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1. Introduction

In recent years, anisotropic 2D materials (black phosphorus, ReS,, WTe,, etc.)

have garnered significant attention due to their orientation-dependent
physical and chemical properties, along with their potential applications in
micro-nano device development, such as crystal-based diodes, polarized light
photodetectors, and directional heat transfer. As a practical, quick, and
nondestructive characterization tool, Raman spectroscopy, with its unique
and unmatched advantages in studying anisotropic materials, plays a crucial
role. It enables lattice orientation identification, investigation of structural
phase transitions, and examination of anisotropic lattice vibrations, among
other aspects. Here, a comprehensive review of recent developments in
Raman spectroscopy research on anisotropic materials is provided. To begin,
this study introduces the classification of anisotropic materials before delving
into the polarized Raman spectroscopy principle. Various research directions
of Raman spectroscopy in anisotropic materials are explored, including lattice
orientation identification, temperature dependence, interlayer coupling,
electron—phonon interaction, thickness dependence, and high-pressure phase
transition. Finally, potential future directions in the field of Raman
spectroscopy for anisotropic materials are discussed, and the potential

challenges that may arise are addressed.
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The anisotropic 2D materials, typi-
fied by black phosphorus (BP), WTe,,
ReS,, etc, have attracted extensive
attention due to their exceptional op-
tical, thermal, and electromagnetic
properties.l'! 2D anisotropic materials
offer the possibility of developing a
new generation of multifunctional low-
dimensional flexible electronic and opto-
electronic devices, such as polarization-
sensitive  photodetectors,[1®1¢]  yltra-
high photoresponsivity,['’-1%  energy
storage,?*2!]  photocatalysis,!?°  hu-
midity sensors(2®?’] etc. For instance, the
hole Hall mobility of BP-based field-effect
transistors (FETS) varies by 1.6-fold in
the “zigzag” and “armchair” directions!®’
Triclinic ReS, exhibits charge distri-
butions primarily along the zigzag
direction, leading to faster charge car-
rier diffusion and the strongest Raman
enhancement when CuPc molecules
align this way, offering insights into
the chemical mechanism-based surface-
enhanced Raman spectroscopy (SERS)
enhancement and emphasizing the
importance of substrate symmetry!?8

Raman spectroscopy has played a crucial role in characterizing
2D materials, allowing the determination of layer thickness!?”!
edge chirality®® lattice orientation®!l doping,323] alloy
composition,?* applied stress,!*>38 thermal effects,*! struc-
tural phase transitions!*’! defects,!”*!] and other properties. This
nondestructive and rapid characterization tool has been instru-
mental in the advancement of 2D materials research, particularly
for anisotropic materials. Raman spectroscopy facilitates a deep
understanding of the properties of anisotropic materials in two
dimensions, enabling further exploration of their applications.
Additionally, it allows for in-depth studies of physical processes,
such as electron-phonon coupling, in the Raman scattering
process.[*?]

The focus of this paper is to review the applications and
characterization of Raman spectroscopy in 2D anisotropic
materials, covering aspects like the classification and struc-
ture of anisotropic materials, the theory behind Raman
spectroscopy, various Raman spectroscopy instrumentation,
and the characterization of each material and its practical
uses.

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Table 1. Classification of anisotropic 2D materials by their point
symmetries.[46-56]

Symmetry Materials Tensor
a00 0do0 00e 000
D, BP*,GeSe*’, A, (0 b 0)B1g(d 0 0)B2g(0 0 0)B3g(0 O f)
PdSe,*, GeAs,*, 00c¢ 000 e00 0fo0
ZrTes™°
ado0 00e
Con MoTe, (T'phase)“?, Ay(d b 0)B, (00 f)
00¢ ef 0
Ta,NiSs, GaTe’',
TiS;%2 GeP®3
ade
G ReS, /ReSe,** Ay(d b f)
efc
a00 0dO 00e 000
C,, MoTe, (Td phase)*® A, (z)(0 b 0)A2(d 0 0)B1(x)(0 0 0)B2(y)(0 O f)
WTe, > 00c 000 e00 0f0

2. Anisotropic 2D Materials and Their
Classification

Over the past decade, 2D materials have been at the forefront of
research, which typically form strong in-plane chemical bonds
while exhibiting weak van der Waals bonds out-of-plane. They
display diverse symmetries such as Dy, (found in graphene,
MoS(Se),, WS(Se),, GaSe(S), h-BN, etc.), D,y (in SnSe,, and
Bi2Te(Se);), Dy, (in black phosphorus (BP), GeS(Se), SnS(Se)),
C,, (in GaTe), and C; (in ReS(Se),).[***] Notably, 2D materials
with lower symmetries like D,,, C,,, and C; exhibit in-plane
anisotropy. This anisotropy introduces an additional degree of
freedom compared to isotropic materials, leading to diverse phys-
ical properties.
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Common 2D materials like graphene, hBN, and MoS,, which
have symmetrical lattices, offer consistent isotropic in-plane
properties, beneficial for many electronic and photonic applica-
tions. In contrast, 2D materials with anisotropy, where proper-
ties differ based on spatial orientation, provide additional tailor-
ing possibilities and potential for multifunctional nanodevices.
Point symmetry, vital in determining anisotropy, affects Raman
modes and their activity. We briefly discuss the point symme-
tries in anisotropic 2D materials and their associated Raman ten-
sors in Table 1, noting that external factors and structural vari-
ations can influence these symmetries. Some 2D materials can
even achieve orthorhombic symmetry under specific conditions
or through structural engineering.

