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Raman intensity profiles of zone-folded modes in SiC: Identification

of stacking sequence of 10H-SiC
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Raman intensity profiles are measured for 10H-SiC crystals, for which various zone-folded phonon
modes are observed. Raman intensity profiles are calculated based on a bond polarizability model
assuming several stacking sequences for the 10H polytype using a linear chain model. Among
several candidates for the stacking sequences, the 3322 stacking structure provides the best-fit
profile for experimental spectral profiles. The hexagonality value of 0.4 predicted from the stacking
sequence of this polytype is consistent with that derived from the frequency splitting between the
experimental A; and E-type transverse optical modes. This fact is consistent with an empirical rule
that the value of the reduced wavevector for the strongest folded transverse acoustic and optical
modes are equal to the hexagonality of the polytype. In the present analysis of the Raman intensity
profiles, the calculated intensity profiles for specified folded transverse optical modes are found to
be relatively strong and strikingly dependent on force-field parameters in «-SiC that consists of the
mixture of the cubic and hexagonal stacking structures. These force-field parameters can reproduce
well the experimental Raman intensity profiles of various SiC polytypes including 10H-SiC.

© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4828996]

. INTRODUCTION

It is well known that SiC has a large number of poly-
types with different stackings of Si-C double layers. All
polytypes except for the 3C polytype belong to uniaxial
crystals and are anisotropic in structural, optical, transport,
and phonon properties. The crystal structures of SiC poly-
types are determined through X-ray diffraction, electron
microscope, and Raman scattering analyses. Raman inten-
sity analysis is useful in identifying the stacking sequence
of the Si-C double layers along the c-axis."™ It also pro-
vides information on anisotropic phonon properties in a-
Sic.>*

SiC polytypes form natural superlattices whose periods
are integral multiples of the 3C polytype-period. By zone fold-
ing of the higher-ordered polytypes, the phonon modes within
the basic Brillouin zone and at the zone edge are folded back
to the I point and can be observed in Raman spectra. The rel-
ative Raman intensity of the zone-folded modes yields infor-
mation on the stacking structure of polytypes. Thus far,
polytype structures of SiC have been examined using Raman
intensity analysis for a number of long-period polytypes, 8H,'
15R," 2IR," 27R,? 33R-SiC.” The structure of the long-period
polytype of 132R-SiC was also determined from Raman in-
tensity analysis.® The period of this polytype was inferred
from the frequencies of the observed folding modes, with ref-
erence to the dispersion curves.” Raman intensity profiles
were calculated for possible structure candidates and com-
pared with the experimental Raman profile. Finally, a
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polytype structure corresponding to the best-fit Raman profile
was chosen. The stacking structure estimated from this
Raman analysis, being [(33)3(32),(33),22]5, showed agree-
ment with the structure obtained by a pseudo-reflection high-
energy electron diffraction.?

Up to now, various numbers of SiC polytypes have
been studied by X-ray diffraction and electron microscope
analyses. The presence of 10H-polytype was first reported
by Ramsdell and Kohn in 1951.° They pointed out that the
space group of this polytype was Cs,' (C3 m1), being dif-
ferent form that of 4H and 6H. The report by Pandey and
Krishnan'® in 1975 stated that the stacking sequence of this
polytype was 3322 in Zhdanov notation. Since then, how-
ever, the experimental structure analysis of this polytype
has not been studied for a long time. It was pointed out by
Inoue that possible hexagonal structures for polytypes with
10H-SiC layers are 82, 55, and 3322 in Zhdanov notation.'!
The stacking fault structures of 15R[(32)3;] were studied
theoretically by Iwata er al. who suggested that there are
several stacking faults including 3322.'* Backes et al."’
calculated the band-gap energy of 10H-SiC assuming that
the stacking sequence of this polytype is 55. The total
energy differences between various polytypes were calcu-
lated by Limpijumnong and Lambrecht,'* where they
regarded 10H-SiC as 55. More recently, Kobayashi and
Komatsu calculated electronic and lattice properties for
various long period polytypes.'” In their calculation, they
dealt with various possible stacking structures of 10H-SiC.
The presence of these theoretical studies suggests that ex-
perimental identification of the stacking sequence for this
polytype is desirable.

