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Abstract

The phonon dynamics of wurtzite aluminum nitride contaminated by oxygen were investigated by employing the Raman back scattering, the
Fourier Transform Infrared (FT-IR) reflectivity and absorption, and the Brillouin scattering techniques on unseeded polycrystalline samples of AlN
built of single crystallites 1–5 mm in size. The six Raman active zone center optic modes were observed and identified. Throughout the oxygen
contamination range (∼1, ∼2, and ∼6 at.%) of three samples investigated, the widths of the principal Raman modes were found to decrease with
increasing the oxygen content in the single crystal. This behavior is interpreted as a change in the nature of the oxygen defect when the oxygen
concentration exceeds 1 at.%. The FT-IR reflectivity spectrum exhibits two-mode behavior at low oxygen concentration, one-mode behavior tends
to be dominant when the oxygen concentration increases, and only one-mode behavior can be observed at high oxygen concentration. These
changes in the reststrahlen band with oxygen concentration support the hypothesis of a transition in the oxygen accommodation defect as the
concentration of oxygen increases. The oxygen effects on the AlN optical parameters were investigated by calculating these optical parameters
from the reflectivity data of single crystallites differing in their oxygen concentration. The FT-IR absorption measurements showed several
absorption bands in the multiple-phonon region. A tentative interpretation is proposed in which these bands are considered to be due to oxygen
impurity absorption and to a combination of several phonon branches at the Brillouin-zone boundaries. The absorption spectrum in the one-
phonon region allowed us to obtain a reliable data on the phonon density of states function in bulk AlN. Lastly, three different configurations were
used in Brillouin scattering measurements to achieve a complete determination of the elastic stiffness constants of AlN.
© 2006 Elsevier B.V. All rights reserved.
PACS: 63.20.-e; 63.20.-pw; 78.30.-j; 78.35.+c
Keywords: AlN; Impurity characterization; Acoustical properties; Optical properties
1. Introduction

Aluminum nitride has attracted much attention because of its
extreme values of fundamental physical and chemical properties
which make it adequate for fabrication of a variety of devices
capable of performing at extreme conditions of power, freq-
uency, temperature, and in harsh environment [1]. Its wide band
gap (6.2 eVat room temperature) [2] has led to investigations of
its great potential for the development of optoelectronic devices
operating near the short-wavelength end of the visible spectral
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range. AlN also has attractive piezoelectric properties which
may be suitable for surface acoustic wave (SAW) device ap-
plications [3,4]. All these applications of AlN require detailed
knowledge of the optical and acoustical modes of the single
crystal.

Moreover, in the design of optoelectronic devices, interplay
between the physical dimensions of the device and the optical
parameters requires that each optical parameter be known as a
function of the wavelength as precisely as possible.

Avariety of experimental [5–10] and theoretical [11,12] tech-
niques were used to probe the vibrational spectrum and optical
parameters of AlN. However, there are significant discrepancies
between the data reported. These disagreements come perhaps
from the lack of suitable crystals for good measurements or
probably because of several percent oxygen incorporation in the
AlN lattice. Several models on the oxygen behavior in AlN are
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reported [13–15] in order to understand its effects on the AlN
properties.

In this work, in order to give the reader the much possible
experimental information about the phonon dynamics in the
AlN lattice where several percent oxygen incorporation is pos-
sible, we have employed the Raman back scattering, the Bril-
louin scattering in three different configurations, and the FT-IR
reflectivity and absorption techniques on three samples charac-
terized by different oxygen contents (∼1, ∼2, and ∼6 at.%).
Our results are presented as a function of the oxygen content in
the sample in order to illustrate the oxygen effects on the AlN
properties.

