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Raman scattering in polycrystalline 3C-SiC: Influence of stacking faults

Stefan Rohmfeld, Martin Hundhausen, and Lothar Ley
Institut für Technische Physik, Universita¨t Erlangen-Nu¨rnberg, Erwin-Rommel-Straße 1, D-91058 Erlangen, Germany

~Received 29 May 1998!

We report temperature dependent measurements of the Raman spectra of microcrystalline 3C-SiC free-
standing films. The measurements were performed under direct laser heating of the thin films for temperatures
up to 1700 K. The temperature dependence of the TO- and LO-phonon frequencies agrees well with that of
single-crystal 3C-SiC, but the Raman lines are considerably broader. We discuss the influence of stacking
faults on the linewidth by comparing our results with computer simulated Raman intensity profiles of 3C-SiC
structures having randomly distributed stacking faults. Good agreement with respect to the linewidth and
disorder-induced peak shift is found if the average stacking fault distance is assumed to be 6 Å. We observe an
irreversible narrowing of the Raman lines at temperatures above 1900 K, which we ascribe to an annealing of
stacking faults in 3C-SiC. @S0163-1829~98!08139-9#
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I. INTRODUCTION

Silicon carbide~SiC! is a wide-band-gap semiconduct
that crystallizes in a large number of polytypes. In all po
types, each silicon atom is bonded tetrahedrally to f
neighboring carbon atoms, and vice versa. The atoms
arranged in Si-C double layers, which are stacked on top
each other to form the crystal. There are two possible or
tations of adjacent double layers which are rotated by
with respect to each other around the layer normal. O
where the bonds in the two layers are in an eclipsed confi
ration, as it is found in the wurtzite structure (2H-SiC), is
called hexagonal. The other orientation~staggered!, corre-
sponding to the zinc-blende structure (3C-SiC), is called
cubic. All other polytypes (4H,6H,15R, . . . ) areconstructed
from particular sequences of hexagonal and cubic stac
orientations.

Wide band gaps between 2.2 eV (3C) and 3.3 eV (2H),1

a high saturated electron drift velocity, and a high elec
breakdown field2 combined with a high thermal conductivit
make silicon carbide a material suitable for electronic
vices operating at high power, frequency, and temperat
For these applications it is important to characterize SiC
elevated temperatures and after thermal treatment. The
ferent stacking sequences for each polytype are assoc
with a characteristic set of phonon modes at the Brillou
zone center, and polytypes may thus be identified on
basis of these modes as measured by Raman spectrosco3,4

The corresponding Raman intensity profiles have been
culated in a bond polarizability and linear chain model
various single crystalline SiC polytypes.5–7 Calculations for
a random mixture of two polytypes which is meant to rep
sent one dimensionally—along the layer normal—disorde
SiC exhibit broadened and distorted Raman bands.8

Here we study the influence of temperature on the
quencies and linewidths of the TO and LO Raman lines
microcrystalline 3C-SiC prepared by low-temperatur
chemical vapor deposition on silicon. The distinct diffe
ences to the Raman spectra of single-crystalline 3C-SiC
~Ref. 9! are discussed with the aid of numerical simulatio
PRB 580163-1829/98/58~15!/9858~5!/$15.00
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calculated using the bond polarizability concept and a lin
chain model.

II. EXPERIMENTAL DETAILS

The silicon carbide films studied here were grown
Si~100! substrates to a thickness of 3mm by chemical vapor
deposition10 at temperatures of about 1350 K. The grow
condition were intentionally chosen in such a way as to yi
a material suitable to study the influence of stacking fa
defects on the Raman spectrum. X-ray-diffraction measu
ments revealed that the films consist of randomly orien
3C-SiC crystallites.10,11 The microcrystalline morphology
was confirmed by scanning electron microscopic ima
which show particles of about 100-nm size. We have m
sured the heat conductivity of this microcrystalline mater
to be a factor of 20 smaller than that of single-crystalli
3C-SiC, and ascribed the low heat conductivity to the sc
tering of acoustical phonons at grain boundaries.12

For Raman measurements, a square-shaped window
333-mm2 size was etched into the silicon substrate in ord
to manufacture a free-standing SiC film. Due to thermal
coupling from the substrate in conjunction with the lo
value of the heat conductivity, we were able to heat the fr
standing film to temperatures as high as 1700 K in the fo
of a laser beam. For that purpose an argon-ion laser ope
ing at 514.5 nm with a power up to 180 mW was focused
a spot of 18mm in diameter.