© 2013 AIP Publishing LLC
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193510-2 Nakashima et al.

So far the intensity analysis of Raman spectral profiles
based on the bond polarizability model has been applied to
the structural identification of SiC polytypes'*'® and of
layer compounds.'”'® The Raman polarizability is related to
the arrangement of the bond Raman polarizabilities and
atomic displacements which are obtained from lattice dy-
namical calculations. The Raman intensity profiles calcu-
lated previously'? reproduced qualitatively the experimental
Raman intensity profiles which enabled us to identify the
stacking sequences of various SiC polytypes. In this lattice
dynamical calculation, force constant parameters were cho-
sen so that the calculated frequencies of phonons fit the
measured frequencies. This approach enabled Raman inten-
sity profiles to be calculated consistent with observation, but
it did not always account for the measured intensity of folded
modes, especially for weak folded modes. Therefore, more
detailed study was required for analysis of the Raman inten-
sity profiles in SiC.

In the present work, the Raman intensity profiles of
10H-SiC has been measured. It is found that a certain folded
transverse optical band has relatively increased strength. A
similar feature was also found for 27R-SiC crystal.” We
have calculated Raman intensity profiles of the 10H-SiC and
revealed that the calculated intensity of the folded modes in
this polytype is sensitive to the force-field difference
between the cubic and hexagonal environments. The present
analysis shows that the distortion of the atomic displacement
patterns derived from the force-field difference provides
enhancement of Raman strength of the folded mode. The
stacking sequence of the 10H-SiC is identified from a com-
parison between observed and calculated spectra.

Il. THEORETICAL BACKGROUND
A. Raman intensity analysis

To date, several attempts have been made to explain
the Raman intensity profiles in crystals. A widely used
approach is based on “bond polarizability model,” which
was initiated by Wolkenstein'® and Eliashevich and
Wolkenstein,”® and successfully applied to molecules by
Long.?! Raman polarizability tensors with respect to the
phonon coordinates have been calculated for highly sym-
metric crystals by Tubino and Piseri,”> Go et al.,”> and
Maradudin and Burstein.”* The method of the Raman in-
tensity analysis based on the bond polarizability concept
have been developed by Nakashima et al. to interpret the
Raman spectral profiles of the folded transverse optical
(FTO) and folded transverse acoustic (FTA) modes in SiC
polytypes, and succeeded for the structure identification of
various SiC polytypes.'*® The Raman intensity of folded
longitudinal optical (FLO) and folded longitudinal acous-
tic (FLA) modes in 4H-, 6H-, 15R-, and 21R-SiC were
also analyzed based on the bond polarizability model.> A
reasonable agreement between the experimental calculated
intensity profiles was obtained.

The Raman scattering intensity is related to the bond
Raman polarizabilities and relative displacement between
neighboring Si and C atomic layers, and is given as*°®

J. Appl. Phys. 114, 193510 (2013)

————|Ad (o)

2

Z o (n)[u(n: ) —v(n: w)lexp(igz,)| ,
(1)

)
:An(w)Jrl
)

where o (n) is a bond Raman polarizability, u(n:m) — v(n:m)
the relative displacement between the n-th neighboring Si-C
layers, z, the central position of the bond along the c-axis,
n(w) the Bose factor, and A a constant of proportionality.
This equation indicates that the Raman intensity profile is
closely related to the relative displacements of the neighbor-
ing Si-C bonds and the arrangement of the bond Raman
polarizabilities.

For the FTA and FTO modes (E-type modes) in SiC, the
bond tilted against the c-axis contributes to the Raman polar-
izability in Eq. (1), whereas there is no contribution from the
bond parallel to the c-axis. The tilted bonds in SiC are di-
vided into two groups. A plus sign is assigned to the group
of bonds (a) a-B, 5-C, and y-A, and minus sign to the group
of bonds (b) «-C, fi-A, and y-B or vice versa. Here, the
Roman letters A, B, C, and Greek letters a, f3, y represent the
positions of silicon and carbon atoms, respectively.'

