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ABSTRACT

Due to its atomic thickness and insulating nature, hexagonal boron nitride (h-BN) is considered to be one of the most promising substrates
and gate insulating materials for two-dimensional electronic devices. In this study, polarized Raman spectroscopy was employed to uncover
the effects of polarized incident light on the optical properties of h-BN phonon modes. Our measured polarization-resolved Raman spectra
indicate that the symmetrical nature and the broken symmetry of degenerate phonon modes from h-BN are induced by linearly and ellipti-
cally polarized light, respectively. Moreover, a helicity exchange was observed between the excitation of circularly polarized light and the
resulting opposite circular polarization of scattered light from h-BN. The measured phenomena were modeled on the basis of Raman tensors
and Jones calculus to eventually calculate the amplitude coefficients of two orthogonal in-plane phonon modes. Hence, our experimental
study provides a holistic understanding of the vibrational modes in h-BN, which is expected to enhance the knowledge of physical mecha-
nisms such as heat capacity and thermal and electrical conductivities of this layered material.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0114075

Boron nitride (BN) forms various polymorphs with distinct
physical characteristics. Strong hardness, high thermal conductivity,
and chemical stability have made BN a favorable material utilized as a
protective coating and abrasive tool for many years." BN is character-
ized by several physical properties associated with carbon polymorphs
due to its analogous structures.” h-BN is a dangling-bond-free layered
material providing an ultra-smooth surface, which is beneficial to
form a van der Waals (vdW) heterostructure with graphene, transition
metal dichalcogenides (TMDCs), and many other two-dimensional
(2D) materials.” Possessing an insulating nature, h-BN has been widely
applied in many electronic devices as a dielectric layer.” Moreover,
h-BN is also considered to be an adequate supporting substrate in

graphene-based devices, as the atomic arrangement of h-BN corre-
sponds to that of graphene.”” Recently, some researchers have started
to focus on applications requiring wide-bandgap characteristics, which
has made h-BN a promising material to construct optical emission
and detection devices for ultraviolet (UV) light.2“’

Raman spectroscopy is a nondestructive method to investigate
the vibrational modes of materials.”* This technology has been widely
used to characterize material properties such as thickness and stacking
order of 2D materials or vdW heterostructures and to further identify
their molecular composition.”'’ The Raman peak of the in-plane
vibrational mode (Ey,) in single crystal h-BN has been found to be
at ~1366cm™ """ The peak position shows slight blueshifts
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(~4cm™") as the number of layers increases up to the first few
layers;'"'* some random shifts induced by strain have also been
reported by Gorbachev et al., which are negligible in multilayer h-BN."’
Beside from its peak position, the Raman intensity of the E;, mode in
h-BN can also be used to identify the thickness of the material.

A derivative technology called polarized Raman spectroscopy
employing polarized incident light can be used to probe the polariza-
tion of scattered light, which involves information such as the orienta-
tion of molecules and the symmetry of vibrational modes.'”'
Previously, Huang et al. added optical components to convert incident
light into elliptically polarized light, which possesses an extra degree of
freedom for polarization.'” In response, the degenerate in-plane Epq
mode in MoS, was found to have a symmetry-breaking behavior, in
which the amplitudes of the vibrations along the x and y directions
were distinct. Additionally, Chen et al. demonstrated the use of a
polarized Raman system to investigate the helicities of Raman signals
from several kinds of TMDCs induced by circularly polarized incident
light."”

This work is focused on investigating the relationship between
incident light having various polarizations and the vibrational mode of
h-BN using polarized Raman spectroscopy. The polarization of
incident light was controlled by a quarter-wave plate (QWP) and a
half-wave plate (HWP) before hitting the sample. The resulting
Raman signal from the sample was then detected and resolved through
the analyzer, leading to the identification of its polarization or helicity.
Consequently, the measured signals indicate the symmetrical nature
and the broken symmetry of phonon modes induced by linearly and
elliptically polarized light, respectively. This phenomenon was mod-
eled by fitting the amplitudes of the vibrational modes from Raman
tensors and Jones calculus. Meanwhile, a helicity exchange was also
evident in the observation of the opposite circularly polarized scattered
light resulting from the excitation light. This study uncovers results
from the interaction of incident light possessing different polarization
states and h-BN, demonstrating the extraordinary optical properties of
the induced Raman scattered light. Hence, the findings of this work
are envisioned to build a further understanding of the vibrational
modes of h-BN.

