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Second-Order Raman Scattering from n—and p-Type 4H-SiC
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Abstract: The results of second-order Raman-scattering experiments on n—and p-type 4H-SiC are presented, cover—

ing the acoustic and the optical overtone spectral regions. Some of the observed structures in the spectra are as—

signed to particular phonon branches and the points in the Brillouin zone from which the scattering originates.

There exists a doublet at 626/636¢m™ ' with energy difference about 10em” "in both n—and p-type 4H-SiC, which is

similar to the doublet structure with the same energy difference founded in hexagonal GaN, ZnO, and AIN. The

cutoff frequency at 1926cm™ ' of the second-order Raman is not the overtone of the Ai1(LO) peak of the n-type dop—

ing 4H-5iC, but that of the undoping one. The second-order Raman spectrum of 4H-5iC can hardly be affected by

doping species or doping density.

Key words: 4H-SiC: second-order Raman: cutoff frequency

PACC: 7280]: 3220F

CLC number: 0472.3 Document code: A

1 Introduction

In recent years silicon carbide has become a
subject of intensive experimental and theoretical
studies. T he interest in this semiconductor is due to
its wide energy gap, high thermal conductivity, and
large breakdown electric field, which make it a
promising material for high-temperature electronic
devices. Various polytypes of SiC have different ap-
plication fields, but the hexagonal 4H-SiC crystals
with their relatively high electron mobility and al-
mosl isotropic electric conduction seem to be the
best for electronic abplications'" .

In contrast to the first-order Raman measure—
ments which are sensitive only to phonons at the T

point (k= 0) of Brillouin zone ( BZ), second-order
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experiments provide information on the vibrational
states throughout the entire Brillouin zone, which
is important in considering, for example, the elec—
tronic conduction or the nonradiative relaxation
processes of electrons. Second-order Raman spectra
are a sensitive test of theoretical models of the lat-
tice dynamics, because typically they are continu-
ous spectra with peaks corresponding to regions or
points of dispersion curve with zero gradient and
hence maxima in the phonon density of states'” ",

Burton et al.'” studied the second-order Ra-
man spectra of n4type 4H-SiC, but there are no re-
ports on p-type one until now. In this study, we
vresented the second-order Raman spectra of n-
type and n4ype doped 4H-SiC. The spectral region
investigated contains the acoustic as well as the op-

tical overtone and combination band.
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2 Experiment

The samples investigated were about 2.5~
3um-thick epilayers grown homoepitaxially on 8°
off-axis n+type 4H-8iC(0001) substrates ( 10mm X
10mm) from Cree inc by chemical vapor deposition
(CVD). A specular surface of the epilayers was ob-
served by Nomarski microscopy, and AFM showed
a very low roughness ranging from 0.3 to 0. 36nm
in the area of Sum X5um. The two n-ype epilayers
were nitrogen doped with nominal doping concen—
trations of 4.7 X 10" (sample N1) and 6.5X 10"
em” *(sample N2), respectively, and the p-type epi-
layer aluminum doped with nominal doping concen—
tration of 2.4 X 10%em™*( sample P). The Raman—
scattering experiments were carried out at room
temperature using the 488nm line of an Ar ion
laser for excitation, and a charge-coupled-detector
(CCD) was used to detect weak signals. The laser
beam was focused onto the sample surface by
means of a high magnification microscope objec—
tive, which was also used to collect the scattered
light. Collection geometry was in the near
backscattered configuration perpendicular to the
(0001) face of the sample. Small deviations from
the true backscattering geometry could be expected
due to the high numerical aperture (NA) of the ob-
jective, which was a X 100, with NA = 0.95. The
excitation spot onto the sample surface was in the
order of a micrometer in size. The polarization was

unspecified both for incident and collected light.

3 Results and discussion

Similar to all known SiC polytypes, 4H-SiC is
an indirect band-gap semiconductor and belongs to
the point group Cé having eight atoms per unit
cell. Group-theoretical analysis shows that the Ra-
man-active modes of a wurtzite structure, which
has Ce symmetry, are the A1, Ei, and E2 modes'”.

The A1 and Ei phonon modes, which are also in—

frared(IR) active, are spit into longitudinal optical

(LO) and transverse optical (TO) modes. In a
backscattering geometry, where the incident and
collected light are parallel to the ¢ axis of the sam-
ple, the Ai(LO),Ei(TO). and Ez2 phonons are ex—
pected to be seen in the Raman spectra at excita—
tion energies which are nonresonant'®”. Figure 1
shows typical Raman data for p-type 4H-SiC, taken
at room temperature. The major peaks in the 4H-
SiC Raman spectra are identifiable from previous
studies'”. The high quality of the data obtained in
our experiments allows the observation of several
weaker peaks present in the Raman spectra. T hese
additional peaks, with symmetry identification, are

also listed in Table 1.

807
Sample P 842

Relative intensity/a.u.
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Fig. 1 Raman spectra of ptype 4H-5iC recorded at
room temperature in backscattering geometry The
upper curve is a spectrum with an enlarged y scale to

show details.

