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The Raman spectra of zinc-blende InN/GaN superlattices were calculated assuming the existence of an
interface region with thickness varying from one to three monolayers. The acoustic branches are weakly
affected by interfacing, but the optical branches can present frequency shifts up to 60 Acdownward shift
is observed for the higher frequency and an upward shift for the lower frequency modes. As a consequence, the
Raman peaks collapse together in the middle frequency range giving rise to a most prominent structure in the
spectrum, for6=3. These effects are tracked to the localization of atomic displacements at the direct and
inverse interface regions. The localization effects are strong in the InN/GaN superlattices because of the wide
gap observed in the phonon density of states for both constituent materials.
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[. INTRODUCTION ing. Previous theoretical results show that interfacing effects
are responsible for the lifting of degeneracies and consider-
Group Il nitride semiconductors have led to high efficientable gain in intensity of Raman modes in zinc-blende GaN/
quantum well(QW) structure light emitting diode_ED’s)  AlGaN SL's Such effects should appear much more clearly
and laser dioded_D’s) operating in the blue-green or violet in the INN/GaN SL's due to the greater separation of the bulk
region! The optical and electrical processes in GaN, AIN,dispersion curves of their componefits?
and InN based QW and superlatti¢§L) structures are A study of interfacing effects on the dispersion relations
remarkably influenced by the existence of an interfaceand ~Raman spectra of  zinc-blende  (IgN}/
In GaAs/AlAs QW's, surface segregation leads to the gen{INNosGaNy g s/(GaN)s_ s/(INNgsGaNy5) 5 SL's is per-
eration of an atomic-scale disorder in the first over-formed in this work, with interface thicknegsvarying from
growth monolayeré? Surface segregation energies in wideone to three monolayergML's). The folded acoustic
band-gap nitride alloys were recently calculated byphonons are shown to be negligibly affected, while the con-
Boguslawski et al* The authors found the segregation fined optical mode frequencies are significantly shifted by
energies in nitrides to be one order of magnitude larger thathe existence of interface. Due to the fact that the bulk dis-
in the arsenides or Si/Ge systems, for cation-terminated reeersion relations for optical modes of InN do not overlap
constructions. In addition, the nitrides differ from those sys-with those for GaN, and the acoustic phonon curves occur in
tems in two distinct aspectsi) the chemical bonds in the a frequency range far below, the SL optical modes are either
nitrides are significantly more ionic in charactéi) the mis- ~ confined in one or the other layer in the ideal SL. The exis-
match between the atomic radii of cations and anions i¢ence of nonabrupt interfaces strongly affects the dispersion
much larger in the nitrides. The latter aspect is of interest dugurves with frequency shifts up to60 cm *. An enhance-
to the increased disorder to result in wider interfaces. Actument in the intensity of some of the Raman lines is shown to
ally, the indium concentration gradient across theoccur on increasing the interface width. The most affected
GaN/Iny 48Ga, sN/Al 1Ga N interfaces was measured us- mode(number 23 is an InN confined phonon that turns out
ing high-resolution transmission electron microscopyto be localized in a region of about 2 ML's across the inverse
(HRTEM).®> The HRTEM results point to a typical interface INN/GaN interface fors=1. The localization of this mode is
width of 1 nm for the GaN/InGaN interface while more than observed to occur at the direct GaN/InN interface der2.
twice this value for the InGaN/AlIGaN interface. Several For =3 the localization occurs at the inverse interface as
studies in GaAs/AlAs SL’s suggest the need to consider infor §=1. This mode greatly contributes to the Raman scat-
terface effects in describing the optical phonon specftdm. tering in the range of frequencies between those of bulk InN
In the case of GaN/AGa, _,N SL’s, Raman scattering mea- and GaN. Several modes, with similar behavior, also contrib-
surements provide evidence of the graded alloy interface reste to the Raman intensity. Therefore, the Raman scattering
gion to be of the order of 2 nfhThis value is much larger of the GaN/InN SL's is interpreted here in terms of atomic
than the interface widths found for the arsenide based SL'dlisplacement localization restricted to either the InN/GaN or
However, early theoretical works on phonons in ll-nitrides the GaN/InN nonabrupt interface.
superlattices have disregarded interface effects. Therefore, a
model to describg the Iat_tice dynamics in .the nitride based Il. RESULTS AND DISCUSSION
systems should include interface effects in the nanometer
scale. Lattice dynamic calculations are available for GaN, The GaN LO mode occurs at the frequenay
AIN, and InN crystallized in the wurtzite and zinc-blende =740 cm',*® while the InN LO mode occurs atw
structures:!® Those calculations result in bulk-phonon fre- =588 cm 1.* The bulk selection rules forbid TO modes in
quencies to be of use in the simulation of the Raman scattea backscattering geometry of(801) face in a crystal with

0163-1829/2001/620)/2013064)/$20.00 64 201306-1 ©2001 The American Physical Society



RAPID COMMUNICATIONS

E. F. BEZERRAet al. PHYSICAL REVIEW B 64 201306&R)

TABLE I. Bulk GaN and InN mode frequencies as used in the
model to derive the force constarksq,, andq,. The frequency
values are in units of cit.