2. Experiments

The crystal growth was accomplished by sublimation of an
AlN charge placed in the hot zone of the tungsten crucible and
subsequent condensation of vapor species in a cooler region.
Prior to use for crystal growth, commercially available AlN
powder was annealed in vacuum and subsequently resublimed
in high-purity nitrogen at 2325 °C in order to reduce oxygen
contamination of the AlN source material. The growth expe-
riments were made in which the growth temperature on the
crucible lid was set to 2225 °C. The furnace was operated in
high-purity N2 gas at pressure below 1000 mbar. A polycrys-
talline, dense boule of 2 in. in diameter and up to 10 mm in
height was produced. Bulk samples were brown and partially
non-transparent in particular because of grain boundaries de-
coration. The single crystallites which build these samples were
strongly textured and were as big as 5×3 mm as it is shown in
Fig. 1. The result of these growth experiments was three poly-
crystalline samples differing in their oxygen contamination. The
variation of oxygen content in the samples comes from the
variation of the purity of the source material.

High quality surfaces for Raman, FT-IR, and Brillouin mea-
surements were prepared by chemical polishing performed in an
identical way for all of the samples investigated to remove oxide
films immediately prior to the measurements.

The orientation of each crystallite was evaluated from X-ray
Laue back scattering using X'pert-MRD. The X'pert-MRD com-
prises a MRD Cradle having approximately 37×44×34 cm
(W×H×D) like dimensions and five motorized movements:
Fig. 1. Amicrograph of polycrystalline bulkAlNmaterial built of grains 1–5mm
in size.
Phi rotation (φ) (range ≥2×360°, step size: 0.02°); Psi tilt (ψ)
(range: 180°, step size: 0.01°); X/Ymanipulation (range: 100 mm,
step size 0.01mm). The measurements are therefore always taken
at a fixed 2 Theta value and the single crystal orientation is
realized by twomovements: the Phi rotation axis, which is around
the sample normal; the Psi rotation axis, which lies in the sample
surface, and in the diffraction plane.

The Raman measurements in the back scattering geometry
were performed at room temperature using 5145Å light (in order
to decrease the surface effect) from an Ar+ laser of∼100 mW. A
double monochromator was used to analyze the scattered
radiation with a resolution of less than 1 cm−1. The spot size
on the crystallites was ∼2 μm. The Raman measurements were
taken on two crystal facets: a single crystal facet having the
(0002) orientation, and a cut so that the c-axis or the optical
axis was parallel to the single crystal facet (as it is judged by
the X-ray measurements).

The FT-IR reflectivity and absorption measurements were
performed at room temperature in the 400–3000 cm−1 freq-
uency range using a KBr beamsplitter and a DTGS detector
with a resolution of less than 1 cm−1 and an unpolarized light
near normal incidence. The spectrometer used supplies an FT-
IR microscope operating in reflectivity and absorption modes.
This microscope was used only in the reflectivity measurements
in order to measure the reflectivity from well definite facets,
while the FT-IR absorption measurements were performed in
vacuum to minimize the effect of atmospheric water-vapor
absorption. The crystallites surface roughness was negligible
compared with the wavelengths used in our FT-IR measure-
ments, so that normalization of the spectra was not necessary.

The Brillouin measurements were performed at room
temperature with incident λ0 =5145 Å monomode laser
excitation of ∼100 mW. A Sandercock [16] six-pass tandem
Fabry-Perot interferometer (FPI) was used to analyze the light
scattered from the crystallites. Brillouin spectra were recorded
with a multichannel scale with 1024 channels and were accu-
mulated ∼5000 times with 1 ms/channel scan. The free spectra
range of the FPI was set to 100 GHz and calibrated to better than
0.1 GHz with a reference sample (Li2O-2B2O3 glass ΔνLA=
42.06±0.01 GHz in the back scattering geometry). The AlN
crystallites investigated were partially non-transparent, so that it
was not possible to use the platelet scattering geometry where
the scattering vector is independent of the refractive index. The
Brillouin spectra were taken on the two crystal facets used in the
Raman measurements to achieve a complete determination of
the elastic stiffness constants of AlN.

3. Results and discussion

3.1. Raman measurements

AlN has wurtzite structure with c6ν
4 symmetry. There are

4 atoms per unit cell leading to [17]: an A1 branch in which the
Raman-active phonon is polarized in the z direction and which is
infrared active in the extraordinary ray; an E1 branch in which
the phonon polarized in the xy plane can be observed in the
infrared in the ordinary ray spectrum, and which is also Raman



Fig. 2. Raman spectra of AlN. Inset: back scattering diagram for each
orientation. The direction of the incident and scattered photons are indicated by
ki and ks, respectively, and the optical phonon by q. The polarization directions
are indicated by small arrows or by circled crosses, the latter indicating a
direction perpendicular to the plane of the paper. The predicted phonons are
listed below each diagram.
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active; two E2 branches which are Raman active; and two silent
B1 modes [18].

