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Abstract

We assess Raman spectroscopy as a tool for fast and non-invasive mapping of

charge carrier density and carrier mobility in inhomogeneously doped 4H-SiC.

For this purpose, we compare values of these transport parameters obtained by

magneto-transport and Raman measurements of N-doped 4H-SiC. The com-

parison is not straightforward. The effective charge density and mobility,

which are obtained from resistivity and Hall measurements by employing the

commonly used effective one-band model, deviate from the values extracted by

applying the established line-shape models for describing the longitudinal opti-

cal phonon coupled (LOPC) modes in the Raman spectra. Differentiating

between free and localized carriers in the framework of a three-band transport

model confirms that only the free charge carriers in the conduction band of N-

doped 4H-SiC contribute to the LOPC Raman signal and their density agrees

well with that obtained by the line shape analysis. The agreement of the mobil-

ity values is good keeping in mind that different frequencies of the applied

electric fields are used in the two approaches, i.e., dc-transport measurements

at 0 Hz and ac-fields of the exciting laser at about 500 THz. Moreover, the exci-

tation of electrons into the conduction band by the laser, which is inherent to

the Raman experiment, causes differences in the temperature dependence of

the carrier density compared with the electrical transport data.
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1 | INTRODUCTION

Siliciumcarbid (SiC) has gained much interest in recent
years in the context of high-power applications, e.g., in
electric vehicles. SiC is suitable for electronic and opto-
electronic components that operate under demanding
conditions, due to its outstanding thermal and electrical

properties. In particular, its wide band gap makes SiC
applicable for high power and high-temperature
devices.1,2 Crystalline SiC may occur in various polytypes,
however, of those only the 4H and 6H polytypes are
available as large single crystals. Corresponding SiC
wafers are the basis of devices in the various fields of
application.3–5 A fast screening of such wafers prior to
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electronic device fabrication, e.g., for identifying struc-
tural and doping inhomogeneity, is highly desirable for
high-yield device production.6

Magneto-transport measurements are the established
method for in-depth studies of electric transport phenom-
ena in semiconductors.7,8 Amongst others, measurements
of the specific resistivity and the Hall coefficient in low
fields yield charge carrier density and mobility when ana-
lysed with appropriate microscopic models. Furthermore,
temperature-dependent data help to differentiate
between localized and extended band states of electrons
or holes involved in the transport. They also give insight
into the dominant transport mechanisms such as hop-
ping, diffusive or ballistic transport as well as into the
underlying microscopic scattering mechanisms in case of
diffusive transport. The approach is very powerful and
reliable for determining transport parameters of semicon-
ductor bulk material, nanostructures and devices.9–11

Corresponding in-depth studies contribute significantly
to a better understanding of electronic transport in solids
and, in particular, semiconductors. A major disadvantage
is, however, that electric transport measurements in gen-
eral need a time-consuming sample preparation prior to
the actual measurement process. Reliable electrical trans-
port measurements for obtaining charge-carrier density
and mobility of the wafer material require defined electri-
cal contact geometries, ohmic behaviour of the contacts,
and the application of external magnetic fields. Conse-
quently, this approach is invasive and rather slow, thus,
not suitable for in-line characterization of entire wafers
in wafer production or device fabrication processes.

Optical spectroscopic inspection is widely employed
in wafer screening as no dedicated sample preparation is
required and a fast spatial mapping of the wafer is possi-
ble. A suitable optical spectroscopic method for screening
N-doped SiC wafers in terms of carrier density and mobil-
ity may be offered by Raman spectroscopy.12,13 Raman
spectra of the longitudinal-optical (LO) phonon region in
polar semiconductors like SiC can yield information
about charge carrier density and mobility of doped sam-
ples. The underlying physical effect is that the LO pho-
non couples to the free charge carriers introduced by
doping giving rise to longitudinal optical phonon coupled
(LOPC) modes. The appearance of the LOPC mode in
Raman spectra depends strongly on the charge carrier
density and carrier mobility. Appropriate line shape anal-
ysis of the phonon-like LOPC mode in the Raman spectra
yields charge carrier density and carrier mobility values
in the case of a doped semiconductor. Corresponding the-
oretical models are well established.8,14 In addition when
employing Raman microscopy, the transport properties
can be determined locally with a spatial resolution down
to the μm-scale. In contrast, electrical transport

measurements typically average the properties on a con-
siderably larger scale. If appropriately validated, Raman
spectroscopy of the LOPC mode may turn out to be a via-
ble alternative to magneto-transport measurements for
determining carrier densities and mobilities. This holds,
in particular, for studying samples with large doping
inhomogeneity or for application in fast wafer screening.

