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Recent Advances in 2D Metal Monochalcogenides

Abdus Salam Sarkar* and Emmanuel Stratakis*

The family of emerging low-symmetry and structural in-plane anisotropic
two-dimensional (2D) materials has been expanding rapidly in recent years.
As an important emerging anisotropic 2D material, the black phosphorene
analog group IV,—VI metal monochalcogenides (MMCs) have been surged
recently due to their distinctive crystalline symmetries, exotic in-plane
anisotropic electronic and optical response, earth abundance, and
environmentally friendly characteristics. In this article, the recent research
advancements in the field of anisotropic 2D MMCs are reviewed. At first, the
unique wavy crystal structures together with the optical and electronic

rich physics and many emerging scien-
tific applications.[!3->21214151  However,
completing the intensive research on
semimetal graphene and beyond graphene
semiconducting 2D materials, group V
element black phosphorene (BP) discov-
ered as a 2D material in 2014,/ leading
to many discoveries of novel physical
phenomena.l'*2] The puckered or wavy
lattice structure with reduced crystal sym-
metry (D, ) than graphene (D, ) and TMDs

properties of such materials are discussed. The Review continues with the
various methods adopted for the synthesis of layered MMCs including
micromechanical and liquid phase exfoliation as well as physical vapor
deposition. The last part of the article focuses on the application of the
structural anisotropic response of 2D MMCs in field effect transistors,
photovoltaic cells nonlinear optics, and valleytronic devices. Besides
presenting the significant research in the field of this emerging class of 2D
materials, this Review also delineates the existing limitations and discusses

emerging possibilities and future prospects.

1. Introduction

Since the successful isolation of graphene,[!l research in atomi-
cally thin 2D materials has gained intensive interest. In particu-
lar, beyond graphene materials such as hexagonal boron nitride
(h-BN),[>*] transition metal dichalcogenides (TMDs),!>*¢ multi-
nary layered chalcogenides,!”] perovskites,®1°) and MXenes!!:13]
have opened up a new horizon in 2D material research. These
2D materials possess intriguing optical, electronic, mechani-
cal, and optoelectronic properties, and are being explored for
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make it more interesting for exhibiting
the novel physical phenomena. More-
over, layer-dependent tunable bandgap,?!!
high carrier mobility,'%?%! and strong in-
plane anisotropy!'®! make it promising
for next-generation emerging electronic
and photonic applications. The electronic
bandgap of BP varies from 0.33 to 2.0 eV,
when the thickness reduced to a mono-
layer. An ultrathin layer of BP revealed an
extraordinary electrical hole mobility ~5 X
10* cm? V7! s71 at room temperature,!??]
which is much higher than the TMDs,[?*!
making it suitable for advanced electronic
applications. Most importantly, in-plane anisotropic optical
and electrical response along x-direction (armchair) and y-
direction (zigzag) was directly visualized and studied, which
added a new dimension.'2*] Besides this, unique structural
in-plane anisotropic nature in BP played a critical role in de-
signing multifunctional and tunable 2D novel electronic, op-
toelectronic, and photonic devices.'”®] In spite of a series
of exotic novel physical phenomena, rapid ambient degra-
dation of phosphorene is a critical issue for its practical
implementations.[2>=%]

Most interestingly, beyond graphene 2D materials, BP’s
isostructural and isoelectronic group IV,—VI metal monochalco-
genides (MMCs), with chemical formula MX (M = Si, Ge,
and Sn and X = chalcogens) has been surged as a star 2D
material (Figure 1) due to the low-cost, earth-abundant, and
environmentally friendly features.®=*] In 2015, first theoret-
ical and experimental works revealing the electronic proper-
ties of monolayer or few-layer MMCs were published.3134
The results showed a direct and indirect bandgap with 1.0—
2.3 eV energies covering part of the infrared and visible range,
which is higher than the BP. Thereafter, the phonon-limited
electronic carrier mobilities of MX monolayers are estimated
theoretically to be on the order of 10° to 10° cm? V7! st
by Xu et al.®! Highest anisotropic electronic response ratio
in a few-layer MXs has been recorded along armchair and
zigzag direction to be ~5.8,3%1 which is larger than the exist-
ing anisotropic 2D materials. Most notably, monolayer MMCs

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 1. Atomic structures of phosphorene analogous MXs: a) side view and b) top view with the lattice vectors a and b along the x (armchair) and y
(zigzag) directions. Green atoms are metal (M = Si, Ge, and Sn) and blue atoms are group VI chalcogens (X = S and Se). Each single layer is of thickness
of d nm. c) The orthorhombic unit cell of MXs and d) the first Brillouin zone with high-symmetry points T, X, T, and Y. k,, k, momentum along armchair

and zigzag direction.

exhibit orthorhombic crystal structure (Pnma space group) with
low crystal symmetry C,,, in which the inversion symmetry
is further broken, which makes them possible to observe new
order parameters (spin—orbital coupling) and polarization prop-
erties. Many exotic phenomena have been predicted on a mono-
layer MMCs, including valley physics,[*’] spontaneous polar-
ization and bulk photovoltaic effect,3** piezo-phototronic,**!
giant piezoelectricity,[*®! ferroelectricity,“*1 multiferroics of
ferroelectricity,[*®! and ferroelasticity.[*”) However, valley selective
dichroism,*® and more than 90% room temperature valley polar-
ization (VP) degreel>!l in SnS provide a completely novel platform
for valleytronics. In addition, the giant optical second harmonic
generation (SHG) in MMCs is also promising in nonlinear opto-
electronic applications.!4¢>2]