The orthorhombic crystal family encompasses the C,, and D,
point groups. The completely symmetric representations A, A,
or A, have diagonal Raman tensors with distinct diagonal ele-
ments. Crystals in the C,, point group, which are monoclinic,
possess two Raman tensors for modes with distinct symmetries.
The Raman tensor for the fully symmetric representations (A,
A, Ap) in the Cy, group isn't diagonal due to a nonzero xz
element.[*] For MoTe,, distinct phases exhibit varied point sym-
metries. The 1T” and Td phase structures only differ in their inter-
layer stacking. The 1T’ phase, being monoclinic, has a stacking
angle of ~93.9° and includes symmetry elements like a twofold
screw axis (C,,), a horizontal mirror plane (M,), and an inver-
sion center, placing it in the C,, point group. Conversely, the
orthorhombic-stacked Td phase possesses a twofold screw axis
(C,,), adiagonal glide plane (M,), and a vertical mirror plane (M),
aligning it with the C,, group.[*®! Lastly, the triclinic crystal fam-
ily consists of the C; point groups, characterized by the sole non-
trivial symmetry operation of an inversion center. Raman-active
modes in the C; groups belong to the Ag representation,'*! where
all Raman tensor elements are nonzero, as presented in Table 1.
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Figure 1. Regularly shaped anisotropic 2D materials resulting from different force patterns of three 2D materials. a) The wave-fold type. b) The rhombic

type. c) The polygonal type.
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Figure 2. Irregularly shaped anisotropic 2D materials a) TiS; side and top views are shown, followed by b) side and top views of GeAs,, and finally

c) side and top views of ZrTe; are presented.

2.1. Anisotropic 2D Materials with Regular Shapes

While the point group classification offers a rigorous mathemat-
ical structure grounded in crystallography, we can also categorize
anisotropic 2D materials into subclasses based on shared struc-
tural characteristics rather than their underlying symmetries. As
shown in Figure 1, the traditional side-view shapes of anisotropic
2D materials can be primarily categorized into wave-fold, thom-
bus, and polygon types. The varied forms of anisotropic 2D
materials-be it wave-fold, rhombus, or polygon-can be interpreted
as manifestations of fictitious in-plane stresses acting on the lat-
tice structure, leading to anisotropic contraction or expansion
within the lattice. For example, a wave-fold can be visualized as
the material’s response to alternating compressions and expan-
sions in the vertical plane. The rhombic form arises from alter-
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nating in-plane uniaxial tensile and compressive stresses. For a
polygonal structure, the in-plane stresses are more complex. Ad-
jacent regions within the material alternate between tension and
compression.

Black phosphorus stands out as one of the most remarkable
2D layered semiconductors in the next generation of optoelec-
tronics and excellent qualities, including strong carrier mobility
and a directly controllable band gap energy, electrical, thermal
properties and excellent anisotropic optical.l’’?! Figure 1a illus-
trates the graphene-like orthorhombic crystal structure of black
phosphorus, where phosphorus atoms form a honeycomb lattice.
Unlike graphene and other 2D atomically planar nanomaterials,
BP consists of folded bilayers. In the BP monolayer, each P atom
forms covalent bonds with three neighboring P atoms using a
pair of unshared electrons (with a bond length of 2.18 A), creating

(e

Intensity (a.u)

360 420 450 _ 480
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Figure 3. a—d) Raman spectra of graphene at different polarization angles.!3 Typical Raman spectra for incident laser with polarization angles 0°, 30°,
60°, and 90° with respect to the armchair (a) or zigzag edges (c). Reproduced with permission.[8%] Copyright 2010, American Chemical Society. e) Raman
spectra of BP at different polarization angles. Reproduced with permission.[81] Copyright 2016, American Chemical Society.
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Figure 4. The following schematic diagrams illustrate three typical configurations used in angle-resolved polarised Raman spectroscopy: a) a; Vg and
a Hg, b) V| Vg and V| Hg, ¢) 6, Vg and 8 Hg Reproducedwith permission.[82] Copyright 2017, IOP Publishing.

a wave-like structure. Among these three adjacent phosphorus
atoms, two lie on the same plane at an angle of 98.15°, while the
third P atom deviates at an angle of 103° between the two layers.
This unique arrangement leads to a variety of anisotropic physi-
cal properties, encompassing optics, mechanics, thermoelectric-
ity, and electrical conductivity. The subsequent layers are stacked
in an ABA stacking order along the z-direction, held together by
weak van der Waals interactions. This layered structure allows
for the extraction of single or multiple BP films from bulk crys-
tals using mechanical or liquid exfoliation techniques, with an
interlayer spacing of x5 A.

Layered group IV monochalcogenides, including SnSe, SnS,
GeSe, and GeS, exhibit a wave-like structure similar to that of
BP. However, compared to the single elements in BP, group IV
monochalcogenides compounds consist of two elements with
distinct electronegativity, leading to broken inversion symme-
try in the odd-even layer and resulting in poorer symmetry
and more diverse physical properties. Previous studies have
shown that these 2D materials possess semiconductor proper-
ties, with bandgap energy covering some of the infrared and
visible light ranges. The phosphorus like wire structure also
exhibits anisotropic conductivity and thermal conductivity, ex-
hibiting high thermoelectric performance and ultra-low ther-
mal conductivity. Theoretical studies suggest that 2D group

Adv. Electron. Mater. 2024, 10, 2300610 2300610 (4 of 20)

IV monochalcogenides will display significant piezoelectricity
and strong ferroelectricity, distinguishing them from conven-
tional 2D anisotropic materials within the plane. Among them,
2D GeSe exhibits excellent stability in air and high in-plane
anisotropy. Classified as a p-type semiconductor, GeSe features
band gaps ranging from 1.1 to 1.2 eV, both direct and indirect, ef-
fectively aligning with the solar spectrum and making it suitable
for solar applications. Moreover, GeSe demonstrates a visible ab-
sorption coefficient of 2105 cm™! and remarkable hole mobility
of up to 1.6 cm2 V! s~1. Comprising four Pd and eight Se atoms
in an orthogonal lattice unit cell, a single layer of PdSe, is held
together mainly by van der Waals forces. From a side perspective,
PdSe, appears as a five-sided circular structure with a wavy folded
pattern, reminiscent of black phosphorus. Unlike BP, PdSe, ex-
hibits air stability and can be fabricated through chemical vapor
deposition,[**) positioning it as a promising candidate for prac-
tical electronic applications.”*1-61 Overall, these findings sug-
gest that the utilization of 2D pentagonal materials could fos-
ter the development of pioneering electronic devices, capitaliz-
ing on charge coupling, spin, and additional degrees of freedom
arising from subtle asymmetry. 2D rhombic anisotropic materi-
als are characterized by their thombic shape in the lateral view
and mainly consist of 1T; WTe,, 1T“MoTe,, ReS,, and ReSe,, in
contrast to the common hexagonal (2H) phase crystalline TMDs