Stokes and anti-Stokes Raman spectra were recorde
backscattering configuration with the same laser. The te
perature was calculated from the ratio of Stokes and a
Stokes intensities of the LO-phonon lines.13

For some of the measurements reported here, we us
Raman microprobe setup to record spectra with a spa
resolution of around 1mm. These spectra were taken wi
low laser intensity (<5 mW), so that the influence of hea
ing in the laser focus could be neglected.

III. RESULTS AND DISCUSSION

Raman spectra were recorded for temperatures betw
room temperature and 1700 K by varying the laser pow
9858 © 1998 The American Physical Society
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between 5 and 180 mW. The peak position and width@full
width at half maximum~FWHM!# were determined for the
LO- and TO-phonon lines, and are plotted in Figs. 1 and
respectively, as functions of temperature. A softening of
phonon frequencies with increasing temperature is obse
for both modes. Data of Ref. 9 measured for sing
crystalline 3C-SiC in a limited temperature rang
(T,750 K) are also shown in Fig. 1 for comparison. Go
agreement for the temperature dependence of the peak
tions is observed in the region of overlap in spite of t
different sample morphologies. However, the linewidths~G!,
as shown in Fig. 2, differ significantly for the two sample
i.e., the linewidths of our polycrystalline 3C-SiC are consid-
erably larger than those of single crystals, both for the
and the TO lines. Taking three- and four-phonon proces
into account, the temperature dependence ofG is given theo-
retically by14–17

G2~T!5FAS 11
2

ex21D1BS 11
3

ey21
1

3

~ey21!2D G2

1G1
2 ,

~1!

FIG. 1. Temperature dependence of LO and TO Raman lines
our samples~filled circles! and for single crystal 3C-SiC ~open
circles! from Ref. 9.

FIG. 2. Temperature dependence of the TO and LO Ram
linewidths. The dotted line is a least-squares fit to the data of Re
considering three-phonon processes only@B50 in Eq.~1!#, whereas
the solid and dashed lines are least-squares fits under inclusio
four-phonon processes for the data of Ref. 9 and our data, res
tively.
,
e
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wherex5\VLO,TO/2kBT, y5\VLO,TO/3kBT, VLO,TO are the
LO and TO frequencies, andA andB are constants. The firs
and second terms include the effect of three- and fo
phonon processes onG, respectively. Whereas the terms
the brackets are an increasing function of temperature,G1 is
a temperature-independent contribution to the linewid
Olego and Cardona9 undertook temperature-dependent me
surements of the phonon linewidth in single-crystalli
3C-SiC that could be described with Eq.~1! using A52.0
and 3.8 cm21 for the TO and LO lines, respectively, by ne
glecting four-phonon processes, i.e.,B50. The correspond-
ing fit is the dotted line in Fig. 2. We find, however, that th
fit to their data is slightly improved by inclusion of four
phonon processes withA andB equal to 1.21 and 0.27 cm21

for the TO mode, and 2.68 and 0.44 cm21 for the LO mode,
respectively~dashed line in Fig. 2!. It is obvious from Fig. 2
that four-phonon processes give an increasingly impor
contribution toG(T) at temperatures above 750 K, the tem
perature range of our measurements. The importance of f
phonon processes was also pointed out in Ref. 18.

In contrast to the data of Ref. 9, an addition
temperature-independent contributionG1 has to be consid-
ered for our data as well. To determineG1 we usedA andB
as obtained from the fit to the data of Ref. 9, and sub
quently adjustedG1 to yield the best agreement with ou
measurements~solid line in Fig. 2!. The result is
G1,TO513.1 cm21 andG1,LO516.6 cm21.