In this article, the latest advances in the field of the
emerging 2D group IV,—VI metal monochalcogenide materi-
als (MMCs) are reviewed. The intriguing physical (crystal and
electronic structure) and optical properties are initially high-
lighted and discussed. Then the various methods that have
been employed for the synthesis of such materials, includ-
ing mechanical and liquid phase exfoliation, as well as vapor
phase deposition techniques are demonstrated. Besides pre-
senting the potential and significance of 2D MMCs in var-
ious electronic applications it will also delineate the exist-
ing limitations and discuss emerging possibilities and future
prospects.

Adv. Sci. 2020, 7, 2001655

2001655 (2 of 36)

X1 Ty

2. Crystal Structure and Properties of MMCs

2.1. Crystal Structure of MMCs

The monolayer crystal structure of group IV,-VI MMCs is
isostructural with orthorhombic black phosphorene.[?83! The
chemical formula of MMCs is the MX, where M is group IV
metals (Si, Ge, Sn) and X is chalcogens (S and Se). M and X
atoms are alternate with each other and form a puckered or wavy
layer structure of zigzag (y) and the armchair (x) plane (Fig-
ure 1a,b).[28314153] In MXs, the presence of two atomic species
(M and X) with different electronegativity lowers the crystal sym-
metry compared to other 2D crystals. In particular, the bulk struc-
ture belongs to the space group Pnma (D)), while in the mono-
layer, the inversion symmetry is broken placing them in the D}
space group. The MXs monolayer has four atoms per unit cell
(Figure 1b,c), in which each atom is covalently bonded to three
neighbors of the other, forming zigzag (y) rows of alternating el-
ements. The corresponding first Brillouin zone, as well as the
high-symmetry points along armchair (x) and zigzag (y) direc-
tions, are indicated in Figure 1d. The valence electronic configu-
ration of metal (M) and chalcogens (X) atoms are 4d'°ns?np? and
ns’np*, where n is the periodic number of the element. MMCs
show strong covalent bonding in the 2D plane and a strong in-
terlayer force owing to the lone pair electrons, which generate
a large electron distribution and electronic coupling between

© 2020 The Authors. Published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

Table 1. Summary of typical MMCs crystal structure parameters and their properties.

MMCs Space group Crystal structures Lattice parameters [A] Distance d” [nm] References
Sis Orthorhombic a=4.61;b=3.27 0.228-0.234 16263]
SiSe Orthorhombic b=5.0;b=3.54 0.246-0.249 163,64]
GeS D) Orthorhombic a=4.3;b=1047;c=3.65 0.56 165-67]
GeSe D;g Orthorhombic a=10.84; b =3.83; c=4.39 - [67-69]
SnS D;g Orthorhombic a=4.33;b=11.19; c = 3.98 0.56 [70]
SnSe Dlé Orthorhombic a=11.49; b =4.15; c = 4.44 0.62 [71.72]

2h

? Distance d is thickness of a monolayer MXs.

adjacent layers.’*>”] The MMCs are layered p-type semiconduc-
tors with 1:1 stoichiometry, with most studied examples being
SiS, SiSe, GeS, GeSe, SnS, and SnSe. In particular, SnS has typ-
ical acceptor states, which are formed by Sn vacancies (Vg,). On
the other hand, sulfur vacancies (V) can also be formed, under
appropriate Sn-rich conditions, as well as substitutional oxygen
at sulfur sites (Og), leading, in all cases, to p-type conductivity.>®!
Stereochemically, active lone pair electrons in group IV metals
electronic configuration, ns (n =5 or 4), play a pivotal role in the
structural distortion, resulting in the anisotropic crystal and lay-
ered structure.[57:5%0]

The physical properties of the MMCs are closely related to their
crystal structure, which immensely influences the optical and
electronic properties. Indeed, MXs exhibit various crystal phases,
such as orthorhombic, hexagonal, and cubic. The exact phase
is controlled by the different oxidation states of the metal and
chalcogen atoms. For example in Sn-based MMCs, the chalco-
gen atom has a stronger electronegativity than the metal. As a re-
sult, the chalcogen captures two electrons from Sn atom, which
leads to a change in its electronic configuration from 4d'°5s25p?
to 4d°5s25p%; the same is true for Se-based MMCs, where the
electronic configuration of Se changes to 4s24p°.>*61] As a conse-
quence, the buckled crystal layer structure is distorted (Figure 1).
The typical physical properties of the MMCs reported to date are
presented in Table 1.[6272]

The exotic physics of 2D materials is usually associated with
crystal structural symmetry breaking. In particular, 2D graphene
has highest symmetry of D, which has sixfold rotation (in-
plane), six two-fold perpendicular axis, and a mirror plane. A
puckered structure of monolayer black phosphorene exhibits D,,
symmetry, which comprises a two-fold rotation axes and one mir-
ror plane, leading to highly anisotropic optical, electronic, and
thermal properties.[*73~77] However, MMCs consist of two ele-
ments with different electronegativity, as opposed to the single
element in black phosphorene. As a result, inversion symmetry
in odd layer is broken to C,,, which, in addition to a two-fold ro-
tation, contains two mirror planes.[*}] This unique feature leads
to even more extraordinary optical and electronic properties than
that of phosphorene and TMDs.[37:394344475L78] Apart from such
intrinsic symmetries, other external factors can further tune the
electronic properties, including piezo-phototronic and photoac-
tivity.