There are several reports available in the literature
dealing with the analysis of the LOPC mode of SiC in
terms electronic transport properties.8,14–16 However, the
corresponding comparison of charge carrier density and
mobility values extracted from the Raman and the elec-
tric transport measurements on the same SiC samples is
restricted to room temperature conditions only. Here, we
perform a detailed comparison of temperature-dependent
Raman and electrical transport results. By a careful anal-
ysis, we reveal the range of application of Raman mea-
surements as a tool for determining electrical transport
properties of N-doped SiC as well as its limitations for
doping concentrations of some 1018 cm�3.

2 | EXPERIMENTAL DETAILS

We investigate different samples from a highly N-doped
4H-SiC wafer with orientation of the surface normal
4 degrees off the hexagonal c-axis (see also Figure S1a)).
The wafer diameter is 100 mm and the wafer thickness
350 μm. The wafer is of engineering-grade quality and
was bought from SiCrystal GmbH. The wafer was cut
into 69 equally sized, square-shaped chips (1 cm2). All
chips were studied by optical inspection and Raman
spectroscopy. Four of those were carefully selected for
further examination, i.e., for a thorough comparison of
temperature-dependent Raman and magneto-transport
measurements. The selection was based on the colour
impression of these chips, two were selected from the
brighter area of the wafer and two from the darker spot.
The labelling of the samples corresponds to the position
on the wafer (see Figure S1). Four Mo contacts were
evaporated onto the corners of each of the selected SiC
chips. For this purpose, the chips were ultrasonically
cleaned with acetone and methanol, dried in a nitrogen
flux, masked and subsequently mounted in an RF mag-
netron sputtering chamber operating with an Ar plasma
and a Mo metallic target. After pumping down to a base
pressure of 2.8 � 10�4 Pa, the growth of the Mo thin con-
tact pads was initiated. The contacts were annealed at
1000�C for 60 seconds after growth in order to diffuse Mo
into the SiC below the contact pads. Applying copper
wires with conductive silver paste to the four Mo pads
yielded ohmic contacts required for the magneto-
transport measurements in van-der-Pauw geometry.
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The transport measurements were performed in an
Oxford Instruments superconducting magnet system with
a variable temperature insert enabling temperature-
dependent measurements between 1.5 and 300 K in
magnetic fields up to 10 T. The magneto-resistivity and
Hall measurements were performed in Van-der-Pauw
geometry.

Raman measurements were conducted in backscatter-
ing geometry using a Renishaw InVia Raman microscope
system equipped with a charge-coupled device camera. A
He-Ne laser with an excitation wavelength of 633 nm, a
focal spot diameter of 1 μm, and a laser power of 7 mW
was employed in all experiments. Raman spectra were
recorded in the relative wavenumber range from 200 to
1200 cm�1 with a spectral resolution of 1.5 cm�1.
Temperature-dependent measurements were performed
in the temperature range between 80 and 700 K using a
Linkam Stage THMS600, which can be cooled by liquid
nitrogen or heated. All measurements were calibrated
and performed with an integration time of 10 s.

3 | RESULTS AND DISCUSSION

Figure 1 depicts the transport parameters extracted from
the temperature-dependent resistivity and Hall measure-
ments in the temperature range between 1.5 and 300 K.
Exemplarily, the plots of the resistivity curves of two
chips, No 15 and No 44, of the same N-doped SiC wafer
are depicted in Arrhenius representation in Figure 1A.
The measured resistivity of both chips decreases with
increasing temperature. However, the value at room tem-
perature of the resistivity of chip No. 44 is about five
times lower than that of No 15 reflecting the inhomoge-
neity of the N doping of the wafers. Furthermore, the
resistivity curves in the Arrhenius plots strongly deviate

from a linear behaviour indicating that the dominant car-
rier excitation process or transport process changes as a
function of temperature.

Analysing the Hall and resistivity data, i.e., electrical
resistivity ρ and Hall constant RH, within a one-band
Drude model in the low field limit yields the effective car-
rier concentration neff and an effective mobility μeff at
each temperature:

neff Tð Þ¼ 1
qRH Tð Þ , ð1Þ

μeff Tð Þ¼ RH Tð Þ
ρ Tð Þ
����

���� ð2Þ

where q is the charge of the carrier, i.e. q¼�e for elec-
trons. Plots of the effective carrier concentration and the
effective mobility vs inverse temperature are shown in
Figure 1B,C, respectively. The effective carrier concentra-
tion neff is almost constant for both specimens below 5 K
and then rises exhibiting maxima at 12K and at 34K for
No 15 and No 44, respectively, prior to decreasing again
and reaching a minimum at 117 and 174K. Finally, the
carrier concentration increases again when the measure-
ment temperature approaches room temperature from
below. This is not what is expected in case of a moder-
ately n-doped semiconductor described by a parabolic
conduction band (CB) with its band edge at ECB and shal-
low donors at a discrete donor level located at ED below
CB. Starting from 0 K, one would anticipate first an expo-
nential rise of the carrier concentration with increasing
temperature, then a saturation region followed by
another stronger exponential rise at very high tempera-
tures. The characteristic temperature regions are the
freeze-out region at low temperatures, where carriers are

