PHYSICAL REVIEW B 87, 235209 (2013)

Anisotropic absorption and emission of bulk (1100) AIN

Martin Feneberg” and Marfa Fatima Romero

Institut fiir Experimentelle Physik, Otto-von-Guericke-Universitit Magdeburg, Universitdtsplatz 2, 39106 Magdeburg, Germany

Marcus Roppischer, Christoph Cobet, and Norbert Esser
Leibniz-Institut fiir Analytische Wissenschaften—ISAS—e. V., Albert-Einstein-Strasse 9, 12489 Berlin, Germany

Benjamin Neuschl and Klaus Thonke
Institut fiir Quantenmaterie/Gruppe Halbleiterphysik, Universitit Ulm, 89069 Ulm, Germany

Matthias Bickermann’
Department Werkstoffwissenschaften, Materialien fiir die Elektronik und Energietechnologie,
Friedrich-Alexander-Universitit Erlangen-Niirnberg, Martensstrasse 7, 91058 Erlangen, Germany

Riidiger Goldhahn

Institut fiir Experimentelle Physik, Otto-von-Guericke-Universitdt Magdeburg, Universitdtsplatz 2, 39106 Magdeburg, Germany

(Received 6 February 2013; revised manuscript received 19 April 2013; published 24 June 2013)

The intrinsic anisotropic optical properties of wurtzite AIN are investigated in absorption and emission. Full
access to the anisotropy of the optical response of the hexagonal material is obtained by investigating the
(1100) plane of a high-quality bulk crystal allowing electric field E polarization perpendicular (E L ¢) and
parallel (E || ¢) to the optical axis ¢. Spectroscopic ellipsometry yields the ordinary (e,) and extraordinary
(&) dielectric functions (DFs) from 0.58 up to 20 eV. The comparison of the experimental data with recently
calculated DFs demonstrates that Coulomb interaction has a strong impact not only on the spectral dependence
around the fundamental absorption edge but also on the high-energy features usually discussed in terms of
van Hove singularities. The fits of the second-order derivatives of ¢, and &, provide the transition energies
for the main features in this range. The DFs close to the fundamental absorption edge, dominated by free
excitons, exciton-phonon complexes, and the exciton continuum, are independently confirmed by reflectivity
and synchrotron-based photoluminescence excitation studies. Values for the band gaps, the crystal field
(A = —221 £2 meV), and spin-orbit splittings (As, = 13 &2 meV) are obtained. Furthermore, we obtain
accurate values for the static dielectric constants of e5; = 7.65 and &g, = 9.21, entering, e.g., the calculations
of exciton binding energies. Photoluminescence is used to investigate the emission properties of the same

sample.
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I. INTRODUCTION

Ongoing interest in wurtzite aluminum nitride (AIN) has
triggered lots of studies dealing with the optical properties
of this highest-band-gap wurtzite III-nitride semiconductor
material. Similar to the case of gallium nitride (GaN), AIN
is already used in demonstrator devices' despite the fact that
its optical properties are neither understood nor documented
sufficiently.

Furthermore, AIN is believed to have a high technolog-
ical potential as a substrate material for short-wavelength
emitters, as the high-band-gap material is transparent up
to about 200 nm>* and allows for low-strain active re-
gions composed of high-aluminum-content AlGaN.*” These
applications in turn triggered improvements in the growth
of high-quality AIN,>-'” only recently allowing us to in-
vestigate the fundamental properties of this semiconductor
in unpreceded quality. For example, the full width at half
maximum of donor bound-exciton recombinations in AIN
could be shown to be below 500 ueV, allowing for un-
ambiguous identification of these lines,!"!?> or the optical
properties of nonpolar quantum wells in AIN barriers could be
understood. 3
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The behavior around the fundamental band gap is strongly
influenced by the valence band (VB) order at the I" point of
the Brillouin zone (BZ). It is now generally accepted that AIN
exhibits a negative crystal-field energy A.s of about —220 meV
but a positive spin-orbit energy Ay, of about 11-22 meV
(a sampling of experimental and theoretical data is provided
below). As a consequence, one finds an uppermost VB with
', symmetry and two lower remote bands with I'y and I'j_
symmetry. Optical transitions between these states and the I';
conduction band (CB) are usually labeled as A (I'} | <> I'5),
B (I'y < I'9), and C (I']_ <> I'9). The transition probability
for A is weak for light with the polarization of the electric
field vector perpendicular to the ¢ axis (E L ¢) but high for the
parallel polarization (E || ¢). The opposite applies for C, while
B is strictly forbidden for E || ¢ and thus is only observable for
Elec