(GaN), /(Ga, In, N)/(InN), /(Ga, In N)

057705

0.5 05

LA(X) LO(I') LO(X) k o] )

GaN 358 740 71 189.71 32.76 10.00
InN 231 58d 567  128.20 26.93 2.77

3 rom Ref. 16.
bFrom Ref. 13.
°From Ref. 10.
dFrom Ref. 14.

Raman Intensity

either a zinc-blende or a diamond structure. By fixing this
geometry, only the LO modes should play a role in the Ra- L .

man scattering of a perfect superlattice constructed with 600 70_? 800
those components. We first consider the ideal JriiGaN,, Wave number (cm’)

superlattice, wherg; stands for the number of monolayersin  FiG. 1. Calculated Raman spectra for zinc-blende
each semiconductor type. The dispersion branches amount®N)g_ s/(InNy GaN, 2 5/(GaN)g_ s/(INNg sGaNy &) 5 SLs.
to N=n; +n, acoustic and\ optical branche$By assuming
n;=n,=8 there is a total of 32 phonon branches. check for the consistency of our results a mapping was per-
To calculate the dispersion curves, a linear chain modeformed using the effective wave vectge=mm/(n,+\)a,
was employed with a plane of atoms in the actual SL reprewherem is the order indexa is the GaN monolayer thick-
sented by an atom in the linear chatrThis representation ness, and is the parameter describing the penetration of the
allows the associated phonons propagating alond®@4]  wave function of GaN vibrations into the InN layers. The
axis to be described through a one-dimensional set of equaalue\ =1 was found to produce an almost perfect mapping
tions of motion. By considering just the nearest and next{not shown herg
nearest-neighbor force constants, the equation of motion was The introduction of an interface witd=1 results in a
solved in the harmonic approximation. The alloying at themodified spectrum with the number of peaks increased in the
nonabrupt interfaces was considered in the virtual-crystal apmiddle range of frequency600,71Q cm™ . This is shown
proximation, which is appropriate to describe one-mode-typén Fig. 1 (§=1), where the arrows indicate modes 23 to 26.
behavior. The interface was simulated with both constituent® larger interface, of two monolayers, causes further increase
in equal proportion and its width was varied in steps of oneof the number of peaks in the middle frequency range, as
monolayer up tod=3. The bond-polarizability modef,  seen in the spectrum labeléd2 in Fig. 1. The same set of
which provides a good description of optical modes, waspeaks as before, is indicated by arrows in this curve. It can be
used to calculate the Raman spectra of the SL's. The polanoticed that the lower frequency peaks shift upward while
izability constants were assumed to have fixed valueshose of higher frequency shift downward, resulting in a
throughout the SL. The bulk GaN and InN mode frequenciesnore crowded middle range than in the casésfl. Figure
(as used in the linear chain mogleind the force constants 1 also shows a remarkable increase of the Raman intensity,
are listed in Table I. The GaN zone-center LO frequency wagparticularly in the spectrum fof=3. In consequence, some
taken as the average value 740 cimfrom experimental of the new peaks are of the same magnitude as the original
data of Ref. 13. The acoustic LA frequency was taken as thend frequency modes. Fé=3 the end peaks were identi-
theoretical value of Karchkt al!® The InN LO(") frequency  fied as corresponding to the modes 20 and 32, in the base of
was taken as the value measured by Raman scattéring,

while the zone edge phonon frequencies for this crystal were - - - : 50—

obtained from calculation®. This kind of approach has been ssof /\ T o — .

successfully used before to describe the optical phonon be O S

havior in Ge/Si based superlatticés. ~ y ' i\’i:
Calculated Raman spectra for zinc-blende (IaNy/ 5 Qs\

(InNg sGaNy 5) s/(GaN)s_ s/(InNNg sGaNy 5) s SL's are pre- B 700} ]

sented in Fig. 1 for several values of interface widthrhe E ool 2 » o ad 25 26

lowest curve, for6=0, shows two dominant peaks at s /

=587.4 cm ! (mode 23 and w=739.2 cm ! (mode 32. § —

These frequencies are almost coincident with the LO bulk :"::_/:/

values of InN and GaN, respectively. In between, two weak ) ) , , 650 , —

structures appear at w=622 cm ! and~w=688 cni?, 0 oyl 3 0 ol 3

corresponding to modes 24 and 25, respectively. This identi-
fication was made by comparing the Raman frequencies with FIG. 2. Frequency versus interface thickness for the
the values found in the calculated dispersion relations. T@InN)g_ s/(INNysGaNy 5) s/(GaN)g_ 5/(INNg sGaNy 5) 5 SL.
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tion of the modes 24 and 25 f@i=1 to the opposite inter-

faces. Foré=2 the localization pattern is similar to that

observed for6=0, and the pattern fo6=3 to that for

=0 =1. Figure 3 also shows that the confined modéZ8 in a

INN (GaN) layer transforms to an interface localized mode.

