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Strong interface localization of phonons in nonabrupt InNÕGaN superlattices
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The Raman spectra of zinc-blende InN/GaN superlattices were calculated assuming the existence of an
interface region with thicknessd 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 cm21. A downward 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, ford53. 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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I. INTRODUCTION

Group III nitride semiconductors have led to high efficie
quantum well~QW! structure light emitting diodes~LED’s!
and laser diodes~LD’s! operating in the blue-green or viole
region.1 The optical and electrical processes in GaN, Al
and InN based QW and superlattice~SL! structures are
remarkably influenced by the existence of an interfa
In GaAs/AlAs QW’s, surface segregation leads to the g
eration of an atomic-scale disorder in the first ov
growth monolayers.2,3 Surface segregation energies in wi
band-gap nitride alloys were recently calculated
Boguslawski et al.4 The authors found the segregatio
energies in nitrides to be one order of magnitude larger t
in the arsenides or Si/Ge systems, for cation-terminated
constructions. In addition, the nitrides differ from those s
tems in two distinct aspects:~i! the chemical bonds in the
nitrides are significantly more ionic in character;~ii ! the mis-
match between the atomic radii of cations and anions
much larger in the nitrides. The latter aspect is of interest
to the increased disorder to result in wider interfaces. Ac
ally, the indium concentration gradient across t
GaN/In0.43Ga0.57N/Al0.1Ga0.9N interfaces was measured u
ing high-resolution transmission electron microsco
~HRTEM!.5 The HRTEM results point to a typical interfac
width of 1 nm for the GaN/InGaN interface while more tha
twice this value for the InGaN/AlGaN interface. Sever
studies in GaAs/AlAs SL’s suggest the need to consider
terface effects in describing the optical phonon spectrum6,7

In the case of GaN/AlxGa12xN SL’s, Raman scattering mea
surements provide evidence of the graded alloy interface
gion to be of the order of 2 nm.8 This value is much large
than the interface widths found for the arsenide based S
However, early theoretical works on phonons in III-nitrid
superlattices have disregarded interface effects. Therefo
model to describe the lattice dynamics in the nitride ba
systems should include interface effects in the nanom
scale. Lattice dynamic calculations are available for Ga
AlN, and InN crystallized in the wurtzite and zinc-blend
structures.9,10 Those calculations result in bulk-phonon fr
quencies to be of use in the simulation of the Raman sca
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ing. Previous theoretical results show that interfacing effe
are responsible for the lifting of degeneracies and consid
able gain in intensity of Raman modes in zinc-blende Ga
AlGaN SL’s.11 Such effects should appear much more clea
in the InN/GaN SL’s due to the greater separation of the b
dispersion curves of their components.10,12

A study of interfacing effects on the dispersion relatio
and Raman spectra of zinc-blende (InN)82d /
(InN0.5GaN0.5)d /(GaN)82d /(InN0.5GaN0.5)d SL’s is per-
formed in this work, with interface thicknessd varying from
one to three monolayers~ML’s !. The folded acoustic
phonons are shown to be negligibly affected, while the c
fined optical mode frequencies are significantly shifted
the existence of interface. Due to the fact that the bulk d
persion relations for optical modes of InN do not overl
with those for GaN, and the acoustic phonon curves occu
a frequency range far below, the SL optical modes are ei
confined in one or the other layer in the ideal SL. The ex
tence of nonabrupt interfaces strongly affects the dispers
curves with frequency shifts up to;60 cm21. An enhance-
ment in the intensity of some of the Raman lines is shown
occur on increasing the interface width. The most affec
mode~number 23! is an InN confined phonon that turns o
to be localized in a region of about 2 ML’s across the inve
InN/GaN interface ford51. The localization of this mode is
observed to occur at the direct GaN/InN interface ford52.
For d53 the localization occurs at the inverse interface
for d51. This mode greatly contributes to the Raman sc
tering in the range of frequencies between those of bulk I
and GaN. Several modes, with similar behavior, also cont
ute to the Raman intensity. Therefore, the Raman scatte
of the GaN/InN SL’s is interpreted here in terms of atom
displacement localization restricted to either the InN/GaN
the GaN/InN nonabrupt interface.

