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The directional dependence of AlN intrinsic complex dielectric function, the phonon lifetimes, and
decay channels are investigated by means of polarized infrared reflectivity measurements on several
facets of self-nucleated wurtzite AlN crystal of high crystalline quality. The measurement technique
and the AlN single crystal used have been selected with the purpose to reduce, as much as possible,
any instrumental-based effects as well as phonon scattering mechanisms due to defects. The
experimental arrangements necessary to detect well-defined crystallographic orientations and
phonons are detailed. The dielectric parameters and the phonon lifetimes are precisely determined
as functions of the crystallographic direction from a careful Kramers–Kronig and damped Lorentz
oscillator analysis. The ordinary 共⬁⬜兲 and extraordinary 共⬁储兲 high frequency dielectric constants
for high quality AlN crystal are found to be 3.93 and 4.05, respectively, and the ordinary 共0⬜兲 and
extraordinary 共0储兲 static dielectric constants are found to be 7.37 and 8.60, respectively. Our values
obtained for the pure character phonon lifetimes are in good agreement with Raman measurements
when these are obtained with the necessary care to eliminate linewidth broadening due to the finite
slit width. The lifetime of a transversal phonon is found to increase with increasing the phonon
energy, while that of a longitudinal phonon is found to decrease with increasing the phonon energy.
Based on these observations, preferential decay channels for the AlN phonons are estimated. The
results show that in the case of AlN, the widely assumed symmetric optical phonon decay into two
phonons of lower energy cannot be justified for the zone center longitudinal phonons.
© 2009 American Institute of Physics. 关DOI: 10.1063/1.3177323兴
I. INTRODUCTION

Aluminum nitride 共AlN兲 has recently attracted much attention due to its physical properties which are appropriate
for several technological applications. Its wide energy band
gap 共⬃6.2 eV at room temperature1兲 is suitable for the
manufacturing of deep ultraviolet 共UV兲 photonic devices.
Moreover, due to its high thermal conductivity, hardness, and
stability at elevated temperatures, AlN is regarded as ideal
heat sink operating in harsh environments. All these important properties are found to be strongly dependent on the
surface orientation of the crystal of wurtzite structure.1,2 On
the other hand, the design of optoelectronic or photonic devices requires that the material dielectric functions and optical properties be known as precisely as possible. Moreover, it
requires a detailed knowledge on the optical phonon decays
and lifetimes. In fact, the decay of the optical phonons can
contribute significantly to the thermal conductivity of the
material-based device,2,3 and the lifetimes of the optical
phonons can determine the hot-phonon effects, which in the
case of GaAs, have demonstrated to play a key role in the
carrier relaxation.4 Consequently, a detailed knowledge on
a兲
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the orientation dependent dielectric functions and phonons
decay and lifetimes in AlN is of utmost importance for a
successful AlN-based device design.
Among the optical measurement techniques, infrared reflectivity analysis is the most quantitative technique because
the semiconductor response to an infrared wavelength excitation can be described by simple theories. Line-shape analysis, comparatively rare for photoluminescence and Raman
spectroscopy, can often be carried out to yield quantitative
results. For this reason, infrared reflectivity from a semiconductor surface has been widely used for a quantitative study
of the dielectric functions of semiconductor materials.5–15
However, so far the dielectric functions reported were deduced either without taking into account the crystal
anisotropy5–9 or only in the directions parallel 共extraordinary兲 and perpendicular 共ordinary兲 to the crystal c-axis.10–15
For the specific case of AlN, the data reported on the dielectric parameters5–9 disagreed among the different reports.
Such disagreement can be explained by different levels of
crystallinity in the samples used, since crystal impurities,16
disorder,17 strain,18,19 and different free carrier density20,21
can affect significantly the dielectric parameters.
The phonon lifetimes are usually measured from the
linewidth of their resonance in Raman spectroscopy.22–26
Different values for the lifetimes of the wurtzite AlN

106, 023523-1

© 2009 American Institute of Physics

Downloaded 27 Jan 2010 to 193.136.173.41. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

023523-2

J. Appl. Phys. 106, 023523 共2009兲

Kazan et al.

TABLE I. Directional dependence of AlN dielectric parameters and phonon lifetimes as deduced from FTIR
reflectivity measurements at near normal incidence on self-nucleated AlN facets with different orientations.


共deg兲

⬁

0

n⬁

兵101̄0其

0.0

4.05

8.60

兵101̄2其

47.3

3.98

8.00

Facet orientation


共cm−1兲

⌫
共cm−1兲

 ⫻ 10−12
共s兲

2.01

610a
889b

6.7
8.8

0.79
0.60

1.99

643a

6.0

0.88

a

兵101̄3其

57.9

3.96

7.74

1.99

653

5.7

0.93

兵101̄4其
兵0002其

64.1
90.0

3.95
3.93

7.62
7.37

1.99
1.98

658a
669a
916b

5.5
5.2
10.4

0.96
1.00
0.51

a

Transversal polarization.
Longitudinal polarization.