The bulk structure of Ge and Sn-based monochalcogenides
has a layered orthorhombic crystal structure of the space group
Pnma (Dy7). The structure exhibits strong interlayer forces, giv-
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Table 2. Summary of typical electronic properties of pristine MMC mono-
layers.

MMCs Band Bandgap [eV] VB [eV] CB[eV] References
transition
SiS (pristine) Indirect 1.44 - - [79]
1.37 — [64,71]
(at the PBE level)
SiSe (pristine) Indirect 1.04 - - [64]
(at the PBE level)
GeS Indirect 2.32 5.41 3.09 [31.8081]
2.15 5.31 3.36
GeSe Direct 1.54 - - 31]
1.59 482  3.23 180]
SnS Indirect 1.96 - - 311
2.03 490 287 180]
SnSe Direct 1.44 - - [31]
Indirect 1.39 461 3.22 180]

ing rise to a distorted NaCl (d-NaCl) crystal structure. As a result,
the crystals have different perspective views along a, b, and ¢ axial
directions, presenting a unique anisotropic nature. On the other
hand, the Si-based monochalcogenides belong to different space
groups, for example, the a-SiS monolayer structure.l””]

2.2. Band Structure, Optical and Carrier Transport Properties

The electronic band structure of 2D materials is crucial for
the understanding of the electronic and optical processes oc-
curring in versatile electronic and photonic device applications.
In particular, the layer-dependent electronic band structure of
phosphoreneanalogue MMCs has been investigated by Gomes
and Carvalho.’!l' A tunable bandgap (E,) with direct or indirect
bandgap energy within the visible range is reported (Table 2).
The electronic structures and properties were obtained by cal-
culating the band structures using the Heyd-Scuseria-Ernzerhof
(HSE) function. On the other hand, ab initio density functional
theory using the Perdew-Burke-Ernzerhof (PBE) exchange corre-
lation function, is used for SiS and SiSe, respectively. Moreover
and as shown in Figure 2, the band structure topologies are com-
mon and similar to all MMCs. Besides this, the dispersion of the
bands nearest to the gap is nearly the same along the I'-X and I'-Y
directions, while the electronic configuration of the metal plays
a critical role in such dispersion. Furthermore, apart from the

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. a) Electronic band structures for monolayer, bilayer, and bulk
MMCs (calculated using the Heyd-Scuseria-Ernzerhof (HSE06) hybrid
functional). Solid circles are VBM and CBM. Black arrows (dashed) are
possible direct transitions (T1 and T2) to points very close in energy
to the VBM and CBM. Reproduced with permission.311 Copyright 2015,
American Physical Society. b) Electronic structure of SiS monolayer, calcu-
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monolayer of GeSe, mono- and bi- layer GeS and bulk GeS ex-
hibit indirect bandgap. Although, SnS has an indirect bandgap
(calculated with HSE) regardless of the layer number. The corre-
sponding E, value is 1.96, 1.60, and 1.24 eV for monolayer, bi-
layer, and bulk SnS, respectively. In case of monolayer, bilayer,
and bulk, the valence band maxima (VBM) and conduction band
minima (CBM) are located along the I'-X and I'-Y lines (Figure 2).
However, in case of monolayer, there are competing local CBM
and VBM, which are very close in energy to the band edges. In
a monolayer SnSe, the direct gap of 1.44 eV is calculated along
the I'-X line. However, an additional direct transition at 1.60 eV
(T1) occurs in the I'-Y direction. In addition, the monolayer GeS
shows an indirect bandgap of 2.32 eV, which is along the I'-X and
I'-Y lines of CMB and VBM. Mono- and bilayer GeSe shows a di-
rect bandgap of 1.54 eV (along I'-X line) and 1.45 eV (along I'X
line, near the X point), respectively. The energy bandgap of such
monolayers was verified by other methods, reported by Huang
et al.,, Gong et al. and Wang and co-workers (Figure 2¢).3%#2] In
this work, the energy band alignment of CBM and VBM with
respect to the vacuum level in MMCs with different number of
layers has been estimated. The CBM exhibits a significant down-
shift, while the VBM remains relatively the same. Such change
in the electronic band structure with layer number is quite sim-
ilar among MMCs. The agreement was well fitted, except for
the monolayer SnS, attributed to the presence of shallow core
d bands. Apart from the mono- and bi- layer MMCs, the bulk
electronic structure is also shown in Figure 2. The calculated
bandgaps are 1.40, 1.00, 1.81, and 1.07 eV corresponding to the
SnS, SnSe, GeS, and GeSe, respectively.

