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Phonon anisotropic properties of 4H, 6H and 15R-SiC were investigated by polarization Raman scattering,
and Raman selection rules were explored both theoretically and experimentally. As a function of the
relative angles between the incident and the scattered light, Raman intensity of E;, E; and A; modes were
collected from the (0001) plane, the (1100) plane, and the (1120) plane of wurtzite SiC and the 15R-SiC
region in the (0001) plane. Results showed that E;, E; and A; modes were anisotropic in the (1120) and

the (1100) planes of 4H and 6H-SiC, while E; modes were isotropous in the (0001) plane. Furthermore, E;

mode of 799 cm ™! in the (0001) plane appeared and exhibited anisotropic properties due to the stacking

Ke ds: c e . . . . ol
Siegwur s faults in SiC. Otherwise, the anisotropic properties of A; and E modes of 15R-SiC in the (0001) plane were
Phonon in agreement with that of wurtzite SiC.

Anisotropic
Raman selection rules

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Silicon carbide (SiC), one of the third generation wide band gap
semiconductor materials with high thermal conductivity and novel
electronic properties is commonly used in the fabrication of high-
frequency, high-temperature and high-power devices [1-5]. Due
to the different stacking patterns, there are more than 200 crystal
forms [6], including cubic, hexagonal, and rhombohedral struc-
tures. Currently, the preparation and properties of semiconductor
materials have become the key factors in determining device per-
formance and development. However, the structural characteriza-
tion of SiC is still incomplete. SiC single crystal has been extensively
studied in material growth, mass analysis, optical properties,
electronic structure, etc., but detailed analysis of its anisotropic
properties is still lacking, which is of great significance for under-
standing the SiC structure and promoting the application of the SiC
devices. The Raman study on phonon anisotropic properties is
utilized to provide more bases for the application of SiC. Since a
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specific phonon mode can be enhanced or attenuated by selectively
exciting the crystal, it may be applied to nonlinear optical devices in
the future.

Raman spectroscopy has been widely used as a nondestructive
and effective method for characterizing semiconductor materials
by revealing the information of the sample quality, the phonon
interactions and the dynamics [7]. Anisotropic properties of wurt-
zite gallium nitride (GaN) [8—10] and zinc oxide (ZnO) [11] have
been extensively studied by the polarization Raman spectroscopy.
At present, the characterization of SiC by Raman is mainly used to
distinguish the crystal form [12—15], evaluate the stress and
explore the doped concentration [16—19]. Neverthelessly, reports
about the applications of polarization Raman to investigate the
phonon anisotropic properties in different polar planes [20] of 4H,
6H and 15R-SiC crystals are almost absent.

Hexagonal wurtzite SiC is a tetrahedrally coordinated semi-
conductor compound belonging to the space group Cév (P63mc),
and 15R-SiC polytype belongs to the trigonal system with its space
group C3,. The weak submodules in the first-order Raman scat-
tering of hexagonal wurtzite 4H and 6H-SiC can be subdivided into
axial (A1) and planar (E; and E;) modes according to the motion
directions of atoms [21—23]. According to theoretical predictions,
Raman active modes of 4H, 6H and 15R-SiC including 3A1+3E{+4Ey,
5A;1+5E1+6E, 9A1+9E, respectively [21,24]. However, the position
and the number of Raman peaks changed on account of the
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inability of separating the modes with similar energy of the spec-
trometer [21—-23].

In this paper, Raman spectra were recorded from the (0001)
plane, (1100) plane, and (1120) plane of wurtzite SiC and the 15R-
SiC region in the (0001) plane. As a function of the relative angles
between the incident and the scattered light, phonon anisotropic
properties and Raman selection rules of 4H, 6H and 15R-SiC were
investigated theoretically and experimentally.

2. Experimental

Polarization Raman spectra of SiC were collected by a HR800
Raman spectrometer system from Horiba Jobin Yvon with a 532 nm
solid-state laser as the exciting source. Utilizing a 100X objective
lens test with a numerical aperture of 0.50, and the focused spot
was about 0.75 pm in diameter. The A/2 waveplate was utilized to
control the directions of the incident light, and the polarizer was
applied to control the directions of the scattered light entering the
analyzer. Raman spectra were acquired in the range of
100—1000 cm™~! wave-number by a lens-based spectrometer with a
cooled charge-coupled device (CCD) detector.

