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The free carrier density and mobility in n-type 4H-SiC substrates and epilayers were determined by accurately

analysing the frequency shift and the full-shape of the longitudinal optic phonon–plasmon coupled (LOPC) modes,

and compared with those determined by Hall-effect measurement and that provided by the vendors. The transport

properties of thick and thin 4H-SiC epilayers grown in both vertical and horizontal reactors were also studied. The

free carrier density ranges between 2×1018 cm−3 and 8×1018 cm−3 with a carrier mobility of 30–55 cm2/(V·s) for n-

type 4H-SiC substrates and 1×1016–3×1016 cm−3 with mobility of 290–490 cm2/(V·s) for both thick and thin 4H-SiC

epilayers grown in a horizontal reactor, while thick 4H-SiC epilayers grown in vertical reactor have a slightly higher

carrier concentration of around 8.1×1016 cm−3 with mobility of 380 cm2/(V·s). It was shown that Raman spectroscopy

is a potential technique for determining the transport properties of 4H-SiC wafers with the advantage of being able to

probe very small volumes and also being non-destructive. This is especially useful for future mass production of 4H-SiC

epi-wafers.
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1. Introduction

Over the last few years, silicon carbide (SiC)
power devices have developed very rapidly and some
of them, such as Schottky Barrier Diodes (SBDs) and
MESFETs, are well established on the market. With
the unique properties of the 4H-SiC polytype, 4H-
SiC power devices with a voltage-blocking capability
greater than 10 kV have been demonstrated, which
include PiN,[1] Junction Barrier Schottky (JBS),[2]

DMOSFET,[3] IGBT,[4,5] GTO [6] etc. The require-
ment of a cost-effective, reproducible and reliable epi-
taxial process has led to the introduction of multi-
wafer systems.[7,8] Very thick epilayers (> 100 µm)
for > 10 kV devices require a fast epitaxial growth
of 4H-SiC, with higher growth rates being effective
in enhancing the reactor throughput. in-situ dop-
ing in 4H-SiC is another topic of strong interest and
many studies of doped 4H-SiC have been made.[9]

Usually, electrical characterization is performed by
Hall-effect and C–V measurements.[9] These proce-
dures need electric contacts and give information on
the transport properties averaged over relatively large
sample volumes. It has been shown that Raman
spectroscopy is a powerful technique for studying the
transport properties in SiC semiconductors,[10−12] the
characterization of ion-implanted SiC in order to eval-
uate the amount of damage, the dose of implanted
atoms, their electrical activity and the recovery of
crystallinity during post-annealing, and even the char-
acterization of defects in SiC. The main advantages
of employing Raman spectroscopy are the small local
noninvasive probes used and that no special prepara-
tion is required for the mass-production of SiC epi-
wafers. Raman scattering from LO-phonon–plasmon–
coupled (LOPC) modes was previously used to study
III–V semiconductors, which have high carrier mobil-
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ities and later applied to materials with relatively low
carrier mobilities such as GaP, ZnO, ZnSe and SiC.[11]

Recent rapid progress in the epitaxial growth of good
quality 4H-SiC has motivated us to study their trans-
port properties systematically using Raman scattering
measurements.

In the present work, we have observed the coupled
LOPC modes with backscattering geometry from the
(0001) plane and have analysed the line shapes of the
coupled modes by fitting the theoretical band shape,
taking the plasmon frequency, carrier- and phonon-
damping rates as adjustable parameters. From the
analysis, the carrier concentration and mobilities in
both the n+ 4H-SiC substrates and the 4H-SiC ho-
moepitaxial layers were obtained and compared with
that obtained by Hall-effect and C–V measurements
and that provided by the manufacturers. It was shown
that Raman scattering can be used to determine trans-
port properties in 4H-SiC wafers.

2. Experiment

Three different kinds of 4H-SiC wafers were stud-
ied in this work. The first are two heavily nitrogen
doped n+ 4H-SiC substrates purchased from two ven-
dors (A and B), which were named No. 1(A) and
No. 2(B). The second are two unintentionally doped
thick 4H-SiC homoepitaxial layers (for the fabrica-
tion of power devices) with a thickness of 32 and
20 µm grown on n+ 4H-SiC substrates in horizontal
and vertical low temperature chemical vapour deposi-
tion (LPCVD) reactors, respectively, in the authors’
group, which were named No. 3 and No. 4. The third
are three lightly doped n-type 4H-SiC homoepitax-
ial layers with a thickness of about 1–2 µm, which
were named E04013, A04012, and D04011, respec-
tively, and were used as channel layers in MESFETs.

