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Raman intensity profiles of folded longitudinal phonon modes in SiC polytypes
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Raman spectral profiles of folded longitudinal phonon modesHn,46H-, and 2R- SiC polytypes which

form natural superlattices have been studied experimentally and theoretically. The Raman intensity of the
folded longitudinal modes is very weak except for the mode corresponding to a zone-center phonon mode in
the 3C polytype. The intensity profiles of these modes are interpreted on the basis of the bond polarizability
concept when one takes into account difference of the bond Raman polarizability between the cubic and
hexagonal environments. The agreement of the measured and calculated intensities indicates that the bond
polarizability model can be applied to Raman spectral profiles of the longitudinal folded modes as well as
transverse folded modes in SiC.

I. INTRODUCTION ization in a unit cell by partial cancellation of the bond po-
larizabilities.

It is well known that SiC has a large number of polytypes ~ Since SiC is a polar crystal, the polarization fields associ-
which form natural superlattices. Long period SiC polytypesated with longitudinal vibrations should contribute to the
show a various number of Raman badtsThese Raman pPhonon dispersion and the Raman intensity. The Raman scat-
bands originate from the zone folding of transvefisegitu- tering efﬁciency of the LO modes is (elated to two terms; the
dinal) acoustic and optical branches along ¢h#1) direction ~ contributions from tge short-range fieldx/éu) and long-
in the 3C polytype with zinc-blende structure. The disper- "ange field gx/5E),™ wherey is the electronic susceptibil-
sion curves of transverse phonons propagating along thi®y: U is the atomic displacement, aifiis the electric field.
(111) direction axis in the & polytype have precisely been For crystals with the zinc-blende structure, the Raman tensor

determined from the frequencies of observed folded mode§omponent of the LO mode incorporating the Iatter_ contribu-
in various polytyped The Raman intensity profiles of the tion is related to that of TO phonons by the following equa-

folded transverse acous{iETA) and opticallFTO) branches tion:

are well reproduced by the spectra calculated on the basis of dio wﬁo_ w%()

the bond polarizability concept and one-dimensional lattice P ( 1- C—2> @
dynamics modet. The analysis of the Raman intensity pro- TO “T0

files of the folded modes has enabled us to identify the stackwhered is the tensor component ango and v o are the
ing structures of Si-C double atomic layers in long periodfrequencies of the TO and LO modes, respectivelys the

SiC polytypes’ so-called Faust-Henry coefficient given by
The Raman intensity profiles have also been studied on . 5 .
the basis of the bond polarizability model of IV group C=e*(ox/ou)[mwto(x/6E)] 7, 2

semiconductor8, artificial superlattices(SL’s) such as

wheree* is the effective charge associated with the optical
GaAs-AlAs SL's® 2 other SL's®* % fullerenest’ ° IV-IV 9 g

phonons andn is their reduced mass. The Faust-Henry co-

group SL's?*? and layered compound3® The Raman efficient of various zinc-blende-type semiconductors was ex-
spectra calculated based on the bond polarizability modegberimentally determined from the intensity ratio of the LO
reproduce well the observed ones for various crystals. and TO mode&®

The folded modes of the longitudinal opticd@LO) and While the Raman intensity analysis of the LO modes has

acoustic branche§~LA) were also observed in SiC poly- been made on the zinc-blende structure, little is known about
types and the dispersion curves of the LO and LA modes ithe LO modes in other structures. We have tried to examine
the 3C polytype were deducetiThe Raman intensities of whether the incorporation of the long-range field into the
these modes except an unfolded optical mode 286 cm®  bond Raman polarizability is allowed for uniaxial SiC poly-
which corresponds to the phonon at fhgoint in 3C poly-  types which have a large number of longitudinal modes.
type are very weak as compared with those of the folded SiC polytypes except @ and 2H polytypes are con-
transverséFT) modes. The weak intensity of the folded lon- structed from mixture of cubic and hexagonal stackings of a
gitudinal (FL) modes may be due to reduction of the polar-Si-C double layer. So far, the intensity profiles of the FTO
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and FTA modes were calculated assuming that the bond po
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larizabilities for bonds in cubic and hexagonal environments @ e CHRH® 00 ]

