Carbon 191 (2022) 471476

journal homepage: www.elsevier.com/locate/carbon

Contents lists available at ScienceDirect

Carbsn

Carbon

Zenith-angle resolved polarized Raman spectroscopy of graphene N

Yu-Chen Leng *°, Tao Chen 9, Miao-Ling Lin , Xiao-Li Li ¢, Xue-Lu Liu “,

Ping-Heng Tan * "

Check for
updates

4 State Key Laboratory of Superlattices and Microstructures, Institute of Semiconductors, Chinese Academy of Sciences, Beijing, 100083, China
b Center of Materials Science and Optoelectronics Engineering & CAS Center of Excellence in Topological Quantum Computation, University of Chinese

Academy of Sciences, Beijing, 100049, China

€ College of Physics Science and Technology, Hebei University, Baoding, 071002, China

ARTICLE INFO

Article history:

Received 8 December 2021
Received in revised form

18 January 2022

Accepted 4 February 2022
Available online 7 February 2022

Keywords:

Zenith-angle resolved polarized Raman
spectroscopy

Two dimensional materials
Interference effect

ABSTRACT

Angle resolved polarized Raman (ARPR) spectroscopy has been widely used to study basic properties of
two-dimensional materials (2DMs), such as underlying symmetry, mode assignment, crystallographic
orientation and optical anisotropy. The substrate effect has never been uncovered in ARPR spectroscopy.
In this work, we investigated zenith-angle resolved polarized Raman (ZRPR) spectra of the G mode of
graphene (1LG) deposited on different substrates as well as graphite under in-plane and out-of-plane
configurations. In contrast to the independent behavior in normal incidence geometry, the G mode in-
tensity exhibits obvious zenith-angle dependence. In particular, this polarization behavior is sensitive to
the underlying substrates underneath 1LG. The ZRPR intensity of the G mode can be well understood by a
model considering both Raman selection rule and zenith-angle resolved interference effect. This work
enriches the understanding of polarized Raman spectroscopy of 2DMs and the approach can be appli-
cable to other 2DMs, especially in-plane anisotropic 2DMs.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Through light-matter interactions, Raman spectroscopy can
provide abundant information of structural, electronic and optical
properties in crystals, and has gained widespread popularity
ranging from basic research to routine tests [1]. In particular,
polarized Raman (PR) spectroscopy, in which the polarization of the
incident photons and the scattered photons are carefully controlled
in Raman experiments, the corresponding selection rules of
phonon modes allow accurate characterization of crystal structures
and symmetry [2,3]. In general, the PR intensity of a Raman mode is
associated with its Raman tensor [4], whose form varies with the
orientation of a crystal plane relative to the experimental co-
ordinates. As a result, one can analyze and determine crystal
orientation by measuring their PR intensities in different crystal-
lographic directions [5].

Abbreviations: PR, polarized Raman; ARPR, Angle resolved polarized Raman;
2DMs, two-dimensional materials; ZRPR, zenith-angle resolved polarized Raman;
CVD, chemical vapor deposition.
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For traditional three-dimensional crystals, it is easy to perform
spectral analysis in a given polarization configuration [6—8]. In
contrast, the PR spectra of ultrathin two-dimensional materials
(2DMs) deposited on SiO,/Si or other substrates are usually studied
in normal incidence geometry, ie., the incident laser beam
perpendicular to the basal plane [9]. The 2DM flake and substrate
form a multilayered dielectric structure. The laser beam and Raman
signal will undergo multiple reflections and refractions at the in-
terfaces of the multilayered structure, giving rise to an interference
effect [10—12]. This effect makes optical contrast of 2DM flakes
dependent on the thickness of SiO, layer (dsjo2) and the number of
layers (N) of 2DM flakes, which is used to quickly identify N of 2DM
flakes on SiO,/Si substrate [13,14]. This interference effect also
modulates the intensities of laser and Raman signal within the
multilayered structure [10—12,15,16]. In principle, the interference
effect should modulate the polarized Raman signal. However, in the
normal incidence geometry, the PR spectra only reveal information
related to in-plane electron momentum and electron-phonon
coupling of 2DMs [17] because the polarization of electric field of
incident laser is parallel to the basal plane. Therefore, all the angle
resolved polarized Raman (ARPR) spectra in the normal incidence
geometry are modulated to the same extent by the interference
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effect, which was not taken into account in the analysis of ARPR
spectra, even for graphene-based materials [18].