Typical high-quality AIN samples are heteroepitaxially
grown layers with the polar ¢ (0001) orientation. The common
experimental setup (E L ¢) allows access to the higher-energy
transitions related to I'y and I'Y_. Only in luminescence,
population arguments and possibly large acceptance angles
lead to observable contributions related to I';,. The fine
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structure of the free excitons related to the A transition has
been reported recently.'* In this work, a further splitting into
excitons of I's and I} symmetries has been observed. Modeling
yielded a negative spin-exchange interaction constant of j =
—4 meV. However, in absorption and reflectance studies large
angles of incidence have to be used in order to enhance the
sensitivity for A (part of the light is then polarized parallel
to ¢). In particular, the analysis of spectroscopic ellipsometry
(SE) spectra provides the ordinary &, and the extraordinary g
dielectric functions (DF) corresponding to E L ¢ and E || ¢,
respectively.'>! However, SE of (0001)-oriented films does
not allow us to determine the anisotropy far above the band
gap.

In the framework of density functional theory, wurtzite
AIN is a frequently investigated prototype semiconductor.!”:!8
Its large band gap and the spread of characteristic absorp-
tion features over a wide frequency range make it espe-
cially appropriate to demonstrate the influence of exchange
correlation!®! on the quasiparticle band structure and to
evaluate the suitability/accuracy of different approaches for
obtaining the correct atomic geometry in the ground state and
the band structure accounting for the excitation of electrons or
holes. In order to allow comparison with measured optical
spectra, the electron-hole interaction has to be taken into
account in the final step. This excitonic DF is obtained via
solving the Bethe-Salpeter equation using the quasiparticle
wave functions. The inclusion of excitonic effects causes a
pronounced redistribution of oscillator strength and a redshift
of the absorption features with respect to the so-called
van Hove singularities (critical points) in the quasiparticle
band structure. Although AIN has been studied by different
computational approaches in the past,’>?* experimental data
of the anisotropic dielectric functions are still missing. As
demonstrated previously for InN?* and GaN,> the accurate
determination of &, and & in the high-energy range requires
high-quality (1100) or (1120) surfaces. The preparation of
these facets became only recently possible with the availability
of large enough boules of single-crystalline bulk AIN. In
contrast to heteroepitaxial films, strain has almost no influence
on the characteristic transition energies for samples prepared
from bulk material.

This paper is organized as follows. In Sec. II, we briefly
describe the sample properties and specify the experimental
setups. In Sec. III, the experimental results are presented,
discussed, and compared to theoretical expectations. This
contains the anisotropic DF from 0.58 to 20 eV, an assignment
of high-energy critical points, the dispersion of g; in the
transparency region, the DF around the band gap, and related
emission properties. Finally, a short summary is given in
Sec. IV.

II. EXPERIMENT

The bulk AIN crystal under study, the same crystal used
in Ref. 14, was grown by physical vapor transport at about
2000°C. It was cut from the boule and wafered by standard
techniques to a thickness of about 500 pm. The surface normal
is [1100] & 0.3°, as confirmed by Laue diffraction. Lattice
constants of ¢ = 4.9810 A and a = 3.1109 A were obtained
by high-resolution x-ray diffraction. Earlier studies confirmed
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high transmissivity at ultraviolet wavelengths (between A =
220 and 380 nm) of more than 25% corresponding to o <
13 cm~'.? A detailed chemical analysis of a companion sample
yielded impurity concentrations of [O] =7 x 10'® cm™3,
[Si] =5 x 10" cm™3, and [C] = 6 x 10'7 em™3.

