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Raman scattering study of carrier-transport and phonon properties of 4H-SiC crystals
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Micro-Raman imaging measurements of n-type 4H-SiC crystals with graded donor concentration were
carried out, and spatial distributions of the free carrier concentration, carrier mobility, and longitudinal optical
(LO) phonon damping were obtained from a line shape analysis of the LO phonon-plasmon coupled (LOPC)
mode. The damping of free carriers and optic phonons was determined as a function of free carrier density. We
obtained an empirical relationship between carrier concentration and relative Raman shift of the LOPC mode,
which is in close agreement with the relationship calculated for the damping-free coupled mode. It is found that
the LO phonon damping deduced from the analysis increases linearly with carrier concentration. This LO mode
behavior is mainly attributed to the interaction of the LO phonon and ionized impurities (free electrons).
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I. INTRODUCTION

In polar semiconductors, longitudinal optic phonon modes
interact with the plasma oscillation of free carriers through
their polarization fields and form LO phonon-plasmon
coupled (LOPC) modes. By Raman scattering of this mode,
phonon and electron properties of polar semiconductors, in-
cluding III-V, II-VI, and IV-IV compounds, have been stud-
ied. The data on free carrier density and mobility have been
extracted from a Raman line shape analysis of the LOPC
modes using the classical dielectric function for the LO
phonon-plasmon hybrid system.'-8

In M-V semiconductors such as GaAs, the damping of
free carriers, vy, is usually small, and the frequency of the
coupled modes varies sensitively with the plasma frequency
wp.z This behavior demonstrates that the coupled mode in
GaAs has a strong plasmon character. In contrast, the carrier
damping of wide-gap semiconductors such as SiC is large,
and the plasmon is usually overdamped (w,<y). The fre-
quency of the coupled modes in this system is close to the
LO phonon frequency, and the LOPC mode in wide-gap
semiconductors has a strong phonon character. Therefore,
LO phonon damping should play an important role in the
line shape analysis of the LOPC mode. However, in the ear-
lier stages of Raman studies on the LOPC mode, only the
damping of the TO phonon has been taken into account, and
it has been treated as a frequency-dependent effective pho-
non damping in the analysis. Recently, an extended classical
dielectric function that includes LO phonon damping along
with TO phonon damping has been adopted for the LOPC
mode analysis.””'> Nakashima and Harima showed that the
incorporation of LO phonon damping into the dielectric
function leads to a closer fit to the experimental Raman and
infrared reflection spectra for 6H-SiC.° The analysis of
LOPC modes using the extended dielectric function demon-
strated that the LO phonon damping in 6H-SiC increases
linearly with doping concentration of nitrogen or free carrier
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density.!? The increase in damping of the LO phonon with
increasing doping level was attributed to the Frohlich-type
interaction of the LO phonon with ionized impurities'* and
free electrons.

Previous studies of 6H-SiC crystals were insufficient to
determine the carrier density and mobility with high accu-
racy since the frequency variation of the LOPC mode with
free carrier density was extremely small. However, the elec-
tron mobility in 4H-SiC is higher than that in 6H-SiC;
hence, the frequency variation of the LOPC mode with car-
rier concentration is large in 4H-SiC. This enables us to de-
termine the variation in Raman parameters, such as the peak
frequency, and LO phonon damping with higher accuracy.

When the plasma frequency is low and the coupled mode
in the upper branch has a predominantly phonon character,
the damping constants of the LO phonons and carriers con-
tribute almost equally to the broadening of the LOPC mode,
though vy is related to the asymmetry of the LOPC mode.
This situation is encountered in wide-gap semiconductors,
such as SiC, GaN, and GaP, in which the carrier damping is
relatively large. Hence, in the case of overdamped plasmon
systems, it is necessary to choose the appropriate LO phonon
damping to determine the electrical properties of wide-gap
semiconductors accurately by the Raman spectroscopic tech-
nique. The importance of the LO phonon damping in the line
shape fitting procedure has not yet been fully recognized.
Furthermore, it is of great interest to study the electron-
phonon interaction from the viewpoint of phonons. To date,
phonon-electron interactions have only been treated from an
electrical point of view through electrical measurements.

In the present work, we measured micro-Raman images
of 4H-SiC crystals with graded donor concentrations. The
carrier density, mobility, and LO phonon damping were de-
termined from the LOPC analysis on the basis of the ex-
tended dielectric function. The LO phonon damping and car-
rier mobility were obtained as a function of carrier density.
The mechanism for the LO phonon damping was discussed.

