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Investigation of optically active  E; transversal optic phonon
modes in Al ,Ga;_,N layers deposited on 6H-SIC substrates
using infrared reflectance
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We report an investigation, performed in the full composition rarged—1, of the change in
infrared reflectivity spectra of AGa,_,N layers deposited on 6H-SiC substrates. We have found
two different transversg,(TO) phonon frequencies that can be assigned to AIN-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 inf@2R cni ) and

of the impurity mode of Al in GaN643 cmi 1) were determined. ©1998 American Institute of
Physics[S0003-695(98)00639-1

Al,Ga,_,N is a well-known material, not only for opto- the components is infinitely dilutédthe relative energetic
electronic device applications in the ultraviolet range butpositions of the reststrahlen bands in the pure matetiais,
also because it offers interesting opportunities for highthe mass ratios of common and mixed compongrstsme-
power, high-temperature, and high-frequency electronic detimes allow us to predict the behavior of phonons in alloys.
vices. However, up to now, the knowledge of the most fun-To the best of our knowledge, there is no general criterion
damental properties of &Ba;_4N is still relatively poor which would allow us to predict the phonon behavior of
and, in particular, little is known about the vibrational prop- mixed crystals with wurtzite symmetry.
erties of this alloy in the full composition range. The primary objective of this work was to check, on a

Al,Ga 4N is a wurtzite-type crystal with four atoms per purely experimental basis, the composition dependence of
unit cell. In such crystals there are nine optical modes WhiChLong-waveIength TO phonon modes in,Glg N, and to-
at the center of the Brillouin zone, reduce to the RamaRygrq this end, we chose to investigate the infrared reflectiv-

active E; mode, infrared and Raman activ, and E; ity spectra of relatively thinsubmicrometer-sizeepitaxial
modes, and the sile®; mode. Most of the information on layers deposited on 6H—SiC. In this case, only Eyelike

Al,Ga _,N vibrational properties is based primarily on Ra- TO modes should manifesisee Fig. 1 themselves and

man experiments collected in the baCI(SC"’ME"”ngshould give sharp maxima in the reflectivity corresponding

to TO phonon frequencies. They are superimposed on a large

configuratiod— and focused mainly on tha;(LO) [longi-
tudinal optic (LO)] and E, mode frequencies. However, iC substrate background, which is much simpler than the

these experiments are not so easy to interpret, especialSI hi
when a partial or complete relaxation of the selection rules apphire oqe. . .
occurs, in which case the normally forbiddBp mode may The gpltamal Iaye_rs of AXGai*X'\_I were deposited gn
also appeaf.Moreover, the traditionally used sapphire sub-{000%-oriented 6H-SIC substrates in a cold-wall, vertical,
strates always display a complex phonon structure in th&adio-frequency(rf) inductively heated OMVPEorganome-
same spectral range. All these factors make any unambigi@!lic vapor-phase epitayyeactor, at 45 Torr and a tempera-
ous assignment of the Raman data difficult. As a conseture between 1050 and 1150 °C. TriethylgallidiEG), tri-
quence, up to now, a one-mode behavior was reported for tHthylaluminum(TEA), and ammonia (N diluted in H,
A;(LO) andA,(TO) [transversal opti¢TO)] frequenciek®  were used as source materials. In the case @{Sla g, a
as well as theE;(TO) andE;(LO) ones? Conversely, the thin (800 A thick AIN buffer layer was also deposited. The
E, mode was claimed to exhibit a two-mode behatidr. structural, microstructural, optical, and electrical properties
Such a comportment is hard to understand. For cubiof the samples have been previously analyzed using different
materials, the existence of a local end-gap mode, if one ofechniques. The results have been reported elsevilEne.
only important point to notice is that the layer composition

30n leave from UNIPRESS, High Pressure Research Center, Polish Acac(—x) was deter_m'neq b_y energy'd'Spers'Ve X-ray spectroscopy
emy of Sciences, ul. Sokolowska 29/37, 01-142 Warsaw, Poland. (EDX), atomic-emission spectroscogpES), and Ruther-
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energy; andiii ) the sharp feature labeled C, in the SiC rest-
strahlen band.

Generally speaking, the composition dependence of the
long-wavelength optical phonons in a mixed crystal can ex-
hibit either a one-mode or two-mode behaidn crystals
with a one-mode behavior, the phonon frequency varies ap-
proximately linearly with composition, between the limiting
frequencies of the two binary crystals, while the oscillator
strength stays approximately constant. Examples of such
crystals are GaAs,Sh, (Ref. 9 or zZn,_,Cd,S.2° Con-
versely, in mixed crystals with a two-mode behavior phonon
frequencies characteristic of the pure binary crystals can be
observedalmost unchangedn the full composition range.
The phonon frequencies are very close to those of the pure
crystals and the oscillator strength of each mode scales, ap-
proximately, like the mole fraction of the binary material in
the alloy. Examples of such crystals are {nRAs,,*!
zZnS,_,Se 2 or Al;_,GaAs. 3

