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We report experimental and theoretical low-temperature second-order Raman spectra of 3C-SiC.
Similar to the spectra of other group-IV and III-V semiconductors the I'; spectrum is strong, and
the I'y2 and I'is spectra are very weak. The theoretical Raman spectra have been calculated using
ab initio phonon eigensolutions and phenomenological polarizability coefficients. Good agreement
between theory and experiment has been obtained. The I'; spectrum exhibits three distinct peaks
at 1302, 1400, and 1619 cm™' which occur in the gaps of the overtone density of states. This
exemplifies the importance of taking into account the coupling matrix elements rather than simply
relying on the one-to-one correspondence between the overtone density of states and the I'y Raman
spectrum, which is commonly done for ZnS-type semiconductors.

I. INTRODUCTION

Because of its salient mechanical, chemical, ther-
mal, and electronic properties silicon carbide (SiC) is
considered to be a promising material for electronic
and optical devices for use in high-power, high-speed,
high-temperature, high-frequency, and hard-radiation
applications.}? SiC is also an interesting material to
study because of its special position among the wide-gap
semiconductors: It is the only IV-IV compound which
forms stable long-range ordered structures. However, de-
spite the technological interest and the physical pecu-
liarities SiC has not been subject to the same thorough
theoretical and experimental studies as for example the
crystals of its constituent elements carbon and silicon.

With regard to the crystal structure of SiC, a large
number of polytypes with hexagonal or orthorhombic
symmetry has been reported so far® besides the cubic
phase on which we will concentrate in this work. Fur-
thermore, considerable efforts have been undertaken to
investigate the mechanism of the polytype growth and
to determine the crystal structure of specimens. In
particular, x-ray diffraction, high-resolution transmission
electron microscopy and first-order Raman spectroscopy
have been used to characterize the polytype structure.
This work focuses on the second-order Raman scatter-
ing which gives also an insight into the lattice-dynamical
properties and ultimately information on the strength
and range of interatomic forces.*

The structure of the paper is the following: After this
introduction we summarize the theory of the two-phonon
Raman scattering in Sec. II. Experimental details and
results are reported in Sec. III. Section IV contains the
background of the ab initio lattice dynamics, on which
the calculation of the Raman spectra is based, our phe-
nomenological model for the second-order polarizability
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coefficients, and the resulting theoretical Raman spectra.
The results are compared, discussed, and summarized in
Sec. V.

II. SHORT THEORY
OF TWO-PHONON RAMAN SCATTERING

Raman scattering of light by lattice vibrations of a
crystal depends on the modulation of the electronic sus-
ceptibility x by phonons.5® In fact, x can be expressed
as a power series in terms of phonon displacements u(%)

where (L) indicates the xth sublattice in the /th unit cell,

Xap = Pap + Y Pap (L) uy(%)

Iy

1 ’ '
+5 3 Peons(e) wa(i) (%) +--

Ikl'k'~6
(1)

The second-order Raman polarizability coefficients are
defined as®
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where w(k|qj) represents a normal-mode eigenvector
and w(q j) the corresponding frequency; the vector R ( Ly
indicates an atomic site.

The scattering cross section depends upon the polar-
izations of the light and upon the crystal orientation. If
the polarization vectors of the electric field of the inci-
dent and scattered light are denoted by e? and ef, re-
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spectively, the cross section can be written as®

Y ehelél ef Inprs(w), (3)
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where

Lps(@) = 5 3" Pas(aii’) Pis(ais)
xd[w(qj) + w(qj’) — ] (4)

is the second-order Raman tensor at zero temperature.

