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Raman spectra of Al- and N-doped 6 H-SiC crystal samples with different doping levels were measured.

The first-order Raman spectra of the samples were shifted to higher frequency when the doping

concentrations were increased. Compared with Al-doped samples, the intensity of A1 longitudinal

optical mode of N-doped ones changed obviously, which reflected the different doping concentrations.

The second-order Raman spectra were not dependent on the doping types and concentrations.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Silicon carbide (SiC) crystals have recently been recognized as
an important material for a wide variety of high-power, high-
frequency and high-temperature electronic applications. As a
perfect wide band gap semiconductor, SiC is an insulator up to
high temperatures. Incorporation of foreign dopants can create
states relatively close to the conduction or valence band edges,
which allows excitation of electron (donor) or hole (acceptor) into
the bands. Characterization of doped SiC is essential for the
development of SiC materials and devices. N- or p-type carriers
can be achieved by doping different ions, and the conductivity is
proportional to the doping concentration. The shallower the
dopant states, the lower the temperature where the full dopant
concentration becomes active. Nitrogen (N) or phosphorus (P) for
n-type, aluminum (Al) or boron (B) for p-type and vanadium (V)
for semi-insulating type, are often chosen for SiC doping.

Raman scattering measurement is a powerful technique for the
characterization of SiC, because it is non-destructive and requires
no special preparation of samples. The Raman efficiency of SiC is
high because of strong covalency of the bonding and the Raman
signals are easily obtained. Raman scattering has been practically
used for the evaluation of structural and electrical properties of
SiC crystals. The Raman parameters such as intensity, width, peak
frequency shift and polarization of Raman bands provide valuable
information on the crystal quality [1–3]. Raman analyses of the
stacking structure of polytypes, stacking disorder, strain, polytype
conversion and damage in ion-implanted SiC were widely
ll rights reserved.

Li).
investigated [4–7]. Another advantage of Raman scattering is
the capability of characterization of electronic properties in polar
semiconductors. Raman measurements enable detection of
coupled modes of LO phonon and plasma oscillation of free
carriers whose spectral features depend on the carrier concentra-
tion and carrier damping. Therefore, the Raman spectroscopic
technique will be widely used to evaluate SiC crystals in the near
future because of its usefulness.

Nitrogen is well established as a donor in SiC. Significant
changes were observed in the shape and position of the A1

longitudinal optical (LO) phonon as a function of doping
concentration. The changes in peak position, spectral shape and
width of the A1(LO) phonon are attributed to plasmon–phonon
coupling. Unlike nitrogen doping, the effect of aluminum doping
on Raman scattering was rarely reported. The peak frequency shift
mechanism after N and Al doping was not investigated system-
atically. In this work, we have performed Raman scattering
measurements on Al-, lower and heavily N-doped 6H-SiC crystals
at room temperature. Second-order Raman spectra of 4H-, 6H-
and 15R-SiC are also presented. The first-order Raman spectra of
SiC are polytype dependent mainly due to the existence of the
folded modes. Changes of the Raman frequency and intensity of
the peaks are studied. The Raman peaks of Al- and N-doped 6H-
SiC shift to high frequency. The peak frequency shift mechanisms
are put forward.
2. Experiment

SiC single crystals were grown in a conventional physical vapor
transport (PVT) setup [8]. Nitrogen doping was performed by
mixing nitrogen gas to the argon growth atmosphere. Aluminum
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doping was achieved by mixing aluminum carbide (Al4C3) to the
high-purity SiC powder.

The Raman spectra were measured by JOBLN-YVON T64000
Raman spectrometer at room temperature using the 514.5 Å line
of an argon ion laser as the excitation source. The carrier
concentration was measured by the van der Pauw method on a
Hall effect measurement system (LakeShore, EM4 Series and EM7
Electromagnets system). The glow discharge mass spectrometer
(GDMS) analysis system (VG9000, Thermo Elemental) was chosen
to measure the Al content. The Al content was 52 ppm (wt%).
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Fig. 2. First-order Raman spectra of undoped, low N-doped and high N-doped 6H-

SiC samples.

