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Monocrystalline silicon (c-Si) is still an important material related to microelectronics/optoelectronics. The nondestructive
measurement of the c-Si material and its microstructure is commonly required in scientific research and industrial applications,
for which Raman spectroscopy is an indispensable method. However, Raman measurements based on the specific fixed Raman
geometry/polarization configuration are limited for the quantified analysis of c-Si performance, which makes it difficult to meet
the high-end requirements of advanced silicon-based microelectronics and optoelectronics. Angle-resolved Raman measure-
ments have become a new trend of experimental analysis in the field of materials, physics, mechanics, and optics. In this paper, the
characteristics of the angle-resolved polarized Raman scattering of c-Si under the in-axis and off-axis configurations are sys-
tematically analyzed. A general theoretical model of the angle-resolved Raman intensity is established, which includes several
alterable angle parameters, including the inclination angle, rotation angle of the sample, and polarization directions of the incident
laser and scattered light. The diversification of the Raman intensity is given at different angles for various geometries and
polarization configurations. The theoretical model is verified and calibrated by typical experiments. In addition, this work

provides a reliable basis for the analysis of complex polarized Raman experiments on silicon-based structures.

1. Introduction

Monocrystalline silicon (c-Si) plays a core role in the ad-
vanced manufacturing of optoelectronic and microelec-
tronic devices, with microelectromechanical system
(MEMS) being an important semiconductor material [1, 2].
Raman spectroscopy is one of that commonly used, even
necessary, ways to analyze the physical and chemical
properties of silicon-based materials and structures. Raman
spectroscopy is the result of the nonelastic interaction be-
tween the photon of the incidence laser and the phonon of
the measured material, which can realize surface or shallow
interior characterization. Due to its nondestructive, non-
contact, in situ, and highly sensitive characteristics, Raman
spectroscopy has been successfully applied in the field of
semiconductor materials and two-dimensional materials
[3-7].

The Raman spectrum of semiconductor crystals contains
structural and physical information, including the crystal

state [8, 9], crystal plane [10], doping [11], grain size [12],
stress/strain [13], Fano resonance [14], and electron mobility
[15]. Hence, it is possible to characterize these properties
using specific theories of Raman spectroscopy by quanti-
tatively analyzing the wavenumber, intensity, full width at
half maximum (FWHM), and symmetry in the Raman
spectra from the samples. For instance, using the Raman
tensors given by Loudon [16], Anastassakis [17] set up a
theoretical model of Raman mechanics. By simplifying this
model, de Wolf [18, 19] achieved the wavenumber-stress
relationship of c-Si under the uniaxial or biaxial stress state,
which has been widely applied in the stress analyses of
semiconductor microstructures made of c-Si [20].
Angle-resolved polarized Raman spectroscopy made it
possible to analyze the anisotropy of crystals, such as c-Si,
which is closely related to the crystal orientation, polari-
zation, and stress state. Qiu [21] rebuilt the Raman-me-
chanical theory by regarding the influence of shear stress and
provided a method to decouple the in-plane stress
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composites by using angle-resolved polarized Raman
spectroscopy. In addition to stress and strain, the crystal
plane is also detectable by using angle-resolved polarized
Raman spectroscopy. However, it is difficult to obtain suf-
ficient scattering information based on traditional vertical
backscatter Raman measurements only. Angle-resolved
Raman analyses with different geometric and polarized
configurations (namely, in-axis/off-axis angle-resolved po-
larized Raman spectroscopy) were required to obtain
enough information relative to the anisotropic properties of
semiconductor materials. In all the existing works, there is a
lack of investigations on the Raman intensity under a
nonbackscattering configuration. This lack exists because
most of the existing Raman spectrometers have vertical
backscattering configurations; that is, the incident laser and
the scattering light are vertical to the sample surface. The
incident laser direction is scarcely adjustable in commercial
systems. Self-built off-axial or oblique backscattering sys-
tems have been applied to obtain Raman data with non-
vertical backscattering configurations and have realized
decoupling of the stress components [22] or orientation
identification of some crystals [23]. In 2018, Ramabadran [8]
systematically analyzed the Raman intensity of c-Si with
different cross sections and different polarization states.
Several obvious mistakes in the definitions, models, and
experiments may be found in that work if read carefully.
In this paper, the theoretical relationship between the
Raman intensity and different angles (laser inclination angle,
laser polarization direction, and sample rotation angle) is
derived and described in detail. The influences of these
different angles on the Raman intensity are enumerated and
compared, and the significance of an angle change for c-Si
Raman measurements is expounded. Angle-resolved po-
larized Raman experiments are carried out, and the ex-
perimental results are compared with the theoretical model.

