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Investigation of optically active E1 transversal optic phonon
modes in Al xGa12xN layers deposited on 6H–SiC substrates
using infrared reflectance

P. Wisniewski,a) W. Knap, J. P. Malzac, and J. Camassel
Universite Montpellier 2, Place Eugene Bataillon, 34095 Montpellier cedex 5, France

M. D. Bremser and R. F. Davis
North Carolina State University, Raleigh, North Carolina 27695

T. Suski
UNIPRESS, High Pressure Research Center, Polish Academy of Sciences, ul. Sokolowska 29/37,
01-142 Warsaw, Poland

~Received 18 May 1998; accepted for publication 22 July 1998!

We report an investigation, performed in the full composition rangex50 – 1, of the change in
infrared reflectivity spectra of AlxGa12xN layers deposited on 6H–SiC substrates. We have found
two different transverseE1(TO) phonon frequencies that can be assigned to AlN-like and GaN-like
modes. The composition dependences of these frequencies can be well approximated by linear
functions and the oscillator strengths scale like the corresponding Al and Ga mole fractions,
respectively. On a purely experimental basis, this establishes evidence of a two-mode behavior for
this controversial alloy system. The frequencies of the impurity mode of Ga in AlN~622 cm21! and
of the impurity mode of Al in GaN~643 cm21! were determined. ©1998 American Institute of
Physics.@S0003-6951~98!00639-1#
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Al xGa12xN is a well-known material, not only for opto
electronic device applications in the ultraviolet range b
also because it offers interesting opportunities for hig
power, high-temperature, and high-frequency electronic
vices. However, up to now, the knowledge of the most fu
damental properties of AlxGa12xN is still relatively poor
and, in particular, little is known about the vibrational pro
erties of this alloy in the full composition range.

Al xGa12xN is a wurtzite-type crystal with four atoms pe
unit cell. In such crystals there are nine optical modes wh
at the center of the Brillouin zone, reduce to the Ram
active E2 mode, infrared and Raman activeA1 and E1

modes, and the silentB1 mode. Most of the information on
Al xGa12xN vibrational properties is based primarily on R
man experiments collected in the backscatter
configuration1–3 and focused mainly on theA1(LO) @longi-
tudinal optic ~LO!# and E2 mode frequencies. Howeve
these experiments are not so easy to interpret, espec
when a partial or complete relaxation of the selection ru
occurs, in which case the normally forbiddenB1 mode may
also appear.2 Moreover, the traditionally used sapphire su
strates always display a complex phonon structure in
same spectral range. All these factors make any unamb
ous assignment of the Raman data difficult. As a con
quence, up to now, a one-mode behavior was reported fo
A1(LO) andA1(TO) @transversal optic~TO!# frequencies1,3

as well as theE1(TO) andE1(LO) ones.2 Conversely, the
E2 mode was claimed to exhibit a two-mode behavior.2,3

Such a comportment is hard to understand. For cu
materials, the existence of a local end-gap mode, if one

a!On leave from UNIPRESS, High Pressure Research Center, Polish A
emy of Sciences, ul. Sokolowska 29/37, 01-142 Warsaw, Poland.
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the components is infinitely diluted,4 the relative energetic
positions of the reststrahlen bands in the pure materials,5 or
the mass ratios of common and mixed components,6 some-
times allow us to predict the behavior of phonons in allo
To the best of our knowledge, there is no general criter
which would allow us to predict the phonon behavior
mixed crystals with wurtzite symmetry.

The primary objective of this work was to check, on
purely experimental basis, the composition dependence
long-wavelength TO phonon modes in AlxGa12xN, and to-
ward this end, we chose to investigate the infrared reflec
ity spectra of relatively thin~submicrometer-size! epitaxial
layers deposited on 6H–SiC. In this case, only theE1-like
TO modes should manifest~see Fig. 1! themselves and
should give sharp maxima in the reflectivity correspond
to TO phonon frequencies. They are superimposed on a l
SiC substrate background, which is much simpler than
sapphire one.