B. Lattice dynamics

The displacement amplitudes of the atomic planes are
obtained as solutions of the equation of motion

—Mjiij = ZDjJ+nuj+i17 2)
n

where D; ;. ,, is the interplanar force constant between planes
j and j+ n. We assume traveling wave solutions of exponen-
tial form. We obtain the dispersion relations from the condi-
tion that Eq. (2) has nontrivial solutions

|0;M} @ — Dy(q)| = 0. 3)

We shall consider a simple one-dimensional model of SiC
crystals, as illustrated in Fig. 1, which displays the stacking of
the Si-C planes along the [0001] direction for the 10H polytype.
The stacking structure 3322 for this polytype is determined in
the present work, together with the connecting forces. The 10H
(3322) polytype contains four hexagonal and six cubic stack-
ings in the unit cell. The interplanar forces up to the third-
neighbor plane are taken into account. In this model, the
nearest-neighbor plane forces K|, K|, and the third-neighbor
plane force K§* are taken to be independent of the stacking envi-
ronment, whereas the second- and third-neighbor plane forces
K3*(=K,), K5 (= K,), and K, (= K;) depend on the stacking
environment and these differ for the cubic and hexagonal envi-
ronments. For the cubic configuration, we take K;+ AK;,
whereas for the hexagonal configuration, we take K; — AK;.

A set of force-field parameters are determined as follows.
First, these are roughly determined so that for the 3C polytype
the calculated phonon dispersion curve fits the experimental
dispersion curve. Second, these are determined more precisely
so that the calculated Raman intensity profiles for various
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10H-SiC(3322)

polytypes well reproduce the experimental profiles. The
detailed procedure will be discussed in Sec. III C later on. The
force-field parameters thus determined are listed in Table I.
Instead of K3°, K5, and K5, we shall use the notation AK;,
AK,, and AKj, hereafter. The set of force constants listed in
Table I can be used as universal parameters to calculate the
Raman intensity profiles for various SiC polytypes.

C. Raman intensity profile in zinc-blende structure
approximation

In assuming that the second- and third-neighbor force
fields in «-SiC are equal for the hexagonal and cubic envel-
opments, we then are considering the zinc-blend structure
approximation for o-SiC where we have

Ad (@) = [u(n: w) —v(n: w)]z o (n)exp(iqz,)

n

= [u(w) = v(0)]S(q). €y

In this approximation, the displacement amplitudes of the Si
and C planes are independent of their positions and

+1

1) = A" )P
2
— AMQ)“ > lu(m: @) —v(m: )]s (m)exp(igz)
:A”(‘*’zf L : ) = v(m: )|18(q)
(o) +1 ) )
fAT|u(m.a))fv(m.a))\c(q), Q)
c(q) = c(mexp(—igzn), c(n) =Y o (n)o/ (n+m),
(6)

where z,, is the position of the m-th atom, and o = w(g) the
g-dependent frequency of the folded modes. Function
u(m:w)-v(m:w) is the relative displacement of the m-th
neighboring Si-C atomic planes which are separated by
(1/4)c for the folded mode of frequency w.

FIG. 1. Stacking structure and force
field for 10H-SiC (3322); h and k rep-
resent the hexagonal and cubic stack-
ings, respectively.

ul9 v20

lll. EXPERIMENTAL
A. Sample preparation and Raman measurements

The 10H-SiC polytype samples used in this Raman mea-
surement were Rely crystals, and the sample used was a 0.5-
mm-thick flake of approximately 10 x 5 mm in size with the
¢(0001) face. The 10H-SiC (3322) structure belongs to the
symmorphic space group of P3m1 (Cs,'). The primitive unit
cell contains 20 atoms, and the lattice modes at the I" point
are decomposed into

T = 20A; + 20E.

The optical modes decompose into

Top = 19A; + 19E.