On the other hand, SiS and SiSe monolayers exhibit an indirect
bandgap of 1.44 and 1.04 eV, respectively (Figure 2b).[7°1 Apart
from the band structure, the spin—orbital coupling in monolayer
MMCs has been estimated using a generalized gradient approxi-
mation (GGA) method. Such coupling solely depends on the in-
version symmetry of the crystal itself, which is related to the pres-
ence of odd/even number of layers in MXs. In general, MMCs
monolayers exhibit a very similar electronic band structure with
and without spin—orbital coupling. However, in case of SnSe (Fig-
ure 2c) and GeSe the spin—orbital coupling is due to the conduc-
tion band splitting, while the VBM remains the same along I''X
for all the cases. As shown in Table 3, the estimated spin—orbital
coupling in SnS (CBM) is the largest among MMCs. Moreover,
it is striking that the spin—orbital splitting in MMCs conduction
band exceeds that of other 2D materials, for which the corre-
sponding splitting lies between 3 and 30 meV (Table 3).[33]

The investigation of intrinsic electronic and optical properties
of 2D materials is not only crucial for fundamental studies but
also from applications perspective. During the last decade, a se-

lated using density functional theory (DFT) (left panel). Reproduced with
permission.l”®! Copyright 2015, American Chemical Society; SiSe mono-
layer calculated using HSEO6 hybrid function (right panel). Reproduced
with permission.[®4] Copyright 2015, American Chemical Society. c) Top
panel: Calculated band alignments of MXs of 1-5 layers (L) (at the HSEO06
level). Reproduced with permission.[3%] Copyright 2017, Royal Society of
Chemistry. Bottom panel: Electronic band structure of SnSe monolayer
with (dashed lines) and without (continuous lines) spin-orbit coupling ef-
fect. Reproduced with permission.[311 Copyright 2015, American Physical
Society.

© 2020 The Authors. Published by Wiley-VCH GmbH
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MMCs Absorption coefficient [cm™'] Carrier mobility [cm? V=1 s71] Electronic properties Spin—orbital coupling References
2y a3

Sis 10°-107 1.50 x 10° (zigzag) p-type - - 162]
1.80 x 10* (armchair)

GeS 1.6 x 10° 24x 10 p-type ] 56 [31,36,66,87,89)]

GeSe 10°-8 x 10° ~10° p-type 9 48 [3135.84]

SnS 5% 10* to 5.7 X 10° ~103 3 87 [31,35,89]

SnSe 2% 10* t0 9.5 x 10* 10* p-type 14 52 [3135,84,38)

ries of reports have been focused on the theoretical investigation
of such properties for monolayer 2D MMCs.[31:33:35.39.42.80.84-89] Ty
particular, Feng and co-workers!*] systematically investigated the
electronic mobility in monolayer MMCs and adopted a phonon-
limited scattering model to interpret the physical phenomena oc-
curring. In a 2D system, the mobility is provided by the formula

nC . .
Hyp = ——2L—, where m” is the effective mass of the electron
ky Tm;md(E{)

along the transport direction and my is the average carrier effec-
tive mass. Using this formula, the predicted carrier mobilities
for MMCs monolayers are in the order of 10°~10° cm? V= s71,
while there are highly structural in-plane anisotropic in nature
along armchair and zigzag direction (Figure 1). For example, the
electron mobilities of Ge and Sn-based monochalcogenides are
higher along the armchair and zigzag direction, respectively. Ex-
ceptionally high carrier mobilities revealed in SnSe monolayer
are attributed to the small effective masses and low deforma-
tion potential constants, along a particular direction (armchair
or zigzag). Such carrier mobilities are highly anisotropic com-
pared to BP and other 2D TMD monolayers. Besides the high
carrier mobilities, the monolayer MMCs exhibit piezoelectric-
ity, with large piezoelectric constants.[®! Such piezoelectricity is
more pronounced than that in other 2D systems, such as hexag-
onal BN and TMD monolayers.[*]

3. Methods for MMCs Preparation and
Characterizations

Since the first exfoliation of graphene, many methods have been
developed to isolate ultrathin layers of 2D materials. All such
methods are divided into top-down and bottom-up ones. The
top-down approach relies on the exfoliation of thin 2D crys-
tals from their parent layered bulk crystals and the most im-
portant are based on mechanical (ME), liquid phase (LPE), and
electrochemical exfoliation (EE).*>-%3] While, the most im-
portant bottom-up approaches include wet chemical synthesis
(WCS), pulsed laser and chemical vapor deposition (PLD and
CVD). Those methods are based on chemical reactions of cer-
tain precursors at given experimental conditions. In the fol-
lowing, we summarize the recent developments in the syn-
thetic methods employed to produce ultrathin and single-layer
MMCs.

Adv. Sci. 2020, 7, 2001655
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3.1. Top-Down Methods
3.1.1. Mechanical Exfoliation

ME has been widely employed for obtaining few-layer and
monolayers of graphene, TMDs, and BP from their bulk
counterparts.l?*%*] Generally, the mechanical force is employed
via scotch tape to weaken the van der Waals interaction be-
tween the adjacent layers of 2D bulk crystals and peel off single-
or few-layered flakes. This technique can produce high-quality
and clean surface crystals, which is favorable for both funda-
mental studies and technological applications. Besides this, the
clean surface attained in mechanically exfoliated 2D materials
makes them more suitable to stack and form good-quality van
der Waals heterostructures.>7] To date, there are few reports on
ME of thin layer of 2D MMCs, such as GeS,[?-1%] GeSe,[101-103]
SnS, 0571041 and SnSe.3619519] Owing to the high interlayer
binding energy of MMCs, the exfoliation of an atomically thin
single layer is quite difficult.