Oblique incidence geometry in PR spectroscopy can introduce a
zenith angle between the normal line of sample surface and the
incident light. The corresponding zenith-angle resolved polarized
Raman (ZRPR) spectroscopy can be an experimental method to
break through the limitations in normal incidence, such as evident
difference of electronic polarizability [19] and optical response
[20,21] between out-of-plane and in-plane directions. Indeed, ZRPR
spectroscopy had been carried out to demonstrate how the bire-
fringence and linear dichroism effects determine ZRPR intensity of
Raman modes in in-plane anisotropic layered materials, such as
bulk black phosphorus [22]. How the interference effect affects
ZRPR spectra of ultrathin 2DM flakes deposited on multilayered
dielectric substrates is a basic issue for PR spectroscopy of 2DMs.

Here, by taking monolayer graphene (1LG) as an example, we
investigated ZRPR spectroscopy of 1LG at oblique laser incidence.
The Raman intensity ratio of the G mode between out-of-plane and
in-plane configurations, Iou(G)/lin(G), exhibits obvious dependence
on zenith-angle and substrate. A quantitative model based on
interference effect was proposed to understand the ZRPR intensity
of the G mode, which shows that the G mode intensity is sensitive
to dsip2 of the substrate. This work demonstrates that multilayered
dielectric substrates can significantly modify ZRPR intensity of few-
layer 2DMs, which had never explored in the present ARPR
spectroscopy.

2. Experimental
2.1. Synthesis and transfer of 1LG

Monolayer graphene (1LG) was grown on 25-um thick Cu foils
(Alfa Aesar, 99.8%) by a plasma-enhanced chemical vapor deposi-
tion (CVD) system [23]. The Cu substrate was heated to 830 °C at a
heating rate of 3 °Cs~!. Then H, gas was introduced into the
chamber at a flow rate of 40 standard cubic centimeters per minute
(sccm) and discharged for 2 min at a radio-frequency power of
50 W to eliminate surface oxides on the copper foil. After that, the
chamber was purged with Ar at a flow rate of 100 sccm for 2 min to
remove residual hydrogen gas. Under a continuous flow of argon
(40 sccm) and methane (1 sccm), 1LG was synthesized in 3 min at a
plasma power of 50W, while the pressure was kept at 10 mTorr.

After cooling down the samples to room temperature, the syn-
thesized 1LG were transferred onto three different substrates
(95nm-Si0,/Si, 297nm-Si0,/Si and quartz) [20]. The polymethyl
methacrylate (PMMA) solution was spin-coated on 1LG/Cu and
baked at 150 °C for 3 min to generate the PMMA film. Then the Cu
foil was dissolved in aqueous solution of FeCls. After that, the
PMMA/1LG membrane was cleaned with deionized water and
placed on 95nm-Si0,/Si, 297nm-Si0,/Si and quartz substrates to
form the PMMA/1LG/substrate structure. The thickness of SiO, film
had been determined by the optical contrast method [24]. Finally,
the PMMA film was removed by acetone.