Raman-scattering measurements were carried out
at room temperature using 488 nm line of an Ar
ion laser for excitation and a charge-coupled detec-
tor (CCD) was used to detect the scattered signals.
The near backscattering configuration perpendicular
to the (0001) face of 4H-SiC wafers was taken as col-
lection geometry. The excitation spot onto the sample
surface was in the order of a micrometer in size.

3. Theoretical analysis of LOPC

intensity

The Raman intensity of the coupled mode for
4H-SiC can be written as the following expression

by assuming a dominant deformation potential, DP,
mechanism[10,13]

I(ω) = SA(ω) Im
(
− 1

ε(ω)

)
, (1)

where ω is the Raman frequency, S is a proportional-
ity constant, ε(ω) is the dielectric function, and A(ω)
is given by the following expression:[12,14]

A(ω) = 1 + 2C
ω2

T

∆
[ω2

PγP(ω2
T − ω2)

−ω2Γ (ω2 + γ2
P − ω2

P)]

+
C2ω4

T

∆(ω2
L − ω2

T)
{ω2

P[γp(ω2
L − ω2

T)

+Γ (ω2
p − 2ω2)] + ω2Γ (ω2 + γ2

p)}, (2)

∆ = ω2
PγP[(ω2

T − ω2)2 + ω2Γ 2]

+ω2Γ (ω2
L − ω2

T)(ω2 + γ2
P), (3)

where ωT and ωL are the frequencies of TO and
LO phonons, respectively, ωp is the plasmon fre-
quency, γp is the plasmon damping constant, Γ is
the phonon damping constant, and C is the Faust–
Henry coefficient,[15] which is related to the Raman-
intensity ratio of LO- and TO-phonon bands in un-
doped crystals.[16] The dielectric function ε(ω) is given
by a sum of the contributions from both phonons and
plasmons as follows

ε(ω) = ε∝

(
1 +

ω2
L − ω2

T

ω2
T − ω2 − iωΓ

− ω2
P

ω(ω + i γP)

)
,(4)

where ε∝ is the high frequency dielectric constant.
The plasma frequency ωp is given by the following
expression:

ωP =

√
4πne2

ε∝m∗ , (5)

where n is the free carrier concentration, m∗ is the
electron effective mass, and e is the electronic charge.

The plasmon damping constant, γp, is expressed
as a function of the carrier mobility, µ, by the follow-
ing equation:

γp =
e

m∗µ
. (6)

It can be seen clearly from Eqs. (5) and (6) that
both free carrier concentration, n, and mobility, µ, can
be calculated from the ωp and γp data obtained from
the fit to Eq. (1) by taking ωp and γp as the adjustable
parameters.

From Eq. (4), we obtained the following equation
for dielectric function
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ε(ω) = ε∝

(
(γPω2Γ + ω2

Lω2 − ω4 − ω2
Pω2

T + ω2
Pω2) + i(γPω2

Lω + Γω2
Pω − Γω3 − γPω3)

(ω2
Tω2 − ω4 + γPΓω2) + i(γPω2

Tω − γPω3 − Γω3)

)
. (7)

Then, the dielectric function can be rewritten as

ε(ω) = ε∝
Π + iΛ
M + iN

, (8)

where

Π = γPω2Γ + ω2
Lω2 − ω4 − ω2

Pω2
T + ω2

Pω2,

Λ = γPω2
Lω + Γω2

Pω − Γω3 − γPω3,

M = ω2
Tω2 − ω4 + γPΓω2,

N = γPω2
Tω − γPω3 − Γω3.

The reciprocal of the dielectric function and its
imaginary part can be obtained as following equations.