Tan et al.*’] has isolated the ME of thin layers of GeS, with
various thickness (65 to 8 nm). The crystal quality of the exfoli-
ated flakes was verified with Raman spectroscopy. As mentioned
earlier, MMCs belong to the orthorhombic crystal structure Pnma
(D}}) crystal symmetry. In this structure, 24 phonon modes at the
center of the Brillouin zone can be expressed as

I =4A, + 2By, +4B,, + 2B, + 2A, + 4B, + 2B,, +4B;, (1)

where Ag, By, By, and B;, are optically active Raman
modes.[1%11% The Raman spectra of GeS exhibited three char-
acteristic peaks, which are assigned to B, Aé, and Ag phonon
modes. The B, and A, modes, in particular, correspond to the
in-plane shear vibration of adjacent layers parallel to one another
in the x (armchair) and y (zigzag) directions, respectively (Fig-
ure 3c). Furthermore, chemical vapor transport (CVT) grown sin-
gle crystal bulk GeS was utilized for the mechanical exfoliation
of thin nanosheets (NSs).[%] The isolated flakes were highly crys-
talline in nature, few tens of nanometer thick, and micrometer-
sized in lateral dimensions. Ulaganathan et al.[®] have isolated
an ~28 nm thin layer of GeS (Figure 3a), exhibiting a highly crys-
talline and large smooth surface, investigated for anisotropic elec-
tronic response. On the other hand, GeS flakes of variable thick-
ness have been isolated by Li and co-workers.[®! Atomic force
microscopy (AFM) imaging of the multilayer GeS flakes showed
a three-step stack of up to about few hundreds of nanometers.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. Mechanically exfoliated GeS and GeSe flakes. a) Atomic force (top panel) and optical microscopy (bottom panel) images. The thickness of the
GesS flake is #28 nm (along the white dashed line (in top panel)). S and D correspond to source and drain, respectively. Reproduced with permission.[6¢]
Copyright 2016, Royal Society of Chemistry. b) AFM image of exfoliated GeS flake with a thickness from 40 nm (solid green line B) to three-step stack of
up to about 270 nm (solid blue line A). Polarized Raman spectra of the 40 nm-thick GeS flake (bottom panel). Reproduced with permission.!?8] Copyright
2017, Wiley-VCH. c) Schematic representation of the motion of atoms for the different Raman active modes in MXs. d) Optical image of GeSe flake.
e) Angle-resolved polar plot of the Raman peak intensity of A, mode (188 cm~', Laser: 532 nm laser under parallel configuration). Reproduced with
permission.l'03] Copyright 2019, Wiley-VCH. f) AFM image with height profile of GeSe (indicate by line 2) and 3L-MoS, heterojunction, and g) Raman

scattering spectra of a 33 nm GeSe flake (Laser line used: 532 nm). Reproduced with permission.l'%"] Copyright 2018, Wiley-VCH.

The thinnest flake obtained was measured to be ~40 nm (Fig-
ure 3b). In such thick flake, four vibrational Raman modes were
detected using unpolarized light, namely, at 110, 210, 236, and
269 cm™! corresponding to A, and B, symmetric modes; the po-
sition of such modes well agreed with theoretical predictions.!'%!
The anisotropic Raman response was clearly detected upon using
parallel and perpendicular incident laser light.

Furthermore, few tens of nanometers thick GeSe flakes were
micromechanically exfoliated by several groups.!'%! In particular,
Yang at al.[1%%] exfoliated 118.9 nm-thick flakes (Figure 3d), which
were further investigated for their anisotropic optical properties.
It is observed that the polarization dependent Raman spectra ex-
hibited a periodic change in intensity with rotational angle (Fig-
ure 3e), corresponding to the two crystalline orientations along
armchair and zigzag directions, respectively. The respective spec-
tra were fitted using the classical Raman selection rules,1%81%] ex-
pressed by the relation Ioole;.R.¢,|?, where, ¢, and ¢, are the unit

Adv. Sci. 2020, 7, 2001655
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polarization vectors of incident and scattered light, and R is the
Raman tensor.