The epitaxial layers of AlxGa12xN were deposited on
^0001&-oriented 6H–SiC substrates in a cold-wall, vertic
radio-frequency~rf! inductively heated OMVPE~organome-
tallic vapor-phase epitaxy! reactor, at 45 Torr and a tempera
ture between 1050 and 1150 °C. Triethylgallium~TEG!, tri-
ethylaluminum~TEA!, and ammonia (NH3) diluted in H2

were used as source materials. In the case of Al0.12Ga0.88N, a
thin ~800 Å thick! AlN buffer layer was also deposited. Th
structural, microstructural, optical, and electrical propert
of the samples have been previously analyzed using diffe
techniques. The results have been reported elsewhere.7 The
only important point to notice is that the layer compositi
~x! was determined by energy-dispersive x-ray spectrosc
~EDX!, atomic-emission spectroscopy~AES!, and Ruther-
d-
0 © 1998 American Institute of Physics
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ford backscattering spectrometry~RBS! with good overall
agreement.

We have collected the infrared reflectivity spectra
room temperature. We used nonpolarized light and a fou
transform spectrometer, equipped with a KBr beam spli
and a mercury–cadmium–telluride detector cooled down
77 K. We worked in a quasinormal incidence, with t
propagation vector being parallel to thec axis ~the maximum
incidence angle was;12°!. In many cases, Fabry–Perr
oscillations coming from multiple intralayer reflections we
visible. They appeared mostly in the spectral range 150
8000 cm21, where all AlxGa12xN films were transparent
Taking the refractive index of AlxGa12xN from the work of
Ambacheret al.,8 we have used these interference data
determine the layers’ thickness. We have obtained the
lowing values: AlN, 0.22mm; Al0.95Ga0.05N, 0.15 mm;
Al0.68Ga0.32N, 0.2 mm; Al0.39Ga0.61N, 0.25 mm; and
Al0.12Ga0.88N, 0.6 mm.

A summary of experimental results obtained on the fi
Al xGa12xN samples is presented in Figs. 1~a!–1~e!. Thanks
to our special experimental configuration~using SiC sub-
strates and thin AlxGa12xN layers!, we resolve four phonon
structures unambiguously:~i! the broad band, located be
tween 800 and 1000 cm21, corresponding to the SiC res
strahlen band;~ii ! two large peaks, labeled A and B at low

FIG. 1. Infrared reflectivity spectra: experimental results~circles! and fitted
spectra~solid line!. Arrows marked A, B, and C correspond toE1(TO)
GaN-like, AlN-like, and LO modes, respectively.
Downloaded 16 Apr 2008 to 152.1.24.180. Redistribution subject to AIP
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energy; and~iii ! the sharp feature labeled C, in the SiC re
strahlen band.

Generally speaking, the composition dependence of
long-wavelength optical phonons in a mixed crystal can
hibit either a one-mode or two-mode behavior.6 In crystals
with a one-mode behavior, the phonon frequency varies
proximately linearly with composition, between the limitin
frequencies of the two binary crystals, while the oscilla
strength stays approximately constant. Examples of s
crystals are GaAs12xSbx ~Ref. 9! or Zn12xCdxS.10 Con-
versely, in mixed crystals with a two-mode behavior phon
frequencies characteristic of the pure binary crystals can
observed~almost unchanged! in the full composition range.
The phonon frequencies are very close to those of the p
crystals and the oscillator strength of each mode scales,
proximately, like the mole fraction of the binary material
the alloy. Examples of such crystals are InP12xAsx ,11

ZnS12xSex ,12 or Al12xGaxAs.13,14

Clearly, our experimental results suggest that the t
peaks labeled A and B are associated with two differ
E1(TO)-like frequencies. Indeed, with increasing Ga comp
sition, the B peak of Fig. 1~a! weakens, the second peak~A!
appears, and the intensity is transferred from B to A. At
same time, we find only one clear structure~labeled C! for
the LO mode. It appears on the background of the SiC r
strahlen band and, while forbidden in the normal inciden
configuration, originates from a finite angle inciden
effect.15 The striking point is that, while shifting toward low
energy~lower Al contents!, it does not split and seems to b
rather of the one-mode type. In other words, simple cons
eration of the experimental results suggests that the TO
LO phonon frequencies in AlxGa12xN exhibit two different
behaviors.16

In order to interpret the experimental data quantitativ
we performed calculations of the reflectivity using a stand
transfer matrix method for the multilayer structure. The
electric function of AlxGa12xN was supposed to be the su
of two phonon oscillators and a free-carrier contribution:

e~v!5e`1 (
i 51,2

f i

vTOi

2 2v22 ig iv
2

e`vP
2

v~v2 igFE!
,

wherevTOi
, f i , andg i ~with i 51,2) correspond to the TO

phonon frequencies, oscillator strengths, and damping
tors of the GaN-and AlN-like modes, respectively, andvP ,
gFE correspond to the plasma frequency and damping fa
of the free electron gas. These frequencies, oscillat
strengths, and damping factors have been taken as fi
parameters. For the dielectric function of the 6H–SiC su
strates and AlN buffer layers we used the following value

SiC: e`56.52, vLO5970 cm1, vTO5797 cm21,

g55 cm21;17,18

AlN: e`54.68, vLO5894 cm21, vTO5664 cm21,19

g550 cm21.