During our measurements we gradually increased the
ser power to reach temperatures up to 1900 K. At that te
perature an irreversible change of the Raman spectrum
curs, as demonstrated in Fig. 3. The main features in
wave-number range shown are the TO line of 3C-SiC lo-
cated at 795 cm21, and a second broader line centered
766 cm21. The linewidth of the TO line is reduced from 1
to 6 cm21 upon annealing, and the broader line is strong
reduced in intensity. Since that second peak does not s
up in single-crystalline 3C-SiC, we conclude that this fea
ture is related to crystalline imperfections and that the
nealing atT>1900 K improves the 3C-SiC crystal morphol-
ogy.

We increased the laser power to a level sufficient th
eventually, a hole was burned into the film. Raman spe
were then recorded at room temperature at various dista
from the center of that hole corresponding to a transit
from the laser-annealed material to the as-deposited fi
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n
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FIG. 3. TO Raman line before~a! and after~b! laser annealing at
1900 K. Both spectra were measured at room temperature.
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The center frequency and the linewidth of TO and LO lin
are given as a function of spatial position in Figs. 4~a! and
4~b!, respectively. Both lines shift to higher frequencies d
to the laser annealing and narrow at the same time.

Different alternatives have been discussed to account f
broadening of phonon lines such as nonuniform heating
the laser focus,19 phonon confinement in nanocrystals,15,20or
lattice imperfections.16 For our measurements the effect
nonuniform heating can be excluded, since the broadenin
the phonon lines persists at room temperature, and eve
higher laser power a broadening due to inhomogeneous
perature distribution is negligible.21

Due to momentum conservation in single crystals o
phonon modes with a wave vectork close to the center of the
Brillouin zone ~BZ! contribute to Raman scattering. In th
phonon confinement model broadening is ascribed to the
laxation of thek50 selection rule in small crystallites whe
vibrational modes away from the BZ center contribute
Raman scattering.15,20 To account for the measured value
G1 crystallite sizes of about 1 nm would be required, mu
smaller than the 100 nm size observed in scanning elec
microscope images. Thus we exclude phonon confineme
the main effect. Sasakiet al., in a similar situation, discusse
an extra anharmonicity at internal defects as the reason
their observed line broadening.16

In the following we adopt the idea of Nakashimaet al.,
who considered polytype disorder in SiC crystals as an or
for phonon line broadening.8 For perfect SiC polytypes the
found quantitative agreement between calculated and m
sured Raman intensity profiles using the bond polarizab

FIG. 4. Peak positions~a! and linewidths~b! of the TO and LO
Raman lines after laser annealing. The laser power was chosen
to burn a small hole into the free-standing SiC film. Data of mic
Raman measurements are plotted as a function of the distance
the center of the hole. The dotted lines through the experime
data have been drawn as a visual guide.
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model. In this model, the total polarizability that is respo
sible for the emission of scattered light is obtained as
sum of the contributions from the bond Raman polarizab
ities multiplied by the bond-length variation associated w
a given phonon mode. For SiC polytypes, the bond Ram
polarizabilities can be approximately expressed by a sin
parameter with fixed magnitude describing the bonds in e
Si-C double layer. The sign of the polarizability depend
however, on the bond orientation. Double layers with a cu
stacking have the same sign, whereas hexagonal stac
reverses the sign of polarizability.7 Consequently, each poly
type has a characteristic sequence of bond polarizability,
~111222! in 6H-SiC or ~1111¯! in 3C-SiC. Na-
kashimaet al.also applied that model to calculate the Ram
intensity profiles in disordered structures. They showed t
structures with a random distribution of domains of differe
polytypes exhibit a broadening and distortion of the Ram
lines.8

In the present paper, we consider a 3C-SiC crystal that
has a random sequence of stacking faults in the~111! direc-
tion normal to the Si-C double layers with a concomita
change in the sign of the bond polarizability at each stack
fault. The disorder is thus one dimensional. To estimate
influence of stacking faults on the line shape in Raman sp
tra, series of 1000 Si-C double layers with stacking fau
were simulated with a computer. Poisson distributions w
taken for the probability to find stacking faults with the me
stacking fault distanceDL as the characteristic paramete
For the calculation the sequence of 1000 double layers
repeated periodically; in other words, an artificial polyty
with a period of 1000 double layers was generated. The
man profile of the TO phonon line was then calculated w
the algorithm of Nakashima and co-workers,5,8 and folded
with a natural linewidth of 3C-SiC. We averaged 200 o
such simulated Raman spectra for each choice ofDL.