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

85UB017 SUOWIWOD 8A1IE81D 3(edldde 8y Aq peusenob 8 Ssoile YO 8N JO'S3INJ 04 Akeiq18UlUO A1 UO (SUORIPUOD-PUR-SWLBHW0D A8 | 1M AeIq Ul uo//:Sdny) SUORIPUOD pue swie | 841 88S *[202/50/20] Uo AkiqiTauliuo A8|im ‘Aisenun smeis e A meuiBes Aq 0T900EZ0Z W Be/Z00T 0T/10p/Luod A3 |1 Afelqijeuljuo//sdny wouy pepeo|umoq ‘2 ‘vZ0Z X09T66TZ


http://www.advancedsciencenews.com
http://www.advelectronicmat.de

ARVANGED
ARANGED, MITERIALS

www.advancedsciencenews.com www.advelectronicmat.de

&

@5, =1, <. |® ©@ o . s
: H : 5 x direction
12 TS Ul U o | ; |
Aﬂ’ an qu g 1:: “Ddiwction ’ ~ “
T Tk &?‘7 o s i
a . a 10-l TZ)
54 y direction x [\ “
e w0 w0

Raman shift (cm™)

(@

Ies ‘ O Al g @32t g
ta . S\ - ST
- @ A @
e T | — — s
S [90° A Ezﬂt&ﬁ £
N o 0 §
i A\ O
0 1008y |
350 400 450 500 350 400 450 500 sop X ()
Raman shift (cm) Raman shift (cm™) *1z0 e P I Raman shift(em™)
(h) //B3g 90 //A3g 9

12 120 60

Figure 5. a) In the case of BP, atomic displacements are examined for Raman-active modes b) Raman spectra of the BP sample were obtained under
different polarisation angles « in the polarized Raman experiments (a = 0°—~180°).[33]The OM images are provided as insets in (c,d),[®] with a scale
bar of 5 um. Reproducedwith permission.[®%] Copyright 2015, John Wiley and Sons. €) The Raman scattering resolved by polarization is investigated in
this study.!3¢] The Raman spectra of a thin film composed of BP layers are analyzed by utilizing a 532 nm laser with linear polarization. The incident
laser is polarized in the z-axis direction. The resulting Raman spectra exhibit distinct features when the excitation laser’s polarization is aligned along the
x-axis (represented by the color gray), D-axis (represented by the color red), and y-axis (represented by the color blue). Reproduced with permission.[3¢]
Copyright 2017, American Chemical Society. Angle-resolved Raman spectra and corresponding contour color map of GeSe nanoflakes measured in the
f) parallel and g) cross-polarization configurations.[38] Reproduced with permission.[38] Copyright 2017, American Chemical Society. h) Angle-resolved
Raman scattering intensities ofAlg, B, and A3g modes under parallel configuration.[®'] i) Angle-resolved Raman scattering intensities of A1g, Bsg,
and A3g modes under cross configuration.[*!] Reproduced with permission.®l Copyright 2018, Wiley-VCH.

like MoS, and WSe,. Among these, 1T; WTe, and 1T” MoTe,
are semi-metallic type II Weyl candidates, holding potential for
spintronics applications. On the other hand, ReS, and ReSe, are
semiconductors with moderate band gaps, making them suit-
able for optoelectronic materials. Figure 1b illustrates the atom-

Adv. Electron. Mater. 2024, 10, 2300610 2300610 (5 of 20)

istic bead and stick structures of the 1T’ phases of MoTe,, where
the Te atoms are staggered with coordination distortion. The
1T’ phase exhibits a semimetallic property with an extended in-
plane lattice constant. The distorted 1T phase of WTe, remains
stable, leading to in-plane anisotropy in various material prop-

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 6. Polarization Raman spectra of M-PdSe, excited by a 532 nm laser. a) Raman spectra were acquired for M-PdSe, grown on c-plane sapphire
using the z(xx)z polarization setup. The crystal orientation was varied from 0° to 150° with respect to the laser polarization direction. b—g) Polar plots
were generated experimentally by plotting the intensity peaks against the crystal rotation angle relative to the polarization of the laser. Reproduced with
permission.[?21Copyright 2022, American Chemical Society.
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Figure 7. a) Raman spectra of a freshly exfoliated flake as a function of the angle of rotation between the flake and the incident polarization.!®*]
b—g) correspond to Bzg1, Bzgz, Ag1, Agz, Ag3, and Ag4 Raman modes which are located at 67, 84, 113, 118, 144, and 178 cm~! Reproduced with
permission.[?3] Copyright 2016, American Chemical Society.
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Figure 8. The Raman intensities were detected for ten modes, and their angular dependence is examined in Song’s study. Reproduced with

permission.[®*] Copyright 2016, Springer Nature.

