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Raman scattering in polycrystalline 3C-SiC: Influence of stacking faults
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We report temperature dependent measurements of the Raman spectra of microcrystalie Bee-
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 £-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 profil€s $iC3
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 A. We observe an
irreversible narrowing of the Raman lines at temperatures above 1900 K, which we ascribe to an annealing of
stacking faults in -SiC. [S0163-182608)08139-9

[. INTRODUCTION calculated using the bond polarizability concept and a linear
chain model.
Silicon carbide(SiC) is a wide-band-gap semiconductor
that crystallizes in a large number of polytypes. In all poly- Il. EXPERIMENTAL DETAILS

types, each silicon atom is bonded tetrahedrally to four The silicon carbide films studied here were grown on

neighboring carbon atoms, and vice versa. The atoms aigj10() substrates to a thickness ofudn by chemical vapor
arranged in Si-C double layers, which are stacked on top Ofiepositiod? at temperatures of about 1350 K. The growth
each other to form the crystal. There are two possible orienggndition were intentionally chosen in such a way as to yield
tations of adjacent double layers which are rotated by 60%3 material suitable to study the influence of stacking fault
with respect to each other around the layer normal. Onegefects on the Raman spectrum. X-ray-diffraction measure-
where the bonds in the two layers are in an eclipsed configunents revealed that the films consist of randomly oriented
ration, as it is found in the wurtzite structureH2SiC), is  3C-SiC crystallites®!! The microcrystalline morphology
called hexagonal. The other orientati¢staggeref] corre- was confirmed by scanning electron microscopic images
sponding to the zinc-blende structureG-3&iC), is called which show particles of about 100-nm size. We have mea-
cubic. All other polytypes (¥ ,6H,15R, . ..) areconstructed sured the heat conductivity of this microcrystalline material
from particular sequences of hexagonal and cubic stackintp be a factor of 20 smaller than that of single-crystalline
orientations. 3C-SiC, and ascribed the low heat conductivity to the scat-
Wide band gaps between 2.2 eV@Band 3.3 eV (2{),!  tering of acoustical phonons at grain boundatfes. _

a high saturated electron drift velocity, and a high electric FOr Raman measurements, a square-shaped window of
breakdown fielé combined with a high thermal conductivity 3% 3-mnt size was etched into the silicon substrate in order
make silicon carbide a material suitable for electronic del0 manufacture a free-standing SiC film. Due to thermal de-
vices operating at high power, frequency, and temperaturé:.OUp“ng from the substrate in conjunction with the low

For these applications it is important to characterize SiC ayalue of the heat conductivity, we were able to heat the free-

elevated temperatures and after thermal treatment. The di tanding film to temperatures as high as 170.0 K in the focus
. . of a laser beam. For that purpose an argon-ion laser operat-
ferent stacking sequences for each polytype are associated

: L -7 ing at 514.5 nm with a power up to 180 mW was focused to
with a characteristic set of phonon modes at the Brllloum—a spot of 18um in diameter.

zone center, and polytypes may thus be identified 0%2 the Stokes and anti-Stokes Raman spectra were recorded in
basis of these modes as measured by Raman spectr OpyEackscattering configuration with the same laser. The tem-

The corr_espondmg Ra”?a” _|r_1ten5|ty proﬂles hgve been ca derature was calculated from the ratio of Stokes and anti-
culated in a bond polarizability and linear chain model for

various single crystalline SiC polytypés’ Calculations for
a random mixture of two polytypes which is meant to repre-n

sent one dimensionally—along the layer normal—disordere(ijesolution of around Jum. These spectra were taken with

SIC exhibit broadened _and distorted Raman bands. low laser intensity £5 mW), so that the influence of heat-
Here we study the influence of temperature on the fre-

guencies and linewidths of the TO and LO Raman lines ofng in the laser focus could be neglected.
microcrystalline X-SiC prepared by low-temperature
chemical vapor deposition on silicon. The distinct differ-
ences to the Raman spectra of single-crystallir@ SiC Raman spectra were recorded for temperatures between
(Ref. 9 are discussed with the aid of numerical simulationsroom temperature and 1700 K by varying the laser power