Photoluminescence was excited by ArF* excimer laser
pulses with A = 193 nm (E = 6.42 eV). The light source for
reflectivity spectra was a D, lamp. A spectral resolution of
250 neV at 6 eV was achieved. For studies under variable
temperature, the sample was placed in a cryostat cooled by
liquid helium. All optical parts such as windows, lenses,
polarizers, and mirrors are specially selected for suitability
in the ultraviolet spectral range. A commercial rotating
analyzer ellipsometer was employed for the spectroscopic
ellipsometry (SE) studies in the photon energy range from
0.58 to 6.4 eV. Here, the ellipsometric parameters ¥ and A
were recorded at room temperature for angles of incidence
of 60°, 67°, and 74°. SE in the range from 5 to 20 eV was
performed by using the ellipsometer® attached to the Berlin
electron storage ring for synchrotron radiation (BESSY II).
At this setup, the angle of incidence was 67.5° for energies
up to 10 eV and 45° for shorter wavelengths. For the
spectra spanning a high-energy range, the spectral resolution
decreases from 3 meV (at 5 eV) to 12 meV (at 20 eV).
Using the synchrotron ellipsometer, the insertion of a cold-
finger cryostat allowed temperature-dependent measurements
between T = 10 and 295 K around the fundamental absorption
edge. For these studies, the spectral resolution was enhanced
to 1 meV.

In order to get access to both the ordinary and the
extraordinary dielectric tensor components, the sample was
measured in two configurations for which the ¢ axis is oriented
either parallel or perpendicular to the plane of incidence.
The complex DFs (8, = €1, + jé&z,, ¥ =1L ,||) were obtained
by fitting ¥ and A in a multilayer model,?® which also
takes into account the 1-nm root-mean-square surface rough-
ness (from atomic force microscopy) via effective medium
approximation.?¢

Additionally, the Superlumi station at beamline I of the
DORIS 1III synchrotron at DESY, Hamburg (Germany), was
employed to record photoluminescence excitation (PLE)
spectra and reflectivity under inclined incidence of lightat 7 =
10 K.77

III. RESULTS AND DISCUSSION

A. High-energy features of the anisotropic dielectric function

Figures 1(a) and 1(b) show a comparison of the real and
imaginary parts of the complex DFs as obtained for wurtzite
AIN, respectively. Here, the full energy range from 0.58 to
20 eV is shown at T = 295 K. Obviously, both parts of the
DF exhibit a strong anisotropy. Peaks and intensities of &
and &, vary characteristically between the ordinary (E L c)
and extraordinary (E || ¢) DFs. In order to demonstrate the
similarities to wurtzite GaN, the corresponding results of &,
and &, from Refs. 25 and 28 are shown in Fig. 1(c).

To further discuss the origin of the features we focus on &;
only because they are mirrored in £ due to the Kramers-Kronig
relation. Ordinary and extraordinary ¢, are characterized by a
sharp onset of absorption at the band gap of wurtzite AIN
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FIG. 1. (Color online) Experimental (a) real and (b) imaginary
parts of the ordinary (E L ¢, black) and extraordinary (E || c,
red) dielectric functions of wurtzite AIN at room temperature in
an energy range from 0.58 to 20 eV. The labels are explained in
the text; corresponding energy values are summarized in Table I.
(c) The imaginary parts of the ordinary (black) and extraordinary
(red) dielectric functions of wurtzite GaN are shown in the same
energy range for comparison, composed from Refs. 25 and 28.

(=6 eV), labeled E. This will be discussed in more detail in
Sec. III C. The higher-energy features can partly be identified
in analogy to wurtzite GaN,> for which the imaginary parts of
the DF are presented in Fig. 1(c). The absorption contributions
there are labeled following Ref. 25. By comparing the general
line shape of the extraordinary &, of GaN and AIN, we can
identify peaks E;, E,, and E.

Now we compare the ordinary &, of AIN with the extraordi-
nary one. At approximately the same energy position where E;
was found for E || ¢, E;(B) is found for E L ¢, similar to GaN.
The contributions labeled E(C) and E, are well separable in
GaN but seem to overlap as a broad shoulder in AIN. However,
E| can again be found in &, for both materials as it is a
prominent contribution in the extraordinary DF and appears
at a similar energy position in the ordinary one but with lower
amplitude.

Features even higher in energy cannot be identified so far;
we therefore label them in increasing energy order both for
GaN and AIN. It should be mentioned that the peak named
E; in GaN is not necessarily identical to the one labeled E; in
AIN. On the contrary, we suspect E3 in GaN to be analogous
to Es in AIN, as can be seen from the DFs of AlGaN thin films
(not shown here).