2. Theoretical Model of the c-Si Raman Intensity

The definitions of the coordinate systems and angle pa-
rameters are shown in Figure 1 to introduce the theo-
retical model derivation process of this paper in detail,
which contains five coordinate systems for the off-axis
Raman measurement of c-Si. X'Y'Z’ is the incident laser
coordinate system, where the Z'-axis coincides with the
incident laser direction. x'y'z’ is the scattered light co-
ordinate system, where the z'-axis coincides with the
scattered light direction. XYZ is the space coordinate
system, taken as the reference of the whole experimental
system. xyz denotes the sample coordinate system, where
X, , and z are the two orthogonal in-plane directions and
normal direction of the sample, respectively. [100], [010],
and [001] are the crystal directions of the sample in the
crystal coordinate system.

The geometrical configuration of the angle-resolved
polarized Raman spectrum for a c-Si sample with a random
crystal plane is shown in Figure 1, where « is the sample
rotation angle, which is the angle between the x-axis and the
X-axis, oy is the angle between the x-axis and the projection
of the incident laser onto the measured surface of the sample
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F1GURre 1: Definitions of coordinate systems and angle parameters.
The green triangle represents the direction of light propagation; the
red line and purple line represent the incident laser and scattering
light, respectively. Five coordinate systems are shown in this figure,
the incident laser coordinate system (X'Y’Z’), the scattered light
coordinate system (x'y’z’), the space coordinate system (XYZ), the
sample coordinate system (xyz), and the crystal coordinate system
([100] [010] [001]), respectively.

(without loss of universality, the incident laser was fixed in
the XZ plane; hence, a;=a), as is the angle between the x-
axis and the projection of the scattered light onto the
measured surface of the sample, 8y and 3 are the inclination
angles of the incident laser and scattered light, respectively,
and ¢ and y are the polarization directions of the incident
laser and scattered light, respectively. The polarization di-
rections of the incident laser and scattered light are
expressed as Jones vectors [24].

The model of the polarized Raman intensity for c-Si with
an in-axis/off-axis geometric configuration was established
based on the general theory as follows. The polarization
vectors of the incident laser and scattered light are expressed
in the incident laser adaptive coordinate system (X' Y’ Z')
and the scattered light adaptive coordinate system (x’ y' z'):

e] = (cosg sing 0), )
el =(cosy siny 0)".

In the sample coordinate system, Jones vectors ej and eg
are obtained based on e; and e¢ by a coordinate
transformation:

[cosa; singg 0[ cosfB; O sinf; [ cos¢
e =|-sina; cosa; O 0 1 0 sing |,
L O 0 1 L-sinf; 0 cosfBlL O 2
[ cosag sinag 0] cosfs 0 sinpfg [ cosy
eg =| —sinag cosag 0 0 1 0 siny |
L O 0 1fl-sinfg 0 cosfBgll O

It is necessary to introduce the optic transform of the air-
silicon interface into the theoretical analysis based on re-
peated experimental verifications and optical notion studies,
which is mainly reflected in the influences of refraction and
depolarization. The angles f; and f3s are modified to B; and f3
after refraction, respectively, by using the following
equation:
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sin B; = nsin fj, 3)

sin 3¢ = nsin /35',

where 7 is the refractive index of the air-silicon interface. In
addition, the variation in polarization is exemplified mainly
in the matrices Fy; and F,,, which are composed of Fresnel
coefficients [25]. Fy; and F, represent the Fresnel matrix of
light incident from air to the c-Si and light emitted from the
¢-Si into the air, respectively:
- 4S5 -
£, 00
Fy=| 0 t§ 0},
L0 0 1.
- 4S5 -
£, 0 0

0 th ol

L0 0 1

2cos B

ty, =———————,
0" cos B + ncos B (4)

fo 2B
cos fB; + ncos f3;
where -
oo 2n.cos Bs
0 cos B +ncos e

!
o 2ncos g
10 =

cos B + ncos By

Hence, the polarization vector after refraction and de-
polarization is shown in the following:

[ty O O7[ cosa; sina 0
eg=10 tgl 0| —sine; cosa; O 0 1 0
L0 0 0 0 1]L-sinf; 0 cosp; 0