Table 1
Carrier concentration and Raman shifts for different N-doped 6H-SiC samples.

Sample Undoped Low N-doped High N-doped

Carrier concentration (cm�3) 4.6�1015 2.4�1016 5.1�1018

Peak Raman shift (cm�1)

E2 (PO) 765.0 766.0 766.1

E2 (PO) 787.0 787.5 787.6

E1 (TO) 795.0 796.1 796.2

A1 (LO) 964.0 964.8 967.8
3. Results and discussion

6H-SiC has a wurtzitic structure with C4
6v space group. The

Raman active modes are of A1, E1 and E2 symmetry. Since optical
branches of A1 and E1 symmetry phonon modes are both Raman
and IR active, they split into longitudinal and transverse branches.
Fig. 1 shows the first-order Raman spectra of undoped and Al-
doped 6H-SiC samples. For undoped SiC sample, four Raman
peaks were observed; they were E2 planar optical (PO) peaks at
765 cm�1 (x¼1), 787 cm�1 (x¼0.33), E1 transverse optical (TO)
peak at 795 cm�1 and A1 longitudinal optical (LO) peak at
964 cm�1. As for the Al-doped sample, all the Raman peaks
shifted by about 1 cm�1 to higher frequency. The effect of N
doping concentration on the first-order Raman spectra is
illustrated in Fig. 2, and the Raman peak identification is listed
in Table 1. One the one hand, the symmetry and intensity of A1

(LO) mode of N-doped samples decreased sharply with increasing
N doping concentrations. One the other hand, the Raman peaks of
N-doped samples also shifted to high frequency, similar to Al-
doped ones. However, the effect of carrier concentration on
Raman shift is obvious, especially for the A1 mode. For example,
the carrier concentration of undoped sample is as low as
4.6�1015 cm�3; the Raman peak of A1 mode was at 964 cm�1.
When the carrier concentration was increased to 5.1�1018 cm�3

for high N-doped sample, the corresponding Raman peak of A1

mode was shifted by almost 4 cm�1.
The LO phonon–plasmon coupled mode is often chosen to

analyze the A1 (LO) mode[11]. This mode consists of three
components such as deformation potential, electro-optical and
charge-density fluctuation. SiC has a large band gap and low
carrier mobility, which means that the electro-optical and
deformation potential mechanisms dominate the scattering. The
spectral shape depends on the amount of plasmon damping due
to carrier scattering. The line shape of the LO phonon can be
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Fig. 1. First-order Raman spectra of undoped and Al-doped 6H-SiC samples.
described by [11–13]
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Here, oL and oT are the longitudinal and transverse optical
phonon frequencies, respectively, g is the plasmon dampening
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contains a phonon and a plasmon contribution. The plasma

frequencyoP ¼ ðne24pÞ=ðmeffo1Þ
� �1=2

¼ cðnÞ1=2, in which c¼

ð4e2pÞ=ðmeffo1Þ
� �1=2

is related to optical dielectric constant (eN),

electron effective mass (meff) and doping concentration (n). The
value of oP increased when the doping concentration (n)
increased, enhancing the coupling interaction between phonons
and plasmon. Consequently, the A1 (LO) phonon frequency
increased and shifted to higher wavenumber when the carrier
concentration was increased. On the other hand, increasing oP

induced the dampening of phonon enlargement. The intensity of
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Fig. 4. Second-order Raman spectra of 4H-, 6H- and 15R-SiC samples.
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A1 (LO) became lower and the full-width at half-maximum was
broadened (Fig. 2).

The mechanisms of Raman shift of Al- and N-doped samples
are different. The influence of Al doping on the Raman shift was
mainly contributed to the atomic size effect. When Al atoms are
doped in SiC, they always occupy Si lattice positions. The size
effect is expected to result in an increase of the lattice parameter
due to the bigger radius of Al. The interatomic distances of Si–C
bond and Al–C bond are 1.89 and 1.97 Å, respectively. The biaxial
compressive stress will be released gradually. It results in an
increase of the phonon oscillation frequency. The Raman peaks
shift to high frequencies. Doping Al and N causes import of holes
(acceptors) and carriers (donor), respectively. The carriers are
more active than the holes at room temperature. The hole
mobility is dependent on the temperature, doping and anisotropy
of the crystal structure [14]. The interaction between the carriers
and the phonons is more effective than that between the holes
and phonons. Although the N-doped samples also have the atomic
effect, effect of high carrier concentration is predominant, the
atomic effect is not considered.

