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Reflection measurements in the near-band-edge region of bulk AIN crystals have been performed as a
function of temperature. The optical reflectance spectra @ffate AIN sample show a feature at about 6.029
eV, which we assign to the free excitén The observation of the free excit@nfirst excited state yields the
estimated values of the direct band gap and the limit of the electron effective mass. Optical reflectance
measurements performed on AIN samples with two different crystallographic orientations allow the observa-
tion of transitions associated with the optical selection rules related to the so-&alBedndC excitons. It was
not possible to fully resolve thB- and C-excitonic transitions, which were observed at about 6.243 and 6.268
eV, respectively. Using the measured exciton energies and a quasicubic model developed for the wurzite crystal
structure we estimate the spin-orbit splittidg 36 meV and the crystal-field splitting=-225 meV.
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I. INTRODUCTION experiments of high quality, large, bulk AIN single crystals

The combination of important physical properties of with.different crystallographic orienf[ations. The results taken
group Il-nitride-based semiconductors has prompted rapidt different sample temperatures will be compared to cathod-
research progress and the commercial availability of optooluminescence measurements conducted in our grotip.
electronic devices in the past decade. They are being used fipportant parameters like crystal-field splitting and spin-
high-density optical data storage, high power and highorbit splitting were obtained based on our reflectivity results.
temperature applications, solid-state lighting, and solar-blind
detectors, among other applicatidnat the present time the Il. EXPERIMENTAL DETAILS
active layers of these devices, despite the relatively high ef- ) ) ) )
ficiency, are not fabricated on a substrate that is really suit- 1h€ large, bulk AIN single crystals used in this experi-
able for their epitaxy, such as sapphire and SiC. More reMent were grown by a self-seeded sublimation-
cently there has been a continuing effort to further improve’€condensation technique. Bothface (0001 and a-face
the quality and availability of ultralow dislocations density (11 20) single-crystal wafers of AIN, obtained by cutting
native hexagonajwurzite-typg AIN substrates, which have and polishing the crystals, were investigated. X-ray diffrac-
the potential to enable critical advances in multiple IlI- tion measurements attested to the crystalline quality of the
nitride device technologies. Despite the increasing imporsamples. Tha-face, OR sample is sample 00G of Ref. 12.
tance of AIN, key questions about its very basic physicalThec-face, cathodoluminescen@@L) sample consisted of a
properties remain unsolved or controversial in the literaturehomoepitaxiak-0.5 um-thick film grown by organometallic

In the band structure of the direct gap wurzite-type AIN vapor phase epitaxy on the Al face of a 2&%-thick AIN,
the degeneracy of thg-like valence bands at thié pointis  c-axis substrate. The-axis vector is tilted 10° from the
lifted by both noncubic crystal-field splitting and spin-orbit surface-normal, sample AFE. More details on the growth and
splitting, resulting in three valence bands at the center of thetructural characterization can be found elsewhgté16:17
Brillouin zone. This splitting of the valence bands results inCL measurements were carried out using a commercial elec-
three interband transitions to the lowest conduction bandyon gun, installed in an ultrahigh vacuum chamber, in order
referred to asA,B, and C in order of increasing transition to excite the samples. Electron-beam currents between 1 and
energy. The theoretical predictions about the spin-orbit splitb pA and energies between 5 and 15 keV were typically
ting and the negative crystal-field splitting, and their influ- used. The light emitted by the samples, collected and focused
ences on the electronic properties of AIN, have to be conby a set of parabolic mirrors, was dispersed by a 0.85-m
firmed experimentally. As part of this effort optical double spectrometer equipped with 1200 groves/mm grat-
spectroscopy is a very useful technique in order to elucidatengs. The dispersed light was subsequently detected by an
guestions about the AIN band structure and excitonic fealV-sensitive GaAs photomultiplier connected to a computer-
tures. controlled photon counter.