erties, which has generated significant attention due to its re-
markable magnetoresistancel®% and impressive thermoelectric
properties.[%%] Similarly, rhenium disulfide ReS, has gained at-
tention due to its anisotropic physical features and environmen-
tal stability.[*”] The anisotropy arises from the distorted 1T crys-
tal structure, forming a rhombic Re, structure due to the Peierls
jump. The band gap of ReS, shows less reliance on the number
of layers, contributing to higher charge carrier mobility along the
orientation parallel to the Re chain (b-axis) and lower mobility
along the a-axis. Additionally, Ta,NiS, a compound of metal sul-
phones, belongs to the group of 2D in-plane anisotropic materi-
als. Unlike extensively studied systems such as BP, SnSe, ReS,,
and TiS;, which consist of one or two constituents, Ta,NiS; com-
prises three elements, offering more opportunities for adjusting
its physical properties through stoichiometric modifications. Its
laminar van der Waals structure exhibits a tetrahedral arrange-
ment of Ni atom sheets and an octahedral arrangement of Ta
atom sheets, leading to significant anisotropic properties along

Adv. Electron. Mater. 2024, 10, 2300610 2300610 (7 of 20)

the a- and ¢- axes. When viewed from the side, Ta,NiS, displays
a rhombus shape, similar to the aforementioned 2D materials.
As shown in Figure 1c, we have explored two representative
anisotropic materials in 2D: GaTe and GeP. These materials are
classified as anisotropic 2D materials with polygonal structures
due to their polygonal side view. Layered gallium telluride (GaTe)
has garnered significant interest recently due to its exceptional
photoresponsivity, response time, and thermoelectric character-
istics. As a p-type semiconductor, GaTe has a direct bandgap of
~1.65eV.[*7%8] GaTe exhibits in-plane anisotropy and lacks strong
symmetry, distinguishing it from commonly used 2D materials.
It belongs to the C,, space group, which further sets it apart.
van der Waals forces cause adjacent GaTe layers to stack on top
of each other in the z-direction. In its bulk form, GaTe exhibits
C,,° (C2/m) symmetry with a twofold rotational axis C2 (y-axis)
and a mirror plane ch (x—2z plane). Recently, theoretical work by
Jing et al. on 2D GeP; has been reported, showing that it exhibits
higher chemical stability compared to BP, a moderate tunable
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Figure 9. (a,b) Raman spectra of a) Al-stacked and b) IS-stacked 2-8L ReS, in the range of 120-250 cm™", together with that of 1L ReS, for comparison.
The dashed lines are guides to the eye. c) Pos(mb)-Pos(ma) as a function of N for Al-stacked (green circles) and IS-stacked (red circles) 2-8L ReS,.
The inset shows the atom displacement of the modes ma and mb, which are indicated in (a,b). Reproduced with permission.[®’! Copyright, 2016 Royal
Society of Chemistry.

band gap ranging from 0 to 0.55 eV, and high mobility of up to  2.2. Irregularly Shaped Anisotropic 2D Materials
8.84 x 103 cm2 V™! s71. Additionally, the introduction of GeP
into a Group IV compound, into the rapidly expanding 2D fam-
ily, has demonstrated remarkable anisotropic physical features
including mechanical, electronic, and transport properties both

experimentally and theoretically.”!

In this part, we will introduce three 2D materials categorized as
2D irregularly shaped anisotropic materials due to their irregular
geometric shape in the side view. The monoclinic crystal struc-
ture of bulk TiS; (space group p21m) consists of stacked parallel
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Figure 10. Normalized polarized Raman intensities for a 46.4 nm thick GeAs, flake are presented in (a,b), representing the parallel and perpendicular
polarization configurations, respectively. To examine the absorption intensity and Raman intensity in bulk GeAs,, two symmetry-permissible optical
transitions are shown in (c-g).[*°] The bulk GeAs, band structure is depicted along the I'-Y and I'-Z directions, where the T" point is represented by red
and blue solid points indicating irreducible representations (Ag, Byg, and B,,) of certain bands. The two potential optical transitions in bulk GeAs; and
their corresponding symmetries in (d,e). Furthermore, f,g) provide a schematic diagram of the Raman intensity for the A; and By, modes. Reproduced
with permission.[®?] Copyright, 2018 John Wiley and Sons.
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Figure 11. Optical selection rules in black phosphorus and the calculated
anisotropic absorption. a) Calculated electronic band structure E(k) of tri-
layer BP. B3, bands are indicated by red labels, while By, and Au bands
are indicated by blue labels at the I' point. Inset: 2D Brillouin zone of tri-
layer BP. (b,c) Calculated polarization dependence of the optical transition
probability b) from B, to By, and c) from A, to Bs, as indicated in panel
a. Reproduced with permission.[8'l Copyright 2016, American Chemical
Society.

sheets, each comprising 1D chains of triangular TiS; units, held
together by van der Waals forces (see Figure 2a). TiS; possesses
lower cleavage energy than graphite, suggesting easy exfoliation
for TiS,”' Moreover, optical absorption measurements indicate
that the bulk TiS, exhibits an optical gap of ~1 eV.”?] TiS, has a
wide range of applications in optoelectronic devices,/’>7*] replac-
ing graphene, MoS, and other 2D materials.

The 2D anisotropic in-plane family includes a new mem-
ber, GeAs,, which was studied by Li et al. showing significant
frequency shifts with increasing thickness in layer-dependent
phonon vibration. A polarization-sensitive photodetector was
demonstrated using few-layer flakes of GeAs,, achieving a
dichroic ratio of ~2. GeAs, exhibits distinctive vibrational be-
havior and inherent anisotropy, making it promising for inves-
tigating interlayer coupling and developing new electrical and
optoelectronic devices!””l Meanwhile, the extremely low thermal
conductivity of GeAs, makes it a very promising candidate for
thermoelectric applications.’® Bulk GeAs,, a member of the
Pbam space group,’®! possesses orthorhombic structures (see
Figure 2D).

