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Localized interface optical-phonon modes in graded B-SiC/Si heterojunctions
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We study the properties of localized interface optical-phonon modes iG-&i@ 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 substantiaflypstaife0 cm 1)
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 been Raman scattering measurements have been used to study
very important in the last two decades due to the fundamerboth residual and strain relaxation effect at theé-SiC/Si
tal physical concepts employed to describe their intrinsidnterface*>~¢ By investigating the TO- and LO-phonon Ra-
properties as well as for their potential device applicationgmnan scattering, both theoretically and experimentally, it was
(for a review see Refs. 1)2Tailoring of optical phonon found that different strain regimes do coexist. The fluctuating
modes in nanoscale semiconductors was proposed, suggestrain induces both inhomogeneous broadening and a shift
ing that confined phonon effects can be used to tunemaller than 5 cm® of the Raman lingboth LO and TO
quantum-well intersubband laserghe control of phonon modes.***> Furthermore, strong interface-induced changes
scattering mediated intersubband transitions affect lasesn the Raman scattering inC3SiC/Si superlattices was re-
properties critically. Phonon modes engineering was proeently previewed by theoretical calculatiotsThe main in-
posed to be achieved by inserting a single alloy semicondudluence of the nonabrupt interface was the appearance of new
tor step, producing three-interface heterostrucfuesswell  peaks in between those related to the Si-quasiconfined and
as step quantum well structurésiowever, the existence of 3C-SiC-confined modes. Examination of atomic displace-
micro-roughness superimposed to macroroughness gives risgents allowed for the effects to be tracked as localization or
to the existence of graded interfaces in semiconductor hetielocalization of the vibrations.
erostructures. Even in systems such as GaA&4al ,As, Optical vibration properties in heterojunctions were
the thickness of the graded interface regions is at least of thextensively  investigated  both  theoreticafly and
order of three monolayers, which is enough to have an effegexperimentally® during the past two decades. In particular,
on the laser optical gain, for examgleConsequently, it is the interface optical-phonon modes have been found to play
important to investigate the role of naturally occurring a dominant role in electron-phonon interactions in quantum
graded interface on the phonon modes of semiconductorells and superlattice®.Considering a -SiC/Si superlat-
heterostructures. tice with sharp interfaces, it is well known that its localized

Progress in microfabrication techniques enables us to cresptical-phonon modes have two branches bounded by the
ate various kinds of hetero-epitaxial interfaces between twdongitudinal (LO) and transvers€TO) bulk optical-phonon
dissimilar and yet closely lattice-matched semiconductorsnodes of the SiC, whereas the presence of inhomogeneities
and facilitate the dramatic reduction in extrinsic interfacesuch as surface, interface, or defect layers obviously will
defects detrimental to the electron mobility and other deviceehange this spectrum. To date, the interface modes in semi-
parameters. In such heterojunctions, since experimental reatonductor systems were calculated only within the assump-
ity is approaching theoretical models and assumptions, ddion of sharp interfaces between their constituents.
tailed analysis and precise predictions are unprecedentedly It is the aim of this paper to investigate the effect of an
made possiblé. This is particularly true in the case of interfacial transition region on the optical-phonon modes
3C-SiC/Si(100) heterojunctions, which are very promisingspectra in a &-SiC/Si heterojunction. According to the
for the fabrication of resonant tunneling diodes for high-high-resolution transmission electron microscopy observa-
speed and high-power applications. Successful growth dfions of Ikoma etal,'! the transition regions in
3C-SiC(100) thin films on $i100) has been achieved by Si/3C-SiC/Si(100) multilayer systems have a thickness of
many groups mainly by chemical vapor deposifioth and  the order of 1 nm, with a root-mean-square roughness of 2.8
molecular ion beam depositidAIn particular, the existence nm. Considering that the use a buffer layer techrijéfeor
of transition regions with thickness at least equal to 1 nmcarbonization stefj for 3C-SiC/Si heteroepitaxy is very
was found by high-resolution transmission electron micro-promising for reducing defects in this system, th@-SiC/Si
scopic observation in @G-SiC/Si(100) heterojunctions, nonabrupt interface region is considered in this work to be
which were recently grown using a chemical vapor deposiformed by a (Z-SiC),(Si);_, layer. Here x decreases
tion technique with pulsed supersonic free jéts. monotonically from O to 1 through the nonabrupt interface
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region (x tends to zero in the Si side, and tends to one in the 02— 2 o
SiC side, giving rise toa cpntinuous variation @; » W10, € (w)= emz—uz', (4)
and wtg (see dotted lines in Fig.)1Furthermore it is con- Wy
sidering that €,=9.2, wo=745cm?, and oo
=657 cm ! in the (3C-SiC),(Si);_ interface region, as- s
suming an interpolation of the high-frequency dielectric con- e(w)=¢ W T Wy 0 ®)
stants and phonons frequencies of Si a@SiC. This im- z “ wr-w?