Raman scattering spectra have been measured in the
backscattering geometry at room temperature using a double
monochromater with focal length of 1 m. The 514.5-nm line
of an Ar laser was used for the Raman measurement. An op-
tical microscope with an objective lens of NA=0.8 was
used in the laser illumination of the sample and the collec-
tion of the scattered light. Raman scattering signals were
detected using a liquid-nitrogen-cooled CCD detector.

B. Raman spectral profile of 10H-SiC

We measured Raman spectra of a 10H-SiC crystal in the
backscattering geometry using the (0001)-face. Figure 2(a)
shows a spectrum of the FTA phonon modes, and Fig. 2(b)
shows FTO modes measured using the (0001) face. Because
the folded mode in nH or 3nR polytypes corresponds to the
phonon mode at q(x) =q(2m/n),(0 <2m <n) in the basic
zone of the 3C polytype, the FTA and FTO modes are
expected to appear at q(2m/10), (0 <m <5) for the 10H
polytype.

As shown in Figs. 2(a) and 2(b), the ¢(4/10)-folded
mode at 785.5cm ™' which has a reduced wavevector equal
to the hexagonality of the 3322 structure (= 0.4) displays the
maximum intensity for the FTA and FTO modes. Because
the zone-folded modes correspond to the modes at certain

TABLE I. Force constant parameters used in the linear chain model shown in Fig. 1; values are in units of 10* dyne/cm.

CS CS SS cC CS
K—l K—H KZ KZ K—3

KS AKSS (= AK)

AKSC (=AK,) AK (= AK3)

27.3 5.38 0.493 0.211 —1.81

0.717 0.2 0.235 —0.16
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Q
10H-SiC FTA (E-mode) FTO (E-mode)
82 Calc.
1 (d)
55 Calc.
(©)

3322 Calc.
(b)

Nakashima et al.

Raman Intensity (arb. units)

q(4/10)
q(4/10)
Expt. q(6/10)
q(10/10) q(8/10) q(2/10)
q(12]/10) (6/10) q(8/10) J 10) (a)
T 1 1 1
100 50 750 760 770 780 790 800 810

Raman Shift (cm™)

FIG. 2. (a) Whole Raman spectrum of 10H-SiC (3322) observed in the back-
scattering geometry using the c-face, (b) calculated Raman spectrum of the
3322 stacking structure, (c) calculated Raman spectrum of the 55 stacking
structure, and (d) calculated spectrum of the 82 stacking structure.

¢ points, the phonon mode at ¢ in the basic zone is denoted
as the ¢(x) mode hereafter, where x =¢/qg is the reduced
wavevector, gg = 7/c, and ¢ is the unit cell length along the
[111] direction of the 3C polytype (zinc blende).

As shown in Fig. 2(a), for the FTA modes, all the folded
modes except the FTA(10/10) mode exhibit doublets. For
the FTO modes, doublets are not observed because the band-
width is large and the doublets are unresolved.

C. Comparison with observed and calculated spectra
of 10H-SiC

We have calculated Raman intensity profiles of the stack-
ing sequence 3322. The spectra calculated using Egs. (1)—(6)
are shown in Fig. 2(b), where the intensity is normalized by
that of the ¢(4/10) mode. The agreement between the observed
(Fig. 2(a)) and calculated spectra (Fig. 2(b)) is quite satisfac-
tory for the stacking sequence of 3322, though there are slight
deviations in peak frequencies of the low-lying modes.

D. Comparison with calculated 55 and 82 spectra

Figures 2(c) and 2(d) show the calculated Raman inten-
sity profiles of the 55 and 82 stacking structures, where AK;
is included in the force field. The calculated FTA and FTO
spectral profiles for the 3322 sequence in Fig. 2(b) reproduce
well the experimental profile of Fig. 2(a) and are quite differ-
ent from the calculated spectral profiles of 55 and 82.
This result suggests strongly that the real stacking structure
of 10H-SiC is 3322.