The nonvanishing components of the polarizability tensor
are presented below for each mode, and for the polar phonons
the direction of polarization is indicated in parenthesis.

A1ðzÞ ¼
a 0 0
0 a 0
0 0 b

2
4

3
5; E1ðxÞ ¼

0 0 c
0 0 0
c 0 0

2
4

3
5;

E1ðyÞ ¼
0 0 0
0 0 c
0 c 0

2
4

3
5; E2 ¼

d d 0
d −d 0
0 0 0

2
4

3
5:

ð1Þ

The frequency of an optical phonon which is infrared active is
split into a longitudinal (LO) and a transverse (TO) component
by the macroscopic electric field associated with the longitudinal
phonon. This electric field serves to stiffen the force constant of
the phonon and thereby raise the frequency of the LO over that of
the TO [19]. The consequences of this process on the static
dielectric constant (ε0) of the crystal are expected by the well-
known Lyddane–Sachs–Teller relationship:

e0 ¼ elðwLO=wTOÞ2 ð2Þ
where wLO and wTO are the frequencies of the longitudinal and
transverse components, respectively, and ε∞ is the high-freq-
uency dielectric constant.

Moreover, in the case of the wurtzite structure, the electrostatic
forces dominate over the anisotropy in the short-range forces, the
LO–TO splittingmust be greater than theA1–E1 splitting. In other
words, it should be a significant frequency separation between the
group of the TO phonons relative to that of the LO phonons.

From what is discussed above, it may be readily determined
which phonons must be seen in a variety of orientations where
the phonon must conserve energy (ν=νi−νs) and momentum
(q=ki−ks).

In the notation we will follow in this paper a spectrum is
described by four symbols, two inside a parenthesis and two
outside. The symbols inside are, left to right, the polarization of
the incident and scattered light, while the ones to the left and right
of the parenthesis are the propagation directions of the incident
and of the scattered light, respectively. Since in our measurements
all of the Raman spectra were acquired in a back scattering
geometry, the symbols outside the parenthesis will be the same.

In Fig. 2(a) for this y(xx)y arrangement, since the incident
light is propagating in the y direction and polarized along x, and
the scattered light is also propagating along y and polarized
along x, the predicted phonons are A1(TO) at 610 cm−1 and E2

(high frequency) at 656 cm−1. Similarly, in Fig. 2(b), for the
incident and scattered light are propagating along z direction
and polarized along y the z(yy)z arrangement gives E2 (low
frequency) phonon at 248 cm−1, A1(LO) phonon at 889 cm−1,
and the E2 (high frequency) phonon already observed in the
precedent arrangement. In Fig. 2(c), the incident light is pro-
pagating in the y direction and polarized along x, while the
scattered light is polarized along z. This arrangement which is
designed by y(xz)y, gives only one E1(TO) phonon at 669 cm

−1.
However, the y(zy)x is the only arrangement which can give the
E1(LO) phonon. This arrangement was not possible due to the
partial non-transparency of our samples (see Section 2). But this
phonon mode can be probed by the FT-IR reflectivity mea-
surements as it will be shown later.