2.2. Raman measurements

The zenith-angle resolved polarized Raman (ZRPR) spectra were
measured at room temperature by using a Jobin-Yvon HR-Evolution
micro-Raman system equipped with a liquid-nitrogen-cooled
charge-coupled device detector (CCD). The excitation wavelength
is 532 nm from a solid state laser. The 600 lines/mm grating was
used in the Raman measurements, which enables each CCD pixel to
cover 0.85 cm™! at 532 nm. The laser power density was kept below
0.5 mW/um? to avoid heating the samples. The acquisition time is
200 s to ensure the high signal-to-noise ratio of the Raman spectra.
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Fig. 1 demonstrates schematic diagram of the polarization
configurations in the ZRPR measurements. The sample on the
substrate is placed vertically. In the laboratory coordinate XYZ as
denoted in lower left quarter of Fig. 1, the laser polarization vector
after the polarizer is along Y. Then, the laser beam propagates
through a half-wave plate with its initial fast axis along Y, and is
further focused onto the sample basal plane by a lens (NA = 0.08),
leading to a circular-laser spot with a diameter of 10 um at normal
incidence and angle resolution of 8.7° for ZRPR measurements. The
Raman signal collected by the same lens propagates back through
the same half-wave plate. Then, it is selected by an analyzer with
polarization parallel to that of the polarizer. At last, it is focused into
a spectrometer for Raman measurements. By varying the fast axis
of the half-wave plate, the laser polarization vector at the sample
basal plane can be fixed along Y or X, while the collected Raman
signal is always along Y.

When the laser is initially focused in normal incidence onto the
graphene plane, we can denote crystal coordinates (xyz) according
to XYZ. By switching the fast axis of the half-wave plate between
0° and 45°, the polarization vectors of the incident laser and the
scattered Raman signal are always parallel to the graphene plane.
However, when the sample is rotated by an angle of 6, as shown in
the inset to Fig. 1, the angle between the laser excitation and the
normal of graphene plane is 6y, i.e., the zenith angle of the laser
excitation in the crystal coordinates of sample. When the fast axis
of half-wave plate is along Y, the laser polarization vector at the
sample is fully contained in the graphene basal plane (so-called in-
plane configuration, the vector along Y). When the fast axis is
rotated by 45° relative to Y, the laser polarization vector is along X,
exhibiting an angle of §y away from the graphene plane (so-called
out-of-plane configuration). One can measure ZRPR spectra in the
in-plane and out-of-plane configurations, and the corresponding
Raman mode intensities are denoted as I, and Iy, respectively.
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Fig. 1. Schematic diagram of the experimental setup. The polarization of laser and
Raman signal is altered by a half-wave plate, and the zenith-angle 6 is changed by
rotating the sample. The inset shows schematic diagrams of in-plane and out-of-plane
configurations in a side view and top view. (A colour version of this figure can be
viewed online.)
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3. Results and discussions

Raman spectra of graphene samples collected at normal laser
incidence, as well as their optical images are depicted in Fig. 2, in
which the G (~1582 cm™') and 2D (~2684 cm™') modes are shown.
Highly oriented pyrolytic graphite was used as a reference in the
measurements and its Raman spectra are also shown. The sym-
metric single Lorentzian lineshape of the 2D mode in graphene
samples indicates that each graphene sample is mainly 1LG [25,26].
The weak D mode suggests high crystal quality of 1LG. The asym-
metric peak at ~1554 cm™~ ! in all the samples originates from the
vibration of oxygen molecules in air [27]. In this work, the G mode
with Ep; symmetry is chosen to investigate the ZRPR intensity of
each graphene sample.

The typical ZRPR spectra of 1LG on different substrates are
depicted in Fig. 3a—c. When fy = 0°, the G mode intensities of each
sample in out-of-plane and in-plane configurations, i.e., lou(G) and
Iin(G), are identical to each other due to the in-plane isotropy of the
G mode. As fp increases, Io,(G) gradually deviates from Ij(G). Note
that the G mode of 1LG/297nm-Si0,/Si blue shifts up to ~
1594 cm ™!, resulting from the doping induced by charge transfer in
the CVD growth and transfer process [28]. Because the G mode of
the three samples exhibits an asymmetric line shape, we use the
integral intensity of the G mode to analyze its ZRPR intensity.