Clearly, our experimental results suggest that the two
peaks labeled A and B are associated with two different
E,(TO)-like frequencies. Indeed, with increasing Ga compo-
sition, the B peak of Fig. () weakens, the second pegk)
appears, and the intensity is transferred from B to A. At the
same time, we find only one clear structdtabeled G for
the LO mode. It appears on the background of the SiC rest-
strahlen band and, while forbidden in the normal incidence
configuration, originates from a finite angle incidence

| effect!® The striking point is that, while shifting toward low

(1100 ' 6(')0 ' 860 ' 1000 ' 1200 energy(lower Al content$, it does not split and seems to be
rather of the one-mode type. In other words, simple consid-
eration of the experimental results suggests that the TO and
FIG. 1. Infrared reflectivity spectra: experimental resutiscles and fited ~ LO phonon frequencies in 4BGa _,N exhibit two different
spectra(solid ling). Arrows marked A, B, and C correspond EiL(TO) behaviors®
GaN-like, AN-like, and LO modes, respectively. In order to interpret the experimental data quantitatively

we performed calculations of the reflectivity using a standard
ford backscattering Spectromet(RBS) with good overall transfer matrix method for the multilayer structure. The di-
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agreement. electric function of AJGa,_ N was supposed to be the sum
We have collected the infrared reflectivity spectra atof two phonon oscillators and a free-carrier contribution:
room temperature. We used nonpolarized light and a fourier f. eww,%

transform spectrometer, equipped with a KBr beam splitter e(w)zem-i-__z P S (070
and a mercury—cadmium—telluride detector cooled down to =12 Wrq, Yi YF

77 K. We worked in a quasinormal incidence, with the wherewro, f;, andy; (with i=1,2) correspond to the TO

propagation vector being parallel to thexis (the maximum phonon frequencies, oscillator strengths, and damping fac-
incidence angle was-12°). In many cases, Fabry—Perrot {55 of the GaN-and AIN-like modes, respectively, ang,

oscillations coming from multiple intralayer reflections were yee correspond to the plasma frequency and damping factor
visible. They appeared mostly in the spectral range 15004f the free electron gas. These frequencies, oscillatory
8000 cni*, where all AlGa ,N films were transparent. strengths, and damping factors have been taken as fitting
Taking the refractive index of AGa N from the work of  parameters. For the dielectric function of the 6H—SiC sub-

Ambacheret al,® we have used these interference data tostrates and AIN buffer layers we used the following values:
determine the layers’ thickness. We have obtained the fol- , 1
SiC: €.=6.52, 0, 0=970 cm, wro=797 cm?},

lowing values: AIN, 0.22um; AlggGéaodN, 0.15 um;
AlgeGaysN, 0.2 um; AlysGaesN, 0.25 um; and y=5 cm L1718
Alg 153 edN, 0.6 um.

A summary of experimental results obtained on the five  AIN: €,=4.68, w 0=894 cm}, wro=664 cm1!®
AlL,Ga _,N samples is presented in Figgat-1(e). Thanks
to our special experimental configuratignsing SiC sub-
strates and thin AGa, _,N layers, we resolve four phonon The results of fits are compared with experiments in Fig.
structures unambiguouslyi) the broad band, located be- 1. Since the corresponding structures are very clearly re-
tween 800 and 1000 cm, corresponding to the SiC rest- solved in the experimental spectra, the two different trans-

strahlen band(ii) two large peaks, labeled A and B at lower verse phonon frequencies can be obtained with good preci-
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900 strahlen band, which was associated withEgiLO) mode.

! [ N I T I ! I T D_[‘] . . . .

Al,Ga; N o T The composition dependence of its frequency is in good
gool @ T overall agreement with the composition dependence of LO

phonons found in Raman experimefits.

Finally, the lower LO phonon branch, also indicated as a
700 1 dashed line in Fig. @), is not resolved either in this work or
in Raman experiments reported up to nbwWe have found
that in the whole investigated alloy composition range the
maximum in Inie Y(w)], corresponding to the low-
frequency branch of LO mode, is at least an order of magni-
tude weaker than the maximum corresponding to the high-
frequency one. This might be the reason why the low-
frequency branch of the LO mode was not resolved up to
now and might explain most of the previous experimental
reports of a one-mode behavior for LO modes in
AlL,Ga ,N.

To conclude, measuring infrared reflectivity spectra of
AlLGa N in a large composition range, we have demon-
strated a two-mode behavior for thg(TO) phonon modes.
00 02 04 06 08 1 This is in agreement with the theoretical predictions of Grille
GaN Composition AN and Bechstedf but disagrees with most previous experi-

mental reports. Finally, we have obtained a value of 622

FIG. 2. (3) The composition dependence of phonon mode frequencies in, 1 . . .
Al,Ga,_N: circles, AIN-like TO mode; diamonds, GaN-like TO mode; and +5 Cm71 ffort:]he, 'mpl?t“ty mé)def?:l _GaGmNAlN and 643
or the Impurity moae o In GaNN.

squares, LO mode. Solid lines represent the linear fit to the experimenta1t5 cm
points. Dashed lines correspond to calculated frequencies of LO modes, the . .
peak positions of It (w)]. (b) The composition dependence of oscilla- The authors wish to thank M. A. Renucci and E. Bustar-

tor strength of AIN-like(circles and GaN-like(diamond$ phonon modes in  ret for helpful discussions and J.-L. Robert for continuous
Al,Ga _«N. Solid lines represent the linear fit to the experimental points. jnterest.
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