To provide insight into the response of the phonon modes of
h-BN to an incident polarized light, polarization-resolved Raman
spectra of multilayer h-BN on both sapphire and SiO,/Si substrates
were recorded and analyzed in this work. Incident linearly and ellipti-
cally polarized beams were employed for polarization-resolved spectral
analyses, while left-handed and right-handed circularly polarized light
was used for helicity-resolved spectral studies. The polarization state of
the incident light, E;, can be described by the expression17

E B
‘ i> - eid)E}, ) (1)

where E, and E, are the mutually orthogonal electric field components
of E; and ¢ is the phase difference between these two components.
The amplitudes and phase determine the light’s polarization state. For
instance, a vertical linearly polarized light can be characterized by
E, =0, E, =1, and ¢ = 0; a circularly polarized light by E, = E,
= 1,and ¢ = * J; and an elliptically polarized light by E, # E, or ¢
between 0 and * 7. Mathematically, the relationship between the elec-
tric field vector of the incident light and that of the Raman scattered
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light E;, corresponding to a phonon mode v, is characterized through
the Raman tensor R(v) of the material.'” The dominant phonon mode
of h-BN is the degenerate in-plane Ey,, which can be decomposed into
two components: one along the x-direction E,4 and the other along
the y-direction E,,, with their corresponding Raman tensors defined
as R(Eyy) = (g _Od) and R(Ey,) = (g g) By noting the

unit vector of the scattered light
(|Ei(0)] = (cosO sinf), (2)

that is oriented at a polarization angle, the total Raman intensity as a
function of 0 can be calculated as

1(0) = ZC”

v

(ES(0)|R(U)|E,->‘2 = x I (0) + n x I, (0), (3)

where Ig,, and I, are the Raman intensities of the two orthogonal
phonon modes. The amplitude coefficients c, for both E,g and Epg,
modes are specifically expressed as m and #, respectively. The values
of the coefficients are determined in this work by fitting experimental
data with Eq. (3).

Multilayered bulk-like h-BN thin films used in the study were
grown by chemical vapor deposition (CVD). A detailed growth proce-
dure of the h-BN films can be found in a previous report."” Two kinds
of samples with different substrates were used for measurements.
Sample 1 is a multilayer (94 ML) h-BN film grown on a sapphire sub-
strate by CVD. Later on, the film was transferred onto a SiO,/Si sub-
strate to yield sample 2. Atomic force microscopy (AFM) images of
the two samples exhibit h-BN thicknesses of ~443 nm [Fig. 1(c)] and
~18nm [Fig. 1(d)] for samples 1 and 2, respectively. The bulk-like
thickness prevents substrate dependency that has been observed in the
Raman spectrum of graphene due to film-substrate coupling.”’
Raman spectra of each of the samples [Figs. 1(e) and 1(f)] were taken
to further identify the presence of h-BN layers on the substrates, yield-
ing an expected Raman peak position of the E,, mode centered at
~1370cm ™ ".*"** The Raman peak at 1453 cm ™" in Fig. 1(f) refers to
the third order transverse optical mode (3TO) of SiO,.”

The experimental setup consists of a micro-Raman spectrometer
with additional optical elements to conduct polarization-resolved mea-
surements. A polarizer was inserted between the measured samples and
the spectrometer to analyze the Raman spectra from scattered light at a
specific polarization angle 0. The polarizer is then known herein as the
analyzer, in which 0 was adjusted from 0° to 360° in 15° increments. A
532 nm linearly polarized solid-state laser was used to excite the mea-
sured samples through a 50 x (NA = 0.75) objective lens. The orienta-
tion of this incident light is controlled by the HWP as shown in Fig.
2(a), giving it either a horizontal or vertical polarization state.

The Raman measurements were recorded from sample 1, and the
corresponding polarized intensities were plotted using horizontally
and vertically polarized incident light as shown in Figs. 2(b) and 2(c),
respectively. In these conditions, the polar plots show that the h-BN’s
Ey has an isotropic polarization property, ie., the Raman intensity
is uniform in various orientation angles, implying that the x and y
components of Ey, are triggered fairly. A close reason why a not-
so-symmetrical polar plot was observed is the small movement of the
sample stage due to long exposure time for the weak Raman signal. A
more symmetrical polar plot has been recorded and shown in Fig. S1.
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FIG. 1. Characterization of h-BN samples. Optical images of multilayer h-BN on (a) a sapphire substrate (sample 1) and (b) on a SiO,/Si substrate (sample 2). AFM images of
(c) sample-1 and (d) sample-2 with insets showing AFM profiles taken along the dashed lines indicated in their respective optical images. Raman spectra of a multilayer h-BN
E»q mode for (e) sample 1 and (f) sample 2.
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FIG. 2. h-BN on sapphire (sample 1) excited by linearly polarized light. (a) The schematic diagram of the polarization-resolved Raman spectroscopy setup employing linearly
polarized excitation light. The green line illustrates the incident light, while the yellow line is for the scattered light. The normalized polar plots of scattered light intensities
excited by the (b) horizontal and (c) vertical polarization light, where the green arrows imply the polarization of the incident laser. The solid red circles are fitting curves of the
E>y mode showing isotropic intensities in all directions. (d) and (e) Color map of Raman intensities as a function of the detection angle 0.
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TABLE |I. The fitted parameters of Raman intensities induced by linearly polarized
excitation light.

