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Localized interface optical-phonon modes in graded 3C-SiCÕSi heterojunctions
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We study the properties of localized interface optical-phonon modes in Si/3C-SiC heterojunctions within the
framework of the dielectric continuum theory. Our model calculation takes into account the existence of an
interfacial nonabrupt transition region, whose thickness is considered varying from 0.5 to 2.5 nm. Numerical
results reveal some interesting properties of the interface effects, which can substantially shift~up to 20 cm21)
the high-frequency antisymmetric interface modes found in the abrupt case. Moreover, optical-phonon modes
emerge in the low-frequency range of the spectrum, which are sensitive to the value of the nonabrupt interface
thickness.
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The investigation of phonons in nanostructures has b
very important in the last two decades due to the fundam
tal physical concepts employed to describe their intrin
properties as well as for their potential device applicatio
~for a review see Refs. 1,2!. Tailoring of optical phonon
modes in nanoscale semiconductors was proposed, sug
ing that confined phonon effects can be used to t
quantum-well intersubband lasers.3 The control of phonon
scattering mediated intersubband transitions affect la
properties critically. Phonon modes engineering was p
posed to be achieved by inserting a single alloy semicond
tor step, producing three-interface heterostructures4 as well
as step quantum well structures.5 However, the existence o
micro-roughness superimposed to macroroughness gives
to the existence of graded interfaces in semiconductor
erostructures. Even in systems such as GaAs/AlxGa12xAs,
the thickness of the graded interface regions is at least o
order of three monolayers, which is enough to have an ef
on the laser optical gain, for example.6 Consequently, it is
important to investigate the role of naturally occurrin
graded interface on the phonon modes of semicondu
heterostructures.

Progress in microfabrication techniques enables us to
ate various kinds of hetero-epitaxial interfaces between
dissimilar and yet closely lattice-matched semiconduct
and facilitate the dramatic reduction in extrinsic interfa
defects detrimental to the electron mobility and other dev
parameters. In such heterojunctions, since experimental
ity is approaching theoretical models and assumptions,
tailed analysis and precise predictions are unprecedent
made possible.7 This is particularly true in the case o
3C-SiC/Si(100) heterojunctions, which are very promisi
for the fabrication of resonant tunneling diodes for hig
speed and high-power applications. Successful growth
3C-SiC(100) thin films on Si~100! has been achieved b
many groups mainly by chemical vapor deposition8–11 and
molecular ion beam deposition.12 In particular, the existence
of transition regions with thickness at least equal to 1
was found by high-resolution transmission electron mic
scopic observation in 3C-SiC/Si(100) heterojunctions
which were recently grown using a chemical vapor depo
tion technique with pulsed supersonic free jets.11
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Raman scattering measurements have been used to
both residual and strain relaxation effect at the 3C-SiC/Si
interface.13–16 By investigating the TO- and LO-phonon Ra
man scattering, both theoretically and experimentally, it w
found that different strain regimes do coexist. The fluctuat
strain induces both inhomogeneous broadening and a
smaller than 5 cm21 of the Raman line~both LO and TO
modes!.14,15 Furthermore, strong interface-induced chang
on the Raman scattering in 3C-SiC/Si superlattices was re
cently previewed by theoretical calculations.17 The main in-
fluence of the nonabrupt interface was the appearance of
peaks in between those related to the Si-quasiconfined
3C-SiC-confined modes. Examination of atomic displac
ments allowed for the effects to be tracked as localization
delocalization of the vibrations.

Optical vibration properties in heterojunctions we
extensively investigated both theoretically18 and
experimentally19 during the past two decades. In particula
the interface optical-phonon modes have been found to p
a dominant role in electron-phonon interactions in quant
wells and superlattices.20 Considering a 3C-SiC/Si superlat-
tice with sharp interfaces, it is well known that its localize
optical-phonon modes have two branches bounded by
longitudinal ~LO! and transverse~TO! bulk optical-phonon
modes of the SiC, whereas the presence of inhomogene
such as surface, interface, or defect layers obviously
change this spectrum. To date, the interface modes in s
conductor systems were calculated only within the assu
tion of sharp interfaces between their constituents.