E. Raman spectra of a-face

Raman spectra are also observed using the a-face of the
10H-SiC sample in the backscattering geometry (see Figs.
3(a) and 3(b)). In the transverse optical (TO) mode region in
Fig. 3(a), the unfolded TO(A,) and TO(E) modes appear at
785.3 and 797.4cm ™", respectively. The FLO modes with
q2m/10) (m=1, 2, 3, 4, and 5) are also observed. In

J. Appl. Phys. 114, 193510 (2013)

10H-SiC
(@) | TO@A))
FLO modes
|
[ |
q(8/10)
LO(E)
q1010) | qer10) a@/10)
N q(4/10)‘ x30

q(0/10) \
I uTO(E)I l | |

Raman Intensity (arb. units)

750 800 850 900 950  [1000
(®) q(8/10)
FTA modes

q(10/10) ~|
N
q(6/10)
q(4/10)
M b U
100 150 200 250

Raman Shift (cm™)

FIG. 3. Raman spectra of 10H-SiC(3322) observed with the a-face at back-
scattering geometry: (a) spectra of the optical phonon region, and (b) spec-
trum of acoustical phonon region.

the FTA mode region of Fig. 3(b), relatively strong FTA
modes appear at g/q g =4/10, 6/10, 8/10, and 10/10. The
experimental frequencies of the folded modes of 10H-SiC
which are observed using the ¢- and a-faces are listed in
Table II ((a) and (b)), respectively. Note that the frequencies
of the FTA modes for the a-face measurement are slightly
different from that for the c-face measurement and that the
frequency splitting between the doublets for the a-face mea-
surement is smaller than for the c-face measurement. This
fact arises from the dispersion of the acoustic phonon branch
in the z-direction. The splitting of the FTA doublet modes
depends on the wavevector, g. of the phonon associated
with the Raman process; ¢, is different for the c- and a-face
measurements. It was observed by Nakashima and Tahara
that the frequency splitting of the FTA doublet varies with
the wavelength of the excitation laser.”

F. The most intense Raman mode and hexagonality

As stated before, the Raman intensity profile of SiC poly-
type crystals depends on the stacking sequence. In a proposal

02:2€'20 G20T Uoten 8L
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TABLE II. Raman frequencies of the folded modes for 10H-SiC measured using (a) c-face and (b) a-face in the backscattering geometry.

(a) c-face measurement

Frequency (cm™ ")

X =q/qp FTA FTO FLA FLO
10H 0 — 796.9 (E) — 965.4 (A))

2/10 90.5,95.1 (E) 794.3 (E) 168.7, 177.5 (A)) —

4/10 167.5,172.5 (E) 785.5 (E) 329.5,337.8 (A)) —
6/10 222.0,226.6 (E) 773.1 (E) 466.4,474.4 (Ay) 896.9,901.6 (A))
8/10 255.1,256.2 (E) 768.8 (E) 568.8,572.8 (A)) 858.3,860.0 (A))

10/10 265.8 (E) 766.9 (E) 611.8 (A)) —

(b) a-face measurement
Frequency (cm™h

X=q/qp FTA TO, FTO FLA LO, FLO
10H 0 — 797.4 (E), 785.3 (A}) — 972.6 (E)
2/10 — — — 958.0 (E)
4/10 172.0 — — 937.2 (E)
6/10 222.4,226.5 — 467.9,473.1 901.4 (E)
8/10 255.7,256.1 — 570.3 859.1 (E)
10/10 265.9 — 611.8 837.6 (E)

by Nakashima et al.,*® the reduced wavevector (x = g/gp) of
the strongest FTA and FTO modes is equal to the hexagonal-
ity of the SiC polytype. This empirical rule was confirmed by
Raman intensity measurements for various polytypes.*®

This rule predicts that for the 10H-SiC (3322) structure
the folded modes with ¢g/qg =0.4 has maximum intensity,
which indeed is true for the FTO and FTA modes as shown
in Fig. 2.