SiC wafers employed in the measurement were sliced and
processed from SiC boules grown by physical vapor transport (PVT)
method. As depicted in Fig. 1(b), the [1100], [1120] and [0001] di-
rection was defined as the x-axis, y-axis, and z-axis, respectively.
Ulteriorly, the cross section that perpendicular to the x-axis, y-axis
and z-axis was recognized as the(1100), (1120) and (0001) plane,
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respectively. In the experiment, the polarizer was fixed to hold
stationary direction of the scattered light while changing the di-
rections of the half-wave plate, as described in Fig. 1(b). More
specifically, e; was known as the unit vector in the direction of the
incident light, es was considered as the unit vector in the direction
of the scattered light. The angle between the unit vector of e; and e
was severally presented as 0, B and v in the (0001) plane, (1120)
plane and (1100) plane. Raman spectra of the (0001) plane of 4H,
6H, and 15R-SiC were shown in Fig. 1(c), and the crystal polytype
can be distinguished by the peak position of the optical planar
mode (FTA) [15,21]. The anisotropy properties of the phonons were
discussed by the variety intensity of E4, E; and A; modes of 4H, 6H
and 15R -SiC in Fig. 1(c). Moreover, different planes of 4H, 6H and
15R-SiC SiC can be distinguished by the High resolution X-ray
diffraction, as showed in Table 1 and the supporting information.
The deviation of the data in the measurement and the JCPDS cards
in Table 1 was due to the miscut angles during the cutting process.

3. Results and discussion
3.1. Phonon anisotropic properties of wurtzite SiC

Phonon anisotropic properties in the different polar planes of SiC
were manifested in the fact that the Raman intensity varies with the
relative directions of the incident light and the scattered light (see
the supporting information). Fig. 2 presents the Raman spectra of
6H-SiC collected at diverse relative directions of the incident and the
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Fig. 1. (a) The optical path diagram of the polarization Raman spectrometer. (b) Crystal structure diagrams of hexagonal wurtzite SiC and the experimental configuration for Raman

measurements. (¢) Raman spectra of the (0001) plane of 4H, 6H, and 15R-SiC.
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Table 1
High resolution X-ray diffraction results of different SiC plane.
Polytype Plane hkl 0cal(®) Oexp(®) FWHM(sec)
4H (0001)-plane 004 17.850 17.681 91.43
(1120)- plane 110 30.077 27.733 43.30
(1100)- plane 100 16.826 15.971 50.36
6H (0001)-plane 006 17.799 17.795 55.68
(1120)- plane 110 29.994 29.987 42.04
(1100)- plane 110 - 13.713 82.71
15R (0001)-plane - - 14.692 24723

*Ocal: searched in the JCPDS.

scattered light. It was apparent that E; modes were isotropic in the
(0001) plane while the intensity of A; modes relyed on the relative
directions, as showed in Fig. 2(a). However, the intensities of E4, E;
and A; modes changed regularly with the distinct relative angles in
the (1120) and (1100) planes, as indicated in Fig. 2(b) and (c).

Normalized intensities of E, (789cm~') mode and A,
(967 cm~!) mode in the (0001) plane were collected in the range of
0° ~ 360° with the increments of 30° to analyze the phonon
anisotropic properties, as showed in Fig. 3(a). Results indicated that
the normalized intensity of A; modes exhibited periodic oscilla-
tions and showed a square cosinusoidal dependence on the relative
directions between the incident and the scattered light. Moreover,
the intensity of A; modes reached the maximum when the direc-
tion of the incident light perpendicular to the direction of the
scattered light, and the strength was the smallest when they were
parallel. However, the normalized intensity of E; modes didn't
change with the relative directions of the incident and the scattered
light, and exhibiting isotropic characteristics.

