001) layers along with theoretical fits similar to
those described above; the finite thicknesses of the epilayers

and the optical properties of the sapphire substrates were
included in the model. A transmission spectrum of the
thicker layer is also shown. Structures assigned to unresolved
B and C excitons are observed near 6.238 and 6.275 eV in
the 0.5 and 2.0mm thick layers, respectively. The Fabry–
Perot interference fringes below the AlN band gap reflect the
layer thicknesses; they are not modeled perfectly because of
dispersion in the AlN refractive index due to band-to-band
absorptions(not included). The energy shifts of these spec-
tra, relative to that of the bulk sample, are attributed to biax-
ial compressive and tensile strains in the thicker and thinner
layers, respectively. Experimental measurements are in
progress to confirm those strains. TheA exciton is much too
weak to be detected in either of the necessarily purely
s-polarized reflectance spectra(especially in the presence of
interference fringes). However, a weak dip is clearly ob-
served in the transmission spectrum of the thicker layer at
6.080 eV, which we assign to anA free-exciton state shifted
up in energy from its strain-free position by biaxial compres-
sive strain. It is clearly separated from the much stronger
absorption edge due to theB andC excitons above 6.2 eV.

Using the Rashba–Sheka–Pikus Hamiltonian and the
usual Hopfield quasi-cubic approximation,12 we calculated
the exciton energies and oscillator strengths in wurtzite AlN.
Large negative values ofDcr, ranging from −169 meV to
−244 meV, were predicted in variousab initio
calculations.4,14–20 (Suzuki et al.17 obtained a smaller value
of −58.5 meV but did not include atomic relaxations, so this
value is likely to be inaccurate.) All existing calculations of
Dso predict values within 1 meV of 20 meV.14–17 Given that
Dso! uDcru in AlN, the energies and oscillator strengths are
well approximated by the simplified expressions in Table I.
The energies are plotted as a function ofDcr in Fig. 3, where
the various theoretical predictions ofDcr are also indicated.
The energy of theA exciton is independent ofDcr, but those
of the B and C excitons vary significantly. The oscillator
strengths vary insignificantly, with theA exciton having an
oscillator strength less than 0.04% of the nearly identical
strengths of theB and C excitons in s-polarization for

FIG. 1. Low-temperature partially polarized optical reflectance spectra from
them face of a bulk AlN crystal with(a) thec axis parallel to the spectrom-
eter slits and(b) the c axis perpendicular to the slits(dotted lines). Solid
lines are theoretical fits to spectra. The bottom of the graph is a(different)
finite signal level in each case, to show the features more clearly.

FIG. 2. Low-temperature optical reflectance spectra of the MOCVD AlN/
sapphire(0001) layers of(a) ,0.5 mm and(b) ,2 mm thicknesses(dotted
lines). Solid lines are fits, yieldingEB=6.228 eV, EC=6.242 eV, and
GB/GC=0.028 eV for the 0.5mm layer, andEB=6.267 eV,EC=6.281 eV,
and GB/GC=0.043 eV for the 2mm layer. A constant background AlN di-
electric constant of 8.2+0.12i or 8.2+0.045i was used in each case, respec-
tively, and layer thicknesses were adjusted.(c) Transmission spectrum of the
2 mm layer of part(b). The signal above,6.2 eV is due to stray light and
dark current.
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Dcr,−0.15 eV. TheA exciton is completely dominant over
the B andC excitons inp-polarization.

Using the exciton energies of the unstrained bulk sample
of Fig. 1 together with the plot in Fig. 3, we find
Dcr=−230 meV in wurtzite AlN. This value is close to the
average of the theoretical calculations that included atomic
relaxations, −207 meV.4,14–16,18–20 Using the effective
masses computed by Kimet al.16 and a relative static dielec-
tric constant of 8.0, we estimate the exciton binding energy
to be 71 meV. The band-gap energy of unstrained wurtzite
AlN is therefore about 6.096 eV at 1.7 K, close to a value of
6.12 eV estimated from PL measurements.4

We conclude that a recent assignment of CL peaks only
,13 meV apart toA andB free excitons(which would imply
Dcr=−0.017 eV) is incorrect.6,7 All observed peaks presum-
ably involved free or boundA excitons, which can be impor-
tant in luminescence in spite of their low oscillator strengths
due to thermalization effects. Also, features assigned toA
excitons in recent reflectance and ellipsometry studies would
be better assigned to unresolvedB and C excitons, which
would explain their strengths in light of the selection rule
forbidding theA exciton absorption.8,10,11Reference 9 used a
fitting procedure that allowed theA andB/C exciton struc-
tures to have very different phases, which is inconsistent

with the usual dead layer model and with prior studies on
other materials. We suggest that the feature they observed
should be assigned to unresolvedB/C excitons only, which
explains the anomalous oscillator strengths andDcr value
s−0.055 eVd they found. The anomalously large Stokes shift
between absorption/reflectance and luminescence data in the
literature is now clearly explained by the oscillator strengths
of the different states and the effects of thermalization.

In summary, theA exciton feature of AlN is directly
observed in optical reflectance and transmission, which helps
to clarify the interpretation of absorption and luminescence
properties of this material and to establish a reliable value of
Dcr. The results imply that high Al content,(0001)-oriented
AlGaN alloys will be much better edge emitters than surface
emitters, and other orientations should be considered for
surface-emitting devices.
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TABLE I. Approximate energies and oscillator strengths of theA, B, andC
excitons in unstrained wurtzite AlN, assuming thatuDsou! uDcru. (Here,Egx is
the excitonic band gap in the absence of crystal-field or spin–orbit splittings;
and P' and Pi are the momentum matrix elements fors- and
p-polarizations, respectively.)

Exciton Energy

Oscillator strengths

psE icd ssE'cd

AsG7d Egx 2uPiu2 s2Dso
2 /9Dcr

2 duP'u2

BsG9d Egx−Dcr− Dso/3 0 uP'u2

CsG7d Egx−Dcr+ Dso/3 s4Dso
2 /9Dcr

2 duPiu2 uP'u2

FIG. 3. Energies of theA, B, andC excitons in wurtzite AlN as a function
of Dcr, predicted from the formulas in Table I. We assumedDso=20 meV
and adjustedEgx to match our experimental data on the bulk sample(dashed
line). Various predictions ofDcr are indicated, based on the calculations of
(a) [Ref. 17]; (b) [Ref. 14]; (c) [Ref. 15]; (d) [Ref. 16]; (e) [Ref. 18]; (f)
[Ref. 19]; (g) [Ref. 20]; and (h) [Ref. 4].
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