G. Phonon anisotropy and hexagonality

The crystal structures and phonon properties for the o-
SiC polytypes are both anisotropic. This anisotropy produces
the frequency splitting between TO phonon modes with E
and A, symmetries.”® Raman spectra of the E(E;)- and
A;-type TO modes using the a-face were observed for vari-
ous SiC polytypes.® It was found that the frequency splitting,
Ao =w(E) — w(A), is related linearly to the hexagonality,
h, as shown in Fig. 4, with a constant of proportionality 5 of
29.6. The result for the 10H polytype structure lies on the
Aw vs h curve, indicating that the hexagonality of 10H-SiC
is 0.4. This conclusion is consistent with the estimate derived
from the stacking sequence of 3322.

IV. DISCUSSION
A. Raman intensity and force fields

As discussed in Sec. II, Raman spectral profiles of the
FTO modes depend strongly on the force-field parameters.
The calculated spectral profiles are especially sensitive to the
difference of the forces between cubic and hexagonal envi-
ronments AK;. When we take the force fields in the two envi-
ronments as being equal, these fields resemble those of the
3C polytype and the atomic displacement pattern is given by
that for 3C. In this case, the Raman intensity enhancement

arising from distorted atomic displacements decreases and
there remains solely the contribution from the arrangement
of the bond Raman polarizabilities.

To confirm that the force-field difference AK; actually
affects the Raman intensity profile, experimental Raman
spectra of the FTO modes for the 15R, 6H, 27R, and 10H
polytypes were plotted (see Fig. 5). The intensity of each
folded mode calculated assuming that AK; is zero is indi-
cated by horizontal bars in this figure. The calculated Raman
intensity of the FTO modes almost coincides with those
observed when AK; # 0, namely, we use the force parameters
listed in Table I, whereas the calculated peak intensity
is reduced when we take AK; =0, as seen in Fig. 5. For the

30r @ present work 2H
— A Nakashima [6]
in | O Feldman [5]
g 25
= 20f
<
T 15t
o
= 10F
i
3 5f
<
0 3¢ L L ! ! !
0.0 0.2 0.4 0.6 0.8 1.0

Hexagonality (h)

FIG. 4. The frequency splitting between E(TO) and A;(TO) modes Aw plot-
ted against the hexagonality; these phonon modes are measured using the
a-face.
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LOF 15R-SiC a@s)
(32),

0.8 FTO (E-mode)

q(4/5)

LOF 27Rrsic ™ (¢) [ 10H-siC

Raman Intensity (arb. units)

4/10
(3222), 3322 Ao
0.8 a(69) a49) L
0.6 -
a(6/10).
0.4F L
q(8/10)
| | q(2/10)
0.2 ) o
q(0) q(0)

0.0 1 I 1 1 1 i 1 L L 1

1
750 760 770 780 790 800 810 750 760 770 780 790 800 810
Raman Shift (cm™)

FIG. 5. Raman spectra of (a) 15H-, (b) 6H-, (c) 27R-, and (d) 10H-SiC
observed in the backscattering geometry using the c-face. Raman intensity of
the FTO modes, calculated assuming that Ac = 0, is shown by horizontal bars.

27R, the reduction of the calculated intensity for AK; =0 is
striking for the ¢(6/9) mode, being 13% of the observed pho-
non mode.

B. Force field dependence of Raman intensity

We found that the calculated Raman intensity profiles of
the FTO modes in 10H-SiC (3322) vary markedly by the
introduction of the force-field difference between the hexag-
onal and cubic environments, AK;. In Fig. 6, we present the
calculated intensity of the ¢(6/10) FTO mode relative to the
¢(4/10) mode as a function of the force parameter AKS,.
The intensity of the FTO modes depends also on the force

10H-SiC
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FIG. 6. Calculated relative Raman intensity of ¢(6/10), ¢(8/10), and ¢(2/10)
FTO modes as a function of AK,. The intensity of each mode is normalized
by the intensity of ¢(4/10) mode; arrows mark experimental intensity data.
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FIG. 7. Calculated displacement patterns of ¢(4/10) mode (a) for AK #0
and (b) for AK =0; force-field parameters given in Table I are used in the
calculation.

parameters AK; and AKj;. However, we did not examine the
effect of these parameters in detail because the influence of
AK; and AKj is small compared with that of AK,. Figure 6
reveals that the relative intensity of 1(6/10)/I(4/10) varies
strongly with AK,, whereas 1(8/10)/1(4/10) varies weakly.
The value of the observed intensity, /(6/10)/1(4/10) is 0.45,
the corresponding value of AK; is 0.235.