b

phonons, propagating either along or perpendicular to the
c-axis, were deduced from this measurement technique.27–29
The authors attributed the disagreement between the values
reported to different levels of crystal perfection because the
phonon decay, or alternatively the phonon lifetime, is due to
the combined effect of anharmonic decay, which determines
the intrinsic decay, together with the defect scattering.30–34 In
addition to the error on the intrinsic phonon lifetime coming
from defect scattering, a relatively large error can also arise
due to the Raman instrumental bandpass broadening. The
common procedure to circumvent this issue is to fit the Raman line with a Voigt profile, which corresponds to the convolution of a Lorentz phonon peak with the Gaussian instrumental profile. Such strategy is sometimes inappropriate and
leads to inaccurate results, particularly when the intrinsic
linewidth is comparable to the instrumental broadening.
In the present work we attempt to overcome these issues
and provide reliable data on the directional dependence of
the intrinsic dielectric functions and phonon lifetimes of AlN
free from instrumental line broadening effects and appreciable contribution from lattice imperfections. To measure
accurately the directional dependence of the intrinsic complex dielectric function of AlN, we have performed a careful
Kramers–Kronig analysis of properly polarized infrared reflectivity measurements on facets of high-quality selfnucleated wurtzite AlN single crystals with different orientations, ranging from an orientation perpendicular to the c-axis
to an orientation parallel to the c-axis.
By accurately measuring the directional dependence of
the damping constants of a generalized damped Lorentz oscillator model of self-nucleated AlN single crystal of high
crystalline quality, we are able to overcome the large errors
on the phonon lifetime values, which arise from the defect
scattering and instrumental bandpass broadening, and provide reliable data on the directional dependence intrinsic
phonon lifetimes and decays in AlN. The geometrical arrangements necessary to obtain the directional dependence of
complex dielectric function and phonon lifetimes from infrared reflectivity measurements are detailed. We also discuss
the decay channels for the transversal and longitudinal
phonons. We show that in AlN, in contrast to the common
view, the zone center longitudinal optical phonons preferably
decay into three other phonons of lower energies. Finally, we
compare the obtained values to the available reported data.

II. EXPERIMENTAL

The AlN crystal growth was accomplished by sublimation of an AlN charge placed in the hot zone of a tungsten
crucible and subsequent condensation of vapor species in a
cooler region. The starting material was AlN powder containing 0.5 wt % of Al2O3. Prior to use for crystal growth,
the powder was resublimed in the growth cell in an atmosphere of high-purity nitrogen. During resublimation, the
powder was kept at about 2300 ° C. The crucible lid where
the material is supposed to be condensed was kept at
2100 ° C. The charge of 200 g was completely sublimed during 24 h of holding time. The growth cell was designed in
such a way that it facilitates self-nucleation of AlN single
crystals on the crucible walls. The details of the growth procedure and the used growth cell are described elsewhere.35
The AlN single crystal investigated in this work is taken
from the crucible walls. It exhibits the natural crystal habit of
AlN with many well-developed facets. The areas of these
facets are as large as ⬃5 ⫻ 5 mm2. Further descriptions of
the self-nucleated AlN single crystal investigated are provided in Ref. 36. X-ray diffraction measurements allowed the
detection of the 兵101̄0其, 兵101̄2其, 兵101̄3其, 兵101̄4其, and 兵0002其
self-nucleated wurtzite AlN facets, which are selected for the
infrared reflectivity measurements. The angles 共兲 between
these facets and the c-axis are given in Table I. The surface
of each fact was chemically polished immediately prior to its
measurement to remove possible contribution from surface
oxidation. This self-nucleated AlN single crystal is of high
crystalline quality and would provide the intrinsic properties
of the material. In order to highlight the high crystalline
quality of the self-nucleated AlN single crystal, we illustrate
in Fig. 1 its E2 共high frequency兲 Raman-active mode line
together with that of a typical seeded AlN single crystal. The
E2 mode line is orientation independent and thus, its position
and linewidth should provide qualitative information on the
crystalline quality, independent of the crystal orientation.
The E2 linewidth of the seeded AlN single crystal is larger
than that of the self-nucleated AlN single crystal. This indicates that the phonon-point-defect scattering rate in the
seeded AlN single crystal is much higher than that in the
self-nucleated AlN single crystal. On the other hand, the E2
line of the seeded AlN single crystal presents a blueshift
relative to that of the self-nucleated AlN single crystal. This
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measurements. The c-axis forms with the facet an angle 
and with the zy plane an azimuthal angle . A goniometer is
used for fine variation in the angle  to make the crystal
c-axis lying in well-selected vertical space plane. By this
way we were able to manage that Ep and Es are either parallel or perpendicular to the plane defined by the c-axis and
the incident light wave vector kជ i. The importance of such
control for the present study is discussed in Sec. III.