Furthermore, Qiu et al. conducted an extensive investiga-
tion into the anisotropy of few-layer ZrTes, including its optical
and electrical properties. ZrTe’s high anisotropy arises from its
unique atomic structure, evident in TEM images of its quasi-1D
structure. The side and top views of the ZrTe, lattice structure
are depicted in Figure 2c. ZrTes’s asymmetrical configuration
when viewed laterally resembles the structure described earlier
for the two aforementioned materials. Meanwhile, a systematic
magnetic transport study of high-quality ZrTes single crystals was
carried out by Zhou et al. Clear quantum oscillations were ob-
served at low temperatures, revealing the presence of nontrivial
bands with tiny effective masses in ZrTes 7]

Adv. Electron. Mater. 2024, 10, 2300610 2300610 (9 of 20)
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3. The Principles of Raman Spectroscopy

When light interacts with a medium, three possible outcomes
can occur: some of the light is absorbed, some is transmitted,
and the rest is scattered. In most cases, the majority of light is
transmitted, and only a small portion is scattered in all directions
from the sample. If the medium is inhomogeneous and this in-
homogeneity remains constant over time, the scattered light will
have the same frequency as the incident light. This phenomenon
is known as elastic scattering or Rayleigh scattering, and it is re-
sponsible for the blue appearance of the sky. On the other hand,
if the inhomogeneity of the medium changes over time, the fre-
quency of the scattered light will differ from that of the incident
light. This type of scattering is called inelastic scattering and in-
cludes Raman scattering and Brillouin scattering, scattering be-
low the incident light frequency is called Stokes scattering, scat-
tering above the incident light frequency is called anti-Stokes
scattering, and Stokes scattering and anti-Stokes scattering are
collectively called Raman scattering. The Raman spectrum is ob-
tained from the analysis of the intensity of the Raman scattered
light as a function of the frequency shift relative to the inci-
dent light. Different types of Raman spectra exist, including res-
onance Raman spectra, surface-enhanced Raman spectroscopy,
plasmon-enhanced Raman spectroscopy, and surface enhance-
ment of Raman scattering, each providing unique information
about the system. By analyzing Raman frequencies, peak posi-
tions, peak widths, and peak intensities, the spatial arrangement
and interactions of atoms can be revealed, allowing for sample
identification Figure 3.

As shown in Figure 4a—e, we juxtapose the Raman spectra
of two representative 2D materials: isotropic graphene!”®! and
anisotropic BP.[®!] For graphene, Raman peaks remain unshifted
at 0°, 30°, 60°, and 90° polarization angles. In contrast, BP’s Ra-
man peaks noticeably shift with changing polarization angles.
Notably, new Raman peaks emerge at 30° and 60°.

Raman spectroscopy offers a straightforward yet effective
method for distinguishing between anisotropic and isotropic 2D
materials. For certain specific situations with anisotropic 2D ma-
terials, standard Raman spectroscopy might not suffice. In these
cases, polarization Raman spectroscopy is employed for more de-
tailed investigation. Experimentally, researchers typically utilize
three different configurations, with the prevalent setup being the
fixed polarization directions of both incident and scattered lights
along the primary axes (x, y, 2).81%2] The fundamental configu-
ration, depicted in Figure 4a, rotates the incident laser’s polar-
ization by a degrees using a half-wave plate, set at a/2 degrees
relative to its fast axis, while keeping the analyzer fixed. The sam-
ple remains aligned with lab coordinates. This method is favored
for its efficiency and simplicity. Figure 4b shows a setup where
the laser polarization is aligned along the y-axis using a polar-
izer. The analyzer’s setting can be either on the x or y-axis, indi-
cating cross or parallel polarization respectively. Acquiring accu-
rate laser alignment with the sample can be challenging in this
setup, adding complexity. Figure 4c illustrates an alternate to 4(b)
but with a varied geometry, employing a half-wave plate between
the edge filter and the objective lens while keeping the sample
static. These configurations ensure meticulous control over po-
larization angles, crucial for studies on crystal directionality and
phonon anisotropy.
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is presented, demonstrating its temperature dependence, b) The variations

in peak positions and full width at half maximum of nanostructured ZrTes crystals with temperature are shown. Reproduced with permission.[10]
Copyright 2016, American Chemical Society. c,d) Temperature-dependent Raman spectra are provided for bi-layer and few-layer PdSe,. Reproduced with

permission.l'01 Copyright 2021, Royal Society of Chemistry.

4. Applications of Raman Spectroscopy to
Anisotropic 2D Materials

In this chapter, we outline the applications of Raman spec-
troscopy in anisotropic 2D materials, discussing them under five
key aspects.

4.1. Orientation ldentification

In anisotropic 2D materials, lattice orientation influences the po-
larization of scattered light. Vibration patterns within the crystal
vary in response to incident polarized light depending on the lat-
tice orientation. Thus, assessing scattered light across different
polarization states reveals details about the lattice orientation.
This chapter delves into the impact of lattice orientation in vari-
ous anisotropic 2D materials on Raman spectroscopy.

In previous work by Kim et al., it was found that Raman spec-
troscopy can determine the lattice orientation of BP[* and has
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been used to reveal the crystalline orientation of black phospho-
rus (BP), where Raman intensity depends not only on the polar-
ization angle “a” but also on the sample’s rotation angle “q”.1%]
Among the six Raman active modes (depicted in Figure 5a-d,
only the A,', B,,, and A,*> modes are observable when the in-
cident laser is perpendicular to the sample plane, in accordance
with the symmetry selection rule. The Raman scattering results
of the x-, D-, and y-direction polarization of BP are presented
in Figure 5e.%] Here the direction of D is 45° to both the x
and y directions within the x-y plane. In this study, three Ra-
man peaks are observed in thin-film BP regardless of polariza-
tion. These peaks occur at #470 cm™, 440 cm™!, and 365 cm™!,
corresponding to the modes A,?, B,,, and A, ', respectively.*’!
These findings align well with earlier observations conducted on
bulk BP crystals. The distinctive mode represents the specific
crystal structure of phosphorus known as orthorhombic, thereby
affirming the orthorhombic nature of BP investigated in this
study.[®]
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Figure 13. a) Power spectra of freestanding monolayer black phosphorus calculated in the temperature range of 4-300 K. Temperature dependence

of frequency shift for freestanding monolayer black phosphorus, a) without and b) including the thermal expansion. Reproduced with permissio

Copyright 2019, American Chemical Society.