Fig. 3(b) and (c) indicate the experimental data and fitting
curves for the normalized intensity of E; (799 cm™ 1), E; (789 cm™ 1)
and A; (967 cm™') modes collected at different relative directions
of the incident and the scattered light. It was noticeable that the
normalized intensity of E;, Ep, and A; modes exhibited significant
periodic variation in the (1120) plane and (1100) plane. The results
showed that E; and A modes were consistent in periodic oscilla-
tions, while the E; modes exhibited opposite oscillations
completely. Moreover, the normalized intensity of E; and A; modes
showed a square cosinusoidal dependence on the relative di-
rections of the incident and scattered light while E; modes
exhibited a square sinusoidal dependence.

Identical measurements were performed on 4H-SiC for the
purpose of verifying the phonon anisotropic properties of wurtzite
SiC, as plotted in Fig. 4. The results revealed that the anisotropic
properties of Ey, E1, and A; modes in different polar planes of 4H-SiC
were coincident with that of 6H-SiC.

In order to summarize the phonon anisotropy characteristics of
wurtzite SiC in different polar planes, theoretical calculations were
carried out. Generally described by the derivative of the Raman
scattering cross section, the efficiency of Raman scattering of Stokes
scattering can be written as [25]:

da |?
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Where V is the scattering volume, ws is the frequency of the scat-
tered light, wy is the frequency of the molecular vibration mode, g—‘;‘
represents the Raman tensor, and n, is the Bose factor. Conse-
quently, Eq. (1) can be rewritten as
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Fig. 2. Polarized Raman spectra of 6H-SiC collected at different relative angles between the incident and the scattered light, (a) (0001)-plane, (b) (1120)-plane and (c) (1100)-plane.
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Fig. 3. Experimental data and fitting curves for normalized intensity of 6H-SiC collected at different relative angles between the incident and the scattered light, (a) (0001) plane,
(b) (1120) plane and (c) (1100) plane.
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Fig. 4. Experimental data and fitting curves for normalized intensity of 4H-SiC collected at different relative angles between the incident and the scattered light, (a) (0001) plane,
(b) (1120) plane and (c) (1100) plane.
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Obviously, the Raman scattering efficiency is determined by the
relative directions of the unit vector of e; and es. As is described in
Fig. 1(b), the unit vector of the direction of incident light and
scattered light can be written as:

€ o001y = (cos ,sin 0,0), e 50501y = (1,0,0),

= (cos ,0,sin @), e S( (1,0,0),

€ i(1120) 1120) =

€ j(17o0) = (0.€057.5In ), € 1q0) = (0.1,0),

The phonon anisotropy properties of 4H and 6H-SiC can be
explained by group theory. Wurtzite 4H-SiC and 6H-SiC belong to
Cgv space group, and the Raman tensors are as follows [26]:

a 00 0 0 ¢ 0 0O 0 do

0 a O 0 0O 0 0 c d 00

0 0 b c 0O 0 c O 0 00
A1(2) Eq(x) E1(y) Ey

The Raman scattering intensity of E;, E; and A; modes in the
(0001) plane of wurtzite SiC can be written as:

T7/0 0 ¢\ [cosd 1\"/0 0 0
%(E)“ 0 0O sin 6 +110 00
1
c 00 0 0 0 c O
£q0]
T 2 T
0 cos 1 d 0
dos .
E(Ez)(x ° 5130 + g ’ —Od 0
oc(;]2
\T/a 0 cos §
dog .
—_— 0 0 a sin 6
a2 (5)
0 0 0 b 0
«a®(cosh)?

Available by Eq. (3), the Raman scattering efficiency of the E;
phonon modes in the (0001) plane of 4H and 6H-SiC was supposed
to be extinction. Meanwhile, Raman scattering efficiency of E;
modes was calculated to be independent of the relative directions
of the incident and the scattered light, whereas, A; modes exhibited
a square cosinusoidal dependence, as plotted in Egs. (4) and (5).