©2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.76.245208

NAKASHIMA et al.

II. THEORY OF RAMAN SCATTERING FROM THE LO
PHONON-PLASMON COUPLED MODE

The Raman line shape of the LOPC modes has been stud-
ied theoretically and experimentally.!-® The line shape and
frequency of the coupled modes have been calculated using
dielectric analysis. The Raman scattering efficiency for the
LOPC mode is given by’

W(w) = S[n(w) + 1]A(w)Im<8_(L))>, (1)
M
where
Aw) = Fy(@) - 29 0), )
Sz(w)
ey(w) =g)(w) +igy(w). (3)

Most researchers have used a classical dielectric function,
which is represented by the sum of the contributions from
phonons and free carriers,
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where wy is the frequency of TO phonons, and I'; and 7y are
damping constants of the TO phonons and carriers. The
plasma frequency is related to the effective mass of carriers
and carrier density by the following equation:

4amne?
W= (5)
&M

In order to take into account the LO phonon damping
adequately, we adopt the following dielectric function that

incorporates the LO phonon damping,”'3
eu(w) a)i -’ =il w ~ w,z, ©)
€o w%— -l o(o+iy)’

where w; is the frequency of LO phonon. We shall hereafter
refer to this function as the extended classical dielectric func-
tion (ECDF). This formula has been used for the analysis of
Raman spectra®!® and infrared reflection spectra.®!'~!* The
real and imaginary parts of the above dielectric function are
given by’

(wi - wz)(sz— 0?) + o’ T;, wi
o ZSW[ (@3- oV 4 (@) o+ f}'
(7)
wFT(wi - w?) - wFL(w%— w?) w,z)y
ea(w) = gw{ (@ -+ (@l e+ ) }
(8)

The exact forms of the functions F'| and F, are as follows:
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where C is the Faust-Henry coefficient.”> When we set I,
=I"7, Egs. (9) and (10) are reduced to the conventional ex-
pression derived from the classical dielectric function [Eq.
@]

We have fitted Egs. (1), (7), and (8) to observed LOPC
mode profiles using w,, y, and I'; as adjustable parameters.
We need the other material parameters, viz., w;, W, €, C,
and m", in addition to @y, ¥, Iy, and I'7. The values of wy,
€5, and C are taken from Ref. 8. The carrier mobility is
expressed as a function of carrier damping via

e

= (11)

.
my

For the electronic term in Eq. (4), a dielectric function
based on the hydrodynamical model has been employed as
an extension of the Drude theory by several researchers.'¢-!8
After expanding this function in g/ we get a Drude form
with wave-vector-dependent plasma frequency wz(q):wlz,[l
+(v?)(g/ w)*], where (v?) is the mean square of the carrier
velocity. The Lindhard-Mermin dielectric function,'® which
was successfully used for heavily doped semiconductors,
was also applied to a Raman analysis by several authors.?-23
The small-g and high-w limit of the Lindhard Mermin sus-
ceptibility again leads to the Drude form with a g-dependent
plasma frequency,”
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The Drude function with a wave-vector-dependent term
may yield a carrier-density difference of several tens of per-
cent compared to the case without this term. Since in the SiC
specimens used in this work, the free carrier concentration is
not high and the system is not degenerated, the contribution
of the dispersion effect might be small.

Another dielectric function obtained by extending the
generalized Lyddane-Sachs-Teller (LST) relation to the
plasmon-phonon coupled system?*~27 is given by the follow-
ing equation:

- w%+ iy 0)(w? - w% +iy,w)

, 13
o(w+ iyp)(wz— sz+ il';w) (13)

where w; and w, are the frequencies of the upper and lower
branches of the LOPC mode, respectively, and vy, and vy, are
the damping constants of these modes. Equation (13) as-
sumes that the coupled mode decays directly through the
lower and upper modes themselves. In contrast, Egs. (4) and
(6) are based on the model that the LOPC mode is formed
from the coupling of the decaying LO phonon system and
damping plasmon system and that the relaxation of the
coupled mode occurs through each channel of the phonon
and electron systems. It has been reported that spectral analy-
sis using Eq. (13) gave a good agreement with experimental
reflection spectra.”*?” However, since there was no theoreti-
cal work relating the damping constants y; and 7y, to mea-
surable physical quantities, this equation has not been widely
used.