FIGURE 1 Temperature-dependent transport properties of the SiC chips no 15 (blue) and no 44 (green) with insets for the high-

temperature region: (A) resistivity, (B) effective carrier density, and (C) effective electron mobility. The solid lines represent curves obtained

by fitting a three-band model to the measurement results (squares).
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excited from the donors to the CB and the carrier concen-
tration increases exponentially with an activation energy
EA ¼ECB�ED, followed by the saturation range in the
intermediate temperature range, where all donor elec-
trons are excited into the CB and the carrier concentra-
tion is almost constant. Finally, at higher temperatures,
the intrinsic region gives rise to another exponential
increase of neff . In the intrinsic region, all donor electrons
are in the CB, but additional thermal excitation across
the band gap starts to play a role. Thermally activated
electrons and holes act as additional free carriers in the
CB and valence band (VB). The transition temperatures
between the regimes depend on the band structure. As a
rule of thumb, the transition from freeze-out region to
saturation region occurs at EA= kBTð Þffi 1, while the tran-
sition between saturation region and intrinsic region
occurs where ECB= 2kBTð Þffi 1 assuming here that the
valence band edge is located at EVB ¼ 0. The isolated
nitrogen donor has a depth between 50 and 100meV
depending on the local site.17–20 Thus, the onset of the
saturation is about expected at about 600K. The onset
temperature of the intrinsic region in SiC is way above
the highest temperature of 700K where we performed
experiments due to a band gap energy ECB –EVB ¼ 3 eV
for 4H-SiC in the temperature range studied.21 Thus, only
the free carriers in the CB contribute to the electric trans-
port up to 300K, i.e., the temperature range covers
almost solely the freeze-out region, which is the justifica-
tion for using a one-band Drude model in such a
scenario.

However, the observed temperature dependence of
the resistivity of the two specimens in the range from 1.5
to 300 K is not compatible with the scenario described
above, as the slope of the Arrhenius plot changes about
three times in the temperature range studied. Further-
more, the effective carrier concentration in Figure 1B is
not compatible with a one-band description as it
decreases with increasing temperature in the intermedi-
ate temperature region. Moreover, the effective mobility
takes on very low values below 20 K, which are indicative
for hopping transport and not compatible with solely free
carrier transport in the CB. These findings together with
effective carrier concentrations in the range of 1018 to
1019 cm�3 for both specimens suggest that we are dealing
with a highly doped semiconductor material, where the
electronic states are close to the Mott or insulator-to-
metal transition and a one-band description fails.

In such highly doped semiconductors, parallel trans-
port paths involving different electronic states or bands
and possibly different transport processes contribute
simultaneously to the electronic transport in the temper-
ature range considered.22,23 Typically, a particular trans-
port path dominates the resistivity in a specific

temperature region. This can be understood based on the
scheme shown in Figure 2. It sketches the density of
states arising from the intrinsic conduction band states
and the donor states for the situation corresponding to a
highly doped semiconductor below the Mott transition.
The CB density of states is still almost unaffected, but the
donor states start to form a broad impurity band due to
the overlapping donor electron wave functions. Its width
increases with increasing donor concentration until it
merges with the conduction band at a critical carrier con-
centration nc corresponding to the Mott transition. For
carrier concentrations below nc, carriers are still ther-
mally excited from the impurity band into the conduction
band changing their character from localized to free car-
riers (process 1). Thus, the activation energy EA is non-
zero, but is reduced compared to the low or moderate
doping case. This transport process dominates at higher
temperatures. However, transport may also take place
within the impurity band. Electrons bound to donors
may hop from a neutral donor state D0 to an ionized
donor state D+ (process 3). Such D+ states may be pre-
sent even at the lowest temperatures, if the n-type semi-
conductor is partially compensated, i.e., a residual
amount of acceptors is also present in addition to the
intentionally introduced donor doping. A certain degree
of compensation usually occurs in real samples. Such
hopping transport within the impurity band is dominant
at low temperatures and is typically characterized by a
very low activation energy Eimp and very low mobilities.
In the intermediate temperature range, another process
may occur and become dominant. It is represented by the