The ZRPR intensity ratio of the G mode for the three 1LG sam-
ples in out-of-plane and in-plane configurations, Iou(G)/lin(G), are
summarized in Fig. 3d and e. Iouw(G)/lin(G) show significant
dependence on the substrates. For 1LG/95nm-SiO>/Si, Iou(G)/lin(G)
(open diamonds) decreases monotonically to 0.2 with increasing
up to 60°. While for 1LG/297nm-SiO03/Si, Iout(G)/Iin(G) first de-
creases as fp increases, reaching a minimum (0.6) at 6y = 40°, and
then monotonically increases to 1.5 at 6y = 60°. As for 1LG/quartz,
Iout{G)/Iin(G) (open squares) monotonically decreases to 0.6 with a
relatively flat trend as 6 increases up to 60°.
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Fig. 2. Raman spectra of 1LG/95nm-SiO/Si, 1LG/297nm-SiO,/Si, 1LG/quartz, and bulk
graphite at normal incidence. Their corresponding optical images are shown on the
right. (A colour version of this figure can be viewed online.)
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To understand the substrate-dependent ZRPR intensity, not only
the Raman selection rule but also the fp-dependent interference
effect should be considered. For a general case of Raman scattering,
the intensity of a Raman mode is associated with its Raman tensors

2 .
based on the Raman selection rule as I«y; |, R’ , where R is

the jth Raman tensor of the Raman mode, e, and e, represent the
polarization vectors of the Raman signal and laser excitation,
respectively. Ri with elements R, (u,v=x,y,z) has a certain form
related to the symmetry of the crystals [4]. In graphene, the two
Raman tensors of the G mode are as follows,

a 0 O 0 a O
Rl(G)—(O —a o),RZ(G)—(a 0 0). (1)
0 0 O 000

For ZRPR spectroscopy, due to the high optical transmittance of 1LG
and SiO;, multiple reflections at the interfaces and optical inter-
ference within the multilayered structure of air/1LG/SiO,/Si or air/
1LG/quartz will significantly affect the electric fields of both laser
excitation and Raman signal. The optical path of the laser beam in
1LG/SiO,/Si and 1LG/quartz with zenith angle of g are indicated in
Fig. 4a and b, respectively. Since the NA of the lens used in the
experiment is small, here we ignore the uncertainty of 6y caused by
lens focusing. The electric field vector of the incident laser can be

classified into s—(EfnJ) and p-polarization (E’(;1 1)» in which the s(p)-
polarization is perpendicular (parallel) to the incident plane. The

electric field of incident laser inside 1LG, with a propagation dis-
tance of zj, are denoted as E§€f>(z1) =F® (zl)Efflp}, where F?)(z)
stands for the electric field enhancement factor at z; caused by the

interference effect [10—12] (See Supplementary data for more de-
tails), EB({’), is the electric field of the incident laser excitation in air.

In the out-of-plane configuration, the electric field E‘l7 \(21) can

be decomposed into two components along its x and z axes, i.e.,

E)f,l(zl
E{ (1) =

E 11 e -F{(z1), @)
E 11 ef-Fi(z1),

where ef = cosfl; and e = sinf; are the laser polarization vectors
along the x and z axes, respectively, # is the refraction angle cor-
responding to 6p. The electric field of Raman signal at z,
Eﬁ”r(z1 )(u=x,y,2) can be given by E{ (z;) and the Raman tensor, i.e.,

Eu" (z1) =

> RLE (@)

v=XyZ

3)

Similar to the incident process, Raman signals are also affected
by the interference effect, and the corresponding electric field
enhancement factor at z; is denoted as F¥(z;) (See Supplementary
data for more details). The electric field components of the
collected Raman signal in air are given by

Xj
EO] r

Z.j
EOl T

= Fiz1)- Bl (1),

] (4)
= Fr(zl)'er'ELr(Zl)

where ef = cosfy and eZ =sinf; are the polarization vectors of
Raman signal along the x and z axes, respectively. Therefore, the
Raman intensity is obtained by summing the squares of electric
field components integrating over the thickness (d;) of graphene
layers as follows,
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Fig. 3. Typical ZRPR spectra of 1LG on (a) 95 nm-SiO,/Si, (b) 297 nm-SiO,/Si and (c) quartz under in-plane and out-of-plane configurations excited at 532 nm. The experimental
(open circles, diamonds and squares) and calculated (dashed and solid lines) fp-dependent I,u(G)/lin(G) of 1LG on (d) 95nm-SiO-/Si, 297nm-Si0,/Si and (e) quartz are also shown. (A

colour version of this figure can be viewed online.)
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The in-plane configuration case is simpler, because only the
electric field component along the y axis exists. The corresponding
electric fields of the incident laser and Raman signal are,
respectively,