The equivalence of Egs. (4) and (13) has been discussed
by Sievers and Page®® and Berreman and Unterwald,?® who
argued that the dielectric function with the factorized form
can be modified to a classical oscillator model under some
restrictions by use of the LST relation.

When w,<w; or w,> w, using the relation w1+w2—w
+wL for a small dampmg case, Eq. (13) can be rewritten as

2

sm(a)L -w’ - iyla))(a)p -
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14
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ey(w) =
Expanding the numerator and denominator of this equation
in terms of powers of w? for larger w and neglecting terms of
order w™*, we obtain
2 2 2
ex(w] — w7) £,

ey(w) = e+ L — +i0(w™).
u(®) wzr—wz—iFTw w(w+iy) (@)

(15)

The approximate coincidence of the two dielectric functions
would validate the use of the dielectric function with additive
form for the LOPC mode analysis.

III. EXPERIMENT

A. Sample preparation

4H-SiC crystals were grown by the modified-Lely
method. The growth direction was (1-100). Graded doping of
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FIG. 1. (a) Micrograph of graded doping sample. (b) Distribu-
tion of free carrier density in the sample.

nitrogen was achieved by repeatedly switching the N, gas
supply on and off.3° The growth rate of the crystal was ap-
proximately 1 mm/h. A sample with the (0001) surface was
cut out from an ingot and polished optically flat.

Figure 1(a) shows an optical micrograph of the (0001)
cross section, which reveals an inhomogeneous distribution
of the N dopant. The dark region is doped with N donors.
Figure 1(b) shows the distribution of free carrier densities
determined from the Raman analysis of the image measure-
ments of the LOPC mode, as will be described later on. The
free carrier concentration, i.e., donor concentration, varies in
space after opening and closing the gas supply. The graded
doping regions obtained upon switching the N, gas supply
on and off will be called “upgraded region” and “down-
graded region,” respectively. The thicknesses of the up- and
downgraded regions are about 140 and 700 wm, respectively.
A gradual decrease of the nitrogen gas concentration in the
furnace after shutting the doping gas causes the downgraded
region to thicken compared with the upgraded region. The
carrier concentration n was (3—4) X 10'® cm™ in the doped
region and (2—3) X 107 cm™ in the undoped region.

B. Raman microprobe measurements

Micro-Raman images of the A;-LOPC mode were ob-
tained at room temperature using a Raman microprobe. A
laser beam with A=457.9 nm was expanded linearly with a
cylindrical lens placed in front of the microscope and hit the
(0001) surfaces.

The linearly expanded laser beam was focused to 1
X 500 wm? on the sample surface through an objective lens
with a numerical aperture of 0.3. The scattered light was
dispersed by a double monochromator (f=1.0 m), and the
Raman image was detected by a cooled charge coupled de-
vice detector with 400 X 1340 pixels. The spatial resolution
limited by the finite pixel size (20 X 20 um?) was 2 um (in
the y direction), and the spectral resolution (in the x direc-

tion) was 0.2 cm™.

IV. RESULTS AND DISCUSSION
A. Raman peak shift of the LO phonon-plasmon coupled
mode with carrier density

A one-dimensional Raman image of the A;-LOPC modes
along the growth direction (1-100) is obtained for an up-
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FIG. 2. Raman spectra of the LOPC mode at typical positions in
the graded doping region of 4H-SiC. The solid lines show fitted
curves calculated using Egs. (1), (7), and (8).

graded region. The LOPC mode spectra showed a monotonic
variation of the peak frequency in the up- and downgraded
doping regions, while no appreciable frequency change was
observed for the TO (E,) mode at 776 cm™'. In Fig. 2, we
show the Raman line shape of the LOPC mode for typical
positions in the downgraded region, as shown in the inset.

The fit to the observed line shape of the LOPC mode was
made by a nonlinear least squares fit program using the
ECDF of Eq. (6). The parameters assumed known were m‘T ,
£0s Ews W, Wy, and I'y. The program varied three parameters:
w,, ¥ and I';. We set w;=783 cm™' and I';=2.1 cm™' for
the A,(TO) mode, and w; =964.1 cm™! for the A,(LO) mode.
The effective mass relevant to the present experiment is the
mass parallgl to the ¢ axis. This longitudinal effective mass is
taken as m; =0.29m,>! where mj is the free electron mass.
The carrier density n and mobility p were obtained from the
best-fit parameters w, and 7y using Eqgs. (5) and (11).