Vertical linear
polarization

Horizontal linear
polarization

Incident light E, =1, E, =0, ¢ =0

Ep, I(Eyex) =m (d cos 0)2 I(Eyex) = m (—dsin 9)2
I(Eay) = n(dsin)’  I(Esy) = n(dcos)’
(m=n=1/v2,d=1) (m=n=1/v2,d=1)

E.=0,E,=1,¢=0

Meanwhile, the color maps of the Raman measurements induced by
horizontally [Fig. 2(d)] and vertically [Fig. 2(e)] polarized excitation
light further show that both have almost steady Raman peak posi-
tions, all equivalent to ~1370 cm™ . To further analyze the composi-
tions of the E, mode, data points in each polar plot were fitted by
the Raman intensity function in Eq. (3), and the values for the
amplitude coefficients m and n were acquired. The normalized
parameters of the incident light and the fitted values of the ampli-
tude coefficients of the respective Raman intensities are listed in
Table 1. In these analyses, the isotropic properties of the polarized
Raman intensities in Figs. 2(b) and 2(c) reflect the equivalence of the
m and n values. Similar measurements and fitting parameters were
taken from sample 2, which are presented in Fig. S2 and Table SI,
respectively.

The incident light was then transmitted with specific helicities to
observe the helicity-resolved Raman spectra of the samples. The spec-
troscopy setup was assembled with a QWP in front of the objective
lens, as shown in Fig. 3(a), to convert the incident light’s polarization

ARTICLE scitation.org/journal/apl

from linear to circular. A right-handed (left-handed) helicity is pro-
duced when an incident linearly polarized light passes through the
QWP at an angle of 45° (—45°) with respect to the QWP’s fast axis.
Since the incident and scattered light share the same optical path, the
determination of helicity can be resolved by the use of the QWP and
polarizer combination with comparing the scattered light to the inci-
dent light. Hence, the detected polarization of the scattered light in the
spectrometer is linear, and its orientation indicates the scattered light’s
helicity right after leaving the sample. Figures 3(b) and 3(c) show the
detected E,, intensity polar graphs of the scattered light from sample
2, including that of the incident light. Apparently, the orientation of
the scattered light’s helicity-resolved polarization is perpendicular to
that of the incident light, implying that these two have opposite helic-
ities, i.e., a helicity exchange occurred between the incident light
approaching the sample and the resulting scattered light from the sam-
ple. The details of the helicity-resolved Raman spectra are presented in
Figs. 3(d) and 3(e). In the case of right-handed circularly polarized
excitation light, Fig. 3(d) depicts the maximum intensity with left-
handed helicity labeled as RL and the minimum intensity with right-
handed helicity labeled as RR. The similar Raman spectra for the case
of left-handed circularly polarized excitation were plotted in Fig. 3(e).
Color maps of the helicity-resolved Raman intensities are shown in
Figs. 3(f) and 3(g). The normalized parameters of the incident light
and the fitted values for the amplitude coefficients of the respective
helicity-resolved Raman intensities are listed in Table II, which accu-
rately models the recorded experimental data. Similarly observed phe-
nomenon and fitting parameters conducted on sample 1 are presented
in Fig. S3 and Table SII, respectively.

Moving the QWP right after the HWP, as in Fig. 4(a), produces
elliptically polarized incident light. A right-handed (left-handed)
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FIG. 3. h-BN on SiO,/Si (sample 2) excited by circularly polarized light. (a) Schematic of the helicity-resolved Raman spectroscopy setup. A QWP was placed in front of the
objective lens to generate purely circularly polarized excitation light. The black circle arrows indicate the helicities of the incident light. Normalized polar plots of the scattered
light excited by (b) right-handed and (c) left-handed circularly polarized incident light along with their corresponding helicity-resolved Raman spectra (d) and (e), respectively.
(f) and (g) Color maps of the helicity-resolved Raman intensities as a function of 0. The solid dumbbell curves having the same color as the scatter data points in (b) and (c)
are the fitting results for the helicity-resolved E,; (scattered) intensities, whereas the green curves indicate the numerical polarization of the incident light.
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TABLE II. The fitted parameters of helicity-resolved Raman intensities.

Right-handed circular Left-handed circular

polarization polarization
Incident 1 1 1 1
. Ex:—7E =—, Ex:—7 :—7
light NG 2 \/i
T
o=7 9=

Ex I(Exge) = m (dV/25in0))  I(Esge) = m (dﬂ sin ).