Table 1 Peak assignments for the first-order Raman
spectrum shown in Fig. 1
4H-SiC peak Raman Reduced wave vector
Mode symmetry
shift /em™ x= q/q“

195.5 E2 planar acoustic 2/4
203.5 E2 planar acoustic 2/4
266. 0 E1 planar acoustic 4/4
610.5 A1 axial acoustie 4/4
777.0 E2 planar optic 2/4
797.5 E1 planar optic 0
838.0 A axial optic 4/4
964. 5 A1 axial optic 0

The total spectra can be divided into two
parts: the low {requency region of the spectra (ap-
proximately 500~ 1250cm™ ') is dominated by a-

coustic overtones; and the second-order optical
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bands lie in the high<frequency portion of the spec—
tra (approximately 1455~ 2000cm™'). The corre—
sponding spectra are shown in Figs. 2 and 3, re-

spectively.

Relative intensity/a.u

200 400 600 800 1000 1200
Raman shift/cm™!

Fig. 2 Second-order room-temperature Raman

spectra of n—and p~type 4H-SiC in the low {requency

T he polarization is unspecified both for inci-

region

dent and collected light.

b  Optical phonon
¢ combination band
: e N2

. ja :
= H
K]
£
£
g
T
=1

1 PRI | PR " 1 X L h

1500 1600 1700 1800 1900 2000
Raman shift/em™
Fig. 3 Second-order room-temperature Raman

spectra of n—and p~type 4H-5iC in the highfrequen-
cy region, under the same conditions as shown in

Figs. 1 and 2

In the following we discuss the strongest ex—

perimentally observed structures for each region.
3.1 Low-frequency region: acoustic overtones

The low-requency region is shown in Fig. 2.
One can note a feature in the Raman spectra in the
n—- and p-type samples, which starts at around
500 em™ ' and extends past 1000 em™' . Burton et
al. "

branch of the two-phonon Raman spectrum. It can

assigned these features as the acoustic

be seen that the spectrum of the ptype 4H-SiC ex-

hibits richer structure of phonon modes than that
of the n+type one. Three distinct peaks appear only
in ptype 4H-SiC at 807, 842, and 996cm™ '. The
other peaks at 530cm” ', doublet 626/
636cm” ' and around 1060~ 1250cm™ ' are common
in both p—and n-type samples. The peak at around
1100~ 1250cm ™'

served clearly, probably obscured by first-order LO

about

in the sample N2 cannot be ob-

phonon plasmon coupled (LOPC) modes in SiC.
A broad peak appears at around 530cm”'
From its line shape and its low frequency one can
assign the 530cm™ ' mode to an overtone process of
acoustic phonons. As can be seen in the theoretical-
ly calculated phonon dispersion curves in Ref.[9],
the energy position as well as the observed symme-
try fits well with the flat phonon branch at the ¥
point in the Brillouin zone. This is emphasized by
the fact that this mode was not observed in cubic
SiC"™'". It is noteworthy that a doublet with a
small energy difference of 10cm™ ' also exists in
hexagonal GaN'"", Zn0"™, and AIN'". A ccording
to the calculated phonon-dispersion curves in Ref.
[ 9] the doublet in question can be attributed to an
overtone of transverse acoustic phonons at the high
symmetry point M in the Brillouin zone, corre-
sponding to around 313em™ ' mode and 318cm™'
mode, respectively. The energies of the two modes
agree excellently with the acoustic phonon energies
of 41.1 and 41.9meV at
by the low temperature

( LTPL)"™. Other

1250cm™ ' can be attributed to an overtone process

the M point obtained

photoluminescence
peaks at around 1100 ~

of the highest acousticphonon branches at the
zone boundary M point and at the zone center T
point. These peaks do not exhibit any change as ni-
trogen concentration is varied, thus none of them
are due to local mode vibrations of the nitrogen.

However there some new peaks exist in p-type
sample. It could not be confirmed presently
whether these peaks in ptype sample are related to
local modes of the aluminum atoms, or to the de-
“I. In the

LTPL of the sample P, however, the defect—related

. . . 15,
fect-induced Raman scattering signals'
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PL lines were clearly observed. So the authors tend
to conjecture that these peaks are brought about by
the stacking faults existing in the sample P, which
cause breakdown of the wave—~ector selection rule,

thus providing appearance of new Raman bands.

3.2 High-frequency region: optical combinations
and overtones

The optical combination and overtone region is
shown in Fig. 3. The frequencies of the observed
second-order Raman features together with their
assignments are listed in Table 2. The spectra
structures were similar in both of n—and p-type
samples, and also similar to that of semi-insulating
4H-8iC"". Some small discrepancies exist, howev—
er, and may be due to the way the spectra were

recorded or due to differences in material quality.