Stokes intensities of the LO-phonon lin€s.
For some of the measurements reported here, we used a
aman microprobe setup to record spectra with a spatial

Ill. RESULTS AND DISCUSSION
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FIG. 1. Temperature dependence of LO and TO Raman lines for FIG. 3. TO Raman line befor@) and after(b) laser annealing at
our samples(filled circles and for single crystal @-SiC (open 1900 K. Both spectra were measured at room temperature.
circles from Ref. 9.

Whel‘eX= ﬁQLO,TOlZKBTl y: ﬁQLO,ToBkBT: QLO,TO are the

" LO and TO frequencies, amdl andB are constants. The first
between 5 and 180 mW. The peak position and widdf and second terms include the effect of three- and four-

width at half maximum(FWHM)] were determined for the 2phonon processes dn respectively. Whereas the terms in

LO- and TO-phonon lines, and are plotted in Figs. 1 and the brackets are an increasing function of temperafiye
respectively, as functions of temperature. A softening of the ; 9 - peralufas
temperature-independent contribution to the linewidth.

phonon frequencies with increasing temperature is ob_serve@Iego and Cardoraundertook temperature-dependent mea-
for both modes. Data of Ref. 9 measured for single- : . ST :
surements of the phonon linewidth in single-crystalline

crystalline 3-SiC in a limited temperature range . . : .
P : 3C-SiC that could be described with E(L) using A=2.0
(T<750 K) are also shown in Fig. 1 for comparison. Goodgujd 3.8 cm® for the TO and LO lines, respectively, by ne-

agreement for the temperature dependence of the peak po ; S
tions is observed in the region of overlap in spite of the_g'lectlng four-phonon processes, i.85-0. The correspond-

different sample morphologies. However, the linewidth ing fit is the dotted line in Fig. 2. We find, however, that the

L : P, fit to their data is slightly improved by inclusion of four-
as shown in Fig. 2, differ significantly for the two samples, . -
i.e., the linewidths of our polycrystallineG3 SiC are consid- phonon processes with andB equal to 1.21 and 0.27 cth

erably larger than those of single crystals, both for the LOfor the TO mode, anq 2'(.38 a_nd 0'4.4 ?;hfo_r the LO mpde,
and the TO lines. Taking three- and four-phonon processer spectivelydashed line in Fig. 2 It is obvious from Fig. 2

: e that four-phonon processes give an increasingly important
int nt, the temperatur nden iven theo- o
ret(i)c:I(I:;Obl;/“,‘”e emperature dependenck sfgiven theo contribution tol'(T) at temperatures above 750 K, the tem-

perature range of our measurements. The importance of four-
phonon processes was also pointed out in Ref. 18.
2 In contrast to the data of Ref. 9, an additional
+1“§, temperature-independent contributibn has to be consid-
ered for our data as well. To determihig we usedA andB
@) as obtained from the fit to the data of Ref. 9, and subse-
quently adjusted’; to yield the best agreement with our
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FZ(T)z[A( 1+L
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301 O Phoma — T measurements(solid line in Fig. 2. The result is
25 | TO-Phonon _ 1 - 1
ok o ourdas 't 10=13.1cnm* andI'y, o=16.6 cm =

[ oReE[9] o During our measurements we gradually increased the la-
10 RPN . ser power to reach temperatures up to 1900 K. At that tem-
5E ,@@W&Oﬁf“ """""" 3 perature an irreversible change of the Raman spectrum oc-
o curs, as demonstrated in Fig. 3. The main features in the
T wave-number range shown are the TO line @-3iC lo-