The local carrier concentration in the graded region and
the peak frequency of the LOPC mode were determined as a
function of position from the analysis of the Raman image
for the LOPC mode. In the sequential fitting for series of the
data in the graded region, special care was needed. The LO
phonon damping I'; and carrier damping < contribute
equivalently to the broadening of the LOPC mode, and the
two parameters play similar roles in the line shape fitting,
although v is related to the asymmetry of the LOPC mode.
However, the two damping constants give reverse effects on
the peak frequency of this band: The increase of y provides
a downshift of the band, while the increase of I'; provides an
upshift of the LOPC band in low carrier-density regime. This
situation is favorable for reducing the uncertainty in determi-
nation of y and I'; by fitting. In the fitting procedure, we
have determined y’s and I';’s so that (i) I'; increases with
increasing carrier density n, (ii) the intercept of I'; (at n=0)
is close to the intrinsic Raman width, and (iii) the fitted mo-
bilities take physically meaning n dependence. We have cho-
sen the best-fit parameters of y and I'; determined under the
above constraints.
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FIG. 3. (a) The relative Raman shift Aw as a function of the free
carrier density n. The Aw-n relation calculated for (i) y=800 and
I',=3, (ii) y=300 and I'; =3, and (iii) y=100 and I'; =30 are shown
for comparison. (b) The relation between Aw (=w; opc— ;) and n
for graded doping specimens and various bulk crystals. The solid
line is a curve given by Eq. (16).

In Fig. 3(a), we plot the peak frequency of the LOPC
mode as a function of the carrier concentration on a logarith-
mic scale. This figure demonstrates that there is a very
simple relationship between the carrier concentration and the
LOPC mode frequency relative to the bare LO phonon fre-

quency in pure 4H-SiC in units of cm™!,

n=125% 10"(cm™)(w opc — 07)0=1.25 X 10" (Aw)".
(16)
An empirical relation similar to the above relation has been

obtained for GaN, for which the exponent of Aw was found
to be 0.764.32 That the exponent for GaN is smaller reflects
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FIG. 4. (a) The carrier mobility determined from the line shape analysis of the LOPC mode in graded-doped 4H-SiC is plotted as a
function of n. The effective mass is taken as m*=0.29m0 for this Raman analysis. The Hall mobilities as measured by various authors are
shown for comparison. The Hall mobility is plotted against impurity concentration. The empirical u-n relations (solid and broken lines) are
obtained from Refs. 35 and 36, respectively. The error bars for mobility data account for the uncertainty in the determination of 7y by the line
shape fitting. (b) The u-n relation calculated by means of the LOPC analysis for m*=0.29m0 is compared with that of m*=0.48m0 for
graded-doped 4H-SiC. Raman data obtained for several bulk samples are also shown for comparison.

the fact that the plasma frequency w, in GaN, studied by
Wetzel et al.,*> is comparable to the LO phonon frequency
and that the peak frequency of the LOPC mode in GaN is
more sensitive to the change in carrier density.

The relationship between the carrier concentration and the
relative Raman frequency Aw can be easily derived for small
damping of the phonon and carriers. For coupled modes with
a negligibly small damping of carriers and phonons, the fre-
quency of the upper mode w, is given as a solution of
e(w)=0 in Eq. (4),

2 2 2
w, —w w
Z+ L _Tp
2 5= (17)
W, - w; )

For the phononlike coupled mode with a moderate carrier
concentration, we may substitute

2 —_—
n
Since wlz,, (Aw)2<wi, sz, (wi—w%) for lightly doped SiC,
we obtain the approximation w,zj%ZwL(l—sw/ £0) 'Aw,
which leads to

W — ] = (0, + ) (0, — ) = 2000, . (18)

eam’ 2wy,
4me® (1 - e./e))

Aw. (19)