After identifying the symmetry of each of the Raman active
phonons it will be interesting to discuss the lifetimes of these
phonons which can be deduced from the Raman measurements.
One fundamental mechanism that affects phonon lifetimes in
semiconductors is the anharmonic decay of a phonon into other
Brillouin zone phonons such that the energy and momentum are
conserved in the process. However, other additional channels of
phonon decay are clearly possible especially in material
containing impurities and defects. Theses crystal imperfections
can destroy the translational symmetry of the crystal, and thus,



1528 M. Kazan et al. / Diamond & Related Materials 15 (2006) 1525–1534
perturb the characteristic lifetime of the propagating phonon.
The Raman line width ΔE can be used to evaluate the phonon
lifetime τ via the energy-time uncertainty relation:

DE=h̄ ¼ 1=s: ð3Þ

Therefore, one may expect an increase in the Raman line
width with increasing the concentration of the oxygen impu-
rities in AlN. However, our findings indicate that the line width
of the Raman modes decrease with increasing the oxygen
concentration. This oxygen effect on Raman line width is al-
ready observed by McNeil et al. [10] when the oxygen content
in the sample exceeds ∼1 at.% and is interpreted as a change in
the oxygen accommodation defect as the concentration of oxy-
gen increases. It will be shown later that this behavior can be
observed also from the line widths of the loss energy functions
(which denotes the longitudinal mode) deduced from the re-
Fig. 3. Reflectivity spectra of the three AlN crystallites investigated. Inset: the behavi
of the three crystallites investigated. A vertically grid figures are used to show the d
flectivity data of several AlN crystallites differing in their oxy-
gen concentration.

3.2. FT-IR reflectivity measurements

As it is well seen in Fig. 3, significant changes can be
observed in the FT-IR reflectivity spectrum when the oxygen
concentration increases in the sample. Throughout the oxygen
contamination range (∼1, ∼2, and ∼6 at.%) of three crystallites
measured, the FT-IR reflectivity spectrum shows two rest-
strahlen bands, (i) a strong band which is shifted down in
frequency monotonically as the oxygen concentration increases,
and (ii) a higher frequency weak band which appears only at
low oxygen concentration (∼1 at.%) which weakens when the
oxygen concentration increases (∼2 at.%) and vanishes
completely at high oxygen concentration (∼6 at.%). This
vanishing of the high frequency weak band is accompanied by
or of an additional reststrahlen band throughout the oxygen contamination range
ownwards shift of the main reststrahlen band.
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the appearance of a weak structure near 890 cm−1 which in-
creases in magnitude with increasing oxygen concentration. A
deformation at the lower edge of the main reststrahlen band
occurs at low oxygen concentration only.

One can distinguish two type of infrared reflectivity behavior
in binary semiconductors containing a high concentration of
impurity such as AlN (which seems to present an extreme case in
this respect, because of the possibility of several percent oxygen
incorporation [13]): two-mode behavior which is characterized
by the occurrence of two distinct reststrahlen bands and one-
mode behavior in which the reststrahlen band of the host crystal
and the local vibration mode merge into a single reststrahlen
band. The changes in the reststrahlen band as well as the
occurrence of one or two mode behavior are well understood on
the basis of local mode theory. The criteria for two-band
behavior are that, in the heavier ion compound, the local mode
due to the substituted ion must fall above the optical branch of
the host crystal spectrum and that, similarly, in the lighter ion
compound, the substituted impurity must give rise either to a
localized gap mode between the acoustical and optical branches
of the parent crystal, or to an in-band resonance mode. One
criterion for localized gap mode and consequently two-mode
behavior is that the phonon dispersion of the host crystal be such
a gap does exist between its acoustical and optical branches. AlN
in its wurtzite structure does not have such a gap [21,22], and it
therefore follows that any impurity, that substitutes for nitrogen,
with an atomic mass larger than that of nitrogen cannot exhibit
the conventional two-mode behavior. Therefore, strict one-mode
behavior is possible when an impurity with a larger mass than
that of nitrogen substitutes for nitrogen. This implies that two
distinct reststrahlen bands in the reflectivity spectrum of AlN can
appear only if an oxygen impurity substitutes for aluminum atom
(which is the heavier atom).

From what is discussed above, we can attribute the defor-
mation occurring at the lower edge of the main reststrahlen band
observed in the reflectivity spectrum of the purest sample to an
in-band resonance mode within the 248–400 cm−1 (E2 optical
mode frequency) range frequency caused by nitrogen vacancies
substituted by oxygen atoms. Observation of the reflectivity
spectra in this frequency range was not possible because it was
out of the limit of our detector. The two-mode behavior and
consequently the high-frequency weak reststrahlen band which
appears in the reflectivity spectrum of the purest sample is
attributed to an Al vacancy substituted by oxygen (which has a
smaller atomic mass). The vanishing of the two-mode behavior
as well as the appearance of the sharp structure near 890 cm−1

when the oxygen concentration increases strongly suggest that a
transition in the oxygen defect accommodation occurs when the
concentration of oxygen increases. These observations support
the hypothesis (deduced earlier from the behavior of the Raman
line width) of a change in the nature of the oxygen defect as the
oxygen concentration increases.