III. RESULTS AND DISCUSSION
A. Polarization of the light electric field
FIG. 1. 共Color online兲 Comparison between the E2 共high frequency兲 Ramanactive mode line of self-nucleated AlN single crystal 共red dashed line兲 and
that of typical seeded AlN single crystal 共black solid line兲. The E2 line of the
typical seeded AlN single crystal presents signatures of point defects 共broadness兲 and defect-induced stress 共blueshift兲, which are not present in the
self-nucleated AlN single crystal.

blueshift might be a signature of defect-induced stress in the
seeded AlN single crystal, which does not exist in the selfnucleated AlN single crystal.
The infrared reflectivity measurements were performed
on the selected self-nucleated AlN facets at near normal incidence 共⬍5° uncertainty兲 in the 600– 7000 cm−1 frequency
range. A DTGS detector and a KBr beamsplitter were used.
The reflectivity from each facet was compared to that of a
gold-coated mirror with a reflectivity above 0.98 in the infrared region.37 The Fourier transform infrared 共FTIR兲 spectrometer used supplies a microscope which allows normal
incidence measurements of the reflectivity from the selected
facets. Note that the normal incidence reflectivity measurements of crystal facets differing in their orientation are
equivalent to the measurements of the reflectivity from facets
oriented parallel and perpendicular to the c-axis under different angles of incidence.38
Considering x, y, and z as the laboratory coordinate system, a light polarizer was used to polarize the light in the xz
共Es兲 共s-polarized兲 or in the zy plane 共Ep兲 共p-polarized兲. In
Fig. 2 we schematize the experimental arrangements of our

The effects of the AlN crystal orientation on the unpolarized infrared reflectivity spectrum have been previously
observed36 and described.39 The forms of the ordinary 共⬜兲
and extraordinary 共储兲 dielectric functions have been taken as
given by the classical Lorentz-oscillator model
⬜共储兲共兲 = ⬁⬜共储兲 + 兺
j

2
S j⬜共储兲TOj⬜共
储兲
2
2
TOj⬜共
储 兲 −  − i⌫ j⬜共 储 兲

,

共1兲

where the indices 储 and ⬜ are related to the phonon polarized
parallel and perpendicular to the c-axis, respectively, ⬁ is
the high frequency dielectric constant, and S is the oscillator
strength equal to 0 − ⬁, with 0 as the static dielectric constant. The ⌫ are the transversal phonon damping constants.
The summation is over j, which is an index labeling the
phonon mode. In the case of AlN, we have one mode in the
direction parallel to the c-axis and one mode in the direction
perpendicular to the c-axis. Hence, for AlN j = 1 for both
储共兲 and ⬜共兲. Here, we do not take into account the contribution of the free carriers to the lattice dielectric function
because it is negligible in a wide band gap material such as
AlN. In the case of phonon propagating between the c-axis
and the basal plane, the dielectric function can be written in
the following form:
共, ⬘兲 =

⬜共兲储共兲
,
⬜共兲sin2 ⬘ + 储共兲cos2 ⬘

共2兲

and the expression for the reflectivity becomes
R=

冏 冑冑

共, ⬘兲 − 1
共, ⬘兲 + 1

冏

2

,

共3兲

where ⬘ is the angle between the c-axis and the surface
normal. It is equal to  / 2 − .
Next, the complex coefficient r共兲 = Er / Ei, which is defined at the surface as being the ratio between the reflected
and incident electric fields, can be rewritten assuming that
the infrared response is the combination of the reflected electric field individual components, parallel 共Eru兲 and perpendicular 共Erv兲 to the plane defined by the c-axis and the light
wave vector
FIG. 2. The experimental arrangements for the infrared reflectivity measurements. The laboratory coordinate system is x, y, and z. The c-axis forms
with the measured facet an angle  and with the zy plane an angle . Es and
E p correspond to light polarization in the zx and zy planes, respectively. It is
assumed that in the case of an arbitrary light polarization the electric field
splits into two components parallel 共Eu兲 and perpendicular 共Ev兲 to the plane
defined by the c-axis and the light wave vector.

r共兲 =

Eru cos共⬙兲 Erv sin共⬙兲
+
.
Ei
Ei

共4兲

As shown in Fig. 2, ⬙ is the angle between the total reflected
electric field and the plane defined by the c-axis and the light
wave vector. Consequently, omitting the term containing the
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FIG. 3. 共Color online兲 Calculated infrared reflectivity spectra for several
values of the angle between the light electric field and the plane defined by
the c-axis and the light wave vector.

scalar product of the two orthogonal vectors Eru and Erv, the
total reflectivity R = 兩r共兲兩2 can be written in the following
form:
R共兲 = Ru共兲cos2共⬙兲 + Rv共兲sin2共⬙兲.

共5兲

The terms Ru and Rv are the contributions to the reflectivity
which correspond to Eru and Erv, respectively. It is clear from
Eq. 共5兲 that when unpolarized light is used, the infrared reflectivity exhibits contributions from phonon propagating in
the plane defined by the c-axis and the light wave vector and
from other phonon propagating perpendicularly to this plane.
Thus, the corresponding dielectric function cannot reveal the
dielectric function of a specific orientation. On the other
hand it can be readily noticed from Eqs. 共1兲–共5兲 that the
dielectric function in the plane defined by the c-axis and the
incident light wave vector can be deduced from the reflectivity spectrum, without any foreign contribution, when the
light electric field is polarized parallel to the plane defined by
the c-axis and the incident light wave vector 共the angle ⬙
vanishes兲. Eventually, the ordinary dielectric function can be
deduced from the reflectivity spectrum when the light electric field becomes perpendicular to the plane defined by the
c-axis and the incident light wave vector 共⬙ =  / 2兲.
The first question can be raised here: how can we polarize the light electric field parallel and perpendicular to the
plane defined by the c-axis and the light wave vector? To
answer this question let us first simulate the reflectivity spectrum of AlN facet with arbitrary crystal orientation for several values of ⬙ between 0 and  / 2 by using Eqs. 共1兲–共5兲,
which describe a generalized damped Lorentz oscillator
model. From the results shown in Fig. 3, it can be observed
that for ⬙ other than  / 2 the infrared reflectivity spectrum
shows a hump at the lowest edge or/and a spike at the highest edge of the reststrahlen band. For ⬙ =  / 2, the hump and
spike vanish completely. The origin of these crystal orientation dependent spectrum features can be comprehended from
the solution of Maxwell equation for an electric field propagating in a dielectric medium. Resonances in the reflectivity
spectrum occur when the incoming frequency matches the
frequency of transverse phonon modes, and vanished dielectric function is the condition for longitudinal phonon modes
to exist. This means that the hump and spike are the consequence of the light interaction with anisotropic medium. The
hump occurs near the frequency of an additional transverse