] cated at 795 cm', and a second broader line centered at

766 cm L. The linewidth of the TO line is reduced from 13

T T T
I LO-Phonon

" ® ourdata .
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b
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ol "‘_ o o to 6 cm ! upon annealing, and the broader line is strongly
0 L oo 000®%S 7 ) reduced in intensity. Since that second peak does not show
0 ——t——t— L up in single-crystalline 8-SiC, we conclude that this fea-
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FIG. 2. Temperature dependence of the TO and LO Rama®9y- o
linewidths. The dotted line is a least-squares fit to the data of Ref. 9 We increased the laser power to a level sufficient that,
considering three-phonon processes ¢Bly: 0 in Eq.(1)], whereas ~ €ventually, a hole was burned into the film. Raman spectra
the solid and dashed lines are least-squares fits under inclusion #fere then recorded at room temperature at various distances
four-phonon processes for the data of Ref. 9 and our data, respetom the center of that hole corresponding to a transition
tively. from the laser-annealed material to the as-deposited film.
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8r e 7 model. In this model, the total polarizability that is respon-
e ] sible for the emission of scattered light is obtained as the
4 1L o 9 S
0 10 20 30 40 50 sum of the contributions from the bond Raman polarizabil-
Distance from center (m) ities multiplied by the bond-length variation associated with

a given phonon mode. For SiC polytypes, the bond Raman

FIG. 4. Peak position&) and linewidths(b) of the TO and LO  polarizabilities can be approximately expressed by a single
Raman lines after laser annealing. The laser power was chosen sojggrameter with fixed magnitude describing the bonds in each
to burn a small hole into the free-standing SiC film. Data of micro-Sj-C double layer. The sign of the polarizability depends,
Raman measurements are plotted as a function of the distance froﬁbwever, on the bond orientation. Double layers with a cubic
the center of the hole. The d_otted Iir_les through the experimentaétacking have the same sign, whereas hexagonal stacking
data have been drawn as a visual guide. reverses the sign of polarizabilifyConsequently, each poly-

type has a characteristic sequence of bond polarizability, e.g.

The center frequency and the linewidth of TO and LO lines(+++———) in 6H-SiC or (++++---) in 3C-SiC. Na-
are given as a function of spatial position in Figéa)dand  kashimaet al.also applied that model to calculate the Raman
4(b), respectively. Both lines shift to higher frequencies dueintensity profiles in disordered structures. They showed that
to the laser annealing and narrow at the same time. structures with a random distribution of domains of different

Different alternatives have been discussed to account for polytypes exhibit a broadening and distortion of the Raman
broadening of phonon lines such as nonuniform heating ifines®
the laser focud® phonon confinement in nanocrystat€® or In the present paper, we consider @€-3iC crystal that
lattice imperfection$® For our measurements the effect of has a random sequence of stacking faults in(flel) direc-
nonuniform heating can be excluded, since the broadening dfon normal to the Si-C double layers with a concomitant
the phonon lines persists at room temperature, and even ahange in the sign of the bond polarizability at each stacking
higher laser power a broadening due to inhomogeneous terfault. The disorder is thus one dimensional. To estimate the
perature distribution is negligibfe. influence of stacking faults on the line shape in Raman spec-

Due to momentum conservation in single crystals onlytra, series of 1000 Si-C double layers with stacking faults
phonon modes with a wave vectoclose to the center of the were simulated with a computer. Poisson distributions were
Brillouin zone (BZ) contribute to Raman scattering. In the taken for the probability to find stacking faults with the mean
phonon confinement model broadening is ascribed to the restacking fault distanc@L as the characteristic parameter.
laxation of thek= 0 selection rule in small crystallites when For the calculation the sequence of 1000 double layers was
vibrational modes away from the BZ center contribute torepeated periodically; in other words, an artificial polytype
Raman scatterind»?° To account for the measured value of with a period of 1000 double layers was generated. The Ra-
I'; crystallite sizes of about 1 nm would be required, muchman profile of the TO phonon line was then calculated with
smaller than the 100 nm size observed in scanning electrotie algorithm of Nakashima and co-workéfsand folded
microscope images. Thus we exclude phonon confinement agith a natural linewidth of -SiC. We averaged 200 of
the main effect. Sasakit al, in a similar situation, discussed such simulated Raman spectra for each choica lof
an extra anharmonicity at internal defects as the reason for Representative spectra calculated for three such random
their observed line broadenir§. structures with differenAL are shown in Fig. 5. The TO line