C. Atomic displacement patterns and AK

The calculated Raman intensity for the ¢(6/10)-folded
mode of 10H-SiC depends strongly on the force-field differ-
ence AK; between the cubic and hexagonal environments. The
intensity of this mode is especially sensitive to the choice of
the force constant AK,(=AK5), but insensitive to AK;
(= AK*%) and AK; (= AK?’) for the 10H polytype. We can fit
the calculated Raman spectral profiles of 10H-SiC to the ex-
perimental data using the best-fit parameters listed in Table 1.
It should be noted that the set of force constants listed in
Table I are useable as universal parameters for various poly-
types other than 10H. These parameters deviate by a few
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percent from the values employed in Ref. 2. Usually,
force-field parameters are determined so that the calculated
frequencies fit the experimental phonon frequencies. The pres-
ent Raman intensity analysis demonstrates that the force-field
parameters should be chosen under the condition that the cal-
culated Raman intensity profiles are in accord with the experi-
mental data. This constraint is more severe than the restriction
relevant to the phonon frequencies, and the force-field parame-
ters would be determined with higher accuracy.

We shall show that the atomic displacements patterns are
strikingly changed by the introduction of force-field differ-
ence AK;. The vibrational amplitudes of the Si and C atoms
in 10H-SiC is calculated using the equations of motion (Eq.
(2)) when AK; is present or not. In Figs. 7(a) and 7(b), the
atomic displacement patterns in the unit cell of 3322 are
depicted for when AK; does and does not exist, respectively.

In this calculation, we used the force constant values in
Table II for the force-field differences. The atomic displace-
ment pattern given by Fig. 7(a) provides the Raman intensity
profiles fitted to the experimental profiles, whereas the
atomic displacement given in Fig. 7(b) provides a relatively
weak FTO mode intensity. As shown in Fig. 7(a), the distor-
tion of the atomic displacement pattern induced by the force-
field difference is pronounced for AK;##0, whereas for
AK; =0, the displacement pattern is sinusoidal-like and a
slow-varying function of position, as shown in Fig. 7(b).
This deformation pattern in Fig. 7(a) contributes to the
Raman intensity enhancement of the FTO modes in SiC pol-
ytypes. As is seen in Fig. 5, the noticeable intensity enhance-
ment of the FTO modes is observed in 15R:(32)s,
27R:(3222);, and 10H:(3322), whereas it is not appreciably
obvious in 6H-SiC (33) and 8H-SiC(44), although these are
not shown here. The Raman intensity enhancement induced
by the force-field difference might be specific to the lower
symmetry 32 stacking sequence. The existence of a
force-field difference in the hexagonal and cubic envelop-
ments in ¢-SiC provides an atomic displacement modified
from 3C’s displacement. This modified (distorted) displace-
ment pattern breaks the cancelation of the bond Raman
polarizabilities in a unit cell and results in an enhancement
of the Raman intensity.

V. CONCLUSION

In the present work, the stacking structure of the
10H-SiC crystal has been determined from the fitting of the

J. Appl. Phys. 114, 193510 (2013)

calculated Raman intensity profile to the experimental pro-
file. The stacking sequence inferred by the Raman intensity
analysis is 3322. Furthermore, the present Raman intensity
analysis confirms the empirical rule that the reduced wave-
vector of the FTA and FTO modes having maximum inten-
sity is equal to the hexagonality of the polytype crystal
studied. A certain FTO band has relatively increased strength
for 10H-SiC. These enhancements of the Raman intensity
for the specified folded modes are derived from the peculiar
force-field distributions in the higher-ordered SiC polytypes.
The distortion of the displacement pattern arising from the
force-field difference in the hexagonal and cubic environ-
ments would contribute to the enhancement of the Raman
intensity of the specified folded modes.
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