Zhu and co-workers!'%?! isolated thinner GeSe flakes (230 to
14 nm) via ME to explore the anisotropic nature in current
transport.[''1112] The anisotropy in structure of a GeSe flake was
realized by the angular resolved polarized (ARP) Raman spec-
troscopy. Yang et al.1%] have adopted mechanical exfoliation to
produce a few tens to hundreds nanometers thick flakes, which
are highly anisotropic in nature. In anisotropic materials, when
the polarization direction of the incident laser light is parallel to
a crystal orientation (armchair or zigzag), the intensity of the op-
tically active Raman modes reached a maximum or secondary
maximum value.['3] A much thinner layer of GeSe flakes was
isolated by Matsuda and co-workers!'®! A stacked GeSe/MoS,
heterojunction was reported (Figure 3f). A much thinner GeSe
layer of 33 nm thickness was identified by the AFM height an-
alyzer (Figure 3f). The Raman scattering spectrum of such thin
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layer revealed the characteristic peaks at 83.4, 152.5, and 190.4
cm™!, assigned to Aé, B,,, and Aé phonon modes (Figure 3g),
respectively.''!l The Raman peaks were shifted to the higher
wavelength range compared to a 14 nm GeSe flake.['?] The ob-
served phonon mode shift with lowering the layer number in
GeSe is similar to other anisotropic 2D materials such as black
phosphorene.[''* 116 However, there is no systematic study of
layer number dependent Raman scattering evolution in mechan-
ically exfoliated GeSe flakes.

The successful isolation of few layers of SnS and SnSe
flakes has been experimentally realized via micromechani-
cal exfoliation.[3630.57.104106.117] Nagashio and co-workers!!®! pro-
duced thin layers of SnS flake by a micromechanical exfoliation
method which was mediated by a tape exfoliation and aurum ex-
foliation (Au). The obtained flakes showed a wide range of distri-
bution in size and thickness. The strong interlayer ionic bonding
and the large electron distribution by lone pair electrons in Sn
played a critical role to isolate them in large-area ultrathin layers.
As also mentioned earlier the interlayer binding energy in a MXs
is 146 meV per atom, which is much larger than those of graphite
(24 meV per atom) and MoS, (38 meV per atom).l>*5¢) However,
the tape-exfoliated SnS flakes were of several micrometers in lat-
eral dimensions, with tens of nm thickness. On the contrary,
much larger SnS flakes were obtained via the Au-mediated ex-
foliation approach. In this method, a strong semicovalent bond-
ing between Au and S atoms enabled the isolation of larger ultra-
thin SnS layers. A significant surface roughness was observed
in exfoliated flakes (0.1 nm), which may serve to produce a
good quality interface with other 2D materials."'%122] In another
study, valley selective dichroism was identified in layered SnS by
Chen et al.*% The Raman vibrational modes, measured in a Sn$S
flake about 109 nm-thick (Figure 4a), displayed a typical Lorentz
shape peaking at 161, 191, and 217 cm™, corresponding to B,
Aé, and Aé modes, respectively. As pointed out before, the struc-
tural anisotropy (along armchair and zigzag direction) is an im-
portant feature in 2D MMCs, which originates from the stereo-
chemically active lone pair electrons in Sn 5s.1°%6%123] Therefore,
the polarization dependence of the Raman scattering is a conve-
nient way to determine the crystal orientation. Accordingly, the
angular-resolved Raman scattering spectrum was recorded (Fig-
ure 4b) and the respective modes’ intensity was displayed in a
polar plot. The A, mode intensity well followed the acos” 26+b
dependence, where 0 is the polarization angle, a and b are fitting
parameters. On the other hand, the B,, mode intensity showed a
asin® 20+b dependence. Such observation of distinct fitting be-
havior of A, and B;, Raman modes is attributed to the differ-
ent Raman tensors governing them,[>'?4l which determine the
structural anisotropy in armchair (f = 0°) and zigzag directions,
respectively. Furthermore, a much thinner layer was isolated by
Nagashio and co-workers.[>’]

These cotch tape and Au exfoliation methods were adopted
to isolate such thin flakes. The Au-exfoliated SnS flakes ex-
hibited various thicknesses (Figure 4c,d), with the thinnest
layer to be ~4.3 nm. However, upon Au exfoliation, surface
modification was observed, which badly affects the nanosheet
properties. The formation of amorphous tin oxide (a-SnO,)
is revealed at the surface of the intrinsic SnS, in particular
(Figure 4e,f).
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Cho et al.'%! exfoliated a single crystal, prepared by the mod-
ified Bridgman technique to produce single-phase orthorhom-
bic SnSe flakes, with the Pnma space group. Similar methodol-
ogy was employed by Yang et al.l*] to prepare bulk SnSe flakes
ranging from few tens to hundreds of nanometer thickness.
It is shown that a 71 nm-thick SnSe crystal exhibited orthogo-
nal geometry. In such crystal, the intersection angle of the two
crystal planes is determined to be 90°.'2] A strong fourfold
anisotropy with a period of 90° and minimum intensities along
the 0° and 90° directions, identified as zigzag and armchair di-
rections, respectively. Such anisotropic Raman spectral behavior
in MXs is strongly dependent on the phonon symmetry, which
was observed in other 2D materials having in-plane structural
anisotropy.['#-131 In another study, a much thinner flake of SnSe
was isolated by Zheng and co-workers.['%] The high quality of
the SnSe flake was visualized by noncontact atomic force mi-
croscopy (nc-AFM) showing that very few vacancies were present.
The crystal phase of the SnSe flake was identified by the corre-
sponding Raman spectra (Figure 4g,h). Interestingly, Wei and co-
workers!!2°] have isolated a 28 nm-thick SnSe flake (Figure 4i) to
produce a heterostructure with molybdenum disulfide (MoS,).
The heterostructure was further used for electronic and opto-
electronic investigations. In particular, the vibrational modes ex-
hibited four characteristic peaks at 69.5, 109.0, 130.6, and 149.5
cm™', associated to A, and B;, active Raman modes.