1L L
[t O O7[ cosag
0

cosf; 0 sinf;J[cos¢

sing |,

sinag 07[ cosfs O sinfgI[cosy
eg=|0 tfo —sinag cosag 0 0 1 0 siny |.
Lo o0 1JL O 0 1]L-sinflg 0 cosBgll 0

(5)

The Raman tensor of c-Si in the crystal coordinate
system is presented as R, (j=1, 2, 3), corresponding to
Raman modes along the crystal directions [100], [010], and
[001], respectively:

1

R,

5
I
SO TN O T O O O O O
S O T O O O o O
o

1T

(6)

In practical measurement, the Raman tensor should be
converted to the sample coordinate system [9] using the
rotation matrix A:

L myn
A=\l m, n | (7)
Iy my ny

where [;, m;, and n; (i=1, 2, 3) are defined as I;=cos ([100],
x;), m;=cos ([010], x;), and n; = cos ([001], x;), respectively,
and x; =x, x, =y, and x3 = z. Hence, the Raman tensor in the
sample coordinate system is as shown as follows:

R, = ARA’. (8)

According to Raman selection rules, the Raman intensity
of each Raman mode in the sample coordinate system is
given by

I;oc |eIRjes|2. 9)

3. Angle-Resolved Raman Intensity of (100)
c-Si with Typical Geometric Configurations

Taking the Raman measurement of (100) c-Si under a
vertical backscattering configuration (the most commonly
used configuration) as an example, the angle-resolved
Raman intensity with typical geometric configurations was
discussed based on the theoretical model given in Section 2.
A polar coordinate system was used when comparing the
Raman intensities of different configurations. A Cartesian
coordinate system was used when revealing the distribution
of the Raman intensities under each specific configuration.

3.1. Vertical Backscattering $=0° and a € [0°, 360°]. In the
vertical backscattering configuration, both the incident laser
and the scattered light are normal to the sample surface. It
holds that a;=as=a and 5;=fs=0°. The intensity of each
Raman mode is as follows:

TO, mode: I, o |eIRXeS|2 =0,
2
TO, mode: I, oc |eIRyeS| =0, (10)
LO mode: I, o |e;R,es|* = bsin (¢ + y - 2a).

As shown in (10), the Raman intensity actually detected
under vertical backscattering is shown in Figure 2.

As shown in (10), the Raman intensity actually detected
under vertical backscattering is composed only of the in-
formation on the LO mode. Moreover, the angle between the
polarization direction of the incident laser and that of the
scattered light are usually fixed during actual measurement,
where y=¢ is HH and y = ¢ + 90° is HV. Hence, in (10), a is
mathematically opposite to ¢, which means that the result of
rotating the sample rotation angle « is consistent with the
inverse rotating polarization direction. In other words, the
result of fixed sample rotation angle « and rotated polari-
zation direction ¢/y is the same as that of fixed ¢/y and
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FIGURE 2: Raman intensity sum distribution of vertical backscattering under different sample rotation angles « and polarization directions

¢/y of the (a) HH case and (b) HV case.

rotated a. A three-dimensional diagram of the theoretical
results according to (10) is shown in Figure 2, which also
shows the equivalence of rotating o and ¢.

3.1.1. HH Case. In this case, y = ¢. The Raman intensity of
each Raman mode is expressed as (11) when « is fixed but ¢
is rotated (¢ =y) and as (12) when ¢ is fixed (¢ =y) but a is
rotated. The corresponding changes in the distributions with
¢ are shown in Figure 3(a):

TO, mode: I, oc |eRyes|” = 0,

TO, mode: I, o |eIR},es|2 =0, (11)
LO mode: I, lelees|2 = b’sin’2¢.

TO, mode: I, o< |e;Reg|” = 0,

TO, mode: I, o< 'eIRyes|2 =0, (12)

LOmode: I, |eIRzes|2 = b’sin”2a.

3.1.2. HV Case. Inthis case, y = ¢ + 90°. The Raman intensity
of each Raman mode is expressed as (13) when « is fixed but
¢ is rotated (y=¢+90°) and as (14) when ¢ is fixed
(y=¢+90°) but « is rotated. The corresponding changes in
the distributions with ¢ are shown in Figure 3(b):

TO, mode: I, o< |e;Ryes|* = 0,

TO, mode: I, o |eIRyes|2 =0, (13)
LOmode: I, |eIRzes|2 = b’ cos™2¢,

TO, mode: I, o |e;Res|” = 0,

TO, mode: I, o 'eIRyes'z =0, (14)

LOmode: I, |eIRZeS|2 = b’cos2a.

