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We present results of first- and second-order Raman-scattering experiments on hexagonal and cubic
InN covering the acoustic and optical phonon and overtone region. Using a modified valence-force
model, we calculated the phonon dispersion curves and the density of states in both InN
modifications. The observed Raman shifts agree well the calculafgaint frequencies and the
corresponding overtone density of states. A tentative assignment to particular phonon branches is
given. © 2000 American Institute of PhysidsS0003-695(00)03015-1

The group-Ill nitrides(GaN and AIN have become the tone of the acoustic as well as the optical phonons and their
focus of materials research because their large direct barmbmbinations. From the experiments, we determine the pho-
gap makes them suitable for optoelectronic applications imon energies at thE point and at the zone boundary of InN
the blue and ultraviolet spectral region. The energy of theand compare the results with our calculations.
band gap can be varied by mixing the nitrides to their ternary = The samples investigated were an about 120-nm-thick
combinations. A key component for band-gap energies in thé&ayer of hexagonal InN grown 00001 GaN and a Jum-
visible range is InN. For the implementation of the nitrides inthick layer of cubic InN grown or{001) GaAs by plasma-
optoelectronic devices, a detailed knowledge of their fundaassisted molecular-beam epitaxy. To improve the quality of
mental physical properties is necessary. the InN layers, a buffer layer was grown on the substrate;

Raman spectroscopy has proven to be a powerful todinAs (300 nm was used for the cubic InN layer and for
for the investigation of material properties such as dopinchexagonal InN, a GaN900 nm layer!*'® The Raman-
concentration, defect identification, or crystal orientation, ascattering experiments were carried out using a Dilor XY
well as in the study of the phonon dynamics in GalNThe  and a LABRAM spectrometer with a charge-coupled-device
lattice dynamics of GaN and AIN have been investigateddetector. The 488 nm line of an AMKr™ laser and the 632.8
intensively>~" while for InN only a few reports exi$E'?  nm line of a He—Ne laser were used for excitation. The scat-
The energy of the observed phonons of InN is summarized itered light was detected in backscattering geometry which
Table I. Dycket all° complemented the experimental results corresponded té\;(LO) and E, symmetry. Because of the
with calculations, where they predicted the frequency of thesmall thickness of the InN layers, in-plane scattering, for
E, (low) mode to be at 104cnt. Recently, Inushima, which theA;(TO) becomes Raman active, was not possible.
Shiraishi, and DavyddV presented a complete spectrum All spectra are accurate ta 1 cm L,
with all six Raman-active modes, i.eE, at 87 and 488, InN exists in both the cubic and hexagonal modifica-
E,(TO) at 476,A,(TO) at 480,E,(LO) at 570, andA,(LO) tions, which differ in the packing sequence only. Hexagonal
at 580cm®. For cubic InN Tabatat all? determined the InN grows in the wurtzite structuréoint groupCg,) with
frequencies of the TO at 457 and the LO at 588 ¢m four atoms per unit cell. For the=0 group, theory predicts

Only a few calculations of the phonon frequencies ofthe following set of optical modesl'of=A;+2B;+E;
both InN modifications were published; in addition to Dyck + 2E,. Except for the silenB; modes all modes are Raman
et al’s results on hexagonal InN, Tabataall? calculated active. Cubic InN has a zinc-blende structure and belongs to
the T-point frequencies of cubic InN. Bechstedt and GHlle the point groupT with two atoms per unit cell, and thus six
reported the phonon-dispersion curves alonglthel direc-  phonon branches. At=0 the optical modes haveé, sym-
tion for the cubic modification from aab initio calculation.  metry.

In this letter, we present second-order Raman spectra of Figure Xa) shows a room-temperature first-order Raman
both the hexagonal and cubic modifications of InN. We per-spectrum of the hexagonal InN layer. The upper curve was
formed calculations of the dispersion curves of both modifi-recorded inA; +E, symmetry and the lower one B, con-

cations. The spectral region investigated contained the ovefiguration. The most intense peaks are located at 88, 440,
464, 490, 542, 568, and 590 chand labeled according to

3Electronic mail: geka@mail. physik.tu-berlin.de their Symm.etry' The peak at 88 crhof the E, (low) phonon
Ypresent address: Walter Schottky Institut, TUrddhen, Am Coulombwalll, ove_rlaps with a plasma “ne_ of the He/Ne laser. In order to
85748 Garching, Germany. verify the E, character of this peak we measured both con-
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TABLE I. Summary of the experimentally observed phonons of lehbic and hexagonal modifications
Experimental valueggiven in cm'Y) were taken from Refs. 9-12.

InN (hex) Ref. 9 Ref. 10 Ref. 11 Present work Indub)  Ref. 12 Present work

exp. calc. exp. calc. exp. calc.