1
ε(ω)

=
1
ε∝

(MΠ + NΛ) + i(NΠ −MΛ)
Π 2 + Λ2

, (9)

Im
[
− 1

ε(ω)

]
= − 1

ε∝

NΠ −MΛ
Π 2 + Λ2

. (10)

From Eq. (2) A(ω) can be rewritten as following
expression:

A(ω) = 1 + 2AC
ω2

T

∆
+

BC2ω4
T

∆(ω2
L − ω2

T)
, (11)

where

A = ω2
PγP(ω2

T − ω2)− ω2Γ (ω2 + γ2
P − ω2

P),

B = ω2
P[γP(ω2

L − ω2
T) + Γ (ω2

P − 2ω2)]

+ω2Γ (ω2 + γ2
P),

∆ = ω2
PγP[(ω2

T − ω2)2 + ω2Γ 2]

+ω2Γ (ω2
L − ω2

T)(ω2 + γ2
P). (12)

Therefore, the intensity of the LOPC profile in
4H-SiC, I(ω), can be deduced by following equation:

I(ω) = − S

ε∝

(
1 + 2AC

ω2
T

∆
+

BC2ω4
T

∆ (ω2
L − ω2

T)

)

× NΠ −MΛ
Π 2 + Λ2

. (13)

Equation (13) is our final theoretical expression of the
intensity of the LOPC profile used in our fitting proce-
dure. Much attention should be paid to the values of
several constants appearing in Eq. (13). For example,
the proportionality constant, S, is independent of the
carrier concentration according to Ref. [11]. There-
fore, S was not used as the adjustable parameter for
4H-SiC wafers with different carrier concentrations.
In this work, the coupled LOPC modes were fitted to
Eq. (13) using ωp, γp and Γ as the adjustable parame-
ters, while others were kept as constants in our fitting
procedure.

4. Results and discussion

Figure 1 shows typical Raman spectra for four dif-
ferent 4H-SiC wafers. No. 1 is an n+ substrate from
vendor A and No.2 from vendor B. No. 3 and No. 4
are two thick unintentionally doped 4H-SiC homoepi-
taxial layers with thicknesses of 32 and 20 µm grown
on n+ substrates in horizontal and vertical LPCVD
chambers, respectively, by the authors’ group. Ac-
cording to the group-theoretical analysis and Raman
selection rules for 4H-SiC polytypes, phonon bands
with A1 symmetry (A1L for LO phonon) and E2 sym-
metry (E2T for TO phonon) are allowed in backscat-
tering geometry. The A1L band peaks of wafers No. 4,
No. 3, No. 2 and No. 1 located at 963.5, 965.2, 982.0
and 1005 cm−1, respectively. It can be seen clearly
that A1L band shifts to the high frequency side and
broadens, while the intensity decreases from wafer
No. 4 to No. 1. These profiles show typical features
of LOPC mode in 4H-SiC. On the other hand, the
TO phonon bands located at 776.4 cm−1 (E2T) are
sharp and almost the same within ±1 cm−1 for these
four different wafers. These TO-phonon peak posi-
tions agree well with the published data.[17−19]

Fig. 1. Raman spectra for four different 4H-SiC wafers.

No. 1 and No. 2 are two n+ substrate from different manu-

facturers. No. 3 and No. 4 are two thick 4H-SiC homoepi-

taxial layers with thicknesses of 32 and 20 µm grown in

horizontal and vertical LPCVD chambers, respectively, by

the authors’ group.

Figure 2 shows experimental (black dots) and cal-
culated (solid line) band shapes of the LOPC modes
for four 4H-SiC wafers named as (a) No. 1 (substrate
from vender A) , (b) No. 2 (substrate from vender
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B), (c) No. 3 (thick epilayer 1), and (d) No. 4 (thick
epilayer 2) as shown in Fig. 1 The solid lines corre-
spond to fits to Eq. (13). The intensity of the LOPC
mode has been normalized by the TO-phonon peak
intensity (E2T). Our analysis is based on the method
suggested by Irmer et al.[14] and Chafai et al.[10] as-
cribing to electro-optical and deformation potential as
dominant mechanisms for Raman scattering. From
the fit parameters, ωp and γp the carrier concentra-
tion (n) and carrier mobility (µ) are obtained using
Eqs. (5) and (6), respectively, as shown in Table 1.
The carrier concentration for No. 1 4H-SiC substrate
wafer is 7.5×1018 cm−3 with the carrier mobility of
32 cm2/(V·s), while that for No. 4 thick 4H-SiC epi-
layer is 1.60×1016 cm−3 with a mobility of around