FIG. 4. 共Color online兲 Symbols: measured infrared reflectivity spectra of
several AlN self-nucleated facets. The infrared reflectivity spectrum corresponding to ⬙ = 0 and  = 90.00 exhibits weak peak at the highest edge of
the reststrahlen band because of the uncertainty on the normal incidence.
Solid lines: calculated infrared reflectivity spectra by using the deduced
values in an angle dependent generalized damped Lorentz-oscillator model.
The excellent agreement between the calculated and measured spectra
proves the reliability of the experimental approach and the deduced values.

phonon mode, and the spike originates from additional minimum in the reflectivity spectrum which reveals additional
longitudinal phonon mode. The vanishing of both the hump
and the spike indicates that the light is interacting with
phonons propagating in an isotropic plane. This implies that
when the light electric field becomes perpendicular to the
plane defined by the c-axis and the light wave vector 共allowing the detection of the pure ordinary ray兲 the infrared reflectivity spectrum should not exhibit a spike or hump. Thus, in
order to detect the ordinary ray alone, we have used the
following experimental procedure. First, we polarize the
light electric field in the zx plane. Next, we adjust the azimuthal angle  progressively until the hump and spike in the
infrared reflectivity spectrum vanish completely, which according to Fig. 3 corresponds to the situation where ⬙
=  / 2. As discussed earlier, this experimental arrangement
allows detecting the reflectivity of the pure ordinary ray
alone and consequently allows the ordinary dielectric function to be deduced. To obtain the dielectric function in the
plane defined by the c-axis and the incident light wave vector
from the reflectivity spectrum, we keep  as found in the
previous procedure and simply polarize the light in the orthogonal plane 共i.e., the anisotropic plane labeled as zy in
Fig. 2兲.
B. Directional dependence of the dielectric function

The measured infrared reflectivity spectra from the
兵101̄0其, 兵101̄2其, 兵101̄3其, 兵101̄4其, and 兵0002其 self-nucleated
wurtzite AlN facets for ⬙ = 0 and ⬙ =  / 2 are presented in
Fig. 4 as symbols. The measurements were performed in
600– 7000 cm−1 frequency range to ensure a reliable
Kramers–Kronig analysis, which requires integration in a
wide frequency range. However, we illustrate the infrared
spectra only in 600–1500 frequency range with the intention
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to show in more detail the influence of the crystal orientation
on the reststrahlen band features. It can be well observed that
when the light electric field is polarized parallel to the plane
defined by the c-axis and the incident light wave vector 共⬙
= 0兲 the infrared reflectivity spectrum depends strongly on
the crystal orientation. In contrast, when the electric field is
polarized perpendicular to the plane defined by the c-axis
and the incident light wave vector 共⬙ =  / 2兲, the infrared
reflectivity spectrum is insensitive to the crystal orientation.
In order to deduce the AlN complex dielectric function
parallel and perpendicular to the c-axis as well as at several
angles  from the c-axis, we have analyzed the infrared reflectivity spectra presented in Fig. 4 by using the Kramers–
Kronig technique. In this technique the complex coefficient
r共兲, which is equal to 冑共兲 − 1 / 冑共兲 + 1, is written as a
function of the amplitude 共兲 and phase-shift 共兲,
r共兲 = 共兲exp关i共兲兴.

共6兲

The amplitude and phase shift can be expressed as functions
of the reflectivity only as

共兲 = 冑R共兲,

共兲 = −

1
2

共7兲

冕 冏
⬁

ln

0

冏

⍀+ d
关ln R共⍀兲兴d⍀.
⍀ −  d⍀

共8兲

From Eqs. 共6兲–共8兲 we can see that the Kramers–Kronig technique permits, at each frequency, the determination of the
real 共1兲 and imaginary 共2兲 parts of the complex dielectric
function from the measured reflectivity data only without the
use of any fitting parameters. As can be noticed from Eq. 共8兲,
the frequency range where the reflectivity is constant does
not contribute to the Kramers–Kronig integral and can be
omitted. Also, the frequency ranges where ⍀ Ⰶ  or ⍀ Ⰷ 
do not contribute significantly because in these regions the
term ln兩⍀ +  / ⍀ − 兩 becomes very weak inside the
Kramers–Kronig integral. We therefore believe that the frequency range in which we performed the infrared reflectivity
measurements is enough to provide a reliable Kramers–
Kronig analysis of the infrared reflectivity in the phonon
region.
For an accurate implementation of the Kramers–Kronig
integral given in Eq. 共8兲 we have used the following procedure. First, we write Eq. 共8兲 as

共兲 = −

1
2

再冕
冕

1

0

d⍀ + ¯

⍀f

+ ¯

⍀ f −1

冎

d⍀ ,

冕

⍀i

⍀i−1

d⍀ +

冕

FIG. 5. 共Color online兲 Real part of the complex dielectric functions deduced
from the infrared reflectivity spectra for ⬙ = 0 and ⬙ =  / 2 and several
values of .