In the following we adopt the idea of Nakashiredal,  shifts to lower frequencies and broadens with decreasing
who considered polytype disorder in SiC crystals as an origiAL, i.e. with increasing disorder. The peak position and the
for phonon line broadeningFor perfect SiC polytypes they width (FWHM) derived from such simulated spectra are
found quantitative agreement between calculated and meglotted as a function oAL in Figs. §a) and &b), respec-
sured Raman intensity profiles using the bond polarizabilitytively. For AL>20 A the down shift is smaller than 1 ¢th
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= L0 l’.. i with spacings of 20—200 AS and recently in heteroepitaxi-
I %% o ¢ eeeel ally films of 3C-SiC grown on silicorf?
2 P — Circumstantial support for our model comes from the an-
5 10 20 50 100

. . & nealing behavior of our samples. By increasing the tempera-
Stacking fault distance AL (A) tures above 1900 K the TO line narrows irreversibly, and the
shoulder on the lower-frequency side clearly visible in Fig.

talline SiC of the £-SiC TO Raman line vs average stacking fault 3@ r_1ear|y disgppear_s. This would imply an _an_neglin_g of
distanceAL. Using the experimentally determined peak shifts, stacking faults in €-SiC at Fhat temperature. It is intriguing
values of 13 and 17 A are obtained for the as-deposited and th&at the annealing of stacking faults gccurs at a temperature
annealed film, respectivelyb) Simulated linewidth of the @-sic ~ Where H-SiC transforms to @-SiC,™ a transformation
TO Raman line vs average stacking fault distande The mea- that also requires a switching in the bond direction. The
sured linewidths of 13 and 6 cmh (Fig. 5) yield 6 and 12 A forAL, transformation is likely to be fostered by the small grain size
respectively, as marked with arrows. of our microcrystalline samples.

In the following we discuss the physical origin of the TO

. - . Raman line broadening due to disorder by comparing the
and the line is only negligibly broadened. The effect of shift phonon confinement model and our random stacking fault

?ng and broadening becomes significgnt, however, whin model. The basic effect is the same in both models: The
IS reduceglbelpw 20 A. At the same time a shoulder apPPeA$o_phonon branch disperses in the Brillouin zone. Its vibra-
at 768 cm -, Wl_th an intensity that increases with decreasing;jynal frequency is highest at thE point (k=0), and is
average stacking fault distance. The mean frequency of thg\notonical reduced toward the Brillouin zone edge. As
shoulder corresponds roughly to that of the zone edge TG entioned above, only modes with=0, i.e. the highest fre-
phonon Of 3:'S|C We Sha." interpret thIS Observation be' quency modes in the branch, are Observab|e in Raman Spec-
low by comparing the phonon confinement model with ourtra of single-crystalline 8-SiC. Consequently, any relax-
model of stacking disorder. ation of thek=0 selection rule will make only lower-lying
Using the variation of line position and width withL,  modes accessible, implying a broadening toward lower fre-
we estimate the degree of disorder in our samples. The exjuencies. In the phonon confinement model the contribution
perimental values are marked in Figgaand &b). The of modes to the Raman spectrum is calculated by assuming a
experimentally observed linewidtliEig. 6(b)] would corre-  Gaussian distribution function of phonon statekispace:
spond to stacking fault distances &t ~6 and 12 A for the Al 512
as deposited and annealed sample, respectively, while the 17(k)=1o exp(—k“Al*/4). @
peak shiftsdw [Fig. 6(a)] yield somewhat larger values of 13 The width of that distribution is inversely proportional to the
and 17 A. We believe that these discrepancies are mainly dugystalline sizeAl and, hence, a contribution of phonon
to the linear chain model, which is unable to give the phonor}nodes away from the zone center give the observed broad-
frequencies with a precision better than about 2 tnThe ening and downshift>2°
influence of the stacking sequence on the phonon frequen- In the random stacking fault model no similar explicit
cies, that was experimentally observed in polytyfesll assumption is made about the relative contribution of vibra-
consequently affect the evaluation &£ from the peak po- tional modes, but we confirmed the effectlof 0 modes as
sition[Fig. 6(a)] more strongly than evaluation from the line- the reason for line broadening in our calculations by inspect-
width [Fig. 6(b)]. We thus regard the values of 6 and 12 A ing the corresponding*-(k) relationship.
for the as-deposited and annealed sample to be more reliable. In Fig. 7 one example foAL=7.5 A is plotted as a func-
Stacking faults have been observed directly in the past bgion of wave vector together with the corresponding relation-
scanning transmission electron microscopy in SiC whiskership from Eq.(2) in the phonon confinement model with