3.3. Derivation of the optical parameters

The coefficient r(ω) is a complex function which is defined
at the surface of the crystal as being the ratio between the
reflective and the incident electric field:

rðxÞ ¼ Er

Ei
¼ qðxÞeihðxÞ; ð4Þ

where the amplitude ρ(ω) and the phase shift of the reflected
electric field θ(ω) were separated.

The phase shift can be given by:

hðxÞ ¼ 2x
k

Z l

0

lnrðxVÞ−lnrðxÞ
x2−xV2

dxV: ð5Þ

The reflectivity index n and the extinction coefficient k of a
crystallite are related to its reflectivity at normal incidence by
the relation:

rðxÞ ¼ nþ ik−1
nþ ik þ 1

¼
ffiffi
e

p
−1ffiffi

e
p þ 1

; ð6Þ

where ε is the complex dielectric constant.
The quantity which is measured in experiments is the

reflectivity R(ω). It is given by the relation:

RðxÞ ¼ rðxÞr*ðxÞ ¼ q2: ð7Þ
We can see from Eqs. (4) (5) (6) and (7) that the optical

parameters n and k or alternatively the real and the imaginary
parts of the dielectric constant ε1 and ε2 can be known as a
function of frequency from the reflectivity measurements only.
Since the oxygen affects deeply the AlN reflectivity spectrum as
it is shown earlier, significant oxygen effects on the AlN optical
parameters may be expected. In order to probe these effects, each
optical parameter was calculated from each reflectivity spectrum
illustrated in Fig. 3 and the results are plotted together in Fig. 4.

The optical transverse frequency wTO is located at the
maximum of ε2, and the optical longitudinal frequency wLO

occurs at the maximum of the loss energy function Im(−1 /ε).
Since the FT-IR reflectivity measurements were performed at
near normal incidence using unpolarized light on crystallites
oriented along the c-axis, the maxima of ε2 and Im(−1 /ε) can
be attributed, respectively, to the E1(TO) and the E1(LO)
phonon frequencies.

It is well seen from Fig. 4 that the line widths of the ε2 and Im
(−1/ε) peaks decrease with increasing the oxygen concentration.
This behavior is in good agreement with what it was observed in
the Raman measurements when the line widths of the Raman
peaks decrease with increasing the oxygen concentration.

Otherwise, with increasing oxygen concentration, the E1(TO)
and E1(LO) frequencies shift downwards and a weak maximum
attributed to in-band resonance mode observed in the plot of
Im(−1 /ε) increases in magnitude. This behavior also support
the hypothesis of a transition in the oxygen accommodation
defect as the oxygen concentration increases.

The three spectra of ε1 were extrapolated to zero and three
values of static dielectric constant ε0 were obtained: 8.22 for the
crystallite containing ∼6 at.% of oxygen, 7.92 for the crystallite
containing ∼2 at.% of oxygen, and 7.87 for the crystallite
containing ∼1 at.% of oxygen. Therefore, the high-frequency
dielectric constant ε∞ can be calculated as a function of the



Fig. 4. Optical parameters of AlN calculated from the reflectivity spectra. Solid line: plot of the optical parameters calculated from the reflectivity spectrum of the
crystallite containing ∼1 at.% of oxygen. Dashed line: plot of the optical parameters calculated from the reflectivity spectrum of the crystallite containing ∼2 at.% of
oxygen. Dotted line: plot of the optical parameters calculated from the reflectivity spectrum of the crystallite containing ∼6 at.% of oxygen.
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oxygen concentration by using Eq. (2). By substituting the
correspondent values of wTO, wLO, and ε0, three values of ε∞
were obtained: 4.38 for the crystallite containing ∼6 at.% of
oxygen, 4.39 for the crystallite containing ∼2 at.% of oxygen,
and 4.51 for the crystallite containing ∼1 at.% of oxygen.