The real and imaginary parts of the AlN complex dielectric function as functions of the crystal orientation for ⬙
= 0 and ⬙ =  / 2 deduced from the Kramers–Kronig analysis
are presented by solid lines in Fig. 5 and symbols in Fig. 6,
respectively. For ⬙ =  / 2, we are always measuring the ordinary complex dielectric function ⬜共兲 whatever the crystal orientation is. Thus, we do not observe orientation dependency in the ordinary dielectric function. However, for ⬙
= 0, we are measuring the dielectric function in the anisotropic plane defined by the c-axis and the incident light wave
vector, where mixed character phonons of energies depending on the angle between the phonon propagation direction
and the c-axis influence strongly the dielectric function.41
When the crystal orientation changes, the angle between the
c-axis and the direction in which we measure changes, which
explains the changes observed in the measured dielectric
function.

⍀i+1

⍀i

共9兲

where ⍀i and ⍀ f correspond to a frequency in the measured
frequency range and the frequency where the reflectivity
spectrum becomes completely flat, respectively. Next, in
each interval 关⍀i − 1 ; ⍀i兴 of 1 cm−1 共the resolution of the
spectrometer used兲 we approximate the reflectivity by a linear fit. Then, we obtain 共兲 by solving each integral
⍀i
d⍀ numerically using the recursive adaptive Simpson
兰⍀
i−1
quadrature method.40

FIG. 6. 共Color online兲 Imaginary part 2共兲 of the complex dielectric functions for ⬙ = 0 and ⬙ =  / 2 and several values of . Symbols: as deduced
from a careful Kramers–Kronig analysis of the infrared reflectivity spectra.
Solid lines: best fit of Eq. 共12兲 to the 2共兲 obtained from the Kramers–
Kronig analysis of the infrared reflectivity data.
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FIG. 7. 共Color online兲 Refractive indices for ⬙ = 0 and ⬙ =  / 2 and several
values of .

The high frequency dielectric constants 共⬁兲 in the directions parallel and perpendicular to the c-axis as well as at
several angles  from the crystal c-axis are obtained from the
corresponding dielectric functions at high frequency, where
these dielectric functions become completely flat. The results
are presented in Table I.
The deduction of the static dielectric function 共0兲 from
the common extrapolation of the real part of the complex
dielectric function to zero would provide a relatively wide
range of uncertainty because the experimentation limits are
often well above the zero frequency. Thus, the directional
dependence of 0 will be deduced later by following the
other procedure.
From the knowledge on the real and imaginary parts of
the dielectric function we deduced the refraction index 共n兲
and extinction coefficient 共k兲 as functions of the crystal orientation by using the following relationship:

冑 − 1 n + ik − 1
冑 + 1 = n + ik + 1 .

共10兲

FIG. 8. 共Color online兲 Extinction coefficient for ⬙ = 0 and ⬙ =  / 2 and
several values of .

= 0兲, the incident light interacts with a transverse phonon of
A1-E1 mixed character propagating at an angle  from the
c-axis.41 The frequency of this transversal mixed character
phonon depends on  according to Loudon42 approximation.
We give in Table I the frequencies of the transversal pure and
mixed character phonons detected by the infrared reflectivity
measurements. The results verify Loudon approximation and
agree with previously reported results on the orientation dependent transversal phonon frequency in AlN.41,43
The orientation dependent energy loss function
关Im共−1 / 兲兴 for both cases ⬙ = 0 and ⬙ =  / 2 is plotted in
Fig. 9 by using symbols. As can be observed, for ⬙ = 0 the
energy loss function exhibits two peaks. The frequencies of
these two peaks are independent from the facet orientation,
but their relative intensities are not. For  =  / 2 the high
frequency peak is relatively very intense compared to the
low frequency peak, which is barely seen. The intensity of
the high frequency peak decreases with  while that of the

The results are plotted in Figs. 7 and 8, respectively. The
refractive index curves at high frequency allowed deducing
the refractive index at high frequency n⬁ as a function of the
crystal orientation. The values obtained are given in Table I.
C. Directional dependence of the phonon
lifetimes

The maxima of the imaginary parts 共2兲 of the dielectric
functions in Fig. 6 are important spectral features. They define the frequencies of the infrared active transversal
phonons which interact with the incident light. Thus, as can
be noticed from Fig. 6, when the light is polarized perpendicular to the plane defined by the c-axis and the incident
light wave vector 共⬙ =  / 2兲, the light interacts with transversal phonon of pure E1 character propagating perpendicularly
to the c-axis, whatever the crystal orientation is. However,
when the light electric field is polarized parallel to the plane
defined by the c-axis and the incident light wave vector 共⬙