The majority of the studies on the near-band-e(dBE) For the optical reflectance measurements a 150-W deute-
UV emission of wurzite-type AIN are reports on films het- rium lamp was used as the light source, after being dispersed
eroepitaxially grown on SiC, sapphire, or Si substrdt¢s. by a 0.5-m monochromator equipped with a 1200
An even smaller number of studies deal with bulk AN'®>  groves/mm grating. The sample was placed inside a cold-
In the present work we report on optical reflectivitQR)  finger cryostat and the light reflected by the sample was then
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It is important to note that the line shape of the reflectance
data of Fig. 1 is asymmetric with more oscillator strength in
its lower energy portion between 6.00 and 6.025 eV. In ad-
dition a weak feature is clearly visible near 6.05 eV. A fit to
the data of Fig. 1 with a single excitonic transition using Eq.
(1) significantly underestimated the oscillator strength in the
lower energy portions of the line shape and could not ac-
count for additional structure near 6.05 eV. In order to repro-
duce the reflectance data we employed three transitions. The
result of the fit to the real part of E@l) is shown in Fig. 1
590 595 600 605 6.10 as a solid line through the data. The line shapes of the three

Energy (eV) individual components are plotted below the data. The main
excitonic line in the OR occurs at 6.029 eV and is accompa-

FIG. 1. OR shows the optical reflectivity spectrum of théace nied by a satellite transition at 6.065 eV. Their line shape fits
AIN sample and CL the cathodoluminescence spectrummfawe  Well to the real part of Eq(1l) and has the expected line
homoepitaxial AIN film. The full curve in the upper part representsShape of excitonic transitions. The transition energies from
our best fit to the experimental dataollow symbolg. The three  the reflectance of tha face agree well with peaks in the CL
curves composing the full OR curve are shown separately and veflata from thec face that have been attributed to tirel and
tically displaced. n=2 states of the free exciton as mentioned above. Interest-
ingly, the ratio of the two integrated intensities for the reflec-

detected by a solar-blind photomultiplier linked to a photont@nce lines at 6.029 and 6.065 eV obtained from the fit is 5,
counter system. The whole light path was purged with nitro-Which is in reasonable agreement vv.|t.h the expected ratio of 8
gen gas in order to minimize absorption by the oxygen molfor then=1andn=2 excitonic transitions.

ecules present in the air. The incident beam impinged on the In addition to the free exciton, the reflectance data show

sample at an angle of about 20° from the wafer surface nors°Me increased oscillator strength below the excitonic tran-
mal. sitions that has been attributed to impurity related absorption.

In this case, the line shape is characteristic of the imaginary
Ill. EXPERIMENTAL RESULTS AND DISCUSSION part of Eq.(1). This type of behavior has previously been
observed in the reflectance of very thin AlGaN films grown
on GaN. Because of the weak absorption from the very thin
sample. In the CL spectrum several transitions are clearl IGa_N film, Jianget al'l.g have shown that the reflectgnce of
kéat film was characteristic of a double pass absorption mea-

observed, and these have been tentatively assigned to frs rement and that the line shape was best represented by the
and bound exciton recombination processes based on thernial P P y

quenching studie! In the CL data the free excitoh (FEA) imaginary part of Eq(1). Our reflectance data below the free

is observed at about 6.023 eV and another feature at abogf(gitg ne\? r;rg){hfg?;\gﬁ k?esz;?;:zztt:%etsri]ripirﬁt ?Qkﬁggr?réno_f
6.036 eV, which was then attributed to another free exciton, . purity

due to its intensity versus temperature behavior. The spe itions in the AIN that are also observeddrface CL near

trum also shows a structure at about 6.07 eV namelaxis .014 eV(see also Ref. )5The line shape indicates that the

and is attributed to the excited states of the FEA by Compari|_mpur|ty related transitions are very weak and the reflectance

son with similar structure in the PL spectra of G&Nrigure measurement is a "double pass® absorption with light pass-

- . : ing through the wafer and reflecting from the back surface. It
1 shows, in its upper part, a representative optical reflectance

spectrum measured over the same energy region covered S important to note that impurity related transitions in modu-

i ietol 19
the CL spectrum. Both measurements were taken at 6 K angted reflectivity have been obser\_/ed by Shanab 5 .
I GaAs quantum wells and confirmed through photolumi-

no modulation of any kind was used. The observed Iinenescence Their experiments also observed a similar line
shape in the optical reflectance spectrum is typical for an, ' P
excitonic transition. The excitonic effects are known to en->2Pe: o .
hance the oscillator strength at the band gap and to signifi- Frqm the energy values for the FEA and 'ts. f'r.St ?Xc'ted
cantly sharpen line shapes. The excitonic transitions in thgtate in the OR data we estimate the free excAoinding

reflectivity data were fitted to a Lorentzian dielectric func- energy as 4.8 meV from an extrapolation fee>, which
tion given by gives an estimated energy gap of 6.077 ¢\6& for AIN.