P . oy . -1
I'able 2 Frequencies (in units of em” ') and symme-
tries of the strongest modes found in the second-order

Raman spectra of 4H-SiC and their assignments

s1’ N1 N2 P Label Symmelry
1475 1478 1478 1478 a K
1485 1488 K
1505 1508 K
1515 1516 1517 1518 b I
1527 1527 1527 L-u
Branch
1542 1540 1541 1543 [ M
1577 1578 1577 1578
1606 1604 1603 1604 Phonon
1622 1620 1617 1618 Combination
1625 Bands
1654 1653 1654 1654
1689 1691 1689 1690 d M
1714 1713 1714 1714 e M. L
1925/1930
1926 1926 1926 f r=Ai(LO)

* Sl denotes semi-insulating 4H-SiC from Ref.[ 5]

The structures located at 1478cm” ' ( labeled
a), 1485¢cm™ ' and 1505¢m™ ' are probably a conse-
quence of the flatness of the dispersion curve of
4H-SiC at the point K of BZ. Considering the ener—
gy position of the peak 1478ecm™ ', it should be the
overtone of 739em™ ' at the point K. Theoretical

calculation of the phonon dispersion curve has

shown that the lowest point in the optical branch is
the K point phunon[gl‘Su the optical branch of the

overtone spectrum should begin at 1478ecm™ ' for

4H-SiC.

As is the case in other hexagonal or cubic
semiconductors the highestfrequency second-order
Raman signal originates from optical-phonon over-

[17~ 19]

tones . The highest-energy distribution of the

second-order Raman signal with a cutoff at
1926cm™ '(labeled f) is attributed to an overtone of
the zone—center Ai1(LO) mode at T point. It can be
noted that the overtones of the Ai1(LO) in both n-
and p-ype 4H-8iC have the same cutoff at
1926em™ ', though the peak positions of A1 (LO)
have noticeable difference for the three samples, N 1
at 972em” ', N2 at 1009e¢m ™ ', and P at 964cm™ ', re—
spectively. So the cutoff frequency of second-order
Raman scattering in 4H-SiC is not equal to the
overtones of the Ai1(LO) peaks of ntype doping
4H-SiC samples obtained experimentally, but only
determined by that of the A1(LO) peak from un-
doping 4H-SiC. Based on the above observations, it
can be concluded that unlike Ai(LO) modes in the
first-order Raman spectrum the cut-off frequency
of the second-order Raman signal for 4H-8iC can
hardly be affected by doping species or doping den-
sity.

Burton et al."” had assigned the 1515¢m™ '(la-
beled b) as the overtone of the L point phonon at
758 and 1542cm™ '(labeled ¢), 1688 (labeled d) and
1714cm™ ' (labeled e) as the overtones of the M
symmetry phonons at 771, 840, and 857em” ', re—
spectively. According to the theoretically calculated
phonon frequencies on high symmetry points L and
M for 4H-SiC"", however, the broad peak at
around 1714em™!

of the L point phonon at 856em™', 2LO (L)
(1712em™ "), which can be substantiated by the flat

may also arise from an overtone

phonon branch at the L point in the BZ'”.

In Ref. [ 5] the peak at around 1526em” ' can
be clearly observed only in the 6H-SiC spectrum,
but in the present Raman spectra for the 4H-SiC

the peak at 1527cm™ ' appeared obviously. The peak
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locating between 2LO(L) and 2LO(M) cannot be
fitted with an overtone combination of optical
phonons at L or M point. The modes at the L point
are twofold degenerate and the degeneracy is lifted
along the L-M branch. The maximum splitting is
generally reached at the M point whereas there ex-
ist intermediate values falling between 2LO(L) and
2LO (M). It suggests that the peak at 1527cm™'
arises from an overtone of an optical phonon with
wave vector on the L-M branch. The dispersion
curves of the optical phonons for wave vectors be-
tween the points L and M'" are very flat, and con—
sequently the density of states for two phonon pro-
cesses is expected to be large.

A region between 1580cm™ ' and 1680cm™ ' ex—
hibits a rich structure of less intensive modes. T he
strongest features are the structures around 1582,
1602, 1618, and 1656cm™ . The 1656em™ ' mode is
only detected in the sample P and the 1618cm™'
mode cannot be clearly identified in the heavily
doping sample N2. All these modes can be attribut-
ed to second-order Raman-scattering processes.
The theoretical calculation shows that there exists
a gap in phonon density of states approximately be-
tween 785cm” " and 840cm™ "', It extends in the
"to 1680cm ™'
Thus these peaks appearing in the region for 4H-

overtone spectrum from 1570em”

SiC must be due to combinations of phonons from
different branches and cannot be caused by optical

overtones.

4 Summary

The second-order Raman-scattering results of
n—and p-type 4H-SiC were presented. T he seconds
order Raman spectrum structures of both n—and p-
type samples were found to be quite similar. T he
author assigned some of the observed structures in
the spectra to particular phonon branches and de-
termined the points in the Brillouin zone from
which the scattering originates. T here exists a dou-
blet with a small energy difference about 10cm” "in

4H-SiC, which is similar to that of hexagonal GaN,

Zn0 and AIN. We find the cutoff frequency is not
determined by the overtone of the A1(LO) of the
n-type doping 4H-SiC, but by that of the undoping
one. The p-type aluminum doping 4H-SiC shows
the similar second-order Raman spectrum struc-
tures to that of n+type nitrogen doping one, and the
nitrogen doping density has less effect on the sec—

ond-order spectra.
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