FIG. 6. (a) Simulated peak shift relative to that of single crys-
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Al=7.5 A. Whereas the latter curve is centere#tai0, this  the Raman signal. This “density-of-states” effect is the rea-

is not the case for the random stacking fault model. Rather, aon for the observed peak at the lower limit of frequencies in

distribution centered dt~0.27x/c is observed, where is  the TO-phonon branch. Note that this is much more pro-

the distance between double layers, accompanied by a sigounced for the random stacking fault model compared with

nificant contribution extending over the whole Brillouin the phonon confinement model, when similar disorder is as-

zone. We checked that the peak position scales wiffL1/  sumed(see Fig. 7.
This observation can be interpreted as follows. Neglect-

ing, for the time being, one-dimensional disorder, a bond

switch after a distancAL corresponds to a polytype with a

period 2AL. For such a polytype phonon modes with wave We have measured temperature-dependent Raman spectra

IV. CONCLUSION

vectorsk, according to of the TO- and LO-phonon lines in free-standing films of
microcrystalline T-SiC that were grown on silicon. The
_ T _ temperature dependence of the phonon frequencies agrees
km=(2m+1)xp, m=012..., ®  With that of single-crystal G-SIC, but the linewidths are

o .__....considerably larger. We demonstrate that the Raman lines
are Raman active in the framework of the bond polarizability . . .
narrow after laser-induced thermal annealing of the micro-

?ﬁgdsgr:]lﬁasrgggleagnth«;g tmhgdfﬁsrloalgtir\llgee:n%%r;trilgutae; tzitrcl:rystalline films. To explain the phonon line broadening, we
9 have simulated @-SiC with randomly distributed stacking

Since the structures that we have simulated here can t{aults in the(111) direction, and calculated its Raman spec-

) . ) fum in the framework of a bond polarizability model. Due to
[gg&:gerd Izsailsgrrg%reOtlopgé,(t%/)p'ess r\g’;;h g;”?:lsl‘zlt.tge 'Sne-a the disorder in bond polarizability, phonon modes with wave
: ule according ) 1S Xed, resutting | vectors away from the center of the Brillouin zone become
broa_denlng similar to t_he mechamsm operative in the phonogcces,sible to Raman scattering. We conclude that such a
lconf;nement madel tW'thdthi d;ffirgn(_:reh that ﬂwte((:jtot: re-d stacking disorder can be responsible for the line broadening
axation !sdnov(\j/ Cin ere d"?‘ ?:.5 7 - The expected broad-  aasured in our films if the average distance between stack-
ening 1S indeed observed In Fig. 7. . ing faults is of the order of 6 A, i.e., an average distance of
The Raman intensity(#()) is connected witH (k), and 2-3 double layers
the phonon-dispersion relatigi() (k) according to ’
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