III. EXPERIMENT

The SiC samples were epitaxial films grown by chemi-
cal vapor deposition on Si(100) substrates.” Two different
films were examined, one 3 um thick from Cree Research
Corporation and one 12 pm thick from the NASA Lewis
Laboratory; the same results were obtained for each sam-
ple. Raman spectra were recorded using the 514.5-nm
argon laser, a SPEX triple spectrometer, and an inten-
sified array detector system as described in more detail
elsewhere.® Data were taken with the samples at room
temperature and usually in an atmosphere purged with
Ar to remove the Raman lines of air. The spectra are
corrected for the polarization dependence of the spec-
trometer throughput; thus relative intensities amongst
different spectra at the same Raman shift can be directly
compared. The laser power was 50 mW, focused to a spot
size of ~30 um, and the spectral resolution was ~7 cm™2.
No laser heating is expected since SiC is fairly transpar-
ent at 514.5 nm. In the region above ~1100 cm™! spectra
from the SiC films could be obtained without measurable
interference from the Si substrate. At lower frequencies,
however, the second-order Si spectrum far exceeds that
from the SiC film. In order to obtain useful results, it
was thus necessary to remove the films from the sub-
strates. This was done by etching away the silicon in
an 80°C solution of KOH. The films still had residual
surface roughness that was apparent both from the large
Rayleigh scattered signal and from the lack of complete
extinction of the forbidden TO phonon.®

The zy ('y5) and «'y’ (T'12) spectra are too weak
to be reliably measured in the frequency regime below
1000 cm~! and, in addition, are obscured by the first-
order lines. The LO line is responsible for the steep rise
in the zy and z'y' spectra near 1000 cm~!, and no at-
tempt has been made to remove it from these spectra.

Due to polarization leakage and surface roughness scat-
tering the zz (I'; 4+ I'12) spectrum exhibits strong LO and
TO lines. These lines have been fitted to Lorentzians and
subtracted from the spectra. The noisy structures near
790 and 970 cm ! are the residuals left over from this pro-
cess. The peak at about 740 cm~?!, however, is a robust
feature that is clearly present even before the TO line
has been subtracted. In addition to the first-order lines,
there is excess scattering in the region below ~400 cm™1.
We suspect this scattering is related to the surface rough-
ness, since it is much larger in the very rough SiC-on-Si
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FIG. 1. (a) Two-phonon (dashed line) and overtone (solid
line) density of states; (b) experimental reduced (solid lines)
and theoretical zero-temperature (dashed lines) normalized
polarized Raman spectra of SiC.

films we have made by laser ablation.!® This excess scat-
tering is also completely absent from bare Si wafers with
smooth surfaces.

To simulate zero-temperature data we have divided
the experimental spectra by [1 + n(w)]?, where n(w) =
[exp(Aw/2kT) — 1]~ is the Bose-Einstein statistical fac-
tor for a phonon at w/2. This process is correct for over-
tone scattering, but only approximate for combinations
of phonons from different branches.!! Difference scatter-
ing is expected to be weak since only the lowest-energy
acoustic phonons (Aw < kT = 200 cm™!) can participate
at room temperature. The reduced data are shown as
the solid lines in Fig. 1(b), which are compared with the
calculated results (dashed lines). Note that in the top
panel the zz spectrum is only approximately I';, since it
contains a small contribution (less than 10%) from I'y,.

IV. THEORETICAL CALCULATION

The eigenvectors and eigenvalues which are neces-
sary to evaluate Eq. (2) have been calculated using
the density-functional perturbation theory implemented
within the plane-wave pseudopotential method.'? 4 For
the exchange-correlation energy we used the local-density
expression of Ref. 15. The norm-conserving pseudopo-
tentials have been constructed following the scheme of
Troullier and Martins.'® A plane-wave basis with a ki-
netic energy cutoff of 36 Ry (corresponding to about 790
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TABLE 1. Parameter ratios giving the best agreement of
the theoretical spectra with the experimental ones. We only
report the parameters relative to each other because of the
arbitrary units in all the experimental spectra.

o®O/mY  nl?/m{'®  Py/Pi Piy/Pa
0.380 2.029 —0.028 —0.926

P45/ Pyy
—0.175

plane waves) has been chosen. With this plane-wave ba-
sis set the phonon dispersion converges to within a rela-
tive deviation of less than 1.5%. For the summation in
reciprocal space we have used ten Chadi-Cohen points.”