In spite of the great advantages of the ME method, including
that it is a relatively easy process and provides high-crystalline
quality 2D flakes, the MMCs produced suffer from size repeata-
bility and reproducibility of the layer number. At the same time,
owing to the strong interlayer force and in-plane anisotropy the
isolation of a single layer is still a challenge. In contrast, liquid
phase exfoliation and chemical vapor deposition have been em-
ployed for the isolation of thin-layer, large-area, and controllable
morphology nanosheets.

3.1.2. Solution or Liquid Phase Exfoliation

LPE is a well-known strategy to produce ultrathin layered 2D ma-
terials and has thus been extensively used to exfoliate 2D layered
graphene and other crystals.[*91132-134] The method has been de-
veloped and advanced by Coleman and co-workers!'32135] in 2008
and has considered to be one of the most promising and sim-
plest routes for the production of 2D materials in a large scale.
It generally involves the process in which bulk layered crystals or
powders are dispersed in a suitable solvent and are subjected to
ultrasonication for a certain amount of time. Following ultrasoni-
cation, the suspension is centrifuged to separate the unexfoliated
bulk and exfoliated thin NSs. The fundamental idea is that ultra-
sonic waves can induce liquid cavitation in the dispersion, which
in turn leads to cavitation bubbles. The generated bubbles col-
lapse onto the dispersed material. As a consequence, intensive
tensile stress is applied to the dispersed bulk crystals, giving rise
to thin layer exfoliation.

A critical factor for the success of LPE of layered 2D mate-
rials is the selection of appropriate solvent. Indeed, the solvent
screening critically depends on the Hildebrand and Hansen sol-
ubility parameters.!'3¢137] However, recent reports have demon-
strated that neither Hildebrand nor the Hansen parameters can

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. a) Optical microscopy image of a mechanically exfoliated, 109 nm-thick, SnS flake on SiO, /Si substrate; the corresponding AFM height profile
is shown in the inset. b) Raman scattering spectra of the SnS flake. The solid lines (blue, green, and yellow) are Lorentz- fitting curves of the active
Raman modes; The angular-resolved Raman intensity of the A; mode is shown in the inset. The § = 0° corresponds to the armchair, x direction of
the crystal. Reproduced with permission.l>®! Copyright 2018, American Chemical Society. c) Optical image of exfoliated SnS. d) AFM topography of the
selected area in (c). Inset is the height profile along the solid yellow line. e) Cross-sectional high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image (at the point A in (d)). f) Energy-dispersive X-ray spectroscopy (EDS) depth profile along the dashed line in (e).
Reproduced with permission.[>”] Copyright 2018, Royal Society of Chemistry. g) Atomic-resolution noncontact atomic force microscope (nc-AFM) image
of stoichiometric SnSe flake; the inset shows a typical optical image of SnSe, microdomains on SnSe. h) Raman spectra of the SnSe flake shown in (g).
Reproduced with permission.['%] Copyright 2018, Author(s), licensed under a Creative Commons Attribution 4.0 License, Published by Springer Nature,
and i) room-temperature Raman spectra of SnSe flake. Inset shows AFM height profile along the red line. Reproduced with permission.['?] Copyright
2017, American Chemical Society.

fully describe the solvent-solute interaction during the LPE of  ters for efficient exfoliation, both from qualitative and quan-

2D materials.['*¥] Thermodynamic laws suggest a lower differ-
ence in surface energy between the 2D material to be exfoli-
ated and the solvent is beneficial for LPE.[132137] Besides this,
the ultrasonication time, the temperature during ultrasonica-
tion, as well as the centrifugation rate, are critical parame-
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titative point of view.13>13%] To date, few reports on the LPE
synthesis of ultrathin layer MMCs have been presented, refer-
ring to GeS, GeSe, SnS, and SnSe (Table 4).34110140-1%7] [ con-
trast, there is no experimental evidence on the LPE of SiS and
SiSe.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Table 4. Summary of the experimental synthesis of metal monochalcogenides (GeS, GeSe, SnS, and SnSe) via LPE.

MMCs Synthesis method Solvent Average thickness [nm] Lateral dimension [nm] Layer number References
GeS LPE Hexene, ethanol, IPA, NMP, 2.87 +0.65 (NMP) 66.91 + 0.42 6 layers [140]
DMF, acetone, chloroform
GeS LPE NMP 13+0.1 - Tri-layer 1431
GeSe LPE Ethanol 2 50-200 4 layers [141]
GeSe LPE NMP 43+0.2 - 8-9 layers 142]
SnS LPE NMP 4.2+0.24 5-100 6-8 layers 134]
SnS LPE NMP 6 - Few layers [144]
SnS LPE IPA 4-8 50 Few layers [146]
SnS LPE DMF 4.5 400-900 8 layers (1471
SnS LPE Acetone 1.10 170 Bi-layer (110]
SnSe LPE IPA 4.3 50-500 7 layers [148]
SnSe LPE NMP 2.5 50-200 4 layers [149]