Figure 2 additionally presents spectra of &, calculated
theoretically by density functional theory including quasipar-
ticle corrections and excitonic coupling between electrons and
holes.?>?3 The good agreement between the shown calculation
and our experiment allows us to transfer assignments already
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FIG. 2. (Color online) Comparison of experimental (blue and red)
and calculated (black) imaginary parts of the dielectric functions.
The top graph shows the ordinary part, and the lower one shows the
extraordinary part. Theoretical results are taken from (a) Ref. 22 and
(b) Ref. 23.

drawn in Ref. 22 to our case. The E; and E;(B) transitions are
assigned to absorption along the U line (i.e., the connection
line between M and L points) in the BZ. E, and E;(C) are
probably related to K- and M-point interband transitions
appearing at similar energies. Also higher CB absorption at
the T" point can contribute, especially for E || ¢. The E| feature
can stem from absorption around the K point.

However, it should be kept in mind that a band structure,
even already including quasiparticle corrections, cannot be
used easily for a one-by-one assignment of energy values
because the excitonic or Coulomb interaction changes the
shape of the DF considerably.?? Such high-energy excitonic
effects can be of the order of eV, prohibiting the classical
approach, where structures in the DF are considered as directly
linked to critical points of the band structure.?

For quantitative analysis of the energy values of high-
energy features in &, we calculated the second derivative of
the point-by-point DF after surface correction multiplied by
the square of the photon energy.*’ The resulting traces can be
fitted®! by

d2 2.1 Ajeiq’f
T ) D PESTARER

J

(1)

with ®;, A;, I';, and E; being the phase angle, amplitude,
broadening factor, and transition energy of the jth transition,
respectively. The exponent in the denominator is fixed to
3 because strong Coulomb interaction leads to transitions
which are, even at high-energy critical points, exciton-like, as
discussed above. Due to the Kramers-Kronig consistency of
the DFs, the real and imaginary parts of Eq. (1) yield the same
parameters when applied to ¢ and &;, respectively. In Fig. 3,
for example, the second derivatives and the corresponding fits
to the extraordinary DF are shown. The overall agreements
of fits and experimental traces for the whole energy range
are obvious. The energy values E; obtained are summarized
in Table I. Close inspection of Fig. 3 indicates that around
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FIG. 3. (Color online) Second derivative of the extraordinary
dielectric function multiplied by the square of the photon energy
(symbols), together with the according fits (solid lines) to evaluate
transition energies with high accuracy.

7-7.5 eV and around 8.5-9 eV oscillations are visible in the
second derivative of the real and imaginary parts. They are
eventually related to further transition energies which must be
clarified with future experiments on additional samples.

B. High-frequency and static dielectric constants

The knowledge of the high-frequency (g4,)*> and static
(es) dielectric constants is crucial for correctly analyzing the
screening effects in any semiconductor as they enter into the
calculation of, e.g., exciton binding energies.>*** To obtain
quantitative results for €., the low-energy part of ¢; in the
transparent region of AIN has to be analyzed, i.e., where &; is
zero. In this energy range, &, equals the square of the refractive
index. Notably, the dispersion of ¢; for both polarization
directions of the electric field is governed by the oscillator
structure at ~7.8 eV, where maxima labeled E; and E{(B) in
&, show up. Because of the anisotropy of the energy position
and amplitude of E; and E (B), the dispersion of &, in the
visible range is anisotropic as well. It can be modeled by the
empirical equation’

Ag . E4 — (hw)?

2
o) =1+ = (294
o) =1+ = ( 2 B2~ (hw)?

AHEH )
EL — (hw)?)’
)

TABLE 1. Energy positions and tentative assignments of promi-
nent high-energy features of the dielectric functions at 7 = 295 K.
The labels appear again in Figs. 1 and 3. Possible origins of the
absorption bands in the Brillouin zone (BZ) are also given, as
explained in the text. The accuracy for all values is 10 meV.

Elc E|c

V) BZ (eV) BZ
E.(B) 772 M~—L E, 7.82 M~—L
Ei(C)/E» 8.83 M/K E, 9.34 r
E| 10.45 K E| 10.93 K
E, 11.98
E, 12.80 E, 12.54
Es 13.52 Es 13.72
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TABLE II. Parameter sets for the empirical description of ¢
below the fundamental band gap at 7 = 295 K. The high-frequency
dielectric constants &, calculated as asymptotic value for iw — 0 in
Eq. (2) and the static dielectric constants are also given.