are the same but the force fields are differeHowever, this EFTAQ/6) 767 f— E
assumption does not well explain the observed spectral pro 150 errae/e) ARG/ 797

files of the FLO and FLA modes. This fact may indicate that 514

the bond Raman polarizability relevant to the folded longi-
tudinal modes differs for the bonds in different environ-
ments. It is of interest to examine the influence of local
atomic arrangement on the bond Raman polarizabilities of
the longitudinal modes, because it will provide information
on the structure dependence of the dielectric properties ir
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In the present work, we have analyzed the intensity pro-= L R » ££TO(0) FL%(é’s)_E
files of the FL modes in SiC polytypes based on the bond& [ 2@ 797 ]

polarizability concept. The Raman intensity profiles of the S I )73

folded longitudinal modes are calculated taking into accountZ k
difference of forces and bond polarizabilities for the environ- E ;
ments. The calculated Raman intensity profiles are comparer«
with observed spectral profiles for4 6H, 15R, and 2R =
polytypes. Discussion is given for the bond polarizability ~
approach. L : ' : L : ' : '
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Polytype samples used in this experiment were single FTA(4/7) 958 aqRAG6D) AFLO(4/7) E

crystals prepared by the Acheson method or a chemica
deposition method. The frequencies of the folded modes
were measured usingH#4 6H, 15R, 27R, 33R, 5IR poly-
types. The intensity profiles of the FL modes were precisely T

measured for ¥, 6H, 15R, and 2R polytypes. Raman ' : : : ' : : ' '
spectra were measured at room temperature using th Raman Shift (cm™)

488-nm line of an Ar laser. The phonon Raman spectra show

no remarkable resonance enhancement for the laser light FIG. 1. The whole Raman spectra@j 6H-, (b) 15R-, and(c)
with wavelengths from 456.5 to 514.5 nm. A quasiback scat21R-SiC crystals. The intensity is plotted on log scale.

tering geometry was employed for t{@001) face. For this
configuration theA-symmetry phonon modes propagating
along thec direction are observed. The scattered light wa
dispersed by a double monochromator with 0.85m and
detected by a cooled CC@harge-coupled devigeletector.
The carrier concentration of the samples used was less th

/ 590
594
/

the 21R polytype, the Raman intensity relative to that of the
FLO(0) mode is the largest for the FL{@7) mode and weak
Stor the FLQO2/7) and FLA6/7) modes as shown in Fig(d)

and Table Il. It is to be noted that the width of the FLO
modes and especially the FLA modes is small, being about 1
¥ for the FLA modes and about 2 crhfor FLO modes.

6 ~y—3
5x10°cm™>. This implies that there are no dominant decay channels into
two-acoustic phonon modes unlike high-frequency optic
B. Intensity profiles of FLO and FLA modes modes.

Raman-scattering spectra of various polytypes have been . _
measured at room temperature. The results for three typicalC- DiSPersion curves of the LO and LA branches of & SIC
polytypes are shown in Fig. 1. The FL modes in the figures We have also observed the FL modes for various poly-
are labeled byx=q/gmax, Wherex is the reduced wave vec- types. The dispersion curves of the longitudinal acoustic and
tor of the corresponding phonon modes i@ Bolytype® As  optical phonons propagating along tHel1) direction in the
shown in this figure, the folded LO and LA modes are very3C polytype are derived from the frequencies of the FL
weak except for the FL@) mode (unfolded modg The  modes, in various polytypésThe result is shown in Fig. 2.
intensities of the FL mode relative to that of the FLO The frequencies of the folded modesdrSiC polytypes do
(x=0) mode lies in a range of 16—10 * (Tables | and I). not much deviate from the dispersion curves €f SiC.