FIGURE 2 Schematic diagram of the density of states for the

investigated N-doped 4H-SiC samples illustrating the applied three-

band model. EA and EHub represent the excitation of electrons into

the conduction or the Hubbard band, respectively. Eimp indicates

electron hopping within the impurity band.
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so-called Hubbard band located between the impurity
and the CB band. This representation is somewhat mis-
leading as the Hubbard band represents a process, which
cannot be described within a one-electron band structure.
It corresponds to the hopping of a donor electron from a
D0 to another D0 turning the latter into a D� (process 2).
Because of the Coulomb interaction between the two
outer electrons of the D� final state (Coulomb penalty)
the activation energy EHub of this hopping process
between neutral D0 is considerably larger than that
between D0 and D+, but EHub is smaller than EA. As rule
of thumb, it holds EHub ffi 0:1EA. The contributions of the
three transport processes add up to the total conductivity
of the specimen:

σtot Tð Þ¼ σ1 Tð Þþσ2 Tð Þþσ3 Tð Þ ð3Þ

Typically process 1 is described as diffusive transport
(i.e., thermally activated carrier density in the CB with a,
for simplicity, temperature-independent mobility μCB),
whereas processes 2 and 3 are described by hopping
(i.e., the mobilities are thermally activated, whilst the
corresponding carrier densities nhop and nHub are
assumed to be constant).23 In zero magnetic field, it
holds:

σ1 Tð Þ¼ enCB Tð ÞμCB ¼ eμCBn∞,CB exp � EA

kBT

� �
ð4Þ

σ2 Tð Þ¼ enHubμHub Tð Þ¼ enHubμ∞,Hub exp �EHub

kBT

� �
ð5Þ

σ3 Tð Þ¼ enimpμimp Tð Þ¼ enimpμ∞,imp exp �Eimp

kBT

� �
ð6Þ

where T denotes the absolute temperature and kB is the
Boltzmann constant. The quantity n∞,CB describes the
saturation value of nCB for infinite temperature in this
parameterization, and similarly μ∞,imp and μ∞,Hub are the
saturation values of the hopping mobilities at infinite
temperature. For simplicity, we assume that the average
motion of the electrons is determined by the generalized
Lorentz force as well as the underlying scattering pro-
cesses. In addition, we assume that the transport in the
hexagonal c-plane is isotropic (which is still a good
approximation for the 4H-SiC wafer used despite its 4�

off-axis surface orientation) and that the Hall scattering
factor is 1.24–26 Based on these assumptions, an external
magnetic field applied perpendicular to the sample plane
yields additional off-diagonal tensor elements of the con-
ductivity tensor. These off-diagonal elements cause the

Hall current in the sample plane at non-zero field. The
resistivity tensor in the presence of a magnetic field is
obtained by inverting the total conductivity (given by the
sum of the conductivity tensors of the three transport
processes) in the presence of the magnetic field.23 By
expanding the resistivity tensor elements with respect to
the magnetic field in a Taylor series about zero-field, one
obtains for the effective resistivity in zero-field and the
Hall coefficient the following expressions:

ρeff Tð Þ¼ 1

e
P3

i¼1ni Tð Þμi Tð Þ� � ð7Þ

RH Tð Þ¼ 1
�eneff Tð Þ¼

P3
i¼1ni Tð Þμ2i Tð Þ

�e
P3

i¼1n
2
i Tð Þμ2i Tð Þ ð8Þ

Inserting Equations (7) and (8) into Equation (1)
yields the effective carrier concentration neff Tð Þ and the
effective mobility μeff Tð Þ as a function of temperature in
dependence on the transport parameters of the three-
band model. Also shown in Figure 1 is a comparison of
the experimental values for the temperature dependence
of the effective resistivity ρeff Tð Þ and of the two extracted
quantities neff Tð Þ and μeff Tð Þ with corresponding curves
obtained by the three-band model where the model
parameters were adjusted to yield the best agreement.
For both specimens studied, the three-band model can
reproduce the rather complex temperature dependence of
all three quantities. In particular, the fitted curve of the
effective resistivity exhibits the changes of slope occur-
ring in the temperature range studied. An alteration of
the slope in the Arrhenius representation used is associ-
ated with a change of the effective activation energy. It
reflects that the three transport processes introduced in
the model dominate in different temperature regions, as
anticipated from the discussion above. Furthermore, the
model can reproduce maximum and minimum in the
Arrhenius representation of the effective carrier density
at high temperatures for both specimens. The extrema
arise as the effective carrier concentration is determined
by the sum of the carriers in each band weighted by their
mobilities (c.f. Equation (8)). At low temperatures, neff is
given by the electrons in the impurity band, which
exhibit a low mobility value. With increasing tempera-
ture, electrons are thermally excited into the Hubbard
band with higher mobility and, thus, neff increases. In
the intermediate temperature range, electrons are also
excited into the conduction band. Although their concen-
tration is still lower than that in the Hubbard band, they
determine neff due to their high mobility in the CB result-
ing in a decrease of neff . The effective carrier concentra-
tion increases again as the effective carrier concentration
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at higher temperatures is determined by the concentra-
tion of electrons, which are thermally excited into the
conduction band. With regard to effective mobility, the
model can grab the temperature-induced transition from
dominant hopping transport with very low effective
mobilities at low temperatures to diffusive CB band
transport with much higher mobilities at higher tempera-
tures. The model parameters of the best fit are summa-
rized in the supporting information (see Table S1) for all
four chips investigated. The average activation energy EA

of the nitrogen impurity band for all chips studied of
about 40meV is somewhat lower than the range of values
of the donor binding energy given for an isolated donor
in the literature of 50 to 100meV.17–20 The reason is that
the broadening of the impurity band due to the interact-
ing donor wave functions causes an effective reduction of
the donor binding energy which is proportional to the
donor density to the power 1/3.9,27–29

Raman spectroscopy can explore the coupling
between phonons and free electrons to extract electronic
transport parameters. In the case of semiconductors with
at least partially polar bonding, LO phonons induce
a Coulomb potential which couples via Froehlich
interaction with the electron plasma30 and forms the
LOPC mode. In the Drude framework, the characteristic
properties of the electron plasma are given by the
plasma frequency ωp and the plasmon-damping
constant γp:

ω2
P ¼

4πneff,Re2

ε0ε∞m� ð9Þ

γP ¼
e

m�μeff,R
ð10Þ

where ε∞ and ε0 are the high-frequency dielectric con-
stant and the vacuum permittivity, m� is the effective
electron mass, neff,R and μeff,R are the effective charge car-
rier density and the effective electron mobility. The sub-
script index R denotes for clarity that the values are
obtained by analysing the Raman data.

The LOPC mode as a coupled mode differs from the
pure LO phonon mode in terms of Raman shift and line
shape. Its appearance depends on the properties of the
free-electron plasma given in the applied electric field.
In the Raman experiment, the applied electric field is
not a dc field as in the magneto-transport experiments,
but the electric part of the electromagnetic light wave of
the laser used as excitation source. Detailed derivations
of the line shape model can be found in.8,15,31,32 The
intensity profile of the LOPC Raman signal can be
described by:

ILOPC ωð Þ¼ k �A ωð Þ � Im �1
ε ωð Þ
� �

þY ð11Þ

where k is a constant scaling factor and Y represents a
constant offset accounting for a possible background. The
total dielectric function ε ωð Þ and A ωð Þ are given by:

ε ωð Þ¼ ε∞ 1þ ω2
LO�ω2

TO

ω2
TO�ω2� iωΓ

� ω2
p

ω ωþ iγp
� �

0
@

1
A ð12Þ

A ωð Þ¼ 1þ 2 �C �ω2
T

Δ ωð Þ
� �

ω2
pγp ω2

TO�ω2
� ��

�ω2Γ ω2þ γ2p�ω2
p

� ��

þ C2 �ω4
T

Δ ωð Þ � ω2
LO�ω2

TO

� �
 !

ω2
p γp ω2

LO�ω2
TO

� �þΓ ω2
p�2ω2

� �� ��

þω2Γ ω2þ γ2p

� ��
ð13Þ

with

Δ ωð Þ¼ω2
pγp ω2

TO�ω2
� �2þω2Γ2
� �

þω2Γ ω2
LO�ω2

TO

� �
ω2þ γ2p

� �
ð14Þ

where ωLO and ωTO are the LO and TO frequencies of the
corresponding undoped material, Γ is the phonon damp-
ing constant, and C the Faust-Henry coefficient.33 With
these expressions, one can correlate the position and the
line shape of the LOPC mode with the mobility and the
charge carrier density. At low charge carrier densities,
the peak position of the LOPC mode solely depends on
the effective charge carrier density neff,R, it moves to
higher Raman shifts as the charge carrier density
increases. At higher charge carrier densities, the Raman
shift of the LOPC peak is influenced by both effective
mobility μeff,R and neff,R. Furthermore, the effective
mobility μeff,R affects the line width of the LOPC mode.