ply that in this model the nonabrupt interface is a single
3C-SiC),(Si);_y step, which is clearly shown in Fig. 1. . . . .
( A mag);g)sgépi(c thgory, based on thye dielectric cgntinuurﬁNhere“’% (w,) Is th_e Ia_tuce dls_,persmn frequency, and o
model together with a matrix-transfer treatment to simplify (¢z.0) 1S the longitudinal-opticalLO) phonon frequency.
the algebra, which is otherwise quite complicated, is used t6S%: €1 (€z) i the high-frequency dielectric constant per-
calculate the dispersion relation for the optical phononPendicular(along thez axis. We assume here that the rela-
which fulfills electrostatic boundary conditions and allows 1N €1== €z = €= iS satisfied with good accuracy.
one to obtain analytical expressions for the phonon disper- Considering now the phonon potential of the fogs(r)
sion relation. Within this model, the optical-phonon modes in= ¢(z)exp(q-p), whereq is the two-dimensional phonon
the no-retardation limit satisfy the classical electrostaticwave vector, its equation of motior’fs

equations, i.e.,

E(f)=—Va(r), 1) V.-D=[e (0)0*~ e0)192°]$(r)=0.  (6)

D(r)=E(r)+47P(r)= GJ_(w)EJ_(F);)_l_ €,(w)E( rz, This electrostatic potential is related to the localized interface
2) optical-phonon modes, and exhibits oscillatory decay behav-
ior inside the heterojunction, with all peaks and valleys lo-
V.D(r)=0, 3) cated at the interfaces. These properties may be attributed to
the fact that the structure considered here is symmetrical.
where 4(r) is the electrostatic potential due to the optical- USing Maxwell standard boundary conditions, namely the
phonon modeFE(r) is the electrical fieldD(r) is the dis- continuity of thez component of the displacemenf vecior
placement field,P(r) is the polarization field, and (p) gnd the tangential component _of the_ electrigal fiEIdtt_ the
denotes the unit vector along taéxy plane direction. The  interfaces of the 8-SiC/(3C-SiC),(Si),-/Si heterojunc-
direction-dependent dielectric functiors (w) and e,(w),  tion of thicknessL =Lsc sict L(sc-sic) (s, ,+Lsi=ditdz
which play important role in Raman scattering +ds, we obtain, after a bit of algebra, the following expres-
experiments; are given by sion for the phonon dispersion relation:
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w 0= wTo="518.02 cm !, while for SiC we usec.,=6.7,
0 0=972 cm !, andwro=796 cm 1.

Now, taking into account the existence of a nonabrupt
interface, there is a split in energy up to 25 chas com-
pared with the abrupt case. This can be observed in Fig. 2,
where are depicted the behavior of the phonons branches of
nonabrupt &-SiC/Si heterojunctions with interface thick-
nessd, equal to 0.5 nm(dashed lines 1.0 nm (dotted
dashed lings and 2.5 nnisolid lineg. The higher symmetric
and antisymmetric phonons branches shift to bigger frequen-
cies, the former very weakly~1 cm !, the lines assigned
| L ] to each interface are collapsed in this case as shown by the
4 8 0 2 4 6 inset in the right-hand side of Fig),2and the latter strongly

at at (~25 cm 't when qL=6). When the interface becomes

FIG. 2. Phonon’s dispersion relation as a function of the dimenthicker, the overall effect is to increase the shifts of all the
sionless wave vectogL for abrupt E-SiC/Si and nonabrupt Symmetric and antisymmetric phonons branches. Observe
Si/Si,(3C-SiC);_,/3C-SiC heterojunctions. Here the dotted lines that the nonabrupt interface has small effect in the frequency
are related to the abrupt interface case, while the dashed, dott&¥f the highest-frequency phonon mode.
dashed, and solid lines describe the nonabrupt case for interface The left-hand side of Fig. 2 clearly shows the most dra-
thicknessesl, equal to 0.5, 1.0, and 2.5 nm, respectively. Observematic change due to the nonabrupt interfaces: the risenf
the new optical phonon’s mode in the left-hand side of the lower antisymmetriqtop) and symmetriobottom) optical-
spectrum. phonon modes between thg o and wto phonon’s frequen-