If we assume now that the high-frequency dielectric constant
is the square of the refractive index in the visible n∞, we obtain
three close values of n∞: 2.0928 for the crystallite containing∼6
at.% of oxygen, 2.0952 for the crystallite containing ∼2 at.% of
oxygen, and 2.1237 for the crystallite containing ∼1 at.% of
oxygen.

Since we have derived these values from reflectivity
measurements at normal incidence on crystallites oriented
along the c-axis, all these values will refer to as the ordinary



Table 1
Assignment of absorption bands observed in FT-IR absorption to impurity
absorptions and multiple-phonon combinations

Frequency (cm−1) Assignment Point

A) 1020 A1(TO)+TA1 K
B) 1073 E1(TO)+LA M
C) 1172 E1(LO)+LA K
D) 1231 3LA M
E) 1256 2A1(TO) M
F) 1295 E1(TO)+A1(TO) M
G) 1332 2E1(TO) M
H) 1403 E1(LO)+A1(TO) K
I) 1435 2TA2+A1(TO)+TA1 M
J) 1475 2E1(LO) K
K) 1984 Oxygen impurity

The frequencies used are estimated from [20] and [21]. The longitudinal acoustic
branch is referred to as LA and the two transverse branches are referred to as TA1

and TA2.
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values. The extraordinary values can be obtained by using the
value of the anisotropy of AlN calculated in Ref. [12] where the
anisotropy of the static and high-frequency dielectric constant
was found to be: ε0 ( / / ) /ε0 (⊥)=ε∞ ( / / ) /ε∞ (⊥)=1.04.

3.4. FT-IR absorption measurements

All these results presented above provide information about
the phonon dynamics at the Brillouin zone center and about the
effect of oxygen impurity on the lattice vibration and the optical
parameters of AlN. However, FT-IR absorption measurements
can provide additional information on the vibrational spectrum
of the crystal lattice at the Brillouin zone edge. In Fig. 5 we
present the FT-IR spectra of thin (∼100 μm) substrate of AlN.

In the two- and three-phonon region the finite size effect can
be neglected in our measurements due to the large enough
crystallites which built the sample used in these measurements
(see Section 2). Therefore, the strong intrinsic absorption bands
which are observed in the FT-IR absorption spectrum in the
multiple-phonon region are generally considered originate from
impurities absorption or multiple-phonon combinations involv-
ing of an infrared photon with two or three lattice phonons and
are due to singularities in the phonon frequency distribution.
These singularities arise from critical points in the Brillouin zone
where (∂ /∂K) (ω1+ω2)=0 (if we consider a two-phonon
combination) where K is the wave vector and ω1 and ω2 are
the frequencies of the combined phonons. This condition often
occurs at K=Kmax where (∂ω1 /∂K ) and (∂ω2 /∂K ) are
separately equal to zero. However, there are several factors that
make the assignments of the absorption bands in the multiple-
phonon region to the phonons of definite types and symmetry
very difficult. First, we expect that the oxygen affects the lattice
vibration spectrum at the Brillouin zone edge in the samemanner
that it affects the lattice vibration spectrum at the Brillouin zone
center, and it follows that the prediction of the phonon freq-
uencies at the Brillouin zone edge will be rarely possible. Se-
Fig. 5. Absorption bands in the multiple-phonon region.
cond, critical points may occur well inside the Brillouin zone if
the condition that (∂ /∂K) (ω1+ω2)=0 is satisfied over a
sufficiently large interval ΔK [22]. In other words, The com-
bination bands associated with the zone boundary phonons may
be associated with a single critical point.

We have tabulated in Table 1 a tentative interpretation of the
absorption bands appearing in the multiple-phonon region in
which we involved fundamental frequencies of the Brillouin
zone edges taken from the literature [20,21]. All the bands
appearing in the FT-IR absorption spectrum were attributed to
multiple-phonon combination at the Brillouin zone boundaries
except the band at 1984 cm−1 which is probably due to oxygen
impurity substituting an Al atom (see the additional weak band
at this frequency appearing in the reflectivity spectrum).