3.1.3. Without an Analyzer (HH + HV Case). In the case of
the vertical backscattering configuration without an analyzer,
the Raman intensity was the sum of those of the HH and HV
cases, the distributions of which are shown in Figure 4. Clearly,
the Raman intensity is irrelevant to the polarization direction of
the incident laser. The TO; and TO, modes are Raman invisible
of (100) c-Si with vertical backscattering.

3.2. Oblique Backscattering fr=s=> 0" and a € [0°, 360°].
In the state of oblique backscattering, ; equals s but does
not equal 0. According to the general theory in Section 2, the
universal formula of the polarized Raman intensity under
the geomatical configuration of oblique backscattering is as
follows:

2
sin2 f3 cos y(cos asin @ — cos ¢ sin aq(1 — sin? f/17.23 )

+8.3cos ¢ sinﬁl
TO, mode: I, oc b’

+cos psin a((sin® $/17.23) - 1

cos asin y4/1 — (sin® f/17.23) ]
)

2
<\/17.23 - sin’* +17.23 cosﬁ)
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LO mode: Izocb2 (( B ) )[sin(p ~7) ¢+ (15)

To reveal the influence of the inclination angle § on the
Raman intensity for different sample rotation angles & and
polarization directions ¢, several three-dimensional diagrams
are achieved based on (15), as shown in Figures 5 to 7. Limited
by the paper length, only a few typical cases are listed; more
information is available in the supporting document. In Fig-
ure 5, a = 30", € (0°,90°), and ¢ € [0°, 360°]. In Figure 6, a € [0°,
360°], e (0°, 90°), and ¢ =30". In Figure 7, a€[0°, 360°],
B =30, and ¢ € [0°, 360°]. In each figure, the Raman intensity is
the sum of the three Raman modes at the corresponding
geometrical and polarized configurations. In Figures 5 to 7, the
Raman intensities at different «, ¢, and f are obtained by
quantifying the effects of refraction and depolarization, where
the refractive index of ¢-Si at 532 nm is n=4.151 [26].

When the polarization direction is fixed but the sample
rotation angle is rotated, the trends of the Raman intensity
are different from those when the sample rotation angle is
fixed but the polarization direction is rotated. Therefore, the
result of the change in polarization is different from that of
the sample angle rotation. Furthermore, it is obvious that the
magnitude of the inclination angle has an effect on the
Raman intensity. The trend and period of the change in
Raman intensity with the polarization direction and sample
rotation angle are different due to the visible TO modes.

(m — (sin® B/17.23) +4.15 cosﬁ>2<cosﬁ +1/17.23 — sin?fB )2

3.2.1. HH Case. In this case, y = ¢. The Raman intensity of
each Raman mode is given in Figure 8 when the « angle is
fixed at 0°, 15, 30°, and 45°. In addition, Figure 9 is given to
further explore the dissimilar influence of the sample ro-
tation angle and polarization direction on the Raman
intensity.

Different from those under the vertical backscattering
configuration, the TO; and TO, Raman modes are visible
(nonzero) under the oblique backscattering configuration.
Figure 8 shows that the TO; and TO, Raman modes have
different trends depending on the polarization direction,
and these trends are not similar to one another under the
sample rotation angles. The same also goes for the LO. As
the sum of TO;, TO,, and LO, the Raman intensity de-
tected by the spectrometer exhibits several special char-
acteristics, such as periodicity, a maximum and minimum,
and phase, which are invisible under vertical
backscattering.

3.2.2. HV Case. In this case, y=¢+90°. The trends of the
Raman intensities (TO mode, LO mode, and sum intensity)
with the change in the polarization direction are shown in
Figure 10 when the angle « is fixed at 0°, 15°, 30°, and 45°.
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polarization direction ¢ =y = 0" but a rotated sample rotation angle « and (b) a fixed sample rotation angle « = 0° but a rotated polarization

direction ¢ (y=¢).