This result is a little smaller but in relatively good agreement

Aexplid) with previously reported values for the band-gap energy of

eB)=1+2 {(E—EX-HF-)]’ () AIN obtained in heteroepitaxial fild& for light polarized
: ' perpendicular to the axis.

whereE is the photon energyEy; the transition energy for Moore et al?° found the low-frequency birefringence of
the jth excitonic state, andl; the lifetime broadening factor AIN to be very high. They determined the ordinary static
of that stateA is the oscillator strength for thigh transition  dielectric constant as 7.76 and the extraordinary as 9.32 for
and contains transition matrix elements, apids a phase AIN. The reduced effective mass for the free exciton is de-
factor to account for optical interference effects caused byermined assuming a hydrogenic expression for the free ex-
effects such as dead layers. citon binding energy. Taking the two values mentiotefdr

Intensity (arb. units)

CL Intensity (arb. units)

Figure 1 depicts typical low-temperature Qhottom) and
reflectancetop) spectra in the NBE region for thafaced

j
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FIG. 2. Energy positions of the excitonic features as a function

of temperature. The filled symbols depict the optical reflectivity  F|G. 3. Low-temperature optical reflectivity data at near-normal

data and the hollow ones the CL data. The full line represents thgycidence for AIN samples oriented in two different crystallographic
Bose-Einstein relation for the energy as a function of thegrientations.

temperature.
its optical transitions, we conducted optical reflectance ex-

the dielectric constant as the limits, the effective mass for th@eriments on two samples with different crystallographic ori-
free exciton ranges from 0.211 to 0.3@5 Based on mea- entations. Figure 3 shows two optical reflectance spectra
surements of the Mg acceptor binding energy in doped AlNtaken from the AIN sample number 00G wighface (upper
epilayers’ the effective-mass theory, and the dielectric con-curve) and c-face sample number ACE @ower curve ac-
stant values mentioned earlier, the average hole effectivquired at 6 K. Thea axis was within +2° of the surface
mass in AIN was estimated between 2.26 and 8g6n our  normal for sample 00G; the axis was tilted 6° away from
case it is possible to estimate the electron effective mass hijpe normal for sample ACE.3. The spectra were displaced
using these hole effective mass extreme values and the exaiertically for a better visualization. We observe that in the
ton effective mass limits calculated above. We estimate tha-face AIN spectrum has two distinct regions with excitonic
electron effective mass in AIN spanning from 0.233 tofeatures: One not resolved and more pronounced at about
0.336n,. These values are in very good agreement with ou6.029 eV, and a much less intense feature at about 6.243 eV.
previous results for the electron effective mass derived fronThe energy region in the vicinity of 6.25 eV was fit to two
CL measurement¥. Lorentzian oscillators for both samples, representingBhe

Optical reflectance spectra of theface AIN sample 00G and C excitons. From the fit we find that th& and
were also taken as a function of temperature. Using the santé-excitonic transitions occur at 6.243 and 6.268 eV, respec-
procedure described above all the excitonic features in thevely. In the c-face AIN spectrumB and C excitons are
optical reflectance spectra have been fitted assuming theasily observed, while for tha-face sample thd exciton
same number of oscillators at all temperatures. The resuldominates the energy region around 6.25 eV. According to
are summarized in Fig. 2. In this figure the energy positiongheir energy positions and selections rules we can attribute
of the two observed oscillators in the optical reflectancethe line at 6.029 eV to thé exciton and the lines at 6.243
spectra are presented as a function of temperature by the fudhd 6.268 eV td andC excitons, respectively. ThHe andC
symbols. The hollow symbols are the peak positions obexcitons were well described by two oscillators, in agree-
served in CL measurements and have been presentedent with the expected number of transitions and band-
elsewheré®1® Interestingly there is very good correspon- structure calculations. Calculated dipole transition matrix el-
dence between the CL and reflectivity results over a broagments between the conduction state and the three valence
range of temperatures. states at thd” point of the Brillouin zone for wurzite-type