E, (low) 104 87 88 93

B, 270 200 202

E, (TO) 475 472 476 470

A, (TO) 446 440 480 440 443 TO 457 472 470
E, (highhy ~ 495 488 483 488 490 492

B, 530 540 568

E, (LO) 570 605

A, (LO) 506 574 580 590 589 LO 588 586 588

figurations (parallel and perpendiculawith \.,.=488nm;  100-210cm?, exhibits a broad feature with maxima at 110,
the inset in Fig. la) shows that the peak, within experimen- 145, and 205 cm® with A; symmetry. This region is domi-

tal error, is equally strong in both configurations, and thushated by overtones of the acoustic phonons. The right part of
indeed ofE, symmetry. The energy of th, phonons at 88  Fig. 1() shows the high-frequency region of the spectrum.
and 490 cm* is in good agreement with those reported by apart from the first-order modeé,(LO) of hexagonal GaN
Inushimaet al** The position of theA; phonons is, how- (736cmt), weak additional features due to second-order

ever, different. Inushimat al, in their spectra, show a very processes in InN can be seen. In particular, we observed
weak feature at 440 cit near the feature that they assigned structures at 678. 1092. and 1188¢m

to the TO. Due to the better signal-to-noise ratio, this struc-

ture is more distinct in our spectrum and has clé@rsym-  |a4iong of the phonon-dispersion curves of hexagonal InN.

metry, just as the mode at 590 chdoes. The TO is much 5,11 del is based on the modified valence-force model of
smaller than the LO because it is actually forbidden in th'SKeatingw and Kané"’ including up to the third-nearest-

scattering geometry._lmperfections in the lattice Strucwreneighbor interactions as well as the Coulomb interaction.
may make it appear in the spectra. In the GaN buffer IayerI'he anisotropy of hexagonal crystals was accounted for with

the A1(TO), also forbidden in a perfect crystal, and the P .
. a set of parameters describing interactions along and perpen-
(high) phonon modes are detected at 542 and 568'cifihe . - 18 :
2 . . .. dicular to thec axis:® They were used to set up the dynami-
origin of the peak at 464 cnt is currently not clear; in this . . . .
cal matrix, the eigenvalues of which are the squares of vi-

frequency region theE; modes were observed in IR brational f : Ei 5 hibits th lculated
spectroscopy: but are also forbidden for the scattering ge- rational frequencies. Figure exnibits the calculate

ometries accessible to us phonon-dispersioncurves of hexagonal InN and the corre-

Several structures were observed in addition to the first—Sporldlng density of states.

order phonons. In Fig.(b) the second-order Raman spectra  omparing the calculated phonon-dispersion curves in
are plotted. The low-frequency region, approximatelythe Iow-frequency region, we can assign the overtones of
transverse-acoustic phonons. While the structure around

145 cm ! can be attributed to acoustic phonons aroundihe
point, the structure located at 205 cthis presumably due to

In order to assign these structures, we carried out calcu-

(& | 8E(low)

E
g < overtones of TA phonons either near the symmetry pKint
or M of the Brillouin zone. In contrast to Inushine al,!!
= we interpret the weak structure around 200 ¢ras second-
g order processes of the acoustic phonons and not aBthe
% (low) silent mode, which should be much too weak to be
k2 observed.
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FIG. 1. First-order(a) and second-ordefb) Raman spectra of hexagonal 0 o
InN taken at room temperature for scattering geometries corresponding to r KM I A HL A DOS
A;+E, and E, symmetries. The lowest trace i) shows the calculated reduced wavevector coordinate

density of states. The excitation wavelength was 632.8finst orde) and
488 nm(second order The inset { =488 nm) shows th&, (low) mode FIG. 2. Calculated phonon-dispersion curves of hexagonal InN and corre-
for both scattering configurations. sponding density of states.
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were taken at an angle with the maximum intensity of the

InAs

- 5 o j E INN features in crossed polarizations corresponding to
; E 0 ‘ 40 E electric-field vectors parallel to the crystallographic axes.
) 200 zog Based on our experimental data we performed a calcu-
%‘ E lation of the phonon-dispersion curves of cubic InN, shown
2 L in the inset of the Fig. 3. For the iterative fit procedure of the
:év cubic dispersion curves we used the Kane parameters of cu-
g bic GaN and our LO() and TO(") phonon frequencies of
§ | InN. Due to the large difference between In and Ga atoms,
W all phonon branches are shifted to lower energies. The propa-
. A i . . b, . gation of the phonon branches along the-L direction
20 40 &0 B0 100 1200 400 agree well with those reported by Bechstedt and GHiend
Ramen shift (cm ) they agree with the calculated curves for hexagonal InN. The

FIG. 3. First-order and second-order Raman spectra of cubic InN taken atA @nd LA branches are paCkaIded into tE_@ (low) and .
room temperature for(x,x)z and z(y,x)Z configurations. The excitaton B; (low) branches, respectively, corresponding to the transi-
wavelength was 632.8 nm, in resonance with the band gap of InN. The highion from cubic to hexagonal symmetry. Similar backfolding

intensity marked by* is caused by the second-order signal of InAs. The ; ; ;
lowest curve shows the calculated density of states of the overtones. In thce)zCCurS for the cubic LO and TO into hexagoriad (high)

inset we present the calculated phonon dispersion curves of cubic InN. and E, (high). ] ]
To summarize, we presented first- and second-order Ra-

) . o man scattering results of hexagonal and cubic InN. Most of
The optical and acoustic combinations and the secondne first-order phonon frequencies agree with the literature.

order optical structures lie in the high-frequency part of theye compared the experimentally observed first- and second-
spectrum between 600 and 1200Cm The structure at order phonon energies to the phonon-dispersion curves cal-

—1 . - )
678cm -, from frequency considerations, can only be acylated by a valence-force model by Kane and find good
combination of optical and acoustic phonons. We interpreggreement.

the peak at 678 cit with A; symmetry as additive combi-

nation of A; (LO)+A; (LA) near the symmetry poinK or This work was partially supported by the Deutsche For-
M of the Brillouin zone. Between 850 and 1200chwe  schungsgemeinschaft, Volkswagenstiftung. One of the au-
observe an increase in intensity in both scattering geomthors(A.K.) acknowledges an Ernst von Siemens fellowship.
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