Eg (V) EyV) Ag Ay(eV) Eoo s
Elc 6.19 10.71 4.2 28.3 4.14+0.02 7.65
E|c 5.94 9.70 3.8 32.8 434+0.02 9.21

Here, Eg represents an effective value for the band gap
energy, and Ey is an energy value representing the averaged
contribution from high-energy critical points. Ag and Ap
are the corresponding amplitude factors, respectively. Fitting
Eq. (2) to both traces of ¢; below the fundamental band
gap yields the parameter sets summarized in Table II. There,
the high-frequency dielectric constants &,, are also given as
derived from the iw — 0 limit of Eq. (2).

Using the Lyddane-Sachs—Teller36 relation &5 = (wrLo/
®10)* 65 and the optical phonon frequencies at room tem-
perature from Ref. 37, we can calculate the static dielectric
constants. By using w o = 890 cm™! and wro) = 611 cm™!
for the infrared-allowed A; modes, we obtain &g = 9.21.
For the other polarization direction, the E;(LO) and E;(TO)
frequencies of w1 = 912 em~! and wro, = 670.8 cm™ !,
respectively, result in eg; = 7.65. The ratio eg, /eg) is 0.831,
which is only slightly lower than estimated earlier.*® The
geometric mean value &5 = ,/gsiés) = 8.39 is frequently
used as an estimate of an isotropic equivalent for the static
dielectric constant.

C. Dielectric function around the band gap

Waurtzite AIN is characterized by a large negative crystal-
field energy A = (—221+2) meV and a small positive
spin-orbit splitting Ay, = (13 £ 2) meV. These values result
from the low-temperature results of this study; an overview
of previously published values is summarized in Table III.
Electron-hole interaction leads to the formation of excitons
with the binding energy of 55 meV or slightly smaller>>-° for
the A exciton, while the binding energies for B and C excitons
were found to be similar.'®

We performed SE experiments at different temperatures
between 7 = 10 and 295 K. The dependence of the anisotropic
& spectra around the band gap is presented in Fig. 4. Besides
the redshift with increased temperature, the evolution of
increasing broadening and thus damping can be observed
easily.

The anisotropic absorption behavior of wurtzite AIN around
the band gap results from the concurrence of several processes,
all linked to excitonic resonances. Again, it can be discussed
best by means of the imaginary part of the DF, &,. In
Fig. 5 details of &, in both orientations for the electric field
vector are shown as measured at 7 = 10 K. The onsets
of the experimental curves show a large energy distance,
as expected. For E | c¢ this onset is only slightly above
6 eV, while for E L c this position is about 200 meV
higher in energy, mirroring the distance between the excitons
formed with a hole from the topmost I';;. VB and holes
from the combined lower VBs, respectively. A detailed line
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TABLE III. Crystal field A ¢ and spin-orbit splitting A, as reported in the literature compared to our results. The respective method used
together with the sample orientation/structure are additionally noted; however, they are given for various temperatures. The references are
ordered chronologically. OR means optical reflection, CL is cathodoluminescence, PL is photoluminescence, and SE stands for spectroscopic

ellipsometry.

A (meV) Ago (meV) Technique Sample
Ref. 39 —200 Theory
Ref. 40 —58.5 20.4 Theory
Ref. 41 =217 19 Theory
Ref. 42 —215 19 Theory
Ref. 43 —176 Theory
Ref. 44 —169 11 Theory
Ref. 45 —244 Theory
Ref. 46 -219 Theory
Ref. 47 —224 19 Theory
Ref. 48 —275.8 21.8 Theory
Ref. 22 —235 Theory
Ref. 49 —55 OR ¢ plane on Al,O3
Ref. 50 —110 OR ¢ plane on Al,O4
Ref. 51 —230 (20) OR m-plane bulk
Ref. 52 —225 36 OR a-/c-plane bulk
Ref. 53 —237 (20) OR ¢ plane on SiC
Ref. 38 —152.4 18.9 CL c-plane heteroepitaxial films
Ref. 54 —206 20 PL ¢ plane on Al,O3
Ref. 16 -212 16 SE c-plane heteroepitaxial films
This work (295 K) —220£2 15+2 SE m-plane bulk
This work (10 K) —221+£2 13£2 SE m-plane bulk