E] \(z1) = Egy F{ (21), -
E§l . = Flz)EL(z).

Then the ZRPR intensity of the G mode in the in-plane config-
uration can be calculated by Eq. (5). The calculated fp-dependent
Iout(G)/Iin(G) of the three 1LG samples are included in Fig. 3d and e,
which are in line with the experimental results. In principle, the
model described by Eq. (5) can be applicable to 2D mode whose
polarization behavior can be expressed by an effective Raman
tensor with Aig symmetry [29,30]. The fp-dependent Ioy(2D)/
Ilin(2D) of the three 1LG samples are included in Fig. S3. The good
agreement between experimental and theoretical results again
proves the reliability of the proposed model.

The ZRPR spectra for graphite were also measured and depicted
in Fig. 5a. With increasing 6, Iout(G)/lin(G) increases monotonically.
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1LG/SiO,/Si and (b) 1LG/quartz. (A colour version of this figure can be viewed online.)

Intuitively, the p-wave (out-of-plane configuration) exhibits an
electric field oriented at an angle respect to the graphene plane, it
seems that only the in-plane electric field component contributes

to Iout(G). Based on Iotzj er.Rj.

proportional to cos*(6g) as determined by Raman tensors of the G
mode. Therefore, Io,(G) should be relatively weaker than [i5(G),
which is inconsistent with the experimental data. Indeed, the
experimental Iou(G)/lin(G) summarized in Fig. 5b approaches up to
almost 5 at fp = 70°. To understand the increase in Iou(G)/lin(G)
with increasing 6y, it is necessary to consider not only the Raman
selection rule but also the reflections of laser excitation and Raman
signal at air/graphite interface. The fy-dependent reflectivity of s-
(Rs) and p-polarization (R,) components of laser excitation can be
obtained by the relative intensity of reflected laser to the incident
laser at the air/graphite interface under in-plane and out-of-plane
configurations, respectively. The calculated fy-dependent R; and
Ry of graphite by Fresnel's law are depicted in the inset to Fig. 5b,
which are in perfect agreement with the experimental one. As 6y
increases from 0° to 70°, R, decreases while R increases mono-
tonically. Therefore, the power of laser excitation penetrating
through the air/graphite interface under the out-of-plane config-
uration is larger than that under the in-plane configuration, which
is also true for the Raman signal. This leads to larger I,,{G) than
Iin(G). To simplify the case of Iou(G)/Iin(G) for graphite, we use an

2
, one expects that Iou(G) is

average refractive index _n1 of 2.50 + 1.40i for s- and p-polarization
components of both laser excitation at 532 nm and Raman signal at
581 nm, then, Iou(G)/lin(G) of graphite can be reduced to
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Fig. 5. (a) Typical ZRPR spectra of graphite excited at 532 nm under in-plane and out-of-plane configurations. (b) The experimental (open stars) #p-dependent Iou(G)/lin(G) of
graphite and the calculated (dashed line) one by eq (8). The inset to (b) shows the experimental reflectivity (open diamonds and squares) and calculated curves (solid lines) of s-(Rs)
and p-polarization (R,) laser under in-plane and out-of-plane configurations. The calculated fp-dependent Iou(G)/lin(G) of NLG on (c) 297nm-SiO,/Si and (d) 95nm-SiO,/Si along
with that of graphite by eq (5), and the corresponding experimental data of 1LG and graphite are also included. (A colour version of this figure can be viewed online.)
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4. Conclusion
Appendix A. Supplementary data
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