Hersam and co-workers!'! isolated few-layer GeS NSs via an-
hydrous solvents LPE of bulk powder (Figure 5a). Considering
the solvent and solute chemical properties a series of organic sol-
vents exhibiting different surface tensions were investigated. It is
reported that the isolated sheets in NMP showed the darkest dis-
persion (Figure 5b,c), which is an evidence of this solvent suitabil-
ity to efficiently stabilize the exfoliated GeS sheets. The structural
integrity of exfoliated crystals was verified by studying the lattice
vibration modes (Figure 5d), including the B;, mode (213 cm™),
corresponding to the in-plane shear vibration of parallel layers in
the zigzag direction and the A, modes (112, 240, and 270 cm™)
corresponding to shear vibration of parallel layers in the arm-
chair direction (a-axis). A standard probability density function
was used to fit the characteristic size histograms (through AFM)
recorded for the exfoliated flakes (Figure 5e-g), namely

~

(%)
¢ (202) )

Y=Yt
xo\ 2x

where, y, is a constant offset, A is a constant prefactor, x is ei-
ther the flake thickness or length, ¢ is log normal standard de-
viation, and y is the long normal mean. In another study, a
cascade centrifugation method was employed to achieve much
thinner layer of GeS sheets by Fan et al.l'*3] The LPE method was
adopted to exfoliate bulk powders in NMP solution in which dif-
ferent centrifuge settings were employed to realize thinner lay-
ers. The thickness was found to be as thin as 13.2 + 2, 4.2 + 0.3,
3.2 +£ 0.2, and 1.3 = 0.1 nm, corresponding to 2-4k, 4-6k, 6-8k,
and 8-10k settings, respectively (Figure 5h). The thinnest layer
of GeS achieved was 1.3 + 0.1 nm (8-10k), which corresponds to
approximately two monolayers.

A different method was adopted by Ye et al.l'*!l The GeSe
flakes were prepared via sonication-assisted LPE with cascaded
centrifugation. A series of solvents were tested, namely, IPA,
DMF, CHP, SDS, and SC, leading to GeSe NSs with quite dif-
ferent lateral size and thickness, which are redispersible. The
CHP-exfoliated NSs produced largest lateral size, while exfoli-
ation in IPA produces much smaller sizes. However, the thin-
ner layer, achieved in ethanol, showed lateral dimensions in
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the range 50-200 nm, which is highly single crystalline in na-
ture with hexagonal structures (Figure 6a,b). Even thinner lay-
ers were subsequently obtained upon centrifugation at differ-
ent conditions. In particular, the thickness of the GeSe NSs,
obtained at the centrifugation speeds of 9k, 6k, and 3k rpm,
showed an average thickness of 2, 5.5, and 6 nm, respectively (Fig-
ure 6¢-h). The orthorhombic GeSe crystals obtained belong to the
D)’ symmetry, which exhibits 12 optically active Raman modes
(4A,+2B,,+4B,,+2B;,).l'®*!"!] Three such modes, which are op-
tically active and peaked at 80, 150, and 180 cm™!, correspond
to A;, B;g, and A;, respectively. Beyond this time, the isolated
GeSe sheets showed a bandgap variation from their bulk counter-
part. Zhang and co-workers!!“? have systematically investigated
the sonication effects during the LPE of GeSe NSs. The typical
process is demonstrated in Figure 6i. A series of organic solvents
were tested including NMP, DMF, water, ethanol, and IPA, and
the effect of centrifugation speed (within the ranges 1-14k, 2-14k,
and 3-14k) on thickness and lateral size of the exfoliated GeSe was
examined.

A significantly decreased size distribution and average lateral
size with no discernable oxide phase impurities were detected
in the NMP-exfoliated GeSe flakes. While the lowest average
thickness was estimated to be around 4.3 + 0.2 nm (Figure 6j),
which correspond to tri-layers based on the previous theoretical
calculations.[1*132] Besides this, the exfoliated GeSe sheets are
highly crystalline with clear crystal lattice spacing (~0.23 nm)
(Figure 6k).

In 2015, O’Brien and co-workers!®! first reported the LPE
of anisotropic layered SnS. Following this work, many research
groups have been intensively focused on exfoliation of ultrathin
SnS layers.[11014414] [n the first report,3*] bulk SnS powder was
dissolved in NMP and ultrasonication was employed to induce
cavitation effects in the dispersion. In particular, the isolated
SnS sheets (1500 rpm (Sol A) and 10 000 rpm (Sol B)) exhib-
ited an average height of 4.1 and 7.8 nm, respectively (Figure 7a),
which corresponds to multilayer SnS. On the contrary, the ex-
foliated NSs were 50—-100 nm in lateral dimension (Figure 7c),
often with aspect ratios of around 1.5-2.0. The sharpening in
the Raman modes (A,, B;,, and Bs,) in SnS NSs compared to
the broad bulk ones was another examination of the thin nature

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 5. a) Schematic of tip sonicator. The solution tube is sealed with Teflon tape and parafilm to minimize exposure to ambient atmosphere. b)
Exfoliated GeS NSs in various solvents (centrifuged at 1000 rpm for 10 min), and c) concentration of exfoliated bulk powder of GeS as a function of
solvