PHYSICAL REVIEW B

VOLUME 40, NUMBER 3

Optical-phonon states of SiC small particles studied
by Raman scattering and infrared absorption

Y. Sasaki* and Y. Nishina
Institute for Materials Research, Tohoku University, Sendai 980, Japan

M. Sato' and K. Okamura?
The Oarai Branch, Institute for Materials Research, Tohoku University, Oarai, Ibaraki 311-13, Japan
(Received 18 January 1989)

The particle-size dependence of frequencies and dampings of optical phonons is studied from -
analyses of Raman-scattering and infrared-absorption spectra of SiC small particles. The particle
size ranges from a few nanometers to more than 1 um. The measured spectra are explained qualita-
tively in terms of a model of a core plasmon and a carrier-free layer on the surface (shell) of the par-
ticles, provided that their sizes are larger than about 30 nm. Here we use Mie’s scattering equation
or the averaged dielectric function of Maxwell-Garnet. The thickness of the shell is 5-40 nm de-
pending on the sample. If the particle size is smaller than about 200 nm, phonon parameters, such
as the TO-phonon frequency (w7), the LO-phonon frequency (w;) and their dampings, depend on
the particle size rather than on the size of the crystallites which constitute the particle. For smaller
particles, both w; and w; —wr become smaller and the damping of the phonon becomes larger.
The decrease in w7 and increase in the phonon damping are correlated with the lattice imperfection
near the surface. The decrease in @w; —wr is related to the absence of a contribution to the macro-
scopic electric field from the hypothetical atoms outside the particle and to the existence of the sur-
face layer which gives little contribution to the macroscopic field. For particle sizes of a few
nanometers, the absorption spectrum exhibits a combination of a crystal-like component and a
broad symmetric line as expected for amorphous materials. The origin of the latter is attributed to
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the “surface layer,” which is about 1 nm thick with lattice imperfection.

I. INTRODUCTION

The confinement of an elementary excitation in a small
volume exhibits various kinds of electronic effects not ob-
servable in bulk materials. The electronic energy levels
become discrete upon the confinement, and the energy
band gap increases.' ™3 The infrared-absorption spec-
trum and Raman spectrum of infrared-active phonons
are dominated by the surface polariton (SP) rather than
the bulk-mode polariton if the particle size is much small-
er than the wavelength of light.*"¢ These effects are ex-
plained in terms of confinement of an elementary excita-
tion into the particle.

For particles smaller than a few tens of nanometers,
the role of surface atoms becomes important. For exam-
ple, the size dependence of the Debye temperature and of
the melting point for small ( < 100 nm) metallic particles
have been explained in terms of softening of the lattice vi-
bration for a surface layer with a thickness of 1-2 atomic
layer(s).” ! If the number of surface atoms of a particle
is comparable to that of the inner atoms, the phonon in
the particle is expected to be quite different from that in
bulk crystals. The critical size, if it exists, is expected to
be about 3 nm for a lattice constant of 0.3 nm. For small
particles of Si and Ge, the Raman spectrum is “amor-
phouslike” if the particle size is smaller than about 10
nm, while a “crystal-like” spectrum is observed if the size
is larger than 10 nm.'>”!> The Raman spectrum of small

40

particles of Pbl, shows sharp lines even if its size is as
small as 2 nm.!® The TO and LO phonons, however, are
highly damped for particles aggregated from acetone col-
loidal suspension.!® Thus a general rule has not been es-
tablished for the size where the crystalline phonon model
breaks down.

The purpose of this paper is to examine the size depen-
dence of the phonon state in polar semiconductors as the
size decreases from a few micrometers to a few nanome-
ters. The phonon frequencies and damping are deduced
from Raman spectra and infrared-absorption spectra.
SiC is a suitable material for the present subject, because
its optical-phonon frequencies are very high (796 and 972
cm™!) so that the frequency shift of the phonon can be
large enough to be detected even for a small fractional
change in the phonon state. A preliminary study of our
SiC particles made from polycarbosilane indicates that
the plasmon is overdamped and a depression layer covers
the surface of those particles.!’

In Sec. IT we explain the theoretical background of the
absorption and Raman spectra of small particles in the
frameworks of Maxwell-Garnett!® (MG) and Mie.!® Both
approximations are based on the electromagnetic equa-
tion without or with the retardation effect, respectively.
The experimental procedure is explained in Sec. III and
the experimental result is presented in Sec. IV. In Sec. V
we discuss the mechanism of the variation in the phonon
frequency, the damping, and the LO-phonon-TO-
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phonon splitting (w; —wy) of the optical phonon with
respect to the particle size from 30 to 300 nm. The parti-
cle size where the crystalline approach breaks down is es-
timated for SiC. In explaining the experimental results
we assume that the particle is a sphere and that it con-
sists of a core with free carriers and a shell without car-
riers. Furthermore, we introduce a “surface layer” (a few
atomic layers thick) which contains imperfections in the
atomic arrangement. Preliminary results of this work
have been published elsewhere.?

II. CALCULATION OF ABSORPTION
AND RAMAN SPECTRA

A. Absorption spectra

We assume in the calculation of absorption and Raman
spectra that particles are distributed uniformly in a host
medium with the dielectric constant of €,,. The dielectric
constant of the particle in the shell is given by

ol — o}

0wt —o’—iol,

e (w)=¢, |1+ (1)

and in the core by

2 2 2
W — 0 ()
e(w)=¢, [1+5—F—F————L—1,
or—o*—iol’, o*tioy

where €, is the high-frequency dielectric constant, o
(o) is TO- (LO-) phonon frequency, I'; and I', are
damping constants of the optical phonon in the shell and
core, respectively, v is the damping of the plasmon in the
core, and w, =(4mne’/m*e,,)'/? is the plasma frequency,
where n and m * are carrier density and effective mass of
the free carrier.

In the MG, or nonretarded, approximation the average
|
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dielectric constant €,,(w) of the dielectric sphere-medium
composite is given by?!

_ fe AR} +fe, A,(1-R2,)+ep,

)= R ARy
where
A,=3¢,B , @)
A,=(e,+2¢,)B , )
and
3e,,

(€, +2€, )26, +€,)—2(e,—€, e, —€. )R>,
(6)

Here, f is the volume-filling factor of spheres, and
R, =r./r, is the ratio of the radius of core, r., with
respect to the radius of the sphere r,. This approxima-
tion is not valid for large spheres because the retardation
effect is not taken into account. The absorption
coefficient of the composite can be calculated with €,,(w)
by

o Imle,(0)]
c Re[(e,(0))'?]

alw)= (7)

The total extinction cross section of a dielectric sphere
with retardation is calculated with the generalized Mie

coefficient®?
a;=a;,/a;,, (8)
b;=b;1/b, ©)
where

ap ={e.[kyrejilkar ) jilkyr) =€ j)(kyr ) kyaji(kyr )]}
X {€m[korsn(kor )Y j)(kyry) —€n(kyr M ksryji(kar)]'}
—{elkyren (kor ) ji(kyr.) —€ny(kyr kg7 jy (k7)1
X{€mkarsjilkyr )Y ji(ksrs)—€gji(kyr )l ksrgjiksr )]},
{

(10
bl,l =€, [k2rcjl(k2rc )],jl(klrc )—jl(k2rc )[klrcjl(klrc )]’}
Xeg{[koron(kar )Y jilksrg) —ny(kyro) [ kyreji(kyrs )]}
—€{[kyren (kyr )V ji(kyre ) —n[(kyr ) kyreji(kyr )]’}
X €, {[karsjilkor )Y jilksr )= ji(kyr N ksryji(ksr)]'} . (1n
[
Here, j, and n; are the /th spherical Bessel and Neumann cross section by
functions, respectively, the primes denote differentiation o
with respect to their arguments, and k; =(6c)1/2w/c, olw)=—— > (21 +1)Re(a;+b;) . (12)
k,=(€,)"?w/c, and ks(€,,)?w/c. a;, and b, are ob- (ksrs )" =1
tained by replacing j;(k3r,) with h;(ksr,) in Eqs. (10) and  Tpe extinction coefficient K (o) is given by
(11), where h; denotes a spherical Hankel function. The
total cross section of the sphere including the absorption K(w)= 3folw) , (13)

and scattering terms is given in units of its geometrical 4r;
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for a system with small f, where the multiple scattering
of the light is negligible. Identical line shapes are ob-
tained by the calculations from the approach of MG and
from Mie’s, if the particle size is small enough (r; <100
nm for SiC) and if f is small.

Figure 1 shows the SP frequencies of a SiC sphere with
free carriers covered by a carrier-free shell plotted as a
function of w, for ', =T ;=1cm™' and y =5 cm ™' with
Mie’s formula. Branches noted as SL_ and SL, are
SP’s of the LO-phonon-plasmon coupled mode in the
core, and S is the SP localized in the shell. In the limit of
®,=0, SL _ and SL, approach O and @, respectively,
and S approaches the Frohlich frequency wy defined by
€(wgp)= —2¢,,. The S branch approaches w; in the limit
of w,—> 0.

An example of the spectrum of the extinction cross sec-
tion o(w), is shown in Fig. 2. The SL __ and SL , lines
are much weaker than the S line for @, smaller than oy,
while the SL , line becomes dominant if @, >wy. The
SL , line has intensity comparable to S if ,~w;. The
relative intensity of the S line with respect to SL in-
creases with the ratio (r;—r.)/r,. The absorption line
due to the bulk polariton is much weaker than that
caused by SP if » <100 nm. Following the MG formula,
the S mode splits into two for a finite value of f and the
splitting increases with f. The lower-lying branch (Sy) is
connected with the TO phonon and the other (S;) with
the LO phonon for f—1.

The extinction (and absorption) spectrum is modified
considerably if ¥ >, (overdamped plasmon) as shown in
Fig. 3. The peak due to SL shifts to lower frequency
and its linewidth increases with increase in y. For
¥ > 1000 cm ™!, a dip is observed near w; .
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FIG. 1. Surface-polariton frequencies plotted as a function of
w, for a SiC sphere consisting of the core with free carriers and
the shell without carriers. Here, »,=100 nm, r,=90 nm,

.=I;=1lcm Land y=5cm™.
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FIG. 2. Extinction spectra of a SiC sphere with the core-shell
structure for several plasmon frequencies with r,=100 nm,
r.=90nm, ', =T;=1cm !, and y=10cm™ .
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FIG. 3. Extinction spectra of a SiC particle with the core-
shell structure calculated for several values of plasmon damping
v. Here, r,=100 nm, r,=90 nm, I'.=T,=1 cm™!, and
,=1500 cm™.
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B. Raman spectra

We calculate the Raman spectrum of the SP in small
particles in the MG approach. The Faust-Henry
coefficient, denoted by Cgy, is modified in the framework
of the MG theory to®*

172

2 2 .2
e-ooava(mLav a)Tav) , (14)

CFHav CFH few(l)%"av(wi _w%‘)
where €. ,, ®r., and o;,, are the high-frequency
dielectric constant, TO-phonon frequency, and LO-
phonon frequency of the sphere-medium composite, re-
spectively. These values are estimated from Eq. (3) with
0, =D =T =0: €,y is obtained in the limit of v— o0,
@7,y is deduced by letting the denominator be zero, and
®r . is calculated from €,,(w;,,)=0. Here the Faust-
Henry coefficient characterizes the w dependence of the
ratio of contributions from the electro-optic and
deformation-potential terms to the Raman cross section.
The Raman cross section is calculated with a formula
which is valid even for large phonon and plasmon damp-
ing.2*~2® The k dependence of the dielectric constant is
negligible in the present case, where m*=0.3m,,
n<10®° cm ™3, w;~800 cm™!, and €,=6.70. The
charge-fluctuation term is dropped because it is known to
be vary small compared to the deformation-potential and
electro-optic terms.?’” The Raman spectrum due to SP is
calculated by

I, =DA(Q,k)f*? [n,(w)+1]

da
dE
X {CrIm[€,(0)]+Im[ —C.(0) /€, ()]}, (15)

where the first term in the curly brackets gives the contri-
bution from the transverse component and the second
from the longitudinal. D is a constant, and n,(®) is the
Bose factor. As explained later, A(Q, k) appears instead
of the 8 function for the momentum conservation in the
Raman-scattering process. This term reflects the relaxa-
tion of the momentum-conservation rule due to the finite
scattering volume of a small particle. Cr and C, are
given by?*

2

2
Craav@T

cr= (16)

€ av(®] —OT)
and

Cr(0)=14+2Cpy L, (@)
2

Ciy., 03 I5)
_ ZFHav Z‘av ; p:'av Lav(a)) , a7
OF av™ OTay o tioy
where
L, (0)=0%,,/(0%,,—o*—iol,,) . (18)

We take I',,=T, in the evaluation of Eq. (18). w,,, is
calculated by’
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S(1+2f)
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where the uniform distribution of the free carriers is as-
sumed for simplicity. Since L,, and o,,, are used only
for evaluation of C;, the effect of these simplifications is
expected to be small.

A(Q, k) is written as®

1 k;+1/r
T(Q—k, )+ (k;+1/r,)%

A(Q,k)= (20)

where Q is the change in the momentum of light in the
scattering process and k =k, +ik; is the complex radial
wave vector of the polariton. Q~5X10° cm ™! in the
backscattering configuration and Q can be as small as 10
cm ™! in forward scattering. For SP in a SiC particle of
r, <100 nm, it is estimated that 1/r,>>k;, k,, and
k,<2X10*cm™!. Thus Eq. (20) is reduced to
1 1/rg

AQ k)~ ———
(@.k) T (Q—k,*+1/r2

(21)
We find from Eq. (21) that the Raman intensity of a SP is
stronger in the forward-scattering geometry than in back-
scattering, similar to the case of a SP in a slab.®

For the bulk mode, the Raman spectrum is calculated
for the core and shell separately from

I, =DV,A(Q,k)fo? [n,(w)+1]

da
dE

X{Crlm[e, (0)]+Im[—Cp(w) /€, (0)]} ,  (22)

where the volume factor V, is equal to R} for the core
and to 1—R2 for the shell. In the calculation of C; and
C, we replace Cgyays @Tavs @Tays @pavs a0d € ,, in Egs.
(16) and (17) by the values for bulk SiC. In the evaluation
of A(Q,k), k, is determined from the boundary condition
that the radial part of the wave function is assumed to be
zero at the surface of the sphere.® We obtain k, =17 /2r,
for the /th mode. Finally, we take a summation of contri-
butions from the SP, the bulk polariton in the core, and
that in the shell.

A minimum exists in the value of k, of the bulk polari-
ton as determined by the boundary condition. For exam-
ple, k,>5X10° cm™! if ;=50 nm, while Q may be
changed from 10° to 10° cm ™! depending on the scatter-
ing angle. If we apply these conditions to Eq. (20), we
find that the Raman intensity of the bulk mode in small
particles is weaker in the forward-scattering geometry
than in backscattering, in contrast to the case of a SP.
Multiple scattering of the light by the particles makes the
detection of the light scattered in the forward direction
possible even in the backscattering configuration. Conse-
quently, we underestimate the size of particles in the
analysis of Raman spectra measured in the backscatter-
ing geometry if we use Eq. (20) and neglect the multiple-
scattering effect.

III. EXPERIMENT

We have used two types of samples: one is made from
polycarbosilane through a pyrolysis process in inert gas®
and the other obtained from Ibigawa Electric Industries
Co., Ltd. The latter has been produced through reaction
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between silica and carbon. Its nominal size is about 120
nm as deduced by the surface-area method. The charac-
terization of those SiC samples made from polycarbosi-
lane shows that they consist of SiC small particles (either
amorphous Si;C,, s or microcrystalline SiC), carbon mi-
crocrystals, and silicon oxide if they are heat treated be-
tween about 800 and 1400°C.*°® The SiC crystalline parti-
cle grows from the amorphous Si;C, s particle by heat
treatment. All of the Si;C,, s particles are turned to mi-
crocrystalline SiC if the heat-treatment temperature
(HTT) is higher than about 1300°C. If HTT exceeds
about 1500 °C the excess carbon and silicon oxide react to
form CO and SiC, and then CO is released. That process
enhances coalescence of the SiC particles and their size
increases rapidly. Our SiC particles consist mostly of the
3C polytype with a small mixture of the 2H polytype.
Note that the pyrolysis process of the polycarbosilane has
been developed to produce strong SiC fibers.?’

Raman spectra are obtained with a double-grating
monochromator and a photon-counting system. The
light source is an Ar*-ion laser beam (488 nm, 20 mW)
focused to 0.1X2.5 mm? by a cylindrical lens. Those
fibers or powders described above are placed in the air as
obtained. The Raman spectra at higher temperatures up
to 800K are measured with samples in the Ar gas.
Infrared-absorption spectra are measured with a double-
beam grating spectrometer in the frequency range from
400 to 4000 cm~!. The fibers are pulverized in a mortar
made from silicon nitride ceramics. Then they are mixed
with KBr powder and pressed to form a pellet. The
volume-filling factor f of SiC particles is about 0.001.
The particle size of SiC is larger than the crystallite size
constituting the particle because of coalescence.’® The
particle size (Lgy,) is estimated from electron-microscope
observation and the size of crystallite (L,;;) from the
width of the [111] line in the x-ray-diffraction spectrum.

IV. RESULTS

A. Infrared-absorption spectra

Infrared-absorption spectra of SiC particles embedded
in KBr are shown in Fig. 4 for two samples with
different particle sizes. The experimental spectra show a
dip near w; as predicted in Sec. IT A (Fig. 3). The dip be-
comes shallower for larger particles because the volume
ratio of shell to core decreases in larger particles. On the
other hand, the structure at around wy is enhanced in
larger particles since it comes from the bulk polariton.

The experimental spectra are much broader than the
calculated spectra of SP with parameters summarized in
Table I. The calculated peak position is blue shifted com-
pared with the experimental results. The calculated
linewidth of SP increases by 10% or 20% if we take into
account the distribution of the particle size as estimated
from transmission-electron-microscope (TEM) observa-
tion. The result, however, is far from a good fit. We get
a reasonable fit if we assume that aggregation of particles
occurs in the fabrication process of the pellet. The effect
of aggregation is taken into account by increasing f in
the MG formula. The dashed-dotted line in Fig. 4(a) is

[
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FIG. 4. Infrared-absorption spectra of SiC particles embed-
ded in KBr. (a) shows the result for particles with Lgp =85+20
nm, f=0.0013, and (b) for those with Lgy ranging from 0.7 to
5 wm, £=0.002. Solid lines represent experimental results,
dashed lines show the calculated spectra with Mie’s formula,
and the dashed-dotted line in (a) gives a calculated absorption
spectrum with the MG formula assuming f=0.65. The param-
eters used in the calculations are summarized in Table 1.

calculated with the MG formula [Egs. (3)-(7)] assuming
f=0.65, instead of the experimental value of 0.0013.
The peak position and width of the SP line fits quite well
to the experimental result. The effect of aggregation has
been studied for the optical-absorption spectra of small
silver particles.?! The calculation of the absorption spec-
trum is rather complicated if we take into account both
aggregation and retardation simultaneously. Thus we did
not try the spectral calculation with aggregation for large
particles, as in the case of Fig. 4(b) (=1 um).

Rieder, Ishigame, and Genzel*? report a dip near ; in
the infrared-absorption spectra of small particles of CdO.
They explain the anomaly in terms of the o dependence
of y. Their spectrum, however, can be interpreted in
terms of the presence of a depletion layer on the surface
of the CdO particles with overdamped plasmon.

The absorption spectrum changes considerably if the
particle size is smaller than a few nanometers. Figure 5
compares the absorption spectra of SiC made from poly-
carbosilane obtained after heat treatment at various tem-
peratures. Spectrum (a) is measured for the sample of an
HTT of 700°C, which contains hydrogen.’> The spectra
of Figs. 5(b)-5(e) are measured for samples containing
virtually no hydrogen. Small SiC particles up to 2 nm are
observed by TEM for the sample exhibiting the absorp-
tion spectrum of Fig. 5(b). Each of those particles con-
sists of a single crystal. The samples for Figs. 5(c)—5(e)
consist of small SiC particles and silicon oxide. Here,
Lgy=2%1 nm and L;;; =2 nm for the sample of Fig.
5(c), Lgpyy=4=%1 nm and L,;; =2.6 nm for Fig. 5(d), and
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TABLE I. Examples of fitting parameters for the infrared and Raman spectra of SiC small particles.

Samples®
No. 1 No. No. 3 No. 4 No. 5
o7 (cm™) 794 796 793 792 794
o (cm™!) 965 972 969 958 962
T, cm™) 5 2 10 17 12
I, cm™} 25 5 35 30 35
w, (cm™") 2500 750 3000 2500 2500
y (em™)) 4000 3300 5000 4000 4000
re /7 0.89 0.95 0.8 0.85 0.87
2r, (Raman, nm) 20 54 32 8 11
2r, (ir, nm) 240 1000 600 <200 <200
L, (nm) 22 >160 46 19 20
Lgy (nm)® 85420 700-5000 140£80 30+8 38+9

2Sample no. 3 is made by Ibigawa Electric, Inc. and the others are made from polycarbosilane.
YRange of the size distribution is deduced after curve fitting by a Gaussian, and denoted by mean value

+o.

Lgpy=30+8 nm and L;;; =19 nm for Fig. 5(e). The ab-
sorption band around 1050 cm~ ! comes from SiO
stretching vibration.

Figure 5(e) shows a spectrum quite similar to that for
the sample no. 1 [Fig. 4(a)]. Thus the spectrum of the
SiC particles with their sizes down to 30 nm is explained
in terms of small crystalline particles with modifications
in the phonon parameters as discussed in the following
section. A broad tail appears in the lower-frequency side

(cm-')

ABSORPTION COEFFICIENT

(o]

600 800
FREQUENCY

I000 1200
(cm-')

FIG. 5. Infrared-absorption spectra of SiC powdered and
embedded in KBr. The absorption coefficient is reduced for
f=0.001. (a) presents the result for the sample of a HTT of
700°C, (b) 1200°C, (c) 1300°C, (d) 1400°C, and (e) 1500°C. See
text for particle and crystallite size.

of the peak if the particle size is a few nanometers [Figs.
5(c) and 5(d)]. We find a change in the slope at a frequen-
cy slightly lower than 800 cm™!, as shown by arrows.
The absorption coefficient increases abruptly at around
that frequency in Fig. 5(e). These features indicate that
the absorption spectra of Figs. 5(c) and 5(d) are a super-
position of the spectra for crystalline particles [Fig. 5(e)]
and a broad band centered around 800 cm~!. The ab-
sorption peak for the “crystal-like” component, however,
seems to be red-shifted by a couple of tens of wave num-
bers. Although small SiC crystals up to 2 nm occupy a
major part of the sample, the absorption spectrum of Fig.
5(b) does not show any of the features expected for crys-
talline particle. The spectrum is similar to the calculated
density of phonon states with a large damping (~200
cm ™ 1),3%3* which is expected for amorphous SiC; i.e., the
spectrum is “amorphous-like.” The width of the SiC line
is narrower in the sample with hydrogen [Fig. 5(a)] than
that without hydrogen [Fig. 5(b)].

B. Raman spectra

Figure 6 shows the Raman spectra of SiC particles.
Figure 6(a) is measured for porous SiC, where the
volume-filling factor of SiC is expected to be high. The
others are measured for powders which are placed on an
adhesive tape. In these samples we let €,, =1. The line
around wr comes from the bulk polariton and that
around w; from bulk LO phonon with or without cou-
pling to the plasmon. The components observed between
o7 and @; are due to the S-mode SP. The SL, and
SL _ modes are damped because of large ¥. The intensi-
ty of SP components is stronger with reference to the
bulk modes in smaller particles. We find a sharp line and
a broad band for the LO-phonon line in the spectrum of
Fig. 6(c). The sharp component comes from the bare
(uncoupled) LO phonon in the shell and the broad one
from the coupled mode of the LO phonon and plasmon in
the core. If the plasmon is overdamped the coupled LO-
phonon line is very broad. The peak at w; comes from
the bare LO phonon in the shell in Figs. 6(a) and 6(b).



1768

T0 (a) No. |

0.3 0.1 Bare LO
T

(arb. units)
b

INTENSITY

(c) No.2
Bare LO

SCATTERING

Coupled LO
|

700

800
RAMAN SHIFT

900 000 1100
(cm-t)

FIG. 6. Raman spectra of (a) porous SiC with Lg,, =85 nm
(L11; =22 nm), (b) SiC powders with Lgy =140 nm (L,,, =46
nm), and (c) SiC powders with Lgy=0.7-5 um (L;; = 160 nm).
Dots show experimental results and solid lines present the cal-
culated spectra. The arrows denote positions of the Sy-mode
SP for a given filling factor f. The parameters used in the calcu-
lation are given in Table I.

The solid lines in Fig. 6 show the results of the curve
fit, where we use Cpy=0.2110.01. A similar value of
0.25 is reported for the bulk crystal as estimated from the
ratio of intensities of TO- and LO-phonon lines.?® Our
value, however, is smaller than the estimate based on the
curve fit to the Raman line of the LO-phonon-plasmon
coupled mode (0.35-0.39).2%27 Other parameters used
for the fit are summarized in Table I. The carrier density
is esltimated to be about 2X10%* cm™3 for , =3000
cm™ .

The curve fit shows that f=0.25 for the SiC powder of
sample no. 3 [Fig. 6(b)]. This value of f is reasonable for
lightly pressed small particles. It is necessary to assume a
distribution of f ranging from 0.1 to 0.9 for the porous
fiber corresponding to Fig. 6(a). Since the particle size of
the sample for Fig. 6(c) is larger than the wavelength of
the laser light, our curve fit with the MG formula does
not give correct values for fitting parameters of r, and f.
The arrows in Figs. 6(a) and 6(b) indicate the positions of
the S-mode SP with transverse character (S;). The
counterpart of SP with longitudinal character (S;) stays
near o; with a much wider linewidth than S;. The
disagreement between the calculation and experimental
spectra below w; becomes larger in smaller particles.
The existence of a rather broad line centered around 780
cm ! has been found from a curve fit with Lorentzian
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and Gaussian curves. This component has been ascribed
to the amorphous part of the SiC fiber.*

The frequencies of w;, w; —wr, and damping of the
phonons in the core and shell are plotted in Fig. 7 as a
function of 2r;, which is estimated from the curve fit to
the Raman spectra. Both w, and w; —wq decrease, espe-
cially the latter, with a decrease in r,. The w; deduced
here reflects the value in the shell, because the Raman
line due to the LO phonon coupled with the plasmon in
the core is extremely broad for the samples shown in Fig.
7 (and in Table I) with the exception of sample no. 2. The
phonon damping increases with decrease in r,. I'; in-
creases more rapidly than I',.. The phonon parameters of
sample no. 2 given in Table I agree with those of 3C-SiC
crystal.®

If the particle size is smaller than a few nanometers,
the Raman spectrum does not show any sharp lines. A
curve fit shows the existence of broad Raman bands cor-
responding to the phonon density of states of SiC,%° i.e.,
the amorphouslike Raman spectrum is observed for par-
ticles smaller than a few nanometers. This result does
not agree with that of the infrared absorption presented
in Sec. IV A , where the crystal-like component is ob-
served along with the amorphouslike component for par-
ticles with sizes of a few nanometers. The discrepancy
may come from the following fact: We have measured
the Raman spectra of the product as obtained. Its color
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FIG. 7. (a) TO-phonon frequency, (b) @w; —w7, and (c) pho-
non dampings as obtained by the curve fit and plotted as a func-
tion of 2r,. Open circles present I'; and solid circles show I',,
respectively, in (c). The values of r, in this figure are estimated
by the curves fit. Horizontal dashed lines give the values in the
bulk crystals. The dashed-dotted line in (b) shows the calculat-
ed curve with ¢, =0.13 nm.
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with a HTT of =<1400°C ( particle size less than a few
nanometers) is black due to excess carbon. Then the Ra-
man spectrum reflects the structure near the surface. On
the other hand, the whole fiber is examined in the in-
frared spectroscopy. Thus the difference in the Raman
and infrared spectra is attributed to the spatial distribu-
tion of the particle size. For samples with a HTT of
2 1500°C, the color is gray to yellowish-gray and the
laser light may reach deep in the sample. The spatial dis-
tribution of the particle size, therefore, is less important
for those fibers.

Figure 8 plots the values of Ly and L;;; as a function
of 2r; as deduced by the curve fit to the Raman spectra.
The difference between L ; and Ly indicates that each
particle consists of a number of crystallites. The 27, is
correlated with Ly, but not with L;;; —namely, the par-
ticle size rather than the crystallite size characterizes the
polariton state in small particles. The value of Lgy is
larger by a factor of about 5 than 27, as shown by the
straight line in Fig. 8. The curve fit to the Raman spec-
trum of small GaP particles also gives a particle size
smaller than Ly, by a factor of 4.5.3° The discrepancy in
the particle size comes, in part, from underestimation of
the particle size in the curve-fitting process for the Ra-
man spectrum as explained in Sec. II B; i.e., neglect of the
angular dependence of the scattering efficiency. The
disagreement is quite large (a factor of 10—100) for sam-
ple no. 2 as shown in Table I. The MG formula is not
valid for this size of particle.
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FIG. 8. Particle size (Lgy) and size of crystallite (L) plot-
ted as a function of 2r; estimated from the curve fit to the Ra-
man data. Vertical bars indicate the distribution of Lgy and
solid circles show L;;. The straight line presents Lgy = 107;.
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V. DISCUSSION

A. Effects of grain boundary on phonon states

We have obtained a reasonably good fit to the experi-
mental spectra with the MG and/or Mie’s formula if the
particle size is larger than about 30 nm and smaller than
200 nm. The MG approach for isotropic materials pre-
dicts that the case of f =1 is identical to the bulk crystal.
In this model, a particle consisting of many crystallites by
coalescence is treated as a large crystal with the size
equal to the particle. This prediction agrees with the ex-
perimental observation that the particle size estimated
from the Raman data shows a good correlation with Ly
rather than L,;; as shown in Fig. 8. This model is
equivalent to neglect of any surface mode at the interface
between crystallites. The polariton can propagate
through the grain boundary even with a misorientation
because it has an electromagnetic component. We may
expect, however, an increase of the damping in its pho-
non component caused by the interface between the crys-
tallites.

The width of the absorption peak decreases in the sam-
ple containing hydrogen [Fig. 5(a)] compared to that
without it [Fig. 5(b)]. The crystallite size is expected to
be smaller in the former than in the latter. Thus the
difference in the linewidth may come from the termina-
tion of the dangling bond for the atoms at the crystallite
surface by hydrogen.

B. Effects of surface on the frequency
and damping of the TO phonon

The damping both in the core (I',) and in the shell
(T',) increases, especially I';, with a decrease in ;. wp
decreases at the same time. Although there is scatter of
the data for wy [Fig. 7(a)] and the damping [Fig. 7(c)], we
find good correlation between w; and the damping as
plotted in Fig. 9(a). This correlation may suggest that
both the decrease in w4 and the increase in the damping
are caused by extra anharmonicity at the surface. The
scatter of data in Figs. 7(a) and 7(c) suggests that the ex-
tra anharmonicity is characterized not only by the parti-
cle size but also by other factors, such as defects at the in-
terface between the crystallites, geometrical shape of the
particle, or scheme of the atomic bonding between the
surface atom and the atom(s) in the surrounding medium.

Anharmonicity of the optical phonon in the bulk SiC
crystal comes from a decay of the phonon into two LA
phonons, where the damping of the TO phonon is ap-
proximated at a temperature T by

N(T)=Ty+T,(n,(07/2,T)+1), (23)

with Ty,=0 and ', =4 cm ™ 1.3 Our preliminary result of
the temperature dependence of the Raman spectrum fits
Eq. (23) using I', =4 cm™ ! and I';=2.6 cm ™! for sample
no. 1. Furthermore, the temperature coefficient of w,
coincides with that of the 3C-SiC crystal.> These results
indicate that the extra damping in the small particle
comes from an increase in the temperature-independent
term I'y, i.e., the lattice imperfection near the surface
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does not contribute to the extra damping through
enhancement of the anharmonicity up to several hundred
K, but it contributes to an increase in the elastic-
scattering rate of the TO phonon. Another role of the
lattice imperfection near the surface is to soften the TO
phonon in small particles.

The particle-size dependence of the absorption spectra
given in Sec. IV A is explained if we introduce a “surface
layer” which exhibits an amorphouslike absorption spec-
trum. Its thickness is estimated to be slightly less than 1
nm because the particle of Lgy~L;;;=2 nm shows
mostly the amorphouslike absorption spectrum with su-
perposition of the weak crystal-like spectrum [Fig. 5(c)].
Although the surface phonon (not the surface polariton)
may contribute to the deformation of the absorption and
Raman spectra of small particles, the width of the amor-
phouslike absorption line (200-300 cm ™) is too large to
attribute the enhanced linewidth to the surface phonon.
Here the surface phonon is located just below or resonat-
ing with the bulk-phonon band.*” Thus the imperfection
of the atomic arrangement in the surface layer causes the
broad amorphouslike absorption line. This imperfection
also contributes to the extra-anharmoncity of the TO and
LO phonons inside the particle.

This model with the surface layer suggests that the
volume which gives rise to the crystal-like spectrum is
comparable to that of the surface layer for a particle size
of about 10 nm. This value agrees with the critical size
for the transformation of the Raman spectrum from
crystal-like to amorphouslike.!> ! The surface layer is
much thinner than the shell without a free carrier (5-40

nm thick), i.e., a surface layer exists at the surface of the
shell.

C. Quenching of the LT splitting

The LT splitting decreases for smaller particles as
shown in Fig. 7. A decrease in the LT splitting is ob-
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served also in GaP ion-implanted with Ar*.3® The split-
ting becomes smaller at higher doses. The decrease has
been attributed to the disruption of ionic ordering by im-
plantation damage, which weakens the Coulombic in-
teraction responsible for the LT splitting. In the present
case, the finite particle size causes a decrease in the split-
ting. In the following, the size dependence of the LT
splitting is explained in terms of decrease in the polariza-
tion: The polarization may be expressed by

P=Ne*U , (24)

where N is the number of atoms in a unit volume, e * the
effective charge, and U the relative displacement of the
anion and cation. The macroscopic electric field de-
creases in the small particles due to an absence of the
contribution from the hypothetical atoms outside the
particle. This effect is approximated by assuming a sur-
face layer with no contribution to the polarization.
Furthermore, the atoms located at the surface of the par-
ticle may not contribute to the polarization because there
is no counterion outside the particle. If there is disorder
in the atomic arrangement for the surface layer, the con-
tribution from this layer to the polarization may be
smaller than expected for a layer with the perfect atomic
arrangement. Taking into account these effects, Eq. (24)
is replaced for a sphere with a radius of 7, by

P=Ne*'U, (25)
where
e*l:e*(rs3__asr52)/rs3 , (26)

where a; is the effective thickness of the layer without a
contribution to the polarization. Since the mechanical
coupling between the ions is a rather short-range force,
the effect of the surface atoms exists only in a few atomic
layers from the surface. Thus the size dependence of w;
is much weaker than that of w;. Finally, w; is obtained
from

0} —0%=47N(e*')*/Me,, , 27

where M is the reduced mass of the ions. Here, €, is
considered to be unchanged because only the electronic
polarization contributes to €, and the number of elec-
trons is the same for atoms at the surface and inside the
particle. This model predicts a monotonic decrease in
the LT splitting for smaller particles. The approximation
given above is not valid in particles smaller than a few
nanometers, where the number of the surface atoms are
comparable to, or larger than, that of atoms inside the
particle. Vibrational states of those particles may not be
expressed by the concept of the phonon. There is no con-
cept of the TO or LO phonon for clusters consisting of a
few atoms.

The dashed-dotted line in Fig. 7(b) indicates the LT
splitting calculated from Eq. (27) with ¢;=0.13 nm.
Since the actual particle size is larger by a factor of about
5 than 2rg, the real value of a; is expected to be around
0.65 nm. This value is larger than the nearest Si-C dis-
tance of 0.19 nm and smaller than the thickness of the
surface layer of =1 nm. Although there are uncertain-
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ties in this mode (e.g., effect of the impurity, nature of the
disoredered surface layer), we find a good agreement be-
tween the experimental result and the calculated curve
for 2r; <20 nm, or Lgy <100 nm. The disagreement for
larger particles seems to be a consequence of the retarda-
tion effect, which becomes important for particles larger
than A /2n =100 nm—namely, the Raman line due to the
bulk TO phonon is located at a lower frequency than real
o7 because of the retardation effect. Here A is the wave-
length of the laser light and n the refractive index of the
particle. If we take into account the retardation in the
estimation of wy, the wy’s are expected to be higher than
those in Fig. 7(a) and the (0, —®7)’s to be lower than
those in Fig. (b) by a couple of wave numbers for 2r, > 20
nm.

D. Validity of the phonon-coefficient model

Size dependence of the phonon frequencies and the
damping might be explained in terms of the uncertainty
in the phonon wave vector; i.e., “spatial correlation”
model.>**° This model has been successful in explaining
the Raman spectra of mixed crystals and those of
implantation-damaged crystals. The model predicts,
however, much smaller particle size than our observation
of Lgy and Ly, or otherwise much smaller frequency
shift for a given particle size. Furthermore, the predicted
increase in the width of the Raman line is much smaller
than the experimental result. For example, the expected
frequency shifts for sample no. 4 are 0.5 cm ™! (w7) and
1.5 cm ™! (w;) with the use of a correlation length equal
to L;;; =19 nm ( <Ly, ), while they are 4 and 14 cm ™!,
respectively, in our experiment. In the calculation we use
the phonon-dispersion curve obtained for the [111] direc-
tion.*! The spatial correlation model, therefore, fails in
quantitative explanation of the particle-size dependence
of the phonon states. Difficulty in the application of the
spatial correlation model comes from existence of the sur-
face layer which causes the extra-anharmonicity, as dis-
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cussed in Sec. V B. The shift of o and w; might be in-
terpreted in terms of stress (tension) in the particles. This
is, however, not the case, because the difference in the
particle-size dependences of w; and w; as shown in Figs.
7(a) and 7(b) is much larger than the difference in the
pressure coefficients, dw; /3P and dw; /3P, of 20%.

VI. CONCLUSIONS

The infrared and Raman spectra of small SiC particles
agree with the calculated curves with the MG and/or
Mie’s formula using parameters slightly different from
those for the bulk crystal. Those spectra are character-
ized by the particle size rather than the size of crystallites
constituting the particle. The TO-phonon frequency de-
creases and its damping increases with decrease in the
particle size caused by the elastic scattering of the TO
phonon due to the imperfections in the atomic arrange-
ment in the surface layer. The LT splitting also dimin-
ishes with decrease in the particle size due to an absence
of the macroscopic electric field by the hypothetical
atoms outside the particle and to the quenching of the
polarization by the atoms near the surface of the particle.
The crystal-like spectrum is superposed on the amor-
phouslike spectrum for particles larger than a couple of
nanometers and smaller than a few tens of nanometers.
The surface layer with its thickness of about 1 nm con-
tributes to the amorphouslike spectrum.
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