Taking numerical values of the parameters and m*=0.29m0
in 4H-SiC, the above equation gives n=1.23X 10" Aw
which quite agrees with the empirical relation [Eq. (16)]. In
Fig. 3(a), we also plot Aw-n curves calculated for given
damping constants for carriers and LO phonons. As shown in
this figure, the larger the damping of free carriers, the lower
the relative Raman shift Aw at a given n, while larger damp-
ing of the LO phonon results in larger Aw values. The ex-
perimentally observed linear relationship between Aw and n
in Fig. 3(a) is presumably due to the reverse effects of the
damping of the LO phonon and carrier on Aw. The Aw vs n
curve given by Eq. (19) lies between the two curves for (ii)
y=300cm™, I';=3cm™' and (iii) y=100cm™, T,
=30 cm™!. This implies that determining the carrier density
from the LOPC analysis requires taking into account the
damping of carriers and LO phonons. A change of free car-
rier concentration by 1X 10! cm™ corresponds to a fre-
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quency variation of Aw=0.8 cm™! in the concentration range
from 1 X 10'7 to 4 X 10'® cm™. Thus, precise measurement
of the peak frequency of the LOPC mode is needed to deter-
mine the carrier concentration at low carrier concentrations
between 10'7 and 10'® cm™. The empirical relationship for
carrier density and relative Raman shift holds not only for
graded doping SiC, but also for various bulk materials. We
have also measured the Raman spectra of the LOPC mode in
4H-SiC bulk crystals grown in various institutes and have
determined the carrier density. Figure 3(b) compares the re-
sults with the data obtained for the graded doping specimens.
One can see that the empirical relation Eq. (16) still holds in
the carrier-density range of 10'"—10'” cm™3. The relationship
between n and the LOPC mode frequency was shown graphi-
cally by Harima et al.® and Chafai et al.,* though their func-
tional forms were not given.

B. Carrier-density dependence of mobility

The carrier mobility deduced from the best-fit value of the
carrier damping using Eq. (11) is plotted as a function of
carrier density in Fig. 4(a). The carrier-density dependence
of the mobility shows almost the same trend as that in pre-
vious results obtained by Raman analysis on 4H-SiC bulk
crystals.$3%3* The Hall mobility of 4H-SiC has been mea-
sured for epitaxial films by many researchers. In Fig. 4(a),
the mobilities derived from d.c. measurements®>3° are
shown for various impurity concentrations. Kagamihara
et al.’® and Pernot et al.’® obtained the relationship between
the mobility and impurity concentration N; on the basis of
results of electrical measurements, which are also shown in
Fig. 4(a). The dc mobility values (uy.) derived from their
empirical relations seem to be somewhat large as compared
with the ones deduced from Raman analysis even when we
plot w4 against n instead of the dopant concentration N,
assuming that n is smaller than N,.

Several reasons can account for this discrepancy.

(i) The question may arise as to whether the carrier mo-
bility depends on the effective mass value employed. We
have used the optical effective mass of m*=0.29m0 for
4H-SiC, which has more recently been obtained from optical
detection of cyclotron resonance measurements.’! Mean-
while, the value of m*=0.48m0 was used in our previous
Raman study.® Using this value, we calculated the u-n rela-
ti(gﬁn, the result of which is compared with the relation for
m" =0.29m, in Fig. 4(b). We can see that there is no appre-
ciable difference in the u-n curve for m*=0.29m0 and m"
=0.48m,, though at a given w,, the mobility and carrier con-
centration differ for these effective masses because w’ is
proportional to n/ m”. This suggests that the choice of the
effective mass is not responsible for the difference observed
in the u-n relationship between Hall and optical measure-
ments.

(ii) It should be noted that the Hall mobility in Fig. 4(a)
was obtained for epitaxial films, while the optical mobility
was obtained for bulk crystals. There is a common opinion
that the mobility in bulk SiC crystals is lower than in epitax-
ial films grown by the chemical vapor deposition method
because the defect density may, in general, be higher for bulk

PHYSICAL REVIEW B 76, 245208 (2007)

o (em™)
P

5.0x10° 1.0x10°
T T
15
— | I ; LO phonon
=
&
10+
£
(=9
g r,=3.4+050/10"
o
Qs
TO phonon
f - - @@EO0000 000 = O 0= = O- = === === ==--=---
0 L L
0 10 20 30
x10"

Carrier density n (em™)

FIG. 5. The damping of the A;(LO) phonon and E,(TO) phonon
is plotted as a function of the free carrier concentration for graded-
doped 4H-SiC. The electron effective mass is taken as m"
=0.29m, in the Raman analysis.

samples. However, a quantitative comparison of the mobili-
ties obtained from the two methods has not been reported.