shape decomposition of the &, spectra allows us to identify
distinct absorption mechanisms and their energy positions
(also shown in Fig. 5). The model is based on Elliot’s theory of
excitonic absorption” and additional contributions taking into
account the formation of exciton-phonon complexes (EPCs),
as already described in Ref. 16. In detail, the contribution due to
excitons is

cX ho — E)\?
& (hw) = o Xn:(y,ﬁ)J exp <(wy—)) , 3

(h

with E = Eg — EJ /n*. Here, Eg is the band-to-band gap,
Ej is the exciton binding energy, n is the exciton state,
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FIG. 4. (Color online) Imaginary parts of (left) the extraordinary
and (right) the ordinary dielectric functions as a function of temper-
ature.

and y is a broadening parameter. C* represents the cor-
responding amplitude factor, which is proportional to the
oscillator strength. The exciton continuum, also known as

Avae (Nm)
210 205 200 195 190
L B B N
g 14
15 | {l‘ ]
- ? . 3
5 ‘H E .
i w
L $ ______ —] 2
10|
S =k
[ §4|, :
L 8‘1’ | ] 0
(

59 6.0 6.1 6.2 6.3 6.4 65 6.6
Energy (eV)

FIG. 5. (Color online) Comparison of experimental (blue and red)
and modeled (black) imaginary parts of the dielectric function at
T = 10 K. The decomposition of the spectra allows us to assign free
excitons including excited states (FX), exciton-phonon complexes
(EPC), and contributions due to the exciton continuum or band-to-
band absorption. The sum of all contributions is also shown and is in
good agreement with the experimental data.

235209-5



MARTIN FENEBERG et al.

3.0

m
5

25
2.0
S'1.5
1.0

0.5

0.0

/ - - - -
/ \ E
\>‘// FX(T7,) \exc. continuum_;

// \ /EPC ]
PR .1 S R B

6.0 6.2 6.4
Energy (eV)

o

b,
o

FIG. 6. (Color online) Model fit of the imaginary parts of (top)
ordinary and (bottom) extraordinary dielectric functions at room
temperature. FX marks a free-exciton transition including excited
states with the corresponding valence band symmetry given in
brackets. EPC means exciton-phonon coupling, and exc. continuum
labels the contributions into the exciton continuum.

Coulomb-enhanced band-to-band transition, is modeled as

cBB 1 +erf[(iw — Eg)/y)]

BB —
& (hw) - (ha))2 1 — exp [—27’[2|E1§/(hw - EG)|]

“

Similarly, C22 represents the amplitude, and y represents the
broadening. Finally, the EPCs are described by

er"Chw) = fo ) b"'eS, Q)

m

with E in & being replaced by E = Eg — E /n* + mh<,
where 712 is the average contributing LO phonon energy. fy
and b~ express the strength of the EPC and its phonon
sidebands, respectively.

The same equations [Egs. (3) to (5)] were used to model
&, for both electric field polarizations at all experimentally
investigated temperatures. The highest accessible temperature
was room temperature (7 = 295 K) in our case, where all the
features suffer the maximum broadening and damping due to
phonons. However, excitonic resonances, their excited states,
EPCs, and the exciton continuum are still clearly resolvable,
as shown in Fig. 6.

The characteristic energy values obtained from the model-
ing are summarized in Table I'V. The anisotropy is found to be
nearly independent of the temperature. The same is true for the
exciton binding energies and the average phonon energies of
the EPC. The observed small decrease in phonon energy of the
longitudinal optical phonons is in line with earlier published
experimental studies.’® However, absolute energy positions of
all contributions shift to lower energies when the temperature
is increased, which is expected due to thermal expansion and
the electron-phonon interaction. The energy shift from 10
to 295 K amounts to 70 meV for the extraordinary DF, in

PHYSICAL REVIEW B 87, 235209 (2013)

TABLE IV. Characteristic energy values (in eV) extracted by
model fitting to the experimentally obtained imaginary parts of the
dielectric functions at 10 and 295 K. The accuracy of absolute energy
positions from ellipsometry is =1 meV.