As shown in Fig. 1a), the FL(2/6), FL(6/6) modes in the 6l The frequency of the unfolded LO mode depends slightly
polytype are not observed because these modes are Ramam the polytype. Hofmanret al?® have suggested that the

inactive B; modes. For the 18 polytype the FLA4/5) dou-  frequency decreases with increase of the hexagonality. How-
blet at 568.6 and 573.4 cmis clearly seeriFig. 1(b)]. ever, we did not found any remarkable polytype dependence

The FLO2/7) modes in the 2R polytype are very weak of the frequency for the FL@®) modes. For example, the
and their intensity relative to that of FI(@®) mode is less frequency of theA;(LO) mode in 84-SiC (964.2:0.2) is
than 10°°, but the traces are found at 940 and 949 tnffor  almost the same as that of théi4polytype (964.2-0.2) 27
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TABLE I. Raman intensity of the FLO and FLA modes ik 6SiC polytype. The measured intensities are

compared with ones calculated using parameters in Table IIl.

) FLA FLO
6H SiC
X=0q/qu o (cm™h 1/1,6(0) Calc. o (cm™ 1/1,6(0) Calc.
0 965 1.0 1.0
2/6
4/6 513.9 7.610°° 8.8x 1073 889 4.3x10°° 2.5%x10°°

504.6 1.310°2 1.0x10°3 883 ~0 1.9x10°3

6/6

@0bserved in resonance condition using 302-nm line.

III. CALCULATION OF THE INTENSITY PROFILES
OF THE FLO AND FLA MODES

same for the different polytypes and the dependence of the
atomic distance on the polytype structure is very w&ak.

For the axialA;-type modes, the bonds in SiC polytypes
are classified into two group$) the bonds inclined to the

The Raman tensor component of the LO phonons is assaxis (inclined bond and (ii) the bond parallel to the axis
ciated with that of the TO phonon via the Faust-Henry coef{parallel bond. The bond Raman polarizability tensors cal-
ficient. The use of the renormalized bond Raman polarizabilculated are shown in Fig. 3, whete ande, are the parallel
ity may be allowed for the FLA and FLO modes and perpendicular components of the bond polarizability, re-
corresponding to the modes with wave vectors inside and afpectively. For the axialA;-type) mode, the inclined bonds
the edge of the basic Brillouin zone of th€3olytype when  in groups(i)a and(i)b make the same contribution to the
we assume that the common Faust-Henry coeffitiean be  tensor components, although they have different signs for the
used for these modes. E-type transverse phonof%> The parallel bonds contributes

The Raman intensity of theth mode is given by only to the diagonal components of the Raman tensors. For a

back scattering geometry using theface of SiC,xx or yy

(3) component of the Raman tensor contributes to the Raman
intensity of the axial A;-type) modes. The Raman polariz-
ability tensor for axial vibration is expressed as

A. Bond polarizability approach to the Raman intensity

Wy=8[n(w)+1]o ‘Z[ea (Me]?,

whereSis a constant of proportionalityy is the frequency
of the phonon modaj(w) is the Bose factor, ang and e
are the polarization vectors of the incident and scattered
light, respectively. In Eq(3) the Raman polarizabilitg’ (\)
consists of the bond Raman polarizabilities which include
the contribution from the polarization field.

In all SiC polytypes, any Si or C atom has the same first-
neighbor environment and the difference arises in the next- ror the FT modes, the bond Raman polarizability)
nearest neighbors and higher neighbors. The unit cell of .« taken to be the same for cubic and hexe[{gonal

polytypes consists of Si-C double layers and the different, . . (@
structures of SiC result from different stackings of the Si_CEnwronmen'@. In the case thaﬂpp does not depend on the

double layers. For the @ polytype (3-SiC), all the double environment, the first term in E@4) is reduced to

layers occur in a cubic environment, and for the polytype | — A DS A%(2)— A(Z 5
all the double layers occur in a hexagonal environment. (@pp) =y X ANZ) = A2 )], ®
Other polytypes are constructed from mixtures of the cubiovhereA?%(z)—A%(z ;) andA%(z)—A(z ) are the rela-
and hexagonal stackings. The atomic distances are almost thige displacement of the atomic planes connected by bonds

a,,(M)=2a D [AN(Z) ~A(Zi41)]
+3 afgcp)[Ai(Zi) —AX(Zi41)]

=1(a2) +11(al?). (4

TABLE Il. Raman intensity of the FLO and FLA modes inR-SiC polytype. The measured intensities
are compared with ones calculated using parameters in Table III.

_ FLA FLO

21R-SiC

X=0q/qy o (cm™b) 1/1.0(0) Calc. o (cm™) 1/1,0(0) Calc.

0 966.7 1.0 1.0

217 249.1 3.410°° 1.9x10°° ~949 <10°° 1.6x10°3
240.3 44104 3.3x10°3 ~940 <10°° 1x1074

417 457.5 4.610°° 5.8x10°3 907.8 3.410°° 1.9x10°°
449.9 6.%10°° 0.9x10* 904.2 3.x10°° 1.4x10°°

6/7 593.5 2.&10°° 1.6x10°° 850.1 3.%x10°° 1.3x10°°
590.0 1.%10°3 2.6x10°3 840.1 7.%10°4 3.3x10°4
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FIG. 4. The stacking arrangement of thél @olytype is de-
picted in (a). One-dimensional lattice dynamics model of SiC for
the longitudinal modes and the force-constant parameters are shown
in (b).
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Let us assume that, for the FL modes, the bond Raman
polarizability depends on the stacking only for the parallel
bonds as shown in Fig.(d). The parallel bond in grougi)
will play a dominant role for the Raman intensity of the

FIG. 2. Dispersion curves of the LO and LA modes which A;-type FLO and FLA phonons, because the bond stretching
propagate along thi111) direction in 3C-SiC, which are estimated occurs for this bond. On the other hand, for the Raman in-
from the frequencies of the observed folded modes in various polytensity of the FTA and FTO modes, the contribution from the
types. bonds in groupsi)a and(i)b is dominant and even a stacking

independent bond polarizability model gave a good agree-
inclined and parallel to the axis, respectively. The summa- ment between the experimental and calculated reus-
tion is taken over a unit cell. The phase of the relative dis-der the above assumption the Raman polarizability ohthe
placement of a double plangai(z)—Ad(z )] differ by ~ FLO or FLA mode is reduced to the following form:
2ma/n from that of the neighboring double planes, where a a
is the number of the Si-C double planes in the unit cell, and a,p(N)=aX[AJ(z) ~AX(Zi+1)]
m|=<n/2). Accordingly, in Eq.(5) these displacements can- NFAC 5\ AC(o.
|cel|ed each other out. As a result, the first term of &. TRe(DIANE) = Az )], ©)
becomes almost zero. The same argument can be appliedwhere we put
the second term. However, provided thgf) differs for cu- _ _ _
bic and hexagonal environments, the second term gives a e(j)=ec for the cubic environment,
finite value, although it is small.

L ' ' L 1 ' L L L
0.0 0.5 1.0

WAVE VECTOR g=(EEE) x7/a

and
O: Silicon e: Carbon e(j)=e, for the hexagonal environment.
® A(z) . . . .
Da B. One-dimensional lattice dynamics model
a 00 The displacements of the atomic planes for the folded
0 a0 transversgFT) modes have so far been calculated using a
. 00 a= -g@-a)-E@-ar-a.  one-dimensional lattice dynamics modéf. The Raman in-
b =2 B0y, tensity of the FT modes depends strongly on the displace-
’ x ment pattern of the atomic plan&&’ We have calculated the
oo O o, f=aq displacements for the FL modes using a lattice dynamics
(i) 0 e 0 model similar to that of the FT modésThe displacement
00 f amplitudes of the atomic planes are obtained as solutions of

the equations of motion,

FIG. 3. The bondings in SiC polytypes are classified into two
groups. The bond Raman polarizability tensors when assuming a MijU(n“):E Df i su(n+rlj+s), (7)
zinc-blende structure are shown for thg-type phonon modes. r.s
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whereu(n|j) andM; are the displacement and mass of thee,>e,. This figure shows that about ten percent difference
jthrigid plane in thenth unit cell, respectively, anBJT'-+S is  of the two polarizabilities is needed to reproduce the Raman
the interplanar force constant. We look for solutions of theprofiles of the FL modes. The best fit value of the raide,
exponential form, is 1.11 for the FLA(4/4) mode in 4H-SiC, 1.14 for the
_ _ _ _ o FLA(6/7+) mode at 593.5 cm' and 1.08 for the FLA6/7—)
u(n[p)=u(jexp—iazy), u(jh)=Ajexdi¢(.a)l, @  mode at 590 cml. We takee, /e,=1.10 for the bond polar-

and ¢(j,q) = —q;z;+ ¢;(q). izability ratio e, /e; in all the polytypeqTable Ill). In Tables
In the Raman intensity calculation we use the normalized and Il we compare the calculated and experimental inten-
displacement amplitudes. sities of the FL modes inl8 and 2R polytypes.
The frequency of the folded phonon modes are deter- It is well known that the Raman intensity is generally
mined from the secular equation, larger for covalent crystals than ionic crystals in which elec-
trons are localized at around nucleus. In the framework of
|Mjw25ij —Djj(q)|=0. (99 the bond polarizability model, the Raman polarizability, i.e.,

the derivative of the bond polarizability with the atomic dis-
placement is considered to be large for covalent bonding.
o [P, n o The charge density distribution in SiC polytypes has been

Dij=exil ~1a(z=2)]% 5 exp(~1azy). (10 discussed by several authors. Patlal. have calculated va-
The Si-C bond chain and the force parameters for the 6Hence charge density forG 2H, 4H, and 64 polytypes®
polytype are shown in Figs.(d and 4b). The 6H polytype Their result shows that the charge distributions are slightly
contains two hexagonal and four cubic stackings in the unitlifferent for the hexagonal and cubic environments. Accord-
cell. The interplanar forces are taken into account up to théng to their calculation, the hexagonal layers ¢i1-&iC are
third-neighbor planes. The force constants and bond Ramapositively charged while the cubic layers are negatively
polarizabilities have been determined so that the calculatedharged as compared with that of Btructure. From studies
phonon dispersions for theC3polytype, the splitting of the of the chemical shift for several SiC polytypes, Sorokiral.
FLA modes and also the Raman intensity profile fit to theconcluded that the average charge on Si atoms vary with the
experimental results. The force-constant parameters thus deexagonality>* The similar conclusion was obtained by Guth
termined are listed in Table lIl. These parameters reproducand Petuskey? though their dependence is weaker than the
well the dispersion curves of the LO and LA phonon modesresult of Sorokiret al® According to the calculation by Park
propagating along th€111) direction of the & polytype. et al, the valence charge density for parallel bonds within
The dispersions are not so sensitive to the choice of the pahe Si-C bilayer is slightly positive for the hexagonal envi-
rameters. The dispersion curves calculated using the paramenments as compared with that of the cubically stacked bi-
eters in Table Ill is almost the same as those shown in Ref. 4ayer. Their result seems to indicate that the ionic character is
though the third-neighbor forces were not included in Ref. 4large for hexagonal environment. The bond charge in the SiC
Calculated frequencies of the FI@ modes in H, 6H, polytypes has also been discussed by Qteisal>® and K.
15R, and 2R polytypes do not show clear hexagonality de- Karch et al,** but quantitative analysis on the hexagonality

where

pendence contrary to the suggestion of Hofm#hn. dependence has not yet been made. From the above discus-
sion it is likely that the bond polarizability of the parallel
IV. DISCUSSION bonds is larger in the cubic environment than in the hexago-

nal environment. This consideration, however, does not nec-
The calculated intensity of the FLO and FLA modes isessarily lead to the conclusion thet is larger thare;,, be-
compared with the observed spectral profiles in Fig. 1, whergause the bond Raman polarizability is complex functions of
their intenSity is normalized for that of each FL@ mode. the bond po|ar|zab|||ty Components‘ and a and these de-
In this calculation we takeic=0.017, which corresponds to rivatives. In the present work we assume tegtis larger
the 488-nm excitation. As shown in Tables | and Il, thethane,. The same assumption has been made in the resonant
qualitative agreement is obtained on the whole, though therRaman scattering of the FL modes in SfCAs shown in
are some discrepancies in certain modes. The result of theig. 5, the Raman intensity profile of the FL modes does not
fitting reveals that it is necessary to take into account thgjepend on the absolute magnitudegpinde,, but on their
difference between the bond polarizabilities for the cubic andjifference. It is to be noted that the sign and relative magni-
hexagonal environments to reproduce the observed profileg,de of the Raman polarizabilities. and e, cannot be di-
Figure 5 shows Raman intensity of the F4#) mode in  rectly determined from the analysis of the observed Raman
4H-SIiC and the FLA6/7) modes in 2R SiC against the profiles, because the Raman intensity is related to the square
bond-Raman-polarizability ratie,/e;. The horizontal ar- of the Raman polarizability. It is instructive to compare the
rows denote the experimental intensity. Here, we assume th@taman spectra of the folded longitudinal and transverse
modes. In the framework of the bond polarizability treat-
~ TABLE il Force-constant parameters and bond Raman polarment, the parallel bond does not contribute to the Raman
izabilities. polarizability for the FTA and FTO modes, because the two
atoms at the edge of this bond move perpendicularly to the
bond. On the contrary, the stretching motion of the parallel
bond will contribute largely to the Raman polarizability of
14.8 14.2 32-2.0 11 —0.25 —0.4 0.25 0.69 0.76 the FLA and FLO mode. As stated before, the bond Raman
polarizability treatment quantitatively explains the spectral