Our ab initio calculations show that the lattice-
dynamical properties of SiC are intermediate between
those of diamond and Si, even though not the average
of the two. The detailed description of the lattice dy-
namics of SiC will be reported elsewhere.®

For each shell of neighbors there are 81 polarizability
coeflicients Paﬁ,..,a(gfc,) which are partially related by
symmetry properties. In a recent paper'? it has been
shown that restriction of the interactions up to just the
nearest neighbors is sufficient in order to reproduce the
Raman spectra of diamond-type semiconductors. Within
this approximation using the invariance of the crys-
tal lattice under the symmetry operations of the T,
(zincblende) point group, one is left with only eight differ-
ent coefficients. Using Voigt’s notation® for the neighbor
pair at R (9) = (0,0,0) and R () = (1,1,1) a/4, we get

Of the three representations of the Raman spectrum in
the Ty point-group symmetry, the I'; spectrum is ex-
pressed in terms of the parameters H(ll) = Py + 2Py,
and Hgl) = P14+ 2P;5, the I'12 spectrum by the parame-
ters II{'® = Py; — P, and TI{'® = P,y — Pys, and the T3
spectrum by the parameters Py;, Py, Pyg, and Pys5.2°

These parameters have been obtained by a least-
squares adjustment of the theoretical spectra in the high-
frequency regime (> 1000 cm™!) with a constant experi-
mental background taken out. The resulting parameters
are given in Table I, and the corresponding second-order
Raman spectra are shown together with the experimental
curves in Fig. 1(b). In order to take into account reso-
lution and phonon lifetime effects, we have performed a
convolution of the calculated spectra with a Gaussian of
linewidth Aw = 7.6 cm™!.

V. DISCUSSION AND SUMMARY

The agreement between experimental and theoretical
scattering intensities is generally good. Referring to Figs.
1(a) and 1(b), the similarity between the overtone den-
sity of states and the I'; spectrum which is dominated
by overtones?! can clearly be seen. However, there is
a significant difference between the overtone density of
states and the corresponding I'; spectra that points out
the necessity of including the coupling matrix elements
in the calculation of the Raman spectra: While the over-
tone density of states has a gap between 1256 cm—! and
1474 cm™?! there are two distinct peaks at 1302 cm™!
and 1400 cm~! in the I'; spectrum; the same holds for
the peak at 1619 cm™! in the gap between 1567 cm™!
and 1651 cm~! which is reproduced by our calculation
with only a very weak intensity. These peaks must be
due to combinations of phonons from different branches
and cannot be caused by overtones.

Noticeable differences between theory and experiment
occur in the frequency region below 1000 cm™!. These
could have many causes: The fit-and-subtract procedure
to remove the first-order lines may have obscured the
shoulder near 850 cm™!. There may be excess scatter-
ing due to surface roughness or other defect-activated
one-phonon scattering. Some difference processes may
be contributing more than we anticipate. And, finally,
the coupling matrix elements ranging beyond the near-
est neighbors, which we have neglected, may need to be
included.

Our present investigation supports the fact that a com-
plete ab initio calculation of the lattice dynamics is neces-
sary for a correct interpretation of experimental phonon
spectra: To emphasize how sensitive the second-order
Raman spectrum is to the underlying phonon model, we
present in Fig. 2 a comparison of the experimental zz
spectrum with the overtone density of states for SiC com-
puted from the shell-model force constants of Ref. 22.
The dispersion curves along the main symmetry direc-
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FIG. 2. Normalized zz scattering from SiC (solid curve)
compared with the overtone density of states calculated from
the model of Ref. 22 (dashed curve).
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tions in Ref. 22 are quite similar to those in the present
work, and both models agree equally well with the lim-
ited dispersion data available. Nevertheless, the overtone
density of states in Fig. 2 differs significantly from the
full ab initio results in Fig. 1(a) and is much less suc-
cessful for describing the second-order scattering. The
largest discrepancy occurs in the vicinity of 1500 cm™!
where the parametrized shell model incorrectly predicts
that the TO phonons give rise to two principal peaks

separated by 100 cm™!. The shell model also predicts

the wrong peak positions in the LO region and for the
highest-frequency acoustic modes.
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