However, theoretical calculations of E; modes in the (0001)
plane of 4H and 6H-SiC were partially inconsistent with the test

X. Qin et al. / Journal of Alloys and Compounds 776 (2019) 1048—1055

results. Coincided with theoretical calculations, E; mode of
266 cm~! was extinct in the (0001) plane, as showed in Fig. 3(a).
Unexpectedly, E; mode of 799 cm™! in the (0001) plane of appeared
and periodicity changed related to the relative directions of the
incident and the scattered light, as illustrated in Fig. 5. By con-
trasting the theoretical and experimental results, the particularity
of E; mode of 799 cm~! was proved. Practically, the appearance of
E; mode of 799 cm~! was caused by the stacking faults in SiC and
the intensity relied on the density of stacking fault [27—29]. Anal-
ogously to the (1120) and (1100) plane, the normalized intensity of
E; mode of 799 cm~! in the (0001) plane of 4H and 6H SiC showed
similar square sinusoidal dependence, as presented in Fig. 5 (c).
Homoplastically, Raman selection rules in different polar planes of
hexagonal wurtzite SiC can be obtained by theoretical calculation and
experimentation, as showed in Table 2. The Raman selection rules for
the phonon modes shown in Table 2 are the curve fitting results of the
normalized intensity of each peak. By comparison, it is not difficult to
find that the theoretical phonon anisotropy properties of hexagonal

d 0 0
0 -d o
0 0 O

wurtzite SiC were consistent with the experimental results, except for
the E; mode of 799 cm™, as showed in Figs. 3 and 4.

cos 0

sin f

(3)

cos §

sin 4

(4)

3.2. Phonon anisotropic properties of 15R-SiC in (0001) plane

Comparable experiment was developed to investigate the pho-
nonic anisotropy of 15R-SiC in the (0001) plane, as showed in
Fig. 6(a). Similar to the hexagonal wurtzite, the intensity of A; mode
0f965 cm~! in the (0001) plane hinged on the relative directions of
the unit vector of e} and e, and revealed a square cosinusoidal
dependence on the relative angle. Simultaneously, as showed in
Fig. 6(b), the plane mode E in the (0001) plane was expected to be
isotropic as displayed in Eq. (7), as the planar acoustic mode E of
172cm~',786cm~! and optical mode E of 771 cm™! exhibited
isotropic properties. However, similar particularity of E (799 cm™!)
of 15R-SiC in the (0001) plane discovered. In accordance with 4H
and 6H-SiC, the plane optical mode E (799 cm™~!) emerged owing to
stacking fault, and evinced a square cosinusoidal dependence on
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Fig. 5. Raman scattering of E; (799 cm~") mode in the (0001) plane of SiC measured at different relative angles between the incident and the scattered light, (a) 6H-SiC, (b) 4H-SiC,
(c) Experimental data and fitting curves for normalized intensity of 4H and 6H-SiC collected at different relative angles between the incident and the scattered light.

Table 2

Phonon anisotropic characteristics and Raman selection rules.

Polytype Phonon Peak position (0001)-plane (1120)- plane (1100)- plane
mode (em™)
Calculation 4H/6H Eq =0 Tecc(sinp)? T2 (siny)?
E; locd? Tecd? (cosB)? lecd? (cosy)?
Ay Ieca?(cos0)? lca2(cosp)? lca2(cosy)?
15R E ad? Ice? + (d? — e2)cos2B I (d? — 2 — 2de) cos? v + €2 + de
A TocaZcos26 Iecacos?f «a?cos?y
Experiment 4H Eq 266 [=0 Weak and anisotropic Weak and anisotropic
799 1=011+078sin’[0+41.85] 1= —0.09+ 0.95sin’[B+48.08] 1 =0.01+ 0.92sin’[y+ 35.43]
Ex 204 Isotrospoy Weak and anisotropic Weak and anisotropic
773 Isotrospoy I = 0.02 + cos?[B + 38.36)] I = 0.01+ 0.91 cos?[y + 37.97)
Ay 612 Weak and anisotropic Weak and anisotropic Weak and anisotropic
965 [ =0.01+ 0.84 cos?[0 + 36.93] [ = 0.01+ 0.87 cos?[B + 43.05] I = 0.02+ 0.90 cos?[y + 31.07]
6H Eq 240 [=0 Weak and anisotropic Weak and anisotropic
799 1 =0.06+ 0.86 cos?[0 + 35.00] ~ Weak and anisotropic I = — 0.09+ 0.95 cos?[y — 51.67]
Ex 150 Isotrospoy [ = 0.14 + 0.86 cos?[B + 39.82] I = 0.02 4 0.98 cos?[y + 44.06]
769 Isotrospoy I =0.08 + 0.77 cos?[B + 41.57) I = 0.05+ 0.91 cos?[y + 44.05]
789 Isotrospoy [ = —0.02+ 0.92 cos?[B + 40.53] [ = 0.01+ 0.98 cos?[y + 35.51]
A 967 1 =0.04+0.90cos2(0+39.78] I =0.01+ 0.79 cos?[B+ 41.32] 1 = 0.01+ 0.94 cos2[y + 36.58]
15R E 172 Isotrospoy — —
771 Isotrospoy — —
786 Isotrospoy - -
799 1 =040+ 048 cos?[0+45.04] — -
Ay 965 1 =035+ 0.52cos?[0+47.61] — -