It is the aim of this paper to investigate the effect of
interfacial transition region on the optical-phonon mod
spectra in a 3C-SiC/Si heterojunction. According to th
high-resolution transmission electron microscopy obser
tions of Ikoma et al.,11 the transition regions in
Si/3C-SiC/Si(100) multilayer systems have a thickness
the order of 1 nm, with a root-mean-square roughness of
nm. Considering that the use a buffer layer technique21,22 or
carbonization step23 for 3C-SiC/Si heteroepitaxy is very
promising for reducing defects in this system, the 3C-SiC/Si
nonabrupt interface region is considered in this work to
formed by a (3C-SiC)x(Si)12x layer. Here x decreases
monotonically from 0 to 1 through the nonabrupt interfa
©2003 The American Physical Society07-1



-

BRIEF REPORTS PHYSICAL REVIEW B68, 033307 ~2003!
FIG. 1. Schematic representa
tion of an abrupt 3C-SiC/Si ~left-
hand side! and nonabrupt
Si/Six(3C-SiC)12x/3C-SiC ~right-
hand side! heterojunction.
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region (x tends to zero in the Si side, and tends to one in
SiC side!, giving rise to a continuous variation ofe` , vLO ,
and vTO ~see dotted lines in Fig. 1!. Furthermore it is con-
sidering that e`59.2, vLO5745 cm21, and vTO
5657 cm21 in the (3C-SiC)x(Si)12x interface region, as-
suming an interpolation of the high-frequency dielectric co
stants and phonons frequencies of Si and 3C-SiC. This im-
ply that in this model the nonabrupt interface is a sin
(3C-SiC)x(Si)12x step, which is clearly shown in Fig. 1.

A macroscopic theory, based on the dielectric continu
model together with a matrix-transfer treatment to simpl
the algebra, which is otherwise quite complicated, is use
calculate the dispersion relation for the optical phon
which fulfills electrostatic boundary conditions and allow
one to obtain analytical expressions for the phonon disp
sion relation. Within this model, the optical-phonon modes
the no-retardation limit satisfy the classical electrosta
equations, i.e.,

EW ~rW !52¹f~rW !, ~1!

DW ~rW !5EW ~rW !14pPW ~rW !5e'~v!E'~rW !r̂1ez~v!Ez~rW !ẑ,
~2!

¹•DW ~rW !50, ~3!

wheref(rW) is the electrostatic potential due to the optic
phonon mode,EW (rW) is the electrical field,DW (rW) is the dis-
placement field,PW (rW) is the polarization field, andẑ ( r̂)
denotes the unit vector along thez (xy plane! direction. The
direction-dependent dielectric functionse'(v) and ez(v),
which play important role in Raman scatterin
experiments,17 are given by
03330
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e'~v!5e'`

v22v'LO
2

v22v'
2

, ~4!

ez~v!5ez`

v22vzLO
2

v22vz
2

, ~5!

wherev' (vz) is the lattice dispersion frequency, andv'LO
(vzLO) is the longitudinal-optical~LO! phonon frequency.
Also, e'` (ez`) is the high-frequency dielectric constant pe
pendicular~along! the z axis. We assume here that the rel
tion e'`5ez`5e` is satisfied with good accuracy.

Considering now the phonon potential of the formf(rW)
5f(z)exp(iqW•rW), where qW is the two-dimensional phonon
wave vector, its equation of motion is24

¹•DW 5@e'~v!q22ez~v!]2/]z2#f~r !50. ~6!

This electrostatic potential is related to the localized interfa
optical-phonon modes, and exhibits oscillatory decay beh
ior inside the heterojunction, with all peaks and valleys
cated at the interfaces. These properties may be attribute
the fact that the structure considered here is symmetrica

Using Maxwell standard boundary conditions, namely t
continuity of thez component of the displacement vectorDW

and the tangential component of the electrical fieldEW at the
interfaces of the 3C-SiC/(3C-SiC)x(Si)12x /Si heterojunc-
tion of thicknessL5L3C-SiC1L (3C-SiC)x(Si)12x

1LSi5d11d2

1d3, we obtain, after a bit of algebra, the following expre
sion for the phonon dispersion relation:
7-2



s

is

.

h

n
um

pt

. 2,
s of
-

en-

the

s
he
rve

ncy

ra-

s

re-

n
s as
the

the

e

ro-
e

solid

en
t
s

ot
rfa
rv
e

BRIEF REPORTS PHYSICAL REVIEW B68, 033307 ~2003!
exp~22a2d2!5)
i

g i
1b i

11g i
2b i

2exp~22a idi !

g i
2b i

11g i
1b i

2exp~22a idi !
, ~7!

where

g i
65a ie2'6a2e i' , ~8!

b i
65ave i'6a iev . ~9!

Here i 51 is assigned to the 3C-SiC layers of thicknessd1
5L3C-SiC, i 52 to the alloy (3C-SiC)x(Si)12x of thickness
d25L (3C-SiC)x(Si)12x

, and i 53 to the Si layers of thicknes

d35LSi . The wavevectorav associated to the vacuum
av

25q22v2/c2 and

a j
25q2

e j'

e j i
2e j'

v2

c2
~10!

for j 51,2,3. The thicknessd25L (3C-SiC)x(Si)12x
determines

the role of the interface in the phonon dispersion relation
On the other hand, for the case of the abrupt 3C-SiC/Si

heterojunction whose width isL5d11d3, the phonon dis-
persion relation is given by

exp~22a3d3!5S b3
1

b3
2D g1

1b1
11g1

2b1
2exp~22a1d1!

g1
2b1

11g1
1b1

2exp~22a1d1!
.