FIG. 9. 共Color online兲 Phonon energy loss function 关Im共−1 / 兲兴 for ⬙ = 0
and ⬙ =  / 2 and several values of . Symbols: as deduced from a careful
Kramers–Kronig analysis of the infrared reflectivity spectra. Solid lines:
best fit of Eq. 共19兲 to the 关Im共−1 / 兲兴 obtained from the Kramers–Kronig
analysis of the infrared reflectivity data.
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FIG. 10. Normal incidence infrared reflectivity diagrams for a variety of
crystal orientations and for s- and p-polarizations. The allowed phonon
modes are indicated near the respective diagram.

low frequency peak increases. For  = 0 the high frequency
peak vanishes completely and the low frequency peak becomes very intense. On the other hand, the ordinary 共⬙
=  / 2兲 phonon energy loss function exhibits only one peak
insensitive to the crystal orientation. These maxima of the
phonon energy loss functions mirror which longitudinal
phonons interact with the incident light and suggest the following. When ⬙ = 0, the incident light may interact with one
or two longitudinal phonons of pure character. The strengths
of the signatures of these pure character phonons in the reflectivity spectrum depend on the facet orientation. This is
due to a possible splitting of E p into one component along
the c-axis direction and another one along the perpendicular
direction within the zy plane 共see Fig. 2兲. We give in Table I
the frequencies of the longitudinal pure character phonons
detected by the infrared reflectivity measurements. In Fig. 10
we summarize schematically which phonons can be detected
from the infrared reflectivity in both cases ⬙ = 0 and ⬙
=  / 2 for various facet orientations.
After identifying the symmetry of the detected AlN
phonons and determining their frequencies, let us estimate
their intrinsic lifetimes from our infrared reflectivity measurements. For a given angle , the real 关1共兲兴 and the
imaginary 关2共兲兴 parts of the dielectric function in the case
of a single resonance are given by
 1共  兲 =  ⬁ +

2
2
2
共0 − ⬁兲TO
共TO −  兲
2
2 2
2 2
共TO
 −  兲 +  ⌫TO

共11兲

and
 2共  兲 =

2
共0 − ⬁兲TO
⌫TO
2
2
2 2
2
共TO
 −  兲 + ⌫TO

.

共12兲

This can be readily demonstrated from a complete separation
between the real and the imaginary parts of Eq. 共1兲. On the
other hand, as demonstrated previously from the Kramers–
Kronig analysis, the imaginary part of the dielectric function
exhibits only one peak 共single resonance兲 which shifts in
frequency with varying the angle . Thus, the imaginary part
of the dielectric function deduced from the Kramers–Kronig
analysis can be described by Eq. 共12兲. This serves to deduce

accurately the two unknown parameters 0 and ⌫TO in Eq.
共12兲 by performing a systematic variation in 0 and ⌫TO to
achieve the best representation 共solid lines in Fig. 6兲 of the
2共兲 obtained. As can be noticed from Eq. 共12兲, the parameter 0, which is proportional to the oscillator strength S,
influences mainly the intensity of 2共兲, while the damping
constant ⌫TO influences mainly the linewidth of 2共兲 peak.
Note that in the fitting of Eq. 共12兲 to the 2共兲 obtained, the
angle  is also adjusted slightly to account for the uncertainty
on the normal incidence. This step is used in adjusting the
position of the synthesized 2共兲 peak relative to that obtained from the Kramers–Kronig analysis. The deduced values of 0 and ⌫TO for all the crystal orientations investigated are given in Table I. The lifetime of the transversal
phonon propagating at an angle  from the c-axis can then be
estimated from the corresponding damping constant ⌫TO
共which can be considered as an energy uncertainty similar to
the linewidth of the Raman resonance兲 by using the energytime uncertainty relation
⌫ 1
= .
ប 

共13兲

Here ប, the reduced Planck constant, is equal to 5.3
⫻ 10−12 cm−1 s. The obtained values of the lifetimes of the
transversal phonons detected by the infrared reflectivity measurements are given in Table I.
The procedure previously described serves to detect the
lifetimes of the pure and mixed character transversal
phonons, since the damping constants involved in the equations are those of transversal phonons propagating at different angles from the c-axis. In order to deduce the lifetimes of
the pure character longitudinal phonons, instead of using the
summation model of a damped oscillator given in Eq. 共1兲 to
describe the dielectric functions in the directions parallel and
perpendicular to the c-axis, we use the factorized model of a
damped oscillator
储共⬜兲共兲 = ⬁ 兿
j

2
2
LOj
储 共⬜兲 −  − i⌫ LOj 储 共⬜兲
2
2
TOj
储 共⬜兲 −  − i⌫ TOj 储 共⬜兲

,

共14兲

which involves the damping constants of the pure character
longitudinal phonons ⌫LO储共⬜兲. As mentioned previously, for
the case of AlN j = 1. The use of the equivalence between Eq.
共1兲 and Eq. 共14兲 permits the determination of the generalized
Lyddane–Sachs–Teller 共GLST兲 relation44
⌫2
4
0
=
2.
⬁
⌫
2
TO +
4
2
LO
+

共15兲

For ⌫TO = 0 Eq. 共15兲 reduces to the well known Lyddane–
Sachs–Teller relation.45
The real part of the dielectric function given by Eq. 共10兲
can be written as
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1储共⬜兲共兲 = ⬁储共⬜兲