Although the E2 and B1 branches are not infrared-active, the
FT-IR absorption in the one-phonon region seems to be a useful
method for probing the phonon density of states (DOS) func-
tion. A comparison of the FT-IR absorption spectrum in the one-
phonon region with previously reported experimental data ob-
tained in low-temperature neutron studies of AlN powder [23]
or in room- and low-temperature measurements of second-order
Raman scattering from strongly disordered AlN samples [24]
shows that FT-IR absorption can provide means to obtain a
reliable data on the phonon density of states.

3.5. Brillouin measurements

We have discussed above the optical phonon dynamics in
wurtzite AlN. Although the knowledge of the optical modes in
AlN are strongly required for some applications in electrolu-
minescent devices, other applications such as the manufacturing
of surface acoustic waves (SAW) devices require knowledge of
the acoustical vibrational modes and of the bulk elastic cons-
tants of the material. Brillouin scattering can provide a deter-
mination of these modes and elastic constants.

As AlN has an hexagonal structure with a space group c6ν
4 ,

five independent elastic constants have to be determined.
The single crystal used for this Brillouin scattering experi-

ments was brown in color (see Section 2), so that it was not
possible to use the platelet scattering geometry where Q the



Fig. 6. Brillouin spectra of AlN. Inset: experimental arrangements with V−V+H
polarization. The direction of the incident and scattered photons are indicated by
ki and ks, respectively, and the acoustic phonon by Q. (a) phonon propagating
along the c-axis. (b) phonon propagating perpendicular to the c-axis. (c) phonon
propagating in the ac-plane at an angle of 24.9° with the c-axis.

Table 2
Summary of our results as a function of the oxygen concentration compared with
previously reported results

Oxygen concentration Previously reported
values

∼1 at.% ∼2 at.% ∼6 at.% Values References

ωT
a (cm−1) 693.6 682.0 668.8 666.7 [8]

ωL
b (cm−1) 916.3 916.2 915.9 916.3 [8]

ε0(⊥) 7.87 7.92 8.22 7.91, 7.82 [12]
ε0(//) 8.12 8.24 8.55 8.22 [12]

8.5 [28] c

8.5 [29] c

ε∞(⊥) 4.51 4.39 4.38 4.53, 4.40 [12]
1.23 [11]

ε∞(//) 4.69 4.57 4.55 4.72, 4.64 [12]
4.68,4.84 [28] c

4.68 [30] c

4.84 [8] c

n∞(o) 2.1237 2.0952 2.0928
n∞(e) 2.1657 2.1367 2.1342 2.15 [5] d

2.2 [31] d

E2 (cm
−1) 248 252 [10]

303 [32]
A1(TO) (cm

−1) 610 614 [10]
613 [33]

E2 (cm
−1) 656 660 [10]

658.7 [33]
E1(TO) (cm

−1) 669 673 [10]
671.7 [33]

A1(LO) (cm
−1) 889 893 [10]

892.7 [33]
C11 (GPa) 394.1±1 410±10 [10] e

345 [27] e

398 [26] f

C33 (GPa) 402±1 388.5±10 [10] e

395 [27] e

382 [26] f

C44 (GPa) 120.1±1 124.6±4.5 [10] e

118 [27] e

96 [26] f

C12 (GPa) 133.4±2 148.5±10 [10] e

125 [27] e

140 [26] f

C13 (GPa) 95.2±1 98.9±3.5 [10] e

120 [27] e

126 [26] f

a The transverse optical mode frequency calculated from the reflectivity
measurement.
b The longitudinal optical mode frequency calculated from the reflectivity