Both modes 23 and 26 share the property of inverting the

1 interface localization upon changing the interface width in
‘ steps of one monolayer. The modes 17 to 20 are confined in
I

the InN layer for all§ values. The mode 21 transforms to a
highly localized mode in the center of the InN layer, #®r
=3. The mode 22 is localized close to the GaN/InN interface
. : for 6=2 and at the InN/GaN interface fa¥=3. Mode 27

| ' |'{ : H HLET changes from a GaN confined mode to a localized mode

across the GaN/InN interface. Finally, the GaN confined

mode 28 changes to a mode localized at the center of the
FIG. 3. Atomic displacements of selected optical modes for the GaN layer, for6=3. The four remaining modes, number 29,

(INN)g_ 5/(INNg sGaNy ) 5/(GaN)_ 5/(INNg sGaNye) 5 SL with & 30 31, and 32 are GaN confined for afiwalue.

=0, 1, 2, and 3. Open circles represent N and full circles represent

Ga atoms. In atoms are represented by the biggest circles. . CONCLUSION

comparison of their frequencies with the results of the dis- Summarizing, the interface effects on the Raman spectra
persion relation. It would be rushing to associate the middlef  zinc-blende  (INN}_ 5/(InNg sGaN, o) 5/(GaN)g_ 5/
range features to isolated modes, but contribution of mode@nN, GaN, <) s superlattices were studied using a linear
21to3lis expected in this range. Several dispersion curveshain description and the bond-polarizability model. It is
around 588 cm? correspond to different modes for certaln shown that the optical modes region of the spectrum is se-
8 values. It occurs also around 600 chand 634 cm* verely affected by the existence of the interface regions. The
making it difficult for distinguishing the exact correspon— main influence is the increase of intensity of peaks posi-
dence of frequency at larger interfaces with the par@nt tioned in between those related to the end spectra InN-
=0 line in these dispersion relations. Due to this difficulty confined and the GaN-confined modes. These peaks were
we analyze instead the frequency vergubehavior. Thew seen to shift with increasing towards the center position in
vs & plots are given in Figs. (@ and 2b) for the optical the spectrum. Thé=3 interface effects in the Raman inten-
modes of the SL with interface$=0, 1, 2 and 3. This figure sities are drastic, giving rise to a most prominent structure in
shows that the frequency increases linearly wattior the  the middle frequency range of the spectrum. This structure
modes 17 to 20. For the modes 21 to 27 thes 6 behavior  results from the overlap of several modes in a short fre-
is quite anomalous. For the remaining modes, 28 to 32pthe quency range. Examination of atomic displacements allowed
Vs & curves are almost linear. The anomalies can be relatefibr the effects to be tracked to localization of the vibrations.
to localization of the vibrations at the interfaces. To test thisThese effects are much stronger than those observed previ-
idea, we calculated the atomic displacements in the superlabusly for other systems like GaAs/AlAs, Si/Ge, and AIN/
tice. We found most of the modes to be confined either in th&saN SL's. The results suggests that optical modes are well
InN layer or in the GaN layer fo6=0. Modes 24 and 25 are suited as probe for interfacing with both frequency and in-
exceptions. We observed the mode 24 to be extremely locatensity, highly affected. The results are particularly attractive
ized at the InN/GaN interface and the mode 25 at the GaNih order to compare with experiments when the samples be-
InN interface, for6=0. The localization is probably respon- come available.
sible for the existence of these modes in the Raman spectrum
even for6=0. It is worth mentioning that a previous calcu-
lation of the projected density of states for acoustic vibra-
tions using the linear chain model shows a remarkable in- The authors acknowledge Dr. M. A. AijauSilva for the
crease for the strongest localized modes leading to enhancee@rmission to use the computer code used in the calculations.
intensitiest’ The authors would like to acknowledge the Conselho Nacio-
Figure 3 shows the atomic displacements for modes 23 toal de Desenvolvimento Ciefito e Tecnolgico (CNPqg),
26, and all values of interface probed in this work. It is seerand Fundgao de Amparo aPesquisa do Estado do Ceara
in this figure that the atomic displacements change localizatFUNCAP), for financial support.
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