cies of the (£-SiC),(Si), _ alloy, which were calculated as
v B+ v B exp—2a;d)) an interpolation of the frequencies of the cons_titue(lsbse
exp(—2a2d2)=H eT———— , (7 Fig. 1). The frequency of these new nonabrupt interface re-
Ty B i B expl— 2aidy) lated modes shifts strongly for higil. when the heterojunc-
where tion thicknessL increases €20 cmi ! for a 10 nm wide
heterojunction Another interesting feature of the phonon
Y =aj€ * aye (8)  spectrum is that the gap between the modes decreases as
the interface becomes thicker. This happens because the
B =a,€, T aje,. (9)  interface becomes more bulky than the constituents of the
. . . . . heterojunction.
Herei=1 IS assigned to theGS@ Iaye_rs of th|cI§nessIl The behavior of the phonon branches with the widtbf
=Lacsic, 1=2 to the alloy (X-SiC),(Si);- of thickness o abrupt(dotted line$ and nonabrupt @-SiC/Si hetero-
d2=L(sc-sic),(si,_,» andi=3 to the Si layers of thickness ;,,tions with interface thicknest, equal to 0.5 nnidashed
d3=Ls;. The wavevectorr, associated to the vacuum is |ines), 1.0 nm(dotted dashed lingsand 2.5 nm(solid line9
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ai:qZ_ w?/c? and for a fixed value of the dimensionless wave veajtr=3 is
) presented in Fig. 3. Wheln<15 nm, the dependence of the
€; w
=P e, — (10) 775 ——— 975 ——r——
J € ] 2
il c S Do sicy
for j=1,2,3. The thickness,=L (sc.sic) (si, , determines - owuony
the role of the interface in the phonon dispersion relation. 'g 725:-_._._—.__:._'. 925 |
On the other hand, for the case of the abrutSiC/Si ;’ N— - .
heterojunction whose width is=d;+d3, the phonon dis- o | 1 g5
persion relation is given by é
+\ .+ ot - - 8 675¥
B3 | v1B1 + 71 B1eXp—2a;d;) O [Sr~—me=. 8251 _
eX[Z(—Za3d3)= - R T . n T
,83 v1B1+ v B exp(—2a1d1) = Oro (aLLOY) | |
(11 | I‘”To (siC)
Considering the abrupt@-SiC/Si heterojunction of width 625 15 25 7% 15 25
L=10 nm, the phonon dispersion relation presents higher L (om) L (m)
symmetric (top) and antisymmetribottom branches lo- FIG. 3. Phonon’s dispersion relation as a function of the hetero-

cated between the o (SiC) and wyo (SIiC) phonon's fre-  jynction width(in nm) for a fixed value of the dimensionless wave
quencies. This is shown by the dotted lines in the right-handectorqL (here considered equal t9.2s in Fig. 3, the dotted lines

side of Fig. 2, which depicts the high-frequency spectrunyepresent the abrupt case, while the dashed, dotted dashed, and solid
against the dimensionless wave vedajdr. The physical pa- lines describe the nonabrupt case for interface thicknessegual
rameters used for Si in the calculations were=11.7, to 0.5, 1.0, and 2.5 nm, respectively.
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phonon branches on the heterojunction width is shown to be In conclusion, we have demonstrated strong interface re-
stronger when the nonabrupt interfaces are thicker; howevelated frequency shifts of lower-frequency phonon modes in
when L becomes larger than 15 nm, the frequency of the3C-SIC/(3C-SIC),(Si),,/Si heterojunctions, as well as the

phonons becomes more bulky, with no more appreciabeX'Stence of new modes, which were observed in the

: . C-SiC),(Si);_y related frequency range. As the distribu-
changes. This suggest that nonabrupt interface effects aﬁ n of strain between the different layers strongly depends

more important that strain effects on shifting the Ramary, the geometry of the structures and on the nature of the
spectra of &-SiC/Si heterojunctions when they are thin, i.e., puffer layer, our work points out to the limitation of measur-
with width L <15 nm. As a matter of fact, experimental re- ing strain in 3-SiC/Si heterostructures through analysis of
sults have assigned to strain effects shifts of the RamaRaman spectra without taking into account the role of non-
peaks smaller than 5 cm in thick 3C-SiC/Si(100) abruptinterfaces.

heterojunctiong?!° while the present results are pointing to The authors would like to acknowledge the financial sup-

the existence of nonabrupt interface related shifts that can be’ort provided by the National Research Coun@NPg
four times bigger if the €-SiC/Si(100) heterojunctions are through the NanoSemiMat Proje@rant No. 550.015/019

thinner than 15 nm. CNPqg, and CAPES/PROCAD.
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