measurement.
c Average values of transverse and longitudinal directions.
d Average values of the ordinary and extraordinary refraction indexes.
e Experimental measurements.
f ab initio calculation.
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scattering vector is independent of the refractive index n. Three
different configurations were used to achieve a complete deter-
mination of the elastic stiffness constants of AlN. In the first
configuration, spectra were taken in the right angle scattering
geometry (θext=92°) where the wave vector Q of the acoustic
phonon is parallel to the c-axis. The polarizations of incident and
scattered lights were Vand V+H, respectively. In this direction of
high symmetry, the solution to the Christoffel equation for ρV2 are
two pure modes: the C33 longitudinal acoustic mode and doubly
degenerate C44 shear acoustic mode. As it is shown in Fig. 6(a),
the measured spectrum exhibits a polarized peak at 85.25 GHz
and a depolarized peak at 46.97 GHzwhich can be assigned to the
C33 and C44modes, respectively. The phonon velocityV is related
to the Brillouin shift frequency Δν by:

V ¼ k0Dm½n2 þ nV2−2nnVcoshin�−1=2; ð8Þ

Where n and n′ are the appropriate refractive indices for
incident and scattered photons, respectively, λ0 is the vacuum
wavelength of the radiation, and θin the scattering angle in the
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crystal. The ordinary and extraordinary refractive indices were
taken to correspond, respectively, to the values 2.0928 and
2.1342 (see in Section 3.3 the optical parameters of the crys-
tallite containing ∼6 at.% of oxygen ). The elastic constants
were obtained by using the density ρ=3.23 g/cm3 [25]. Next,
Brillouin measurements were performed again with the same
right angle geometry but this time the direction of the Q vector
perpendicular to the c-axis. Three pure modes are expected: the
C11 longitudinal acoustic mode, the C66= (C11−C12) / 2 shear
acoustic mode and the C44 shear acoustic mode. Forbidden by
the selection rules for this scattering geometry, the latter cannot
be observed. The Brillouin spectrum plotted in Fig. 6(b) pre-
sents a polarized peak at 84.38 GHz and a depolarized peak at
48.80 GHz related to the C11 and C66 mode, respectively. To
obtain the last elastic constant C13 accurately, Brillouin mea-
surements were performed in the back scattering geometry
(θext=180°) where the laser was directed onto the sample at an
incident angle of αext=45°, 55°, and 65° from the c-axis. In
Fig. 6(c), where αext=65°, two mixed modes are observed.
These two mixed modes are the quasi-longitudinal and the
quasi-transverse acoustic modes, which are both expressed as a
function of C13, C11, and C33. From a fit of the experimental
elastic stiffness constant in the ac-plane we deduced the value
of the last constant C13.

The values of the AlN elastic constants reported in this work
are slightly different from those reported in [10] by McNeil et al.
possibly due to a small differences in the AlN material quality or
to that in our measurements we have used an ordinary and
extraordinary refractive indexes values deduced from the FT-IR
reflectivity spectra of the same crystallites used in the Brillouin
measurements, while in those of McNeil et al. the used values of
the reflective indexes of the medium (when the Brillouin mea-
surements were performed in the back scattering geometry)
seem to be taken from the literature.

We summarize our results on AlN vibrational properties in
Table 2. These results are presented as a function of oxygen
concentration inAlN. It is well seen that the oxygen concentration
affects significantly the properties of AlN. We believe that the
oxygen point defects in the samples can be a sufficient reason for
that the measured properties of AlN tend to disagree with one
another.

4. Conclusion

In this work we have measured the frequency and identified
the symmetry of each of the Raman active zone center optic
modes. Significant changes observed in the reflectivity spectra
of several crystallites differing in their oxygen concentration
have been interpreted as a transition in the oxygen defect
accommodation as the concentration of oxygen increases. The
optical parameters, deduced from the reflectivity spectra by
using the Kramers-Kronig technique and the dispersion theory,
have been found to be deeply affected by the oxygen con-
centration. The absorption bands observed in the FT-IR
absorption spectrum on the high frequency range of the ref-
lectivity band have been interpreted as a combination of several
phonon branches at the Brillouin zone boundaries or as an
oxygen impurity absorption. It has been found that the AlN
DOS function can be estimated from the FT-IR absorption
spectrum in the one-phonon region. We have made also a
careful analysis of the Brillouin spectra to measure the five
elastic constants of AlN. Our results are presented lastly as a
function of oxygen concentration.
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