Thus, Raman data should also yield values of the
effective carrier density and mobility. However, it needs
to be validated whether these values agree with those
extracted from the magneto-transport data. This is not a
priori clear because the applied electric fields, which
cause the transport in both cases, differ considerably in
terms of frequency. Furthermore, the three-band model
accounts for localized and extended electronic states in
the description of effective charge density whereas the
line shape of the LOPC mode from which the effective
carrier density is derived depends on free carrier plasma
only. Thus, it needs to be clarified whether the values of
effective carrier density extracted at a certain temperature
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are directly comparable for the two measurement
approaches.

As examples, Figure 3A shows the Raman spectra of
chips No 15 and 44 in the range between 600 and
1200 cm�1 relative wavenumbers. The Raman spectra are
normalised to the peak intensity at 776 cm�1. The main
differences in the spectra occur in the vicinity of the
LOPC mode between 950 and 1050 cm�1 as highlighted
by the inset. The two spectra demonstrate the sensitivity
of the LOPC mode to variations of the charge carrier den-
sity and follow the trends described above. The LOPC
mode of chip No 44 with the higher neff of 10

19 cm�3 at
300K (determined by the transport experiments) is
broadened and shifted to higher wavenumbers in
comparison to that of No 15 with the lower neff of
2� 1018 cm�3 at 300K.

Figure 3B,C shows the LOPC part of the Raman spec-
tra of chip No 15 and 44, respectively. The experimental
spectra are normalised to the intensity of the LOPC peak.
In addition, the two graphs show the calculated line
shape (blue solid line) according to Equations (11) to (14)
using the transport parameters neff and μeff determined
from the magneto-transport measurements as values for
neff,R and μeff,R, respectively. The SiC material parameters
used for the calculations are listed in the supporting
information (see Table S2). The quantitative agreement is
rather poor. The agreement between experimental data
and fitted curve (red dashed line) can already be
improved by adjusting neff,R and μeff,R freely in the LOPC
line shape model. A discrepancy at high Raman shifts
remains. It arises from the stronger asymmetry of the line
shape of the experimentally measured Raman spectrum
compared with the LOPC line shape model. A likely ori-
gin of this discrepancy is a rather broad and featureless

background due to multi-phonon Raman scattering,
which cannot be grabbed by the constant background
parameter Y used in Equation (11). The phonon disper-
sion relation of 4H-SiC34 exhibits several modes with
phonon energies in wavenumbers of about 500 cm�1 at
non-zero wave vectors. We approximate their contribu-
tion to the two-phonon Raman scattering processes by a
broad Gaussian background centred at about 1000 cm�1:

IMP ωð Þ¼ kMP � exp � ω�ωMPð Þ2
γMP

 !
ð15Þ

where kMP is a constant scaling factor, ωMP and γMP

define the peak position and the line width of the contri-
bution. Adjusting neff,R and μeff,R freely in the LOPC line
shape model and accounting for the multi-phonon back-
ground (dotted line) yields in total fitted curves (solid
dashed line) which are in almost perfect agreement with
the experimental spectra. The parameters for the fit of
the Raman spectra are listed in Table S3. The effective
charge carrier densities neff,R corresponding to the best
fitting curves are 2.57� 1018 cm�3and 4.32� 1018 cm�3

for chip No 15 and 44, respectively. The values for neff,R

are smaller than the corresponding neff values extracted
from the magneto-transport data, but in excellent agree-
ment with the room-temperature free-carrier densities
n300K,CB of the two specimens extracted with the three-
band transport model (see Table S4). This proves that
only the free carriers contribute to the carrier plasma,
which couples to the optical phonons, and not the local-
ized electrons. However, at room temperature, the local-
ized electrons in the impurity band and the Hubbard
state still contribute to the transport as indicated by the

FIGURE 3 (A) Experimental Raman spectra for chips 15 (dark red) and 44 (bright red) with a closer look onto the LOPC mode in the

inset. (B,C) Spectral region of the LOPC mode (squares) for chip 15 and chip 44, respectively. The blue line represents the model for the

LOPC mode calculated with the effective transport properties obtained from transport measurements (T-LOPC). The dashed red line

represents the model for the LOPC mode fitted to the spectra (LOPC) and the dotted red line shows the multi-phonon background (MPB).