Similarly, Raman spectroscopy has been employed to study the
anisotropy of GeSe with different lattice orientations.!®] By rotat-
ing the sample at specific intervals and integrating a linear polar-
izer into the detection systems,!®8#) researchers measured the
polarization in both parallel and perpendicular setup relative to
the incident light’s polarization.[! The study showed that three
phonon peak intensities of the A,', B;,, and A,* modes exhibit
strong angular dependence under different polarized configura-
tions. Under the parallel or cross-polarized configuration, the cor-
responding contour color map, as well as a sequence of Raman
spectra for GeSe nanoflakes at various rotation angles, can be ob-
served in Figure 5h,i.

Gu reported two structures of PdSe,, O-PdSe, and M-PdSe,,
and the anisotropy of M- PdSe, is tested in detail here.®?]
Figure 6a illustrates the measurement of Raman spectra for M-
PdSe, under 532 nm laser excitation. The parallel configuration
z(xx)z was employed for polarization. The crystal orientation of
the a-axis was set at 0° with respect to the laser polarization.
Figure 6b—g illustrates the acquisition of Raman spectra from dif-
ferent angle by rotating the sample within a plane and b plane,
with 10° increments. Six Raman peaks are observed at different
wavenumbers from 159.8 cm™ to 227.4 cm™!. It is noteworthy
that the polar plots display distinct bowknot shapes for both the
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n.[102]

1 1

Raman peak at 159.8cm™" and the Raman peak at 227.4cm™,
whereas the polar plot of the Raman peak at 192.8 cm~! demon-
strates heightened intricacy. Due to the complexity of the phase
angle, the phase angle difference ®ba, (Pba is the phase angle
difference between b and a, the phase difference). determines
the position of the angle with the lowest intensity. The lowest in-
tensity can be found at either 0° or 90°, resulting in the highest
intensity occurring at 90° or 0°, the polar plot exhibits a bow-tie
shape similar to that of the 159.8 cm™! peaks and 227.4 cm™!
peaks. However, when considering specific values of ®ba, the
angle range of 0° to 90° exhibits the lowest intensity, while the
angles of 0° and 90° manifest as the angles of highest intensity
and second highest intensity, which can interchange their posi-
tions.

Qiu et al. studied angle-resolved Raman spectra of ZrTe; at
room temperature.®’! Figure 7 below shows the angle-dependent
Raman spectra of ZrTes in this setup. They extracted the inten-
sities of the six main peaks and plotted them as polar plots in
Figure 7b—g. As well as the results for the ac (polarizer perpen-
dicular to the incident light) configuration.

Song and his team conducted a comprehensive investiga-
tion into the in-plane anisotropy of Raman modes in both few-
layer and bulk WTe, [/l utilizing angle-dependent and polarized
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Raman spectroscopy. Figure 8 below clearly displays the resolu-
tion of ten distinct Raman modes. Moreover, the impact of mate-
rial absorption on high-frequency phonon modes was examined,
and the analysis took into account the intricate elements of the
Raman tensor.

4.2. Interlayer Coupling

Interlayer coupling in 2D materials signifies the interaction be-
tween different layers, profoundly influencing the material’s elec-
tronic structure and physical attributes. It is essential to note that
interlayer coupling in 2D materials isn’t solely dictated by the
interlayer distance. The stacking order or arrangement of these
layers significantly influences this coupling as well. Researchers
have extensively employed low-frequency (LF) interlayer Raman
spectroscopy and angle-resolved Raman spectroscopy to study
interlayer coupling in isotropic 2D materials. For instance, Wu
et al.,[® used the resonant Raman spectroscopy to elucidate
the stacking order in twisted multilayer graphene and estab-
lished that different stacking sequences led to distinct phonon
dispersions. Yan and colleagues!®! demonstrated how polariza-
tion Raman spectroscopy can be a valuable tool in determin-
ing the interlayer interactions and stacking configurations in
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TMDs. However, when venturing into anisotropic 2D materials,
much of the focus has predominantly zeroed in on the in-plane
anisotropy.

Qiao et al. first measured the rigid layer pattern of NL ReS,
(N > 2) using ultra-low- and high-frequency Raman spectroscopy.
Figure 9a,b shows the high-frequency Raman spectra of 1-8
layers of ReS, in different stacking modes. Pos(mb)— Pos(ma)
increases from 16.7 cm™ of 1L ReS2 to 20.6 cm™ of AI-8L-
ReS,, but decreases to 13.3 cm™! of IS-8L-ReS,, as plotted in
Figure 9¢.”] This explicit difference in the observed frequen-
cies identifies an unexpectedly strong interlayer coupling in IS-
and AI-NL-ReS,. Zhao et al.l””! delved into the Raman vibrational
modes of ReSe,, with a specific focus on interlayer and intralayer
modes, elaborating on the associated Raman tensor and polariza-
tion dependencies. The reduced in-plane symmetry of the ReSe,
lattice means that the intensities of the interlayer shear (C) and
layer-breathing (LB) Raman modes are strongly influenced by the
polarization angle of the incident laser beam. This accentuates
the interlayer coupling features and the anisotropic interlayer vi-
bration modes in ReSe,. In contrast, the intralayer Raman modes
pertain to the intra-layer phonon vibrations in layered materials.
The layer-number dependence of high-frequency Raman modes
(>50 cm™!) can also shed light on interlayer interactions in 2D
materials. Similarly, the reduced in-plane symmetry results in a
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American Chemical Society.

pronounced polarization dependence for the intralayer Raman
modes in ReSe,.