(iii) For wide-gap semiconductors, including SiC,%3*
GaN,***2 and ZnO,* the optical mobilities estimated from
Raman scattering and infrared reflection measurements have
been compared with that obtained from dc electrical mea-
surements, though systematic studies have not yet been
made. Most papers have reported that the optically deter-
mined carrier mobility is comparable to that determined from
dc electrical measurements. However, recent experiments on
GaN showed that IR and Raman mobilities are smaller than
the Hall mobility.*>*! Relaxation of phononlike LOPC
modes has recently been investigated in GaAs by Vallée
et al.,** whose theoretical model indicates that the relaxation
time of carriers in the high frequency regime (7)., is smaller
than those deduced from Hall mobility measurements. On
the basis of the above, the lowering of the optical mobility
observed in wide-gap semiconductors may be partly due to
the w dependence of carrier relaxation time.

C. LO phonon damping vs carrier density

Figure 5 plots the LO phonon damping I'; derived from
the line shape analysis of the LOPC mode as a function of
carrier density. In this case, we take m*:0.29m0. As can be
seen in this figure, I'; varies linearly with carrier concentra-
tion, which is expressed in units of cm™" as

I, =Ty+an=34+0.5n/10" cm™. (20)

The first term (I'y) corresponds to the intrinsic damping aris-
ing from phonon-phonon interaction (anharmonic potential).
The bandwidth of the A;-LO mode measured for pure
4H-SiC (n=5% 10" cm™) was 3.4 cm™". The TO (E,) band
at 776 cm™! was also measured in the graded doping region.
As shown in Fig. 5, the width of the TO bands was indepen-
dent of the carrier density and almost constant at 2.1 cm™' in
the concentration range measured in this work (from 3
X 10" to 2 X 10'® cm™). This demonstrates that the linear
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dependence of LO phonon damping on carrier density may
be interpreted in terms of the Frohlich-type interaction of LO
phonons with ionized impurities and/or free electrons. It is of
interest to compare the LO phonon damping I'; for 4H-SiC
with the result for 6H-SiC,'” where I'; is given by I', =T,
+0.3212/10'7 cm™, for which the coefficient a is slightly
lower than that of 4H-SiC.

Ridley and Gupta'# pointed out that ionized impurity scat-
tering is important for the momentum relaxation of LO
phonons in heavily doped semiconductors and that the damp-
ing of the LO phonon by this scattering mechanism is pro-
portional to the ionized impurity concentration N;. When the
compensation ratio is small, the free carrier concentration is
comparable to the concentration of donor impurity. Thus, the
damping arising from LO phonon-electron scattering is ex-
pected to be proportional to n and related to the Frohlich
coupling constant, a=[(2me*hw;)(1/e,—1/£y)]">. As men-
tioned before, the experimentally determined LO phonon
damping is proportional to the carrier density for 4H- and
6H-SiC. When we assume that ionized impurity scattering is
the dominant relaxation process, the coefficient a should be
the same for 4H- and 6H-SiC because the Frohlich coupling
constant is almost the same for both polytypes, and the
damping constant does not depend on the effective mass of
the free carriers. In contrast, when free carrier scattering gov-
erns the LO phonon relaxation, a should depend on the ef-
fective mass value, which is different for 4H- and 6H-SiC.
The behavior of LO phonon damping for 4H- and 6H-SiC
may indicate that scattering by ionized impurities and free
carriers contributes to the relaxation of the LO phonons in
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lightly doped SiC. However, it remains unclear which of the
two mechanisms is predominant. More detailed theoretical
work on the interaction of LO phonons with charged par-
ticles needs to be done before the predominant relaxation
mechanism can be identified.

V. SUMMARY

Micro-Raman measurements were carried out on 4H-SiC
with graded carrier concentration. From the line shape analy-
sis of the LOPC mode using the extended dielectric function,
which includes LO phonon damping, the distribution of free
carrier density, carrier mobility along the ¢ axis, and LO
phonon damping were determined. This yielded the carrier
mobility and LO phonon damping as a function of carrier
density. The LO phonon damping was found to increase lin-
early with carrier concentration. This finding indicates that
LO phonon decay occurs by ionized impurity scattering and
free electron scattering. We found a simple relationship be-
tween the carrier concentration and relative Raman shift of
the LOPC mode that will provide an easy way to determine
the free carrier density in 4H-SiC.
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