*I: Normalized Raman Intensity.
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Fig. 6. (a) Polarization Raman spectra of 15R-SiC in the (0001) plane collected at different relative angles between the incident and the scattered light. (b) Experimental data and
fitting curves for normalized intensity of 15R-SiC with different relative angles between the unit vector of the polarization incident light (e;) and the scattered light (es).

the relative directions between the incident and the scattered light.
In the (0001) plane of 15R-SiC region, the unit vector of the

direction of incident light and scattered light can be written as:

ei = (cosd,sind,0), es = (1,0,0)

15R-SiC belongs to Cgv space group, and its Raman tensors are
shown as following:

a 00 0 ¢c O 0do d 0 -—e

0 a O -c 00 d 0 e 0 —-d O

0 O b 0 0O 0 f O -f 0 O
1g Agg Eg

The Raman scattering intensity of E;, E; and A; modes in the
(0001) plane of 15R-SiC can be written as:

1\"/a 0 0 coS 0
dog .
E(Aﬁm 0 0 a O sin 0 (6)
0 0 0 b 0
«a2(cosd)?
T/od o cos 0 \N'/d o0 -e
dos .
E(E)“ d 0 e sin 0 +110 0 -d O
c f O 0 0 —f 0
cd?

Similarly, the calculation results of the phonons anisotropy in
15R-SiC in the (1120) and (1100) planes were provided in Table 2.
And surprisingly, the anisotropy of the A; mode in the (1120) and
(1100) plane still showed homogeneous square cosinusoidal
dependence on the relative directions. On the contrary, the
anisotropy of the planar mode E is not only related to the relative
directions of the incident light and the scattered light, but also
relevant to the Raman tensors elements which worth further
exploration.

0

4. Conclusion

In conclusion, Raman spectra of 4H, 6H and 15R- SiC have been
recorded from the (0001), (1120) and (1100) planes of wurtzite SiC
as a function of the relative angles between the incident and the
scattered. Consistent with the calculation results, E; and A; modes
in the (1120) and (1100) planes of Wurtzite SiC showed homoge-
neous anisotropy properties, and the normalized Raman intensity
hinged on the relative angles. The isotropy properties of E; modes
in the (0001) plane of wurtzite SiC are available from the group
theoretical analysis and Raman test. Specifically, E; modes in the
(1120) and (1100) planes of wurtzite SiC are quite different from
those of A; and E; modes, and showed a square sinusoidal
dependence on the relative angles. According to the group theo-
retical analysis, E; modes in the (0001) plane of wurtzite SiC and
15R-SiC were supposed to be prohibited and isotropic, respectively.
However, it is unexpected to find the anisotropy properties of the
peak 799 cm~! (E1) due to the existence of stacking faults. Other-
wise, Raman intensity of E modes in the (0001) plane other than E
(799 cm™ 1) of 15R-SiC region exhibits isotropic properties while A;
modes display a square cosinusoidal dependence on the relative
directions. For the 15R-SiC in the (1120) and (1100) planes, A; mode
almost invariably exhibited similar anisotropy properties, and the
Raman scattering efficiency of the E mode was related to the two

Cos 0

sin ¢

(7)

factors of the tensor elements and the relative directions.
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