4.3. Bandgap Dependence

A salient feature in Raman’s studies of 2D materials is the inter-
play between phonons and electronic bands. Specifically, the in-
tensity and position of phonon scattering in Raman spectra can
be influenced by the electronic band structure of the material.
For instance, when electronic transitions occur within specific
bands, they can modulate certain phonon modes, either ampli-
fying or attenuating their signatures in the Raman spectrum.
Such a phenomenon is particularly evident in materials where
electron—phonon coupling is pronounced.

Li et al. employed ARPRS to investigate the vibrational
anisotropy of GeAs,.[”] To achieve this, a linear polarizer was ro-
tated in front of the Raman detector, allowing the collection of
scattered signals from polarization states that were either paral-
lel or perpendicular to the polarization direction of the incident
light. In addition to Raman spectroscopy, the anisotropy of GeAs,
can also be clearly observed from the energy band. Figure 10c—g
displays the different vibration modes found in the energy band.

Ling et al. to analyze the anisotropy of electron-phonon inter-
action, based on the band structures of monolayer, bilayer, tri-
layer, and bulk BP, as well as the symmetry assignments for all
bands at the I' point. They found that the different BP thick-
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nesses, the electron band structures, as well as the symmetry
assignments for each band, are different.®!! Figure 11b,c shows
two typical examples of the optical absorption for trilayer BP with
EL =0.82 eV and EL = 4.33 eV, respectively.

4.4. Temperature Dependence

Temperature-induced changes in 2D materials can markedly
influence phonon-phonon interactions. As temperature rises,
there’s an increase in lattice vibrations, leading to alterations
in the phonon density of states. Consequently, the frequency,
width, and intensity of the Raman peaks associated with specific
phonon modes may change. Such changes are often attributed
to various mechanisms, including phonon—phonon scattering,
anharmonic effects, and changes in the electron—phonon cou-
pling. Zhang et al. conducted temperature-dependent Raman
measurements on nano-ZrTes!?, revealing a clear temperature-
dependence of ZrTe, grown using the CVT method. The Ra-
man spectra of ZrTey are presented below, covering a tempera-
ture range of 100-300 K. The Raman shifts and the full width at
half maximum of the B, peak is displayed, both of which vary
with temperature. These measurements show distinct phonon
modes, such as B, and Ag, confirming their characteristic na-
ture, consistent with previous studies Figure 12.

Damien Tristant et al., have demonstrated through DFT cal-
culations that the frequency drop is mainly caused by phonon-
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Figure 16. In the frequency range of 60 to 210 cm™', two distinct phases of MoTe, exhibit a polarized Raman spectrum: a) the 1T’phase and b) the T
phase. Two distinct configurations are depicted here, represented by contrasting light and dark lines. The dependence of the peak positions of P1 and
P2 and their difference in the thickness is shown in (c). Raman spectra with low-frequency polarization are observed for MoTe, in the d) 1T’phase and
e) T4 phase. A schematic representation of interlayer shear modes in 3L MoTe, is shown in (f). Reproducedwith permission.[*6] Copyright 2021, American

Chemical Society.

phonon scattering, while thermal expansion only acts indirectly
by re-normalizing phonon—phonon scattering Figure 13.[102]

4.5. Thickness Dependence

Within a Raman spectrum, the frequency, intensity, and width
of specific vibrational modes can provide clear signatures corre-
sponding to a particular layer number. For instance, in graphene,
the position and intensity ratio of the G and 2D peaks serve
as reliable indicators for layer number identification. A single
layer of graphene showcases a sharp and pronounced 2D peak,
while bilayer graphene demonstrates a broader and less intense
2D peak, and so on for multiple layers. Beyond mere identi-
fication, the number of layers can profoundly influence vari-

Adv. Electron. Mater. 2024, 10, 2300610 2300610 (14 of 20)

ous physical properties of the material. In TMDs like MoS,,
monolayers exhibit direct bandgap behavior, making them suit-
able for optoelectronic applications, whereas bilayers or more
manifest an indirect bandgap, steering their utility toward other
functionalities. This transition is underpinned by changes in
electronic band structure as the layer number varies. More-
over, interlayer interactions become increasingly prominent as
more layers are added. This can lead to the emergence of
new Raman-active modes, a phenomenon observable in sev-
eral 2D materials, indicative of the layers’ collective vibrational
behavior.

According to the atomic displacement of lattice vibrations,
there are two kinds of Raman modes in 2DMs, intralayer
and interlayer modes, stemming from intralayer chemical
bonds and layer-layer vdW interaction, respectively.'®l The
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features of intralayer Raman modes provide information of
compositions and structural phase. Their response to exter-
nal perturbation provides opportunities to investigate funda-
mental properties of 2DMs, such as temperature dependence
for phonon anharmonicity, electron-phonon coupling (EPC)
and thermal expansion, 1919 electrostatic doping dependence
for EPC,['%1%] strain dependence for elastic constant,!'?7:18]
defect concentration dependence for phonon confinement
effect,1%112] magnetic field dependence for Fermi velocity and
many-body effect,'>11*] and excitation energy (E,,) dependence
for band structure, double resonance Raman process,[1?>11¢] in.
terlayer EPC[8] and phonon dispersion.l!8120] The interlayer
Raman modes involve layer-layer vibration where each layer
can be treated as a whole unit, which is known as linear chain
model (LCM) for Raman spectroscopy.[19%121:122] Baged on the
low-frequency Raman technique developed by Tan et al.[1%] the
interlayer Raman modes of 2DMs can be observed easily. This
stimulates huge interest to investigate the interlayer coupling in
2DMs and related vdWHs, which is highly sensitive to the thick-
ness and stacking order of 2DM flakes(%®!