Representative spectra calculated for three such ran
structures with differentDL are shown in Fig. 5. The TO line
shifts to lower frequencies and broadens with decreas
DL, i.e. with increasing disorder. The peak position and
width ~FWHM! derived from such simulated spectra a
plotted as a function ofDL in Figs. 6~a! and 6~b!, respec-
tively. ForDL.20 Å the down shift is smaller than 1 cm21,

as
-
om
al

FIG. 5. Raman spectra of the TO mode simulated with the b
polarizability model for 3C-SiC with randomly distributed stacking
faults. Average stacking fault distances areDL5200 Å ~a!, 20 Å
~b!, and 7.5 Å~c!. For reference, the vertical line marks the TO lin
position for crystalline 3C-SiC.
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and the line is only negligibly broadened. The effect of sh
ing and broadening becomes significant, however, whenDL
is reduced below 20 Å. At the same time a shoulder appe
at 768 cm21, with an intensity that increases with decreasi
average stacking fault distance. The mean frequency of
shoulder corresponds roughly to that of the zone edge
phonon of 3C-SiC. We shall interpret this observation b
low by comparing the phonon confinement model with o
model of stacking disorder.

Using the variation of line position and width withDL,
we estimate the degree of disorder in our samples. The
perimental values are marked in Figs. 6~a! and 6~b!. The
experimentally observed linewidths@Fig. 6~b!# would corre-
spond to stacking fault distances ofDL'6 and 12 Å for the
as deposited and annealed sample, respectively, while
peak shiftsDv @Fig. 6~a!# yield somewhat larger values of 1
and 17 Å. We believe that these discrepancies are mainly
to the linear chain model, which is unable to give the phon
frequencies with a precision better than about 2 cm21. The
influence of the stacking sequence on the phonon frequ
cies, that was experimentally observed in polytypes,22 will
consequently affect the evaluation ofDL from the peak po-
sition @Fig. 6~a!# more strongly than evaluation from the line
width @Fig. 6~b!#. We thus regard the values of 6 and 12
for the as-deposited and annealed sample to be more reli
Stacking faults have been observed directly in the past
scanning transmission electron microscopy in SiC whisk

FIG. 6. ~a! Simulated peak shift relative to that of single cry
talline SiC of the 3C-SiC TO Raman line vs average stacking fa
distanceDL. Using the experimentally determined peak shiftsDL,
values of 13 and 17 Å are obtained for the as-deposited and
annealed film, respectively.~b! Simulated linewidth of the 3C-SiC
TO Raman line vs average stacking fault distanceDL. The mea-
sured linewidths of 13 and 6 cm21 ~Fig. 5! yield 6 and 12 Å forDL,
respectively, as marked with arrows.
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with spacings of 20–200 Å,23 and recently in heteroepitaxi
ally films of 3C-SiC grown on silicon.24

Circumstantial support for our model comes from the a
nealing behavior of our samples. By increasing the tempe
tures above 1900 K the TO line narrows irreversibly, and
shoulder on the lower-frequency side clearly visible in F
3~a! nearly disappears. This would imply an annealing
stacking faults in 3C-SiC at that temperature. It is intriguin
that the annealing of stacking faults occurs at a tempera
where 2H-SiC transforms to 3C-SiC,25 a transformation
that also requires a switching in the bond direction. T
transformation is likely to be fostered by the small grain s
of our microcrystalline samples.