~11!

Considering the abrupt 3C-SiC/Si heterojunction of width
L510 nm, the phonon dispersion relation presents hig
symmetric ~top! and antisymmetric~bottom! branches lo-
cated between thevLO ~SiC! and vTO ~SiC! phonon’s fre-
quencies. This is shown by the dotted lines in the right-ha
side of Fig. 2, which depicts the high-frequency spectr
against the dimensionless wave vectorqL. The physical pa-
rameters used for Si in the calculations weree`511.7,

FIG. 2. Phonon’s dispersion relation as a function of the dim
sionless wave vectorqL for abrupt 3C-SiC/Si and nonabrup
Si/Six(3C-SiC)12x/3C-SiC heterojunctions. Here the dotted line
are related to the abrupt interface case, while the dashed, d
dashed, and solid lines describe the nonabrupt case for inte
thicknessesd2 equal to 0.5, 1.0, and 2.5 nm, respectively. Obse
the new optical phonon’s mode in the left-hand side of th
spectrum.
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vLO5vTO5518.02 cm21, while for SiC we usede`56.7,
vLO5972 cm21, andvTO5796 cm21.

Now, taking into account the existence of a nonabru
interface, there is a split in energy up to 25 cm21 as com-
pared with the abrupt case. This can be observed in Fig
where are depicted the behavior of the phonons branche
nonabrupt 3C-SiC/Si heterojunctions with interface thick
ness d2 equal to 0.5 nm~dashed lines!, 1.0 nm ~dotted
dashed lines!, and 2.5 nm~solid lines!. The higher symmetric
and antisymmetric phonons branches shift to bigger frequ
cies, the former very weakly (;1 cm21, the lines assigned
to each interface are collapsed in this case as shown by
inset in the right-hand side of Fig. 2!, and the latter strongly
(;25 cm21 when qL56). When the interface become
thicker, the overall effect is to increase the shifts of all t
symmetric and antisymmetric phonons branches. Obse
that the nonabrupt interface has small effect in the freque
of the highest-frequency phonon mode.

The left-hand side of Fig. 2 clearly shows the most d
matic change due to the nonabrupt interfaces: the rise ofnew
lower antisymmetric~top! and symmetric~bottom! optical-
phonon modes between thevLO andvTO phonon’s frequen-
cies of the (3C-SiC)x(Si)12x alloy, which were calculated a
an interpolation of the frequencies of the constituents~see
Fig. 1!. The frequency of these new nonabrupt interface
lated modes shifts strongly for highqL when the heterojunc-
tion thicknessL increases (;20 cm21 for a 10 nm wide
heterojunction!. Another interesting feature of the phono
spectrum is that the gap between the modes decrease
the interface becomes thicker. This happens because
interface becomes more bulky than the constituents of
heterojunction.

The behavior of the phonon branches with the widthL of
the abrupt~dotted lines! and nonabrupt 3C-SiC/Si hetero-
junctions with interface thicknessd2 equal to 0.5 nm~dashed
lines!, 1.0 nm~dotted dashed lines!, and 2.5 nm~solid lines!
for a fixed value of the dimensionless wave vectorqL53 is
presented in Fig. 3. WhenL,15 nm, the dependence of th

FIG. 3. Phonon’s dispersion relation as a function of the hete
junction width~in nm! for a fixed value of the dimensionless wav
vectorqL ~here considered equal to 3!. As in Fig. 3, the dotted lines
represent the abrupt case, while the dashed, dotted dashed, and
lines describe the nonabrupt case for interface thicknessesd2 equal
to 0.5, 1.0, and 2.5 nm, respectively.
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phonon branches on the heterojunction width is shown to
stronger when the nonabrupt interfaces are thicker; howe
when L becomes larger than 15 nm, the frequency of
phonons becomes more bulky, with no more apprecia
changes. This suggest that nonabrupt interface effects
more important that strain effects on shifting the Ram
spectra of 3C-SiC/Si heterojunctions when they are thin, i.
with width L,15 nm. As a matter of fact, experimental r
sults have assigned to strain effects shifts of the Ram
peaks smaller than 5 cm21 in thick 3C-SiC/Si(100)
heterojunctions,14,15 while the present results are pointing
the existence of nonabrupt interface related shifts that ca
four times bigger if the 3C-SiC/Si(100) heterojunctions ar
thinner than 15 nm.
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