Akinola D. Oyedele’s group conducted characterizations of
PdSe, anisotropy!'?*! Figure 14a displays the unpolarized Raman
spectrum, where only the A, modes and B;, modes are observ-
able. This aligns with the theoretical Raman spectroscopy out-
come shown in Figure 14b. Despite the presence of A, ', A,?, and
A,’ modes and B, ', B,,%, and B,,’ modes in bulk PdSe,, calcu-
latlons indicate a close proximity between A,' and B,,' modes,
with a frequency difference of less than 2 cm™!. Consequently, a
single mixed peak (A,'- B,,') emerges at ~145 cm™" in the mea-
surements. Figure 14c illustrates the atomic vibrations of the six
different Raman modes of PdSe,, highlighting the predominant
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participation of Se atoms (represented by blue arrows). This fea-
ture arises from the distinct structural properties of PdSe,.

Daniel et al. demonstrated that polarized Raman scattering can
determine the orientation of ReS, and resolve the angular Ra-
man intensity of different modes in ReS, samples.'?’! This ex-
perimental phenomenon examined the coherence of Raman po-
larization and the dependence of each mode on layer thickness.
Figure 15b shows the polarization characteristics of mode III for
1L, 2L, 3L, and 4L. In these regions, mode III maintains constant
polarization across various thicknesses, with its highest intensity
at ~58°. Unlike mode III, mode V shows slight variations in po-
larization with thickness, reaching its peak intensity at 83° for
1L, 90° for 2L, and 91° for both 3L and 4L configurations, as de-
picted in Figure 15c. These two modes were previously calculated
in the literature by DFT simulations.['24126] Mode III primarily
consists of in-plane vibrations, while Mode V comprises both out-
of-plane vibrations of the sulfur atoms and in-plane vibrations of
the rhenium atoms along the b-axis. The authors hypothesized
that the angle of maximum intensity for Mode V aligns with the
b-axis direction. Possible factors contributing to this variation in-
clude interlayer mating, interactions with the substrate, and in-
duced strain from the mechanical peeling procedure. These ef-
fects are expected to diminish with each subsequent layer. On
the other hand, Cheon studied the phase transition of MoTe,
and performed a series of Raman spectra to characterize it.[*¢!
The Raman characterization of the 1T’ phase and T, phase was
carried out in different polarization configurations, respectively
Figure 16.

Kim’s team used polarization Raman spectroscopy to deter-
mine the thickness of the WTe, sample and performed a detailed
analysis Figure 17.[12¢]
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Figure 18. a) The Raman spectrum and b) the Raman frequency under varying pressure were analyzed. The experimental data is represented by dots,
while the linear fitting outcomes in (b) are depicted by lines. Reproduced with permission.['28] Copyright 2022, AIP Publishing.

4.6. High-Pressure Phase Transition

As pressure is applied, 2D materials may undergo struc-
tural rearrangements or transformations. These changes are
often accompanied by shifts in vibrational frequencies, emer-
gence or disappearance of specific Raman modes, or al-
terations in peak intensities and widths. For example, the
shift in characteristic Raman peaks can give insights into
the pressure-induced changes in bond lengths and bond an-
gles. Beyond structural transitions, high pressure can also
affect electron—phonon interactions in 2D materials. Such
changes can be deduced from the Raman peak intensities
and their pressure-dependent shifts. Furthermore, the cou-
pling between different vibrational modes may result in the
appearance of combination or overtone modes under high-
pressure conditions, revealing the intricacies of phonon interac-
tions.

High-pressure Raman spectroscopy is a powerful tool for char-
acterizing anisotropic 2D materials, even uncovering anisotropy
that may not be apparent under normal conditions. For instance,
in the case of GeP, Tao et al. utilized high-pressure Raman spec-
troscopy to investigate its structural changes under pressure (see
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Figure 18), providing valuable insights into its crystal structure
and phonon properties.!'?’]

Similarly, Xia et al. employed Raman spectroscopy and calcu-
lations to study the high-pressure properties of WTe, crystals.'?’]
They conducted a series of Raman spectroscopic studies on bulk
T,;-WTe,, focusing on its anisotropy in both parallel and verti-
cal directions. They classified the orientations of the ab plane of
WTe, relative to the diamond anvil cell as P-type when parallel
and V-type when perpendicular. The Raman spectra revealed dis-
tinct behavior between the P and V types, particularly a signifi-
cant envelope peak at #120 cm™! in the V-type configuration. As
pressure increased, the lattice vibrational properties of the P-type
gradually exhibited a blueshift without any structural phase tran-
sitions throughout the pressure range examined, up to 17.0 GPa
Figure 19.

5. Summary and Outlook

The main objective of this review is to provide a comprehen-
sive summary of various configurations of anisotropic materials
in two dimensions. The point symmetry of anisotropic 2D ma-
terials is briefly summarized, and propose a categorization for
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them. The equipment configurations for Raman spectroscopy are
discussed, and we summarize the diverse Raman spectroscopic
characterizations of different materials. We also explore the ap-
plication of Raman spectroscopy, including Polarization Raman
and its equipment, orientation identification, interlayer coupling,
bandgap, temperature, thickness, and high-pressure dependence
of Raman, to characterize different characteristic anisotropic ma-
terials.

Currently, the development of 2D anisotropic materials faces
challenges, particularly in their preparation. Selenium and tel-
luride samples are predominantly obtained through mechanical
exfoliation. While research on anisotropic devices primarily fo-
cuses on black phosphorus materials, there is a notable scarcity
of studies on novel 2D materials based on transition metal sul-
fides and selenides. However, by comparing the crystal structures
and properties of different 2D materials, we can infer similarities
in their behavior.

As research on anisotropic 2D materials continues, we
expect these materials to find applications in a wider range
of fields. Further investigation into the diverse anisotropy
arising from different material structures is essential. Introduc-
ing defects can be a means to achieve desired anisotropic
properties, and exploring combinations of 2D materials

Adv. Electron. Mater. 2024, 10, 2300610 2300610 (17 of 20)

with metallic materials is another promising direction. Ad-
ditionally, researchers may explore the possibility of tun-
ing anisotropy for applications in flexible electronics or
biomedical devices. With ongoing advancements, anisotropic
2D materials hold great potential for future technological
innovations.
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