492 cm2/(V·s). These data are very close to that
provided by vendor A (5.0×1018 cm−3) and that re-
ported in previous work,[20] respectively. The calcu-
lated carrier concentration for No. 2 4H-SiC substrate
wafer is 2.45×1018 cm−3 with the carrier mobility
of 53 cm2/(V·s). It can be seen that the transport
properties of No. 2 wafer are slightly different from
No. 1. The carrier concentration of No. 3 wafer is
8.10×1016 cm−3 with a mobility of 380 cm2/(V·s),
which is in agreement with the C–V measurements
by the authors’ group. Compared with No. 4, the rea-
son of higher carrier concentration for No. 3 wafer is
that it was grownm in a vertical reactor with much
higher growth rate.

Fig. 2. Experimental (black dots) and calculated (solid line) band shapes of the LOPC modes for four 4H-SiC

wafers named as (a) No. 1, (b) No. 2, (c) No. 3, and (d) No. 4 as shown in Fig. 1. The solid lines correspond to

fits to Eq. (13).

Table 1. The calculated carrier concentration and mobility in four 4H-SiC wafers.

wafer No. No. 1 No. 2 No. 3 No. 4

n/cm−3 7.5×1018 2.45×1018 8.10×1016 1.60×1016

µ/(cm2/(V·s)) 32 53 380 492

033301-4



Chin. Phys. B Vol. 20, No. 3 (2011) 033301

Figure 3 shows the Raman spectra for three thin

lightly doped n-type 4H-SiC epilayers (1–2 µm) grown

on n+ 4H-SiC substrate in a horizontal LPCVD cham-

ber. For comparison, the Raman spectrum for the

substrate on which the epilayer was grown is also

shown in the figure. We know that the penetration

depth of the 488 nm laser light is less than ten mi-

crons. As the thickness of the three thin 4H-SiC epi-

layers is about 1–2 µm, the Raman spectra should

contain information from the n+ 4H-SiC substrate.

By analysing these two peaks separately, the electri-

cal properties of the epilayer can be obtained.

Fig. 3. The Raman spectra for three thin lightly doped

n-type 4H-SiC epilayers (1–2 µm) grown on n+ 4H-SiC

substrate in a horizontal LPCVD chamber and the sub-

strate used.

Figure 4 shows the typical experimental (black

dots) and calculated (solid line) band shapes of the

LOPC mode with two peaks for wafer E04013. The

calculated carrier concentration is 2.01×1016 cm−3

with a carrier mobility of 431 cm2/(V·s for the epilayer

and 2.45×1018 cm−3 with a mobility of 54 cm2/(V·s)
for the substrate. The electrical property of the thin

epilayer is very close to that of No. 4 wafer as shown

in Fig. 2. The carrier concentration of the substrate is

3 times less than that of No. 1 substrate wafer. This

may be due to some unknown effects of the epilayer

when the Raman signal comes out from the substrate.

Fig. 4. Experimental (black dots) and calculated (solid line)

band shapes of the LOPC mode for wafer E04013. The solid

lines correspond to fits to Eq. (13) for the two peaks originated

from the epilayer and the substrate, respectively.

5. Conclusion

We have obtained the LOPC modes in 4H-SiC
wafers. The free carrier density and mobility in
n-type 4H-SiC substrates and epilayers were deter-
mined by accurately analysing the LOPC modes. The
transport properties were also studied in thick and
thin 4H-SiC epilayers grown in vertical and horizon-
tal reactors. The free carrier density ranges between
2×1018 cm−3 and 8×1018 cm−3 with carrier mobility
of 30–55 cm2/(V·s) for n-type 4H-SiC substrates and
1-3×1016 cm−3 with mobility of 400–490 cm2/(V·s)
for both thick and thin 4H-SiC epilayers grown in
horizontal rector. The thick 4H-SiC epilayer grown
in a vertical reactor with much higher growth rate
has a little higher carrier concentration of around
8.1×1016 cm−3 with mobility of 380 cm2/(V·s). It is
demonstrated that Raman scattering measurement is
a potential technique for determining the transport
properties in 4H-SiC wafers with the advantage of
probing very small volumes and being non-destructive.
This is especially useful for future mass production of
4H-SiC epi-wafers.
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