2
2
2
2
2
共LO
储 共⬜兲 −  兲共  TO储 共⬜兲 −  兲 + ⌫ LO储 共⬜兲⌫ TO储 共⬜兲

共16兲

2
2
2 2
2
共TO
储 共⬜兲 −  兲 + ⌫ TO储 共⬜兲

and its imaginary part can be written as
2储共⬜兲共兲 = ⬁储共⬜兲

2
2
2
2
⌫TO储共⬜兲共LO
储 共⬜兲 −  兲 − ⌫ LO储 共⬜兲 共  TO储 共⬜兲 −  兲
2
2
2 2
2
共TO
储 共⬜兲 −  兲 + ⌫ TO储 共⬜兲

.

共17兲

On the other hand, the dielectric function 共 , ⬘兲 of an anisotropic crystal, which is a function of the angle between the c-axis
and the surface normal ⬘, is given by Eq. 共2兲. By converting ⬘ to  共⬘ =  / 2 − 兲 its real 关1共 , 兲兴 and imaginary 关2共 , 兲兴
parts can be written as
 1共  ,  兲 =

共1⬜1储 − 2⬜2储兲共1⬜ cos2  + 1储 sin2 兲
共1⬜2储 + 1储2⬜兲共2⬜ cos2  + 2储 sin2 兲
2
2
2
2
2
2 +
共1⬜ cos  + 1储 sin 兲 + 共2⬜ cos  + 2储 sin 兲
共1⬜ cos2  + 1储 sin2 兲2 + 共2⬜ cos2  + 2储 sin2 兲2
共18兲

and
 2共  ,  兲 =

共1⬜2储 + 1储2⬜兲共1⬜ cos2  + 1储 sin2 兲
共1⬜1储 − 2⬜2储兲共2⬜ cos2  + 2储 sin2 兲
−
.
共1⬜ cos2  + 1储 sin2 兲2 + 共2⬜ cos2  + 2储 sin2 兲2 共1⬜ cos2  + 1储 sin2 兲2 + 共2⬜cos2  + 2储 sin2 兲2
共19兲

By substituting Eqs. 共16兲 and 共17兲 in Eqs. 共18兲 and 共19兲, we
obtain for any value of  the real and imaginary parts of the
dielectric function as functions of the pure character longitudinal phonon damping constants ⌫LO储共⬜兲. Now, for a given
value of , ⌫LO储共⬜兲 are the only unknown parameters in the
equations of the real and imaginary parts of the dielectric
function. The values of ⌫LO储共⬜兲 for AlN can then be determined accurately by varying systematically ⌫LO储 and ⌫LO⬜ to
achieve with the same values the best representation 共solid
lines in Fig. 9兲 of the energy loss function curves obtained
from the Kramers–Kronig analysis for all the values of 
investigated. The obtained values of ⌫LO储 and ⌫LO⬜ are given
together with the corresponding phonon lifetimes estimated
from Eq. 共13兲 in Table I.
The parameters of the generalized damped Lorentzoscillator model given in Table I as functions of the crystal
orientation were used to calculate the orientation dependent
infrared reflectivity spectra by using Eqs. 共1兲–共5兲. The result
of this calculation is shown in Fig. 4 as solid lines. The
excellent agreement between measured and synthesized infrared reflectivity spectra proves the reliability of the deduced parameters given in Table I.
D. Discussion and comparison with previous results

The characteristics of the detected phonons presented in
Table I show that the lifetime of a transversal phonon increases with increasing its energy. However, the opposite behavior occurs for a longitudinal phonon; its lifetime decreases with increasing its energy. To interpret the trends of
the lifetimes of the transversal and longitudinal phonons, two
important characteristics of the wurtzite-type structure
should be taken into account. First, in the wurtzite-type
structure the electric field stiffens the force constant of the
phonon and thereby raises the frequency of the longitudinal

phonon over that of a transversal phonon. Second, the electrostatic forces dominate over the anisotropy in the shortrange forces, which results in that the longitudinaltransversal splitting becomes larger than the A1-E1 splitting.
These two characteristics make the energies of all the pure
and mixed character transversal phonons relatively much
lower than the energies of the longitudinal phonons.41 Based
on this, the trends of the lifetimes of the transversal and
longitudinal phonon can suggest the following. Due to the
small gap between the acoustic and optical phonon bands in
AlN and due to its low energy,46 the zone center transversal
optical phonon decays into two acoustic phonons with conserving the energy and momentum 共for the zone center
phonons the Umklapp process is disregarded兲. With increasing its energy, the transversal phonon finds fewer channels to
decay into two other acoustic phonons and does not have
sufficient energy to decay into three other acoustic phonons,
which implies an increase in its lifetime. However, due to its
relatively high energy, the longitudinal phonon can decay
into two acoustic phonons, one acoustic and one optical phonon of lower energy, or three acoustic phonons. When its
energy increases, the decay probability into optical phonons
of lower energies or three acoustic phonons becomes more
favorable, and consequently its lifetime decreases. These results clearly show that despite the small energy gap between
the acoustic and optical phonon branches, the widely used
Klemens model47 which assumes a symmetric decay of the
zone center optical phonon into two other phonons of lower
energy cannot describe the longitudinal optical phonon decay
in AlN. Model involving four-phonon normal processes or
the quartic anharmonic instead of the cubic anharmonic term
would be more appropriate to account for the longitudinal
optical phonon decay at the zone center in AlN.
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TABLE II. AlN dielectric parameters as deduced previously.
n储

n⬜

2.09
2.17

2.04
2.12

具n⬁典

0储

0⬜

9.32
8.12

7.76
7.87

1.9
1.99
2.11
2.114
8.9

具0典

Ref.