The solid red line is the sum of the dashed and dotted red lines.
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high effective carrier concentrations neff 300Kð Þ. These
findings are consistent for all samples studied (see
Table S4). The findings also underline that a standard
analysis of the transport data with a one-band model
yielding neff Tð Þ is not sufficient. The value of neff Tð Þ
obtained by magneto-transport measurements in case of
these highly N-doped 4H-SiC specimens does not simply
reflect the free electron concentration, but is a weighted
average of the properties assigned to the three parallel
transport paths (see Equations (1), and (8)). Furthermore,
we find that the effective mobility values neff,R, corre-
sponding to the curves yielding the best fit to the experi-
mental Raman spectrum of the LOPC mode, differ from
the conduction band mobilities μCB of the free electrons
determined by fitting the three-band model to the
magneto-transport data. The electron mobilities μeff,R
obtained from the Raman data are lower than the
conduction band mobilities μCB from transport data for
all four SiC chips studied (see Table S4). The systematic
difference between the two mobilities μeff,R and μCB is
caused by the different experimental conditions and
simply reflects the dependence of the mobility on the
frequency of the applied electric field. In the magneto-
transport measurements, a dc electric field is applied
corresponding to 0 Hz. In case of the Raman experiment,
the field causing the free carrier plasma coupling to the
optical phonons is the light field of the HeNe excitation
laser with a wavelength of 633 nm corresponding to a
frequency of 474 THz. The dependence of the carrier
mobility on frequency derived within the Drude model
assumes a frequency-independent relaxation time τ¼
m�μCB,ω¼0

� �
=e: This yields the so called Drude-Smith

mobility35:

μCB ωð Þ¼ μCB,ω¼0
1�ω2τ2

1� iωτ

����
���� ð16Þ

where μCB,ω¼0 is the electron mobility in the dc case. Its
value is determined by the electron mobility of the con-
duction band electrons in the three-band model extracted
from the magneto-transport data. m� is the CB effective
mass and given in the supporting information (see
Table S2). The model yields the right tendency, i.e. that
the mobility decreases for external frequencies well above
the plasma frequency. However, the qualitative agree-
ment is poor. Using the value for τ derived from the
magneto-transport experiments, Equation (16) yields a
reduction of the mobility at the laser frequency by a fac-
tor 1/50. This does not agree well with the experimental
finding of a much smaller deviation of about 30% but
points in the right direction. This indicates that the
assumption of a frequency-independent relaxation time τ

in the Drude-Smith model does not hold over the
required many orders of magnitude in frequency.

So far, we have focused on the comparison of the elec-
trical transport parameters of the N-doped 4H SiC speci-
mens extracted from the magneto-transport and the
Raman measurements at room temperature and identi-
fied clear trends. We will now turn to a comparison of
the temperature-dependent measurements. Exemplarily,
Figure 4A shows Raman spectra in the spectral region of
the LOPC mode recorded at five different temperatures,
which are equally spaced in the range from 100 to 500 K.
The Raman signals in the LOPC region reveal a blue-shift
with increasing temperature accompanied by a line
broadening. It should be noted that, in contrast to the
LOPC mode, the LO phonon mode of undoped SiC
exhibits a red shift with increasing temperature.36

Figure 4B shows the temperature dependence of the
effective charge carrier density neff,R resulting from the
analysis of all 15 Raman measurements taken between
80K and 700K. We accounted for the known red-shift of
the intrinsic LO phonon with increasing temperature36 in
the corresponding analysis of the Raman spectrum of the
LOPC region. The analysis yields an effective charge car-
rier density neff,R which, as expected, increases with
increasing temperature. This finding is in concordance
with the blue-shift of the LOPC peak with increasing
temperature. The blue-shift of the LOPC mode occurs
despite the red-shift of the intrinsic LO phonon, that of
undoped material. Similar effects are known from the
literature.37

Figure 4B shows a comparison of the temperature
dependence of neff,R (open squares) with that of the free
carriers nCB in the conduction band derived on the basis
of the analysis of transport data with the three-band
model (solid red line). Significant deviations are observed
below 300K. The values of neff,R are consistently higher
between 80K and 300K than those extracted from the
transport data for the free CB electrons. The dashed red
line in Figure 4B shows the magnitude of the deviation
and its evolution with temperature. A plausible cause is
again the inherently different experimental conditions
between the optical and the magneto-transport experi-
ment. In the Raman experiment, the sample volume
probed is that in the focus of the excitation laser. The
photon energy of the HeNe laser (633 nm) used for excita-
tion is 1.96 eV. It is lower than the SiC band gap, but suf-
ficient to excite electrons from neutral donors D0 into the
conduction band. Thus, a fraction of the laser light is not
scattered, but absorbed yielding additional free electrons
in the CB. These photo-excited electrons enhance the
density of free carriers, which couple to the optical pho-
nons yielding the LOPC mode. The increase of carrier
concentration due to laser excitation has also been
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reported for Al-implanted 4H-SiC.38 Thus, the carrier
concentration neff,R measured at the position of the laser
spot on the sample is larger than in the transport experi-
ment without illumination. This effect is more pro-
nounced at low temperatures as the fraction of photons
absorbed also depends on the number of D0 states avail-
able or in other words the occupation of the impurity
band, which decreases with increasing temperature. The
deviation approaches zero in the saturation region when
all donors are ionized and their electrons are excited to
the conduction band. Additional proof was obtained by
performing transport measurements with a LED illumi-
nating the sample surface. In this experiment, the sample
resistivity was found to decrease with increasing LED
intensity.