T (K)

Parameter 10 295
E|c FX(I'74) 6.032 5.962
Exp 0.053 0.050
hQo 0.110 0.108

E_Llc FX(Ty) 6.255 6.183
FX(I'72) 6.264 6.193
Exy 0.055 0.052
hQio 0.111 0.109

agreement with earlier studies,'® and 71 and 72 meV for the
ordinary DF.

From the energy values reported in Table IV we
calculated'® a crystal-field splitting of A¢s = (—221 £ 2) meV
(—220 meV) and a spin-orbit energy of A, = (13 £2) meV
(15 meV) for low (room) temperature. For these calculations
we took into account that the observed I'7, exciton resonance
energy corresponds to the I'j exciton symmetry, and the
degenerate I'74 energy position is —3j/2 = 6 meV higher in
energy.'* The value for j = —4 meV is taken to be independent
of the temperature, while values of I'y and I';_ excitons
are used without further corrections. The values for A and
Ay, are only slightly different from our previously reported
parameter set based on thin epitaxial c-plane layers analyzed
at room temperature.'® However, due to the unrivaled quality
of the sample under study here, visible, e.g., because of the
intense and sharp excitonic resonances and the correction for
spin-exchange interaction of the A transition, we consider the
current values to be more reliable for unstrained AIN with low
point-defect density.

D. Emission properties

Now we correlate the absorption features around the
band gap with the emission properties. PL. spectra of the
near-band-gap energy region recorded from the same sample
are shown in Fig. 7. We observe the same general redshift
with increasing temperature as in ellipsometry assigned to
exciton contributions formed with holes from the highest (I'7.)
VB. We detect no luminescence from the higher transition
energies located around 6.2 eV due to the fact that in our
temperature regime the corresponding VBs are almost not
populated.

A detailed analysis of the PL spectra allows for an
assignment of the two dominating bands at low temperature
to donor bound-exciton contributions D°X. They peak at
6.0073 = 0.0003 and 6.0132 +0.0003 eV. While the low-
energy one is not identified yet, the latter one is assigned
to excitons bound to the shallow neutral-donor silicon. At
their high-energy shoulder, we observe two broader bands
stemming from free-exciton recombinations with holes from
the highest VB, which we label '} and I's according to their
symmetry. With increasing temperature these bands quench
slower than the D°X lines due to their successive thermal
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FIG. 7. (Color online) (bottom) Selected photoluminescence
spectra for different temperatures (7' = 10, 25, 44, 78, 98, 124, 150,
200, 230, 290 K). The high-intensity part is cut, and the spectra are
shifted for clarity. I'; and I's label the radiative bands assigned to
free excitons formed with holes from the I';, valence band and
mark their symmetry, respectively. (top) Logarithmic plot of the
spectrum at 7 = 10 K. Two similarly intense donor bound excitons
D°X dominate the spectrum. Bound- and free-exciton spectra for
different polarization directions of the electric field are shown in
red (E || ¢, stronger spectrum) and blue (E L ¢, weaker spectrum),
respectively.

dissociation. The free-exciton bands have their maxima at
6.032 £ 0.0005 and 6.040 £ 0.0005 eV (at T = 10 K), re-
spectively. The contribution at 6.032 eV could be assigned to
excitons having I'j symmetry; the higher-energy component
at 6.040 eV is assigned to excitons with I's symmetry. The
former are also visible in the DF at the same energy value,
while the latter remains too weak for detection by SE.'* This
fact is consistent with perturbation theoretical calculations.
When calculating the relative oscillator strengths of the I'} and
I's excitons by using a 12 x 12 kp Hamiltonian>® and setting
the spin-exchange interaction to j = —4 meV,'* we find that
the I'; exciton has a very strong oscillator strength (close to 1)
for E || ¢, but it is zero for E L c. In contrast, the I's exciton
has an oscillator strength of zero for E || ¢ and only around
4 x 107* for E L c. These results are in perfect agreement
with our experimental findings, as I's excitons can only show
up in nonequilibrium experiments (luminescence) if E L ¢ is
probed.