Kic Kip Ky Kz Kz Ky Kge Ksp e./a ey/a
(10* dyn/cm)
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the difference of the bond Raman polarizabilities in the cubic
and hexagonal environments.
= It is of interest to compare the Raman intensity of the
------------------------- iﬁ‘{éﬁ?ﬁ;"ﬁ?’f&‘fsm FLA modes for artificial superlattices such as GaAs-AlAs
\ FLA(6/7-) in 21R-SiC system and natural superlattices, SiC polytypes. The relative
0.1 : i Raman intensity of the FLA modes in GaAs-AlAs superlat-
e . tices is strong compared with the FLA modes of SiC poly-
: 1 types. The reason for the difference is that in SiC the bond
Y1\ 4 ] Raman polarizabilities are nearly equal for different stacking
‘\‘\ \ / ] layers, but in GaAs-AlAs superlattices the bond Raman po-
% f— larizabilities are much different for AlAs and GaAs layers.
\ \ / i The difference in the bond polarizabilities at the interface of
/ RS the constituent layers contributes mainly to the Raman inten-
7 Pranie : sity for GaAs-AlAs superlattices, while in SiC the bond Ra-
II P ] man polarizabilities cancel each other out.
| 77 ]
.“‘ ’;;:_ V. CONCLUSION
0.001 AL s In the present work, we have analyzed the Raman inten-
'} sity profiles of the FLO and FLA modes in SiC polytypes
using the bond polarizability approach, in which the term
(6x/ 6E) is incorporated into the bond Raman polarizability.
A reasonable agreement is obtained for the experimental and
calculated Raman profiles for these modes, although the ef-
0.0001 i fect of the long-range field on the Raman intensity is not
0.9 1.0 1.1 1.2 1.3 directly taken into account. The force constant parameters
&/ and bond Raman polarizabilities are determined so as to fit
& the frequency and the Raman intensity. These parameters are
) ) , universal ones and can be applied to any other SiC poly-
FIG. 5. Calculated Raman intensity as a function of the bondtypes. This fact suggests that the bond polarizability ap-

Raman polarizability ratio oé; ande, , whereey /a is taken to be  J0 o is yseful to examine the Raman intensity for the lon-
0.76. The horizontal arrows show the experimental Raman intent

sity. The + and — modes denote the upper and lower frequencygltrdrligali ﬁhf(i)nlgnin n;?gelst iw?lcmdatzc?rﬁpian%/ Iong-:antge
components in the FLA doublets. polarization e : S Tou a S necessary 1o

take into consideration the difference in the forces and bond
profiles for the FTA and FTO modes, although the stackingRaman polarizabilities of the parallel bonds between cubic
dependence of the bond Raman polarizability for the inclinedand hexagonal stackings in order to explain the Raman in-
bonds was neglected. This fact together with the results ofensity profiles of FLO and FLA modes in SiC polytypes.
the present work suggests that the local stacking structur€he investigation of the Raman intensity using the bond Ra-
has a striking influence on the bond Raman polarizability ofman polarizabilities will provide a clue for completely con-
the parallel bond. The polarization field associated with thesistent description of the lattice polarization and charge dis-
longitudinal modes is isotropic and might not contribute totribution in the SiC polytype system.

o
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