An empirical description of the band-gap variation for AIN show that for light polarized parallel to theaxis, as is
polar semiconductors with the optical and acoustical-phonotthe case in our spectrum for theface sample, only one
branches energetically close was obtained in the past assuitnansition is allowed, i.e., only tha exciton is expected. The
ing Bose-Einstein statistidd. The full lines represent the appearance of a much less intense feature observed at 6.243
Bose-Einstein fitting for the temperature variation of theeV (B exciton) in the a-face sample may be due to the fact
band gap. For these curves we used the same parameterstlaat the incident light was not exactly perpendicular to the
for the description of our CL measurements on an AIN ho-sample surface. For light polarized perpendicular to ¢he
moepitaxial film4%°|t is possible to observe that the optical axis both theB- andC-excitonic transitions are allowed as
reflectance data fits very well into this model with the sameis the case observed for tloeface sample.
parameters as the ones used for the CL measurements. Note that the peak at about 6.036 eV in thace CL

Reported theoretical calculations generally agree that ispectrum was previously assigned to recombination pro-
wurzite-type AIN the crystal-field splitting is negative, in cesses involving the annihilation of FEB based on tempera-
contrast to a positive value for GaN. In order to study theture quenching studig$:'> However, the reflectance results
influence of the negative crystal-field splitting on the opticaldiscussed in the present manuscript on a differefdace
properties of AIN and consequently on the selection rules fosample do not support this model. Currently, detailed CL
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studies of samples with different crystallographic orienta-lattice parametera, ¢, andu. Suzukiet al.?* using a self-
tions are planned in order to investigate further the nature ofonsistent full-potential LAPW method, reported a value of
this CL spectral feature. 58 meV for A, and Li et al,!® using the local-density ap-
Hopfield’s quasicubic mod# for wurzite crystals for the proximation, calculated a value of -219 meV farand 13
relation between the excitons energies is described by thier &, while da Silva and Perssdéh,using the local-density
following equations observing their symmetry: approximation, reported\=-212 meV andé=13.2 meV.
Our results are in good agreement with the later theoretical

o+A \/ <5+A)2 2 work
Epc=Eg+ * - -06A 2 ’
ac=Egt— { > 8 @

where Eppc are the energies for tha, B, or C excitons, IV. CONCLUSIONS

respectively. The optical properties of wurzite-type bulk AIN crystals
Hopfield, in his papef? estimates the error in the quasicu- have been investigated using low-temperature optical reflec-
bic model spin-orbit interaction as probably of ord&rEy).  tance in the near-band-edge region of the spectrum. Since we
As pointed out earlier, we estimatégj for AIN to be about  observe the free excitoA and its first excited state we esti-
6.077 eV. We evaluated the crystal-field and spin-orbit splitmate the band gap to be 6.077 eV for wurzite AIN. The
ting from Eq.(2) by taking the energy for tha exciton to be  temperature dependence of the AMNexciton double struc-
6.029 eV and the above-mentioned energies of 6.243 angre follows the empirical model assuming Bose-Einstein
6.268 eV for theB andC excitons, respectively. In addition, statistics for the description of the energy band gap. Based
due to the lack of data for the binding energies of thand  on a quasicubic model developed for the wurzite crystal, and
C excitons, and based on the results for GaN wheré\thB,  on the experimental exciton energy values, it was possible to

and C excitons have binding energies that differ by only adetermine for AIN the spin-orbit splitting=36 meV and the
few meV23 we assumed that all of the excitons had the samerystal-field splittingA=-225 meV.

binding energy. With this, we determined the spin-orbit
splitting 6=36 meV and the crystal-field splittingA
=-225 meV. Although there is a lack of experimental values
for these two parameters for AIN, they have been determined The authors would like to thank B. V. Shanabrook for
theoretically by several authors. The crystal-field splittng  helpful comments. The work at NRL was partially supported
in particular, showed a strong dependency on variation in thby the ONR-IFO and ONR, monitored by C. E. C. Wood.
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