Except for the polarization configurations, the angular pa-
rameters in Figures 10 and 11 are similar to those in Fig-
ures 8 and 9, respectively. By comparing Figure 8 with
Figures 10 and 9 and with Figure 11, we see that the Raman
intensities for the different polarization configurations vary.
In addition, Figure 11 again proves that the result of rotating
the sample is not similar to that of rotating the polarization
direction under the geometric configuration of oblique
backscattering.

,cos” @ sin® Bsin’ (y — )

TO, mode: I, oxb
17.23

>

bzcosz ¢ sin’ Bcos’ (a —y)

TO, mode: I,
17.23

>

2
cos (a - y)(Z cos asin ¢ — 2 cos ¢ sin a4/1 — (sin® /17.23) )

3.3. Off-Axis Scattering. f5;>0°, Bs=0°, and a € [0°, 360°]An
off-axis configuration means that the optical path of the
scattering light does not coincide with that of the incident
laser. Without loss of universality, 3; =30 and $s=0° in the
following analyses of this section. In fact, the results will be
the same if f;=0° and Ss=30°". According to the general
theory in Section 2, the universal formula of the polarized
Raman intensity under the geomatical configuration of off-
axis backscattering is as follows:

(16)

LOmode: I, ocb’cos’ 8

<\/1 — (sin? B/17.23) +4.15 cosﬁ)
sin(y — (x)<2 sin asin ¢ + 2 cos a cos ¢/1 — (sin® f/17.23) >

To reveal the influence of the inclination angle f3; on the
Raman intensity under different sample rotation angles & and
polarization directions ¢, several three-dimensional diagrams
are developed based on the general theory given in Section 2,
as shown in Figure 12. The above relationships are achieved

<cos[>’ +4/17.23 - sin2ﬁ>

by taking into account the effects of refraction and depo-
larization, where the refractive index of ¢-Si at 532nm is
n=4.151 [26]. It must be noted that the theoretical result of
off-axis scattering is simpler than that of oblique backscat-
tering, but it is difficult to achieve from the device aspect [22].



Journal of Spectroscopy

HV case: f=30° a =0°

Normalized intensity

0 60 120 180 240 300 360
Angle of polarization ¢ (deg.)

-~ TO; mode —— LO mode
=== TO, mode — Sum

(@
HYV case: = 30° a = 30°

Normalized intensity

0 60 120 180 240 300 360
Angle of polarization ¢ (deg.)

-~ TO; mode —— LO mode
=== TO, mode — Sum

(©)

FIGURE 10: Intensity distributions of Raman modes in the HV case under the oblique backscattering configuration (3= 30") for different

Normalized intensity

Normalized intensity

HV case: = 30° a = 15°

~ = TO; mode
=== TO, mode

60 120 180 240 300 360
Angle of polarization ¢ (deg.)

—— LO mode
— Sum

(b)

HV case: = 30°, « = 45°

-~ TO, mode
=== TO, mode

60 120 180 240 300 360
Angle of polarization ¢ (deg.)
—— LO mode

—— Sum

(d)

polarization directions ¢ and sample rotation angles: (a) a=0°, (b) a=15", (¢) @=30°, and (d) a=45".

3.3.1. HH Case. In this case, y = ¢. The Raman intensity of
each Raman mode is given in Figure 13 when the angle « is
fixed at 0° and 30°".

3.3.2. HV Case. In this case, y=¢ +90°. The trends of the
Raman intensities (TO mode, LO mode, and sum intensity)
with the polarization direction are shown in Figure 14 when
the angle « is fixed at 0° and 30".

4. Angle-Resolved Raman Intensity of (110) c-Si

In the state of the (110) plane, the x-axis is [-110], the y-axis
is [001], and the z-axis is [110] in Figure 1. The Raman tensor
in the sample coordinate system is obtained from (6)-(8), as
shown in the following:

010
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FIGURE 12: Raman intensity distribution under off-axis scattering (8;=30°, s =0°) for different sample rotation angles « and polarization

directions ¢ in the (a) HH case and (b) HV case.