The first-order Raman spectra are sensitive only to phonons at
the G point (k¼0) of the first Brillouin zone, due to the need to
conserve crystal momentum. Second-order Raman spectra give
information about the entire Brillouin zone because the modes
are due to the combination of two phonons. As for the second-
order Raman spectra, two wave vectors have a combined wave
vector where k is close to zero. The selection rules are more
difficult to satisfy. The most important reason for this is that
momentum conservation involves two phonons so that the
scattering process need not originate near the Brillouin zone
center as in the first-order effect.

The second-order Raman spectra of undoped, Al- and N-doped
6H-SiC samples are shown in Fig. 3. The Raman peaks are marked
as a (1477 cm�1), b (1514 cm�1), c (1530 cm�1), d ( 1543 cm�1),
e (1580 cm�1), f (1618 cm�1), g (1651 cm�1), h (1683 cm�1),
i (1712 cm�1) and j (1928 cm�1). The optical branch of the
overtone or combined phonons spectra has been observed to
begin at 1477 cm�1 for all samples. There are no phonons that are
capable of being doubled to frequencies of just less than
1477 cm�1, which can be verified in Figs. 1 and 2. The lowest
point in the second-order Raman spectra is the K point phonon
dispersion curve. It was calculated by Hofmann et al. [9] and
measured by Patrick et al. [10] for 2H-SiC as 737 cm�1.
Considering the frequency of the K point phonon of 6H-SiC
similar to that of 2H-SiC, the 1477 cm�1 is due to the overtone of
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Fig. 3. Second-order Raman spectra of undoped, Al- and N-doped 6H-SiC samples.
the K point phonon. The highest point is approximately at
j (1928 cm�1) due to the overtone of the G point A1 (LO)
phonon at 964 cm�1. There are several peaks in the range b–e.
The b point is consistent with an overtone of the L point phonon
and d is due to the overtone of M point phonon TO1 mode.
The additional peak c is possibly due to a phonon from another
point on the L–M branch, such as the 765 cm�1 mode at the
U point. The L–M branch dispersion curves are clearly shown in
calculations [9]. The peak h is due to the overtone of M point
phonon TO2 mode. According to the result of Burton et al. [4], the
broader peak i is due to the overtone of the M point phonon at
857 cm�1. Theoretical calculation showed that a gap exists in the
phonon density of states approximately between 785 and
840 cm�1 [9]. The e, f and g modes are less intensive and due to
combinations of phonons from different branches, not from the
optical overtones. It is observed that all the peaks of doped
samples are the same as those of undoped ones. No peaks
stemmed from the local mode vibrations of Al acceptors or
N donors due to the absence of a scaling effect. The conductivity
types and doping concentrations have no influence on the second-
order Raman scattering of SiC crystals [4].

The second-order Raman scattering is also independent of
polytypes, such as 4H-, 6H- and 15R-SiC crystals as shown in
Fig. 4. The three polytypes had unanimous second-order Raman
peaks positions and are consistent with those of the doped
samples. No Raman shifts were observed. In fact, since the density
of double-phonon states tends to become greater for larger
phonon wave vectors, it is likely that the observed second-order
scattering originates near the Brillouin zone boundary. Therefore
double-layer structures of SiC polytypes, such as 4H-, 6H- and
15R-SiC, have similar second-order Raman spectra.
4. Conclusion

In summary, the first-order Raman spectra of SiC are polytype
dependent mainly due to the existence of the folded modes.
The Raman frequency and intensity of the peaks depend on the
polytype and doping concentrations. Although the Raman peaks
of Al- and N-doped 6H-SiC shift to high frequency, the shift
mechanisms are different. The former is due to the size effect and
the latter is due to the coupling of the LO phonon to overdamped
plasmons. The second-order Raman spectra are independent of
polytype, conductivity and doping type.
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