In the following we discuss the physical origin of the T
Raman line broadening due to disorder by comparing
phonon confinement model and our random stacking fa
model. The basic effect is the same in both models: T
TO-phonon branch disperses in the Brillouin zone. Its vib
tional frequency is highest at theG point (k50), and is
monotonical reduced toward the Brillouin zone edge.
mentioned above, only modes withk50, i.e. the highest fre-
quency modes in the branch, are observable in Raman s
tra of single-crystalline 3C-SiC. Consequently, any relax
ation of thek50 selection rule will make only lower-lying
modes accessible, implying a broadening toward lower
quencies. In the phonon confinement model the contribu
of modes to the Raman spectrum is calculated by assumi
Gaussian distribution function of phonon states ink space:

I D l~k!5I 0 exp~2k2D l 2/4!. ~2!

The width of that distribution is inversely proportional to th
crystalline sizeD l and, hence, a contribution of phono
modes away from the zone center give the observed bro
ening and downshift.15,20

In the random stacking fault model no similar explic
assumption is made about the relative contribution of vib
tional modes, but we confirmed the effect ofkÞ0 modes as
the reason for line broadening in our calculations by inspe
ing the correspondingI DL(k) relationship.

In Fig. 7 one example forDL57.5 Å is plotted as a func-
tion of wave vector together with the corresponding relatio
ship from Eq. ~2! in the phonon confinement model wit

he

FIG. 7. Comparison of the Raman intensity vs wave-vector
lationship in the random stacking fault and the phonon confinem
model, respectively. We have usedDL57.5 Å as the average dis
tance between stacking faults. The crystalline size for the pho
confinement model was also assumed to be 7.5 Å.
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D l 57.5 Å. Whereas the latter curve is centered atk50, this
is not the case for the random stacking fault model. Rathe
distribution centered atk'0.27p/c is observed, wherec is
the distance between double layers, accompanied by a
nificant contribution extending over the whole Brillou
zone. We checked that the peak position scales with 1/DL.

This observation can be interpreted as follows. Negle
ing, for the time being, one-dimensional disorder, a bo
switch after a distanceDL corresponds to a polytype with
period 2DL. For such a polytype phonon modes with wa
vectorsk, according to

km5~2m11!
p

DL
, m50,1,2 . . . , ~3!

are Raman active in the framework of the bond polarizabi
model. In particular thek50 mode no longer contributes t
the Raman scattering, and the first active mode is that w
k05p/DL.

Since the structures that we have simulated here ca
regarded as disordered polytypes with period 2DL, the se-
lection rule according to Eq.~3! is relaxed, resulting in a
broadening similar to the mechanism operative in the pho
confinement model with the difference that thek-vector re-
laxation is now centered aboutk0Þ0. The expected broad
ening is indeed observed in Fig. 7.

The Raman intensityI (\V) is connected withI (k), and
the phonon-dispersion relation\V(k) according to

I ~\V!5
I ~k!

~dV/dk!
. ~4!

As a result, the maxima in the one-dimensional phonon d
sity of states atk50 andk5p/c emphasize contributions a
the extreme frequencies of the phonon branch. The singu
ties are reduced due to folding with the natural linewidth
Jr
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the Raman signal. This ‘‘density-of-states’’ effect is the re
son for the observed peak at the lower limit of frequencies
the TO-phonon branch. Note that this is much more p
nounced for the random stacking fault model compared w
the phonon confinement model, when similar disorder is
sumed~see Fig. 7!.

IV. CONCLUSION

We have measured temperature-dependent Raman sp
of the TO- and LO-phonon lines in free-standing films
microcrystalline 3C-SiC that were grown on silicon. The
temperature dependence of the phonon frequencies ag
with that of single-crystal 3C-SiC, but the linewidths are
considerably larger. We demonstrate that the Raman l
narrow after laser-induced thermal annealing of the mic
crystalline films. To explain the phonon line broadening,
have simulated 3C-SiC with randomly distributed stacking
faults in the~111! direction, and calculated its Raman spe
trum in the framework of a bond polarizability model. Due
the disorder in bond polarizability, phonon modes with wa
vectors away from the center of the Brillouin zone beco
accessible to Raman scattering. We conclude that suc
stacking disorder can be responsible for the line broaden
measured in our films if the average distance between st
ing faults is of the order of 6 Å, i.e., an average distance
2–3 double layers.
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