II. RESULTS AND DISCUSSION

The GaN LO mode occurs at the frequencyv
5740 cm21,13 while the InN LO mode occurs atv
5588 cm21.14 The bulk selection rules forbid TO modes
a backscattering geometry of a~001! face in a crystal with
©2001 The American Physical Society06-1
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either a zinc-blende or a diamond structure. By fixing t
geometry, only the LO modes should play a role in the R
man scattering of a perfect superlattice constructed w
those components. We first consider the ideal InNn1

/GaNn2

superlattice, whereni stands for the number of monolayers
each semiconductor type. The dispersion branches amo
to N5n11n2 acoustic andN optical branches.7 By assuming
n15n258 there is a total of 32 phonon branches.

To calculate the dispersion curves, a linear chain mo
was employed with a plane of atoms in the actual SL rep
sented by an atom in the linear chain.11 This representation
allows the associated phonons propagating along the@001#
axis to be described through a one-dimensional set of e
tions of motion. By considering just the nearest and ne
nearest-neighbor force constants, the equation of motion
solved in the harmonic approximation. The alloying at t
nonabrupt interfaces was considered in the virtual-crystal
proximation, which is appropriate to describe one-mode-t
behavior. The interface was simulated with both constitue
in equal proportion and its width was varied in steps of o
monolayer up tod53. The bond-polarizability model,15

which provides a good description of optical modes, w
used to calculate the Raman spectra of the SL’s. The po
izability constants were assumed to have fixed val
throughout the SL. The bulk GaN and InN mode frequenc
~as used in the linear chain model! and the force constant
are listed in Table I. The GaN zone-center LO frequency w
taken as the average value 740 cm21 from experimental
data of Ref. 13. The acoustic LA frequency was taken as
theoretical value of Karchet al.16 The InN LO(G) frequency
was taken as the value measured by Raman scatteri14

while the zone edge phonon frequencies for this crystal w
obtained from calculations.10 This kind of approach has bee
successfully used before to describe the optical phonon
havior in Ge/Si based superlattices.18

Calculated Raman spectra for zinc-blende (InN)82d /
(InN0.5GaN0.5)d /(GaN)82d /(InN0.5GaN0.5)d SL’s are pre-
sented in Fig. 1 for several values of interface widthd. The
lowest curve, ford50, shows two dominant peaks atv
5587.4 cm21 ~mode 23! and v5739.2 cm21 ~mode 32!.
These frequencies are almost coincident with the LO b
values of InN and GaN, respectively. In between, two we
structures appear at;v5622 cm21 and;v5688 cm21,
corresponding to modes 24 and 25, respectively. This ide
fication was made by comparing the Raman frequencies
the values found in the calculated dispersion relations.

TABLE I. Bulk GaN and InN mode frequencies as used in t
model to derive the force constantsk, q1, and q2. The frequency
values are in units of cm21.

LA ~X! LO (G) LO ~X! k q1 q2

GaN 351a 740b 710a 189.71 32.76 10.00
InN 231c 588d 567c 128.20 26.93 2.77

aFrom Ref. 16.
bFrom Ref. 13.
cFrom Ref. 10.
dFrom Ref. 14.
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check for the consistency of our results a mapping was p
formed using the effective wave vectorq5mp/(n11l)a,
wherem is the order index,a is the GaN monolayer thick-
ness, andl is the parameter describing the penetration of
wave function of GaN vibrations into the InN layers. Th
valuel51 was found to produce an almost perfect mapp
~not shown here!.

The introduction of an interface withd51 results in a
modified spectrum with the number of peaks increased in
middle range of frequency@600,710# cm21. This is shown
in Fig. 1 (d51), where the arrows indicate modes 23 to 2
A larger interface, of two monolayers, causes further incre
of the number of peaks in the middle frequency range,
seen in the spectrum labeledd52 in Fig. 1. The same set o
peaks as before, is indicated by arrows in this curve. It can
noticed that the lower frequency peaks shift upward wh
those of higher frequency shift downward, resulting in
more crowded middle range than in the case ofd51. Figure
1 also shows a remarkable increase of the Raman inten
particularly in the spectrum ford53. In consequence, som
of the new peaks are of the same magnitude as the orig
end frequency modes. Ford53 the end peaks were ident
fied as corresponding to the modes 20 and 32, in the bas

FIG. 1. Calculated Raman spectra for zinc-blen
(InN)82d /(InN0.5GaN0.5)d /(GaN)82d /(InN0.5GaN0.5)d SL’s.