In the HH case, ¢ =y. The universal formula of the
polarized Raman intensity is presented in (18)-(20), where
Br=Ps=0" during vertical backscattering, 3;=f5s=30" dur-
ing oblique backscattering, and ;=30 and Ss=0" during

off-axis scattering. In the above configurations, the trends of
the Raman intensities with changes in the polarization are
shown in Figure 15. Consider

1
TO, mode: I, ocibzsin2 (2a - 2¢),

1
TO, mode: I, o Ebzsin2 (20 —2¢),

(18)

LO mode: I, oc b*cos* (a — ).
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FIGURE 13: Intensity distributions of Raman modes in the HH case under off-axis scattering (B;= 30", fs=0°) for different polarization
directions ¢ and sample rotation angles: (a) «=0" and (b) a=30".
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FIGURE 14: Intensity distributions of Raman modes in the HV case under off-axis scattering (;=30°, s=0°) for different polarization
directions ¢ and sample rotation angles: (a) «=0°" and (b) a=30".
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Then, consider

TO, mode : I, oc b’

TO, mode : I, b

LOmode : I, ocb’

Journal of Spectroscopy

~2
11.74sin 2 a cos (1 — sin® B/17.23 (0.058 sin B cos® ¢ — cos 2 9)
(wh — sin? f/17.23 +4.15 cosﬁ)(cosﬁ +4/17.23 - sin2ﬁ>

cosasin ¢ ,

cos ¢ sin f3

—cos ¢ sin a4/1 — sin® /17.23
{1.41\/1 - sin* $/17.23 +0.34cosﬁ>
(wll - sin’B/17.23 +4.15 cosﬁ)

—sin 2 a cos 2 ¢ + 0.058 sin 2 acos? gsin’ 8

11.74 cos f+[1 — sin® B/17.23
+cos2 asin2 ¢4/1 — sin® 3/17.23
(wh - sin? f/17.23 +4.15cos/3)(cos/3+ \17.23 - sinzﬁ)

cosasin ¢
cos g0<1.41 sin B/1 — sin® B/17.23 +0.17 sin2[3>
—cos ¢ sin aq(1 — sin? /17.23

(ﬂl - sin?B/17.23 +4.15 cosﬁ)

+sin? asin? ¢ + cos? acos® ¢

16.6 cos f/1 — sin® f/17.23
cosp sin” —0.058 cos? acos’® gsin? B

+

—0.058 cos” g sin® B ,

TO, mode: I, oc b’

TO, mode: I, oc b

LOmode: I, ocb”4 cos” fcos” (& — @)

P
cos B +1/17.23 — sin? >
( P F +0.5sin2 asin2 ¢4/1 — sin® $/17.23

[ 1.41 cos Bsin (¢ — oc)(sinoc sin ¢ + cos a cos g4/1 — (sin® $/17.23) )
(cosﬁ +1/17.23 - sinzﬁ)

1.41 cos B cos (¢ — oc)(cosocsingo — cos g sin aq(1 — (sin® f/17.23) >
+
(\ll — (sin? B/17.23) +4.15 cosﬁ)

[ 1.41 cos Bsin (¢ — a)(sinocsinq) + cos acos ¢4/1 — (sin® $/17.23) >

<cosﬂ +4/17.23 - sinzﬁ)
1.41 cos B cos (¢ — (x)(cos asin ¢ — cos ¢ sin a1 — (sin® $/17.23) )
+
(\/1 — (sin® p/17.23) +4.15cosﬁ)

2
(sin asin g + cos acos 91 — (sin® f/17.23) )
5 .
(cosﬁ +1/17.23 - sin’p )

—0.17 sin (¢ — a)cos @ sin §

- 0.17sin (¢ — a)cos g sin

-2

(19)
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5. Experiment and Result Discussion

5.1. Comparison of the Experiment and Theory. The Raman
intensities are measured under the geometric configurations
of vertical backscattering and oblique backscattering to
verify the correctness of the theoretical analyses. All ex-
periments were performed using a self-built angle-resolved
polarization Raman system.

With a 532 nm laser and a 50 x (numerical aperture 0.42)
lens, the self-built angle-resolved polarization Raman system
was developed as shown in Figure 16. Different from the
traditional micro-Raman spectroscopy, this system was built
based on an oblique backscattering structure, integrated
with the controls of polarization, inclination, and sample
rotation. In this system, all the angle parameters, including
the inclination angle of the optic path, in situ rotation angle
of sample, incident polarization angle, and scattering po-
larization angle, were adjustable and controllable. A double-
polished (100) c-Si wafer was used as the sample, which is
provided and polished by Fangdao Semiconductor
(Guangzhou Fangdao Semiconductor Co., Ltd., Guangzhou,
Guangdong, China). Ten random sampling spots were de-
tected under each polarized and geometrical configuration.
All the experiments used the same sampling time of 3 s, the
laser power which was 150 mW, and an 18001/mm grating.