In Fig. 8 we collect the energy values for the free-exciton
recombination and absorption bands, as observed in PL and
SE as a function of temperature. The agreement between
the values from both techniques is obvious; i.e., the free
exciton visible in SE falls onto the lower-energy exciton state
observed in PL. Additionally, in Fig. 8 we present model fits
to the temperature evolution of the energy position of all three
excitons as measured by SE using the model developed by
Pissler.’” The obtained best fit parameters are given in the
figure.
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FIG. 8. (Color online) Temperature-dependent positions of free
excitons (symbols) and corresponding Pissler fits (solid and dashed
lines). The Pissler parameters are given. In the left graph the green
solid squares are resonance energy positions obtained by ellipsometry,
and the open symbols are peak energies as read from PL spectra.
In the right graph all experimental data points were taken from
ellipsometry.

It is very interesting to directly compare the spectra
recorded by different optical techniques. An overview is
given in Fig. 9, where we compare data at 7 =10 K.
The DFs were used to calculate an unpolarized reflectivity
for normal-incidence light,%! which is in turn compared to
experimental data measured with a D, lamp as an unpolarized
light source under normal incidence and with synchrotron
radiation under slanted incidence of light. The PL spectrum and
aPLE spectrum (using a weak low-energy defect luminescence
band as a monitor) are displayed as well. It is found that the
position of the I'j-symmetry free exciton with a hole of the
A VB matches perfectly with the dip in the PLE spectrum.
We assign this behavior to enhanced exciton generation at

T=10

|

T T T I T
0= 90°, calculated

~

8= 90°, D, lamp

Reflectivity

0=72.5°, synchrotron light

A =365nm
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FIG. 9. (Color online) The bottom graph compares a photolumi-
nescence excitation spectrum (red, top trace) with photoluminescence
(green, bottom trace). The bound excitons of the PL spectrum are cut
for clarity. The top graph shows shifted reflectivity spectra measured
by synchrotron radiation under tilted incidence (blue, bottom trace)
and by a deuterium lamp under nearly perpendicular incidence using
unpolarized light (black, middle trace). Additionally, a calculated
reflectivity spectrum for the same conditions is shown (red, top trace).
All data are recorded at 10 K.
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resonance energy. Note that these excitons do not easily
transform into the defect luminescence we detect here, which
is therefore of nonexcitonic nature. Obviously, techniques
presented here complement each other and thus yield well-
founded assignments and interpretations.

IV. SUMMARY AND CONCLUSIONS

We have presented and analyzed the ordinary and ex-
traordinary DFs of a high-quality nonpolar bulk AIN singly
crystalline sample from 0.58 up to 20 eV at room temperature.
High-energy features were evaluated, labeled, and assigned
after comparison with spectra of GaN and theoretical results.
The low-energy dispersion of ¢; yields the high-frequency di-
electric constants £o 1 = 4.14 & 0.02 and ) = 4.34 £ 0.02,
from which the static ones are calculated to be e5; = 7.65 and
gs) = 9.21. The DFs around the band gap were analyzed in
greater detail as a function of temperature between 10 and
295 K. The anisotropy of the different detected exciton states
yields a crystal-field energy of A = (221 £2) meV and a
spin-orbit splitting of Ay, = (13 &£ 2) meV at low temperature.
These results were compared to earlier reported values from
the literature. Furthermore, a detailed decomposition and mod-
eling of the DFs around the band gap energy yield evidence for
participation of exciton-phonon complexes, excited excitonic
states, and band-to-band transitions in the overall absorption.
The free-exciton energies were analyzed as a function of
temperature and are compared to photoluminescence spectra
also recorded at variable temperature. Both techniques show a
nearly perfect agreement as a function of temperature. This be-
havior could be described successfully by the Passler model. At

PHYSICAL REVIEW B 87, 235209 (2013)

low temperature, we furthermore showed reflectivity spectra
obtained in different setups and geometries and a calculated
reflectivity curve and compared them to photoluminescence
and photoluminescence excitation spectra, further supporting
our assignments.

Note added in Proof: Very recently a further study dealing
with spin-exchange interaction in AIN has been published
(Ref. 62). There, the spin-exchange interaction constant was
found to be j = +6.8 meV unlike our j = —4 meV. The
opposite sign of j in Ref. 62 is related to a different assignment
of exciton transitions resulting in a reversed energy order of
free excitons compared to our work. However, the relative
oscillator strengths of I'j and I's excitons calculated by
either value of j remains virtually unchanged to our present
results.
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