I(Esg) = n (dv/2sin0 I(Esg) = n (dv/2sin0

m=n=1/y2,d=1) (m=n=1/v2,d=1)

elliptical polarization was generated by adjusting the combination of
the QWP and HWP. Such an approach is similar to that described by
Huang et al.' Elliptically polarized light consists of non-uniform elec-
tric fields along x and y axes, which may induce unequal intensities of
the x (Eyg) and y (Eyg) components of the Ej, phonon mode. To
observe this experimentally, we perform polarization-resolved mea-
surements to acquire polar plots [Figs. 4(b) and 4(c)] by utilizing both
right- and left-handed elliptically polarized light illuminating on sam-
ple 1. The selected polarization-resolved Raman spectra for the polar-
izer orientated at 0 = 45°, 75°, 105°, and 135° are displayed in Figs.
4(d) and 4(e), and color maps as a function of 0 are also shown in
Figs. 4(f) and 4(g). Similar results were observed in sample 2 as pre-
sented in Fig. S4. By observing Figs. 4(b) and 4(c), one can see that the
major axes of the elliptically polarized scattered light are perpendicular
to those of their corresponding incident light. The amplitude coeffi-
cients were likewise analyzed using fitting functions derived from the
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Jones calculus as shown in Table III. The results from the measured
data in both right- and left-handed incident helicity cases indicated
that the fitting amplitude coefficients of E,g, were greater than that of
Eygy, reflecting the asymmetricity of the in-plane phonon mode (Ey,)
in h-BN. One of the possible mechanisms is that the relative phase of
the elliptically polarized light may induce the Frohlich interaction by
altering the macroscopic electric field,” leading to the Raman scat-
tered light having different amplitude relative phases along Ej, and
Eyg, directions. The calculated parameters for sample 2 are also shown
the same behavior in Table SIIL. The detailed Raman tensor calculation
for elliptically polarized light is described in Figs. S5 and S6 of the sup-
plementary material.

In conclusion, polarization-resolved measurements of the Raman
intensities for h-BN’s E,, mode have been demonstrated. Incident
light with linear, circular, and elliptical polarization states were utilized
to reveal the behavior of the E,; polarization with respect to that of
incident light. Linearly polarized light excited uniform in-plane vibra-
tional Raman intensity in both x (Ey) and y (Ey,) directions,
whereas incident elliptically polarized light could break the symmetry
of the Ejg, and E,g, vibrations leading to asymmetric in-plane lattice
vibration owing to the potential inducement of Frohlich interaction. It
was also found that when an incident circularly polarized light was
illuminated on h-BN, opposite helicities between the incident light
and the Raman scattering light were apparently demonstrated. These
properties were observed in both multilayer h-BN on sapphire (sample
1) and SiO,/Si (sample 2) substrates without showing substrates
dependence due to the thickness of the samples already reaching the
bulk limit. This work provided a method to manipulate the vibrational
mode of h-BN using the polarization of incident light. By understand-
ing the phenomena and its mechanism, this can be extended to other
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FIG. 4. h-BN on sapphire (sample 1) excited by elliptically polarized light. (a) Schematic of the polarization-resolved Raman spectroscopy setup. The elliptically polarized exci-
tation light, denoted as |ER) and |EL), was generated through the appropriately oriented half-wave and quarter-wave plates. The black arrows show the opposite helicity orien-
tations of the elliptically polarized light. (b) and (c) Normalized polar plots of the scattered light intensities induced by incident light [ER) and |EL), respectively. The solid
curves are the fitting results for the E;; mode, and the green curves show polarizations of incident light. (d) and (e) The selected polarization-resolved Raman spectra corre-
sponding to the polar plots collected at 0 = 45°-135°. (f) and (g) Color maps of Raman intensities as a function of 0.
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TABLE Il. The fitted parameters of Raman intensities for elliptically polarized excitation light.

Right-handed elliptical polarization

Left-handed elliptical polarization

Incident light 1 1 1
E, E,=—, ¢ = 0.20x E, JE,=—, ¢ = 0.70x
\/_ V2 V2 V2
Ey, m ((d cos 0 — d cos ¢ sin 0)* + (d sin ¢ sin §)*) I(Ezgx) m ((d cos 0 — d cos ¢ sin 0)* + (d sin ¢ sin 6)*)
= n ((dsin 0 + d cos ¢ cos 0)* + (d sin ¢ cos 0)*) I(Ezgy) = n((dsin 0 + d cos ¢ cos 0)* + (d sin ¢ cos 0)*)

(m=047,n=0.19,d=1)

(m=056,n=0.14,d = 1)

2D materials, and more possible applications in optical components
and optoelectronics are expected to be developed.

See the supplementary material for the linearly, circularly, and
elliptically polarized light induced polarization-resolved Raman spec-
tra along with the calculated parameters on other h-BN samples and
numerically calculated polarization of scattered light excited by ellipti-
cally polarized light.
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