Figure 17 shows that most of the experimental points
(black solid points) are identical to the theoretical results
(red solid line) except for a few. The reason that a few ex-
perimental points deviate from the theoretical results in-
cludes the angle control error of polarization and the
experimental environment.

5.2. Problems in Previous Works. There were few works on
the angle-resolved polarized Raman intensity under differ-
ent geometrical configurations until the work of Ramaba-
dran and Roughani [8] was presented. In this work, the
Raman intensity of c-Si using in-axis/off-axis polarized
Raman spectroscopy was analyzed by calculating the vari-
ation in Raman intensity with the incident laser direction,
scattering direction, polarization direction, and sample ro-
tation angle. However, some core errors have been found in
the published version, including inconsistent context defi-
nitions, incorrect concept definitions, and some experi-
mental results that conflict with the corresponding
theoretical results, which were discussed in Appendix A.

5.3. The Effect of the Air-Silicon Interface on the Laser.
The theoretical Raman intensities under vertical backscat-
tering were used without consideration of the effect of re-
fraction and depolarization of (100) c-Si in the previous
work. However, under the oblique backscattering and off-
axis scattering configurations, the influences of refraction
and depolarization become nonnegligible. Figure 18 [26]
indicates the refractive index of the air-silicon interface for
different incident laser wavelengths. The laser used in the
experiments of this work has a wavelength 532 nm; hence,
the corresponding refractive index of the air-silicon interface
n=4.151 [26], which is mainly associated with the

13

Raman optical
path

Microloading Polarization rotation
device automatic control device
Electric rotary
stage

XYZ-Manual
tage
XY- Mapping

FIGURE 16: Assembly diagram of self-built angle-resolved polari-
zation Raman system.

magnitude of the refractive index n. The following shows
that the value of # is too large to ignore.

Based on the theoretical model above, (20) and (21) give the
Raman intensities under the oblique backscattering configu-
ration (8 =30") in the HH and HV cases, respectively. In these
two equations, the subscripts NR and ND denote the influence
of the refractive index and depolarization, respectively, which
were not considered; hence, the equation without the subscripts
NR and ND is the result considering the influence of the
refractive index and depolarization. According to (20) and (21),
Figure 19 shows the distribution of the Raman intensity with
the polarization direction, which clearly indicates that neither
refraction nor depolarization is ignorable in the angle-resolved
Raman measurement:

Tnrp O Sin“2¢ +0.75cos* @,
Iyp ocsin®2¢ +0.06 cos” ¢, (20)
I0<0.40 sin22<p +0.06cos’ 0,

Iyrnp c0522go +0.75sin” Q cos’ @,

II\,I)occ0522(1)+0.06sin2 gocos2 0, (21)
Ic<0.38 c0522(p +0.06sin” q)c052 Q

+0.01(1+1.53cos2¢).

5.4. Effect of the Numerical Aperture on the Raman Intensity.
In the above measurement, the incident laser and scattered
light are considered collimated beams.

However, the incident laser focused on the sample after
passing through the microscope lens has the shape of a taper
or cone, and the sine of the cone angle is defined as the
numerical aperture (NA). Some published works found that
the influence of the NA could be ignored when NA <0.4.
However, when N.A.>0.4, the effect of the NA on the
Raman intensity must be considered.

The Raman intensity is actually the sum of all the
scattering light in the range of the optic cone from the
materials of the sample that is excited by the incident laser
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FIGURE 17: Comparison of experimental results (black solid points) and theoretical results (red solid line) under different geometrical
configurations. (a) HH case: $=0°, a=0°. (b) HV case: =0°, a=0". (c) HH case: $=30°, a=0°. (d) HV case: f=30", a=0".
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FIGURE 18: Refractive index of intrinsic silicon at 300K (visible light).

illumined in the same cone range, regardless of the back-
scattering configuration. The model considering the influence
of a large NA could be presented as the integral of the Raman
intensity caused by the laser in a cone whose inclination angle
Bel0°, arcsin (NA)] and rotation angle a€[0°, 360°].
Therefore, the expression of the Raman intensity is presented
as shown in (24) when considering the NA:

2n parcsin(N.A.
| (22)

) 2
I o cj < (Ber (BRjes (B[ dpd
where « is the energy distribution function of the light spot
on the focal plane, which is very dependent on the status of
the Raman instruments and the specific parameters of the
optical elements, such as the objective lens.