The results of fits are compared with experiments in F
1. Since the corresponding structures are very clearly
solved in the experimental spectra, the two different tra
verse phonon frequencies can be obtained with good pr
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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sion. This is because we have chosen to investigate very
layers for which the broad AlxGa12xN reststrahlen bands ar
not fully established and are replaced by thin dispers
lines. We found that allvTO frequencies determined by th
fitting procedure correspond, within a few cm21, to the fre-
quencies of the two extrema that can be read directly fr
the experimental spectra. We have obtained a free-elec
concentration of 4.131018 cm23 for the sample with 12% Al
and 2.731018 cm23 for the sample with 38% Al. For layer
with higher Al content the free-carrier contribution can
neglected.

The dependence of phonon frequencies and oscill
strengths on AlxGa12xN composition are shown in Figs. 2~a!
and 2~b!, respectively. In Fig. 2~b!, we show that the oscil-
lator strength of AlN- and GaN-like TO phonons are, with
good approximation, simply proportional to the correspon
ing Al and Ga mole fractions, respectively. In Fig. 2~a!, we
show that the corresponding frequencies vary smoothly w
alloy composition. This confirms the two-mode behavior
phonons in AlxGa12xN. Finally, from the linear extrapola
tion of the experimental values for the GaN- and AlN-lik
phonon modes (vGaN5557166•x@cm21#, vAlN5643121
•x@cm21#) we deduce 62265 cm21 for the impurity ~local!
mode of Ga in AlN and 64365 cm21 for the impurity mode
of Al in GaN.

We have also computed the LO frequencies of the t
polar modes using TO mode frequencies and oscilla
strengths shown as solid lines in Figs. 2~a! and 2~b!. These
values are obtained as the peak positions of Im@e21(v)# and
have been indicated as dashed lines in Fig. 2~a!. The inter-
esting point to stress is that these results agree well with
frequency of the sharp dip resolved on top of the SiC re

FIG. 2. ~a! The composition dependence of phonon mode frequencie
Al xGa12xN: circles, AlN-like TO mode; diamonds, GaN-like TO mode; an
squares, LO mode. Solid lines represent the linear fit to the experime
points. Dashed lines correspond to calculated frequencies of LO modes
peak positions of Im@e21(v)#. ~b! The composition dependence of oscill
tor strength of AlN-like~circles! and GaN-like~diamonds! phonon modes in
Al xGa12xN. Solid lines represent the linear fit to the experimental point
Downloaded 16 Apr 2008 to 152.1.24.180. Redistribution subject to AIP
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strahlen band, which was associated with anE1(LO) mode.
The composition dependence of its frequency is in go
overall agreement with the composition dependence of
phonons found in Raman experiments.2,3

Finally, the lower LO phonon branch, also indicated a
dashed line in Fig. 2~a!, is not resolved either in this work o
in Raman experiments reported up to now.1–3 We have found
that in the whole investigated alloy composition range
maximum in Im@e21(v)#, corresponding to the low-
frequency branch of LO mode, is at least an order of mag
tude weaker than the maximum corresponding to the hi
frequency one. This might be the reason why the lo
frequency branch of the LO mode was not resolved up
now and might explain most of the previous experimen
reports of a one-mode behavior for LO modes
Al xGa12xN.

To conclude, measuring infrared reflectivity spectra
Al xGa12xN in a large composition range, we have demo
strated a two-mode behavior for theE1(TO) phonon modes.
This is in agreement with the theoretical predictions of Gri
and Bechstedt,16 but disagrees with most previous expe
mental reports. Finally, we have obtained a value of 6
65 cm21 for the impurity mode of Ga in AlN and 643
65 cm21 for the impurity mode of Al in GaN.

The authors wish to thank M. A. Renucci and E. Bust
ret for helpful discussions and J.-L. Robert for continuo
interest.
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