7.0
7.72
8.68
8.713

15a
34b
6
7
8
9
50
5

8.3

2.2

9.14

methods of computing the Voigt profile兲 often provides inaccurate values for the phonon lifetime. Moreover, the fit of the
Raman line with a Lorentz peak is inadequate to provide
accurate values for the phonon lifetimes. On the other hand,
the value for the lifetime of the transversal phonon propagating in the direction perpendicular to the c-axis and the values
of the lifetimes of the transversal and longitudinal phonons
propagating in the direction parallel to the c-axis deduced in
this work compare well with those reported in Ref. 49, where
systematic Raman measurements of the phonon lifetimes
have been made. These Raman measurements were performed by acquiring the Raman spectra at successive slits,
plotting the measured linewidth values as functions of the slit
width, then extrapolating to the zero slit to obtain actual
phonon linewidths with good precision. The agreement between the values obtained from this work and those obtained
from Ref. 49 adds further support to the reliability of our
approach and to the results obtained, including the trends of
the lifetimes of the transversal and longitudinal phonons,
which are used to estimate the possible phonon decay channels in AlN. It is worth to note here that the described reflectivity measurements involving the temperature factor would
lead to a better understanding of the optical phonon decay
channels in AlN, in which their knowledge is very important
for a thermal-management strategy.

a

Obtained from a theoretical approach.
Obtained from measurements on samples highly contaminated by oxygen.

b

Let us now consider the dielectric parameters deduced in
previous works in Table II. As can be noticed, they are different from the dielectric parameters deduced here. For instance, the value of the ordinary static dielectric parameter
0⬜ deduced here is 7.37 lower than all of the previously
reported values. The value of the extraordinary static dielectric function 0储 deduced in this work is 8.6 between the
lowest34 and the highest reported values.15 The values of the
ordinary and extraordinary high frequency dielectric parameters are both lower than all of the previously reported values. It is important to note that although our data for the
dielectric parameters are deduced independently, either from
the Kramers–Kronig analysis or from the damped Lorentz
oscillator model, they match very well with the GLST relation given in Eq. 共15兲. This, along with the fact that our
infrared measurements were performed on high crystalline
quality and well oriented single crystal AlN facets, provides
strong support to the reliability of the AlN parameters reported here.
In Table III, we show the previously reported values for
phonon lifetimes of pure character. These values have been
deduced from Raman spectroscopy. The values for low frequency phonons obtained by fitting the Raman line with a
Lorentz peak33 corrected by assuming a well-defined value
for the instrumental bandpass,29 or by fitting the Raman line
with the Voigt profile28 or according to Posener tables27,48
共when the signal-to-noise ratio does not allow fitting with
Voigt profile兲, are relatively higher than those deduced in this
work. However, because of the issues discussed in Sec. I, the
fit of the Raman line with Voigt profile and according to
Posener tables 共which are established from approximated

IV. CONCLUSION

The directional dependence of the intrinsic AlN complex
dielectric function, optical phonon lifetimes, and decay channels has been investigated. In order to overcome the instrumental and phonon-defect scattering errors and provide reliable experimental data, we have employed a careful
Kramers–Kronig analysis of polarized infrared reflectivity
data from several facets of high-quality self-nucleated AlN
single crystal. The experimental geometries necessary to allow the light polarization in well-defined crystal directions
are detailed. The ordinary and extraordinary dielectric parameters as well as the dielectric parameters for several AlN
crystallographic directions in the anisotropic plane could be
measured with high precision. The energies and the lifetimes
of the transversal and longitudinal pure or mixed character
infrared-active phonons could be detected and allow the estimation of the possible decay channels in AlN. The values
deduced for the phonon lifetimes were found to be in good

TABLE III. Energies and lifetimes of the zone center optical phonons propagating parallel and perpendicular to
the c-axis as deduced previously. We show only values obtained at room temperature.
共Symmetry E1兲a
共cm−1兲

共Symmetry A1兲b
共cm−1兲

TO

⌫TO

LO

⌫LO

TO

⌫TO

LO

⌫LO

Ref.

667.2
668

2.9
5.8

909.6

7.5

608.5
608

4.5
7.0

669

3.5

916

610

4.0

888.9
890
889
889
889

7.3
11.9
9
10.5
9.3

33
49
29
28
27

a

Symmetry E1 designates a phonon propagating perpendicular to the c-axis.
Symmetry A1 designates a phonon propagating along the c-axis.

b
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agreement with those deduced from Raman scattering measurements when appropriate care is taken to eliminate the
instrumental broadening effects on the Raman linewidths.
Our results are expected to stimulate further investigations of
the optical phonon decay channels, in which their knowledge
is important to gain insight into the effects of the anharmonic
terms of the interatomic forces.
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