0
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6. Conclusion

The Raman intensity shows multivariant trends under dif-
ferent geometrical and polarized configurations and crystal
structures. The angular parameters include the inclination
angle, polarization directions of the incident laser and the
scattered light, and sample rotation angle. In this paper, the
theory of the angle-resolved in-axis/oftf-axis polarized
Raman intensity is thoroughly analyzed, and the influence of
refraction and depolarization at the air-silicon interface is
considered. The phenomena and reasons for the nonstan-
dard sinusoidal curves at different inclination angles are
revealed, which is important for analyses of, for example, the
crystallographic orientation, Raman tensor calibration, and
stress/strain measurement based on angle-resolved in-axis/
oft-axis polarized Raman spectroscopy. A general method
was established in this work which is suitable for the angle-
resolved Raman intensity analysis of most crystal materials.

Appendix

A. Incorrect Concept Definitions

For a classical vertical backscattering Raman system,
e/ =% =0. In this case, ¢f = e} and €] = —e} can be used
[21, 27], and the dot product of two vectors e; and e is zero.
However, in Section 3.1 of that work [8], it is claimed that
“when e} = e and e = e} and € = ¢, the authors maintain
HH configuration, and if ef = e and e = ef and €7 = €%, the
authors maintain HV configuration.” There is a mistake in the
definition of the HV configuration. Moreover, this definition
is not applicable when the Raman spectroscopy measurement
is under the geomatical configuration of oblique backscat-
tering. Because f #0 and eZ #0, e = ¢{ and e} = —ef are no
longer applicable. In this case, the definition should be based
on the actual situation and satisfy the mathematical vertical
relationship of the vector; that is, e; - e = 0. This would lead
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to the definition error of the initial polarization vector no
longer being applicable in the following text.

B. Inconsistent Context Definition

As noted in Section 3.1 [8], “when e} = ¥ and ¢] = e} and
ef = e, the authors maintain HH configuration.” The HH
configuration means that the vectors ey and eg satisty ef = ef,
el = e, and €f = e. In this case, the vector eg in (11) of
Chapter 3.1.1 [8] should be

TO, mode: Ixoc|eIRxeS|2 =|[cosy siny 0]

LO mode: Izoc|eIRzes|2 =|[cosy siny 0]|b

However, as calculated using the vectors er and eg given
in Chapter 3.1.1, the relevant TO modes and LO mode
become

TO, mode: I, < |eIRx65|2

TO, mode: Iyoc'eIRyes|2 =|[cosy siny 0]|0

LOmode: I, |eIRzes|2

According to (A.3) and (A.4), the y-intensity curves of
the LO mode are as shown in Figures 20(a) and 20(b),
respectively. The result shown in Figure 20(a) is similar to
both the theoretical result shown in Figure 3(a) and the
experimental result given in Figure 17(a) but is not similar to
the one shown in Figure 20(b), namely, that according to
(A.4). Therefore, the correct equations of the Raman in-
tensity in the HH configuration are those in (A.3). The errors
induced by the inconsistent definition of es in the HH
configuration caused the mistake in the intensity analysis.

0
0
0
0
TO, mode: I),0c|eIRyes|2 =|[cosy siny 0]|0 O
0
b
0
0

[cosy siny 0]]0

[cosy siny 0]|b
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eg=¢ =[cosy siny 0], (A1)

instead of

es=[100]", (A2)
where y in (A.1) is ¢ in this work.

As calculated using the vectors ey and eg in (A.1), the
relevant TO modes and LO mode should be

0 07[cosy
0 b||siny|| =0,
bo 0
0 0 bi[cosy |
0| siny =0,
b 0O0lL 0 |
ro 0“'c051p“2
0| siny || =b’sin’2y (A.3)
LO O OJL O
00 07717
0bllo]l =0,
LO b 0JLO]
70 0 br1)
0o0flo]l =0, (A.4)
b 0 0]LOJ
0 b 077171
00/(l0][ =b’sin’y.
LO 0 0JLOJ

C. Inconsistency of the Experimental
Results with the Theoretical Results

In Section 4 of that work [8], the experimental results are not
consistent with the theoretical results given in the same
paper. Moreover, their experimental results are nearly the
same as the theoretical result in this work (see (11)) shown in
Figure 17(a), which further proves that the theoretical results
in this work are correct and that those in the paper by
Ramabadran and Roughani [8] are incorrect.
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