FIG. 2. Frequency versus interface thickness for
(InN)82d /(InN0.5GaN0.5)d /(GaN)82d /(InN0.5GaN0.5)d SL.
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comparison of their frequencies with the results of the d
persion relation. It would be rushing to associate the mid
range features to isolated modes, but contribution of mo
21 to 31 is expected in this range. Several dispersion cu
around 588 cm21 correspond to different modes for certa
d values. It occurs also around 600 cm21 and 634 cm21,
making it difficult for distinguishing the exact correspo
dence of frequency at larger interfaces with the parend
50 line in these dispersion relations. Due to this difficu
we analyze instead the frequency versusd behavior. Thev
vs d plots are given in Figs. 2~a! and 2~b! for the optical
modes of the SL with interfacesd50, 1, 2 and 3. This figure
shows that the frequency increases linearly withd for the
modes 17 to 20. For the modes 21 to 27 thev vs d behavior
is quite anomalous. For the remaining modes, 28 to 32, thv
vs d curves are almost linear. The anomalies can be rela
to localization of the vibrations at the interfaces. To test t
idea, we calculated the atomic displacements in the supe
tice. We found most of the modes to be confined either in
InN layer or in the GaN layer ford50. Modes 24 and 25 are
exceptions. We observed the mode 24 to be extremely lo
ized at the InN/GaN interface and the mode 25 at the G
InN interface, ford50. The localization is probably respon
sible for the existence of these modes in the Raman spec
even ford50. It is worth mentioning that a previous calcu
lation of the projected density of states for acoustic vib
tions using the linear chain model shows a remarkable
crease for the strongest localized modes leading to enha
intensities.17

Figure 3 shows the atomic displacements for modes 2
26, and all values of interface probed in this work. It is se
in this figure that the atomic displacements change local

FIG. 3. Atomic displacements of selected optical modes for
(InN)82d /(InN0.5GaN0.5)d /(GaN)82d /(InN0.5GaN0.5)d SL with d
50, 1, 2, and 3. Open circles represent N and full circles repre
Ga atoms. In atoms are represented by the biggest circles.
a
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tion of the modes 24 and 25 ford51 to the opposite inter-
faces. Ford52 the localization pattern is similar to tha
observed ford50, and the pattern ford53 to that for d
51. Figure 3 also shows that the confined mode 23~26! in a
InN ~GaN! layer transforms to an interface localized mod
Both modes 23 and 26 share the property of inverting
interface localization upon changing the interface width
steps of one monolayer. The modes 17 to 20 are confine
the InN layer for alld values. The mode 21 transforms to
highly localized mode in the center of the InN layer, ford
53. The mode 22 is localized close to the GaN/InN interfa
for d52 and at the InN/GaN interface ford53. Mode 27
changes from a GaN confined mode to a localized mo
across the GaN/InN interface. Finally, the GaN confin
mode 28 changes to a mode localized at the center of
GaN layer, ford53. The four remaining modes, number 2
30, 31, and 32 are GaN confined for anyd value.

III. CONCLUSION

Summarizing, the interface effects on the Raman spe
of zinc-blende (InN)82d /(InN0.5GaN0.5)d /(GaN)82d /
(InN0.5GaN0.5)d superlattices were studied using a line
chain description and the bond-polarizability model. It
shown that the optical modes region of the spectrum is
verely affected by the existence of the interface regions. T
main influence is the increase of intensity of peaks po
tioned in between those related to the end spectra I
confined and the GaN-confined modes. These peaks w
seen to shift with increasingd towards the center position in
the spectrum. Thed53 interface effects in the Raman inten
sities are drastic, giving rise to a most prominent structure
the middle frequency range of the spectrum. This struct
results from the overlap of several modes in a short f
quency range. Examination of atomic displacements allow
for the effects to be tracked to localization of the vibration
These effects are much stronger than those observed p
ously for other systems like GaAs/AlAs, Si/Ge, and AlN
GaN SL’s. The results suggests that optical modes are w
suited as probe for interfacing with both frequency and
tensity, highly affected. The results are particularly attract
in order to compare with experiments when the samples
come available.
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