Figure 4C shows the values of the effective mobility
μeff,R of the electrons extracted from the Raman line
shape analysis as a function of temperature. A double
logarithmic scale is used. The effective mobility μeff,R
exhibits a maximum at about 250K. Looking at the slopes
of either side of the maximum with values of 1.23
(dashed red line) and �1.67 (dotted red line) at low and
high temperatures, respectively, suggests that lattice and
impurity scattering dominate the temperature depen-
dence. The values of the slopes in the experiment deviate
only slightly from the theoretical values of 1.5 and �1.5
given in the literature for impurity and lattice scattering,
respectively.30 The solid red line represents the sum of
both scattering contributions according to Matthiesen's
rule, which fits the experimental data mobility quite well.
A photograph of the entire N-doped 4H-SiC wafer studied
is shown in the supporting information (Figure S1)
together with corresponding spatial maps of the free

charge carrier density and the carrier mobility extracted
by the Raman analysis based on Equations (11) to (15). A
detailed Raman mapping of the free carrier density of
chip 24 is depicted in Figure S2. The analysis reveals that
colour inhomogeneity and fluctuations of the transport
parameters correlate across the wafer.

4 | CONCLUSIONS

In highly N-doped 4H SiC samples with doping densities
above 1018 cm�3, but below the insulator-to-metal transi-
tion, a careful analysis of the room-temperature Raman
spectra of the mode arising from the coupling of the lon-
gitudinal phonon with the electron plasma in the con-
duction band yields the free electron density and their
mobility. The carrier density and mobility data obtained
by the line shape analysis of the Raman spectra are vali-
dated by comparison with magneto-transport data. Due
to the high doping, the extraction of the free carrier den-
sity of electrons from the magneto-transport data requires
fitting the temperature-dependent data in the tempera-
ture range from 1.5 K to room temperature by a three-
band model. The commonly used one-band model fails
and yields too high values. The validation demonstrates
that the Raman analysis is indeed a viable approach for
assessing and even quantifying doping inhomogeneity of
such samples. Thus, multi-channel Raman mapping in
conjunction with multivariate data analysis approaches
has the potential to be employed as an in-line tool for fast
and non-invasive wafer screening in wafer production or
the fabrication of semiconductor devices. A thorough
investigation of the Raman spectra in the temperature

FIGURE 4 (A) Raman spectra in the vicinity of the LOPC mode of chip no 12 recorded at various temperatures. (B) Temperature-

dependent charge carrier density obtained from the Raman measurements (squares). The dashed blue and dashed red lines represent the

fractions of electron density thermally and photo-excited into the CB, respectively. The solid red line represents the sum of both excitation

mechanisms. (C) Double-logarithmic plot of the temperature dependence of the electron mobility obtained from Raman measurements. The

dashed red line represents scattering by impurities and the dotted red line scattering by phonons. The solid red line represents the sum of

both scattering mechanisms.
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range between 100 and 700 K reveals the limitations of
such an approach, which are inherent to the different
experimental conditions in the Raman and the magneto-
transport experiment. The values determined for the free
electron density by both methods agree well for tempera-
tures above 300 K, however, below 300 K, photoexcita-
tion of electrons from the donor impurity band
significantly enhances the free carrier concentration
extracted from the Raman spectra. Furthermore, the
mobility values obtained from the analysis of the Raman
spectra are somewhat lower than those determined by
magneto-transport measurements. The reason is the dif-
ference in the applied electric field, i.e. a dc field in the
case of magneto-transport measurement and an ac field
in the THz range in the case of the optical experiment.
Nevertheless, the mobility data extracted from
temperature-dependent Raman measurements in the
range between 100 K and 700 K reveal the expected tem-
perature behaviour with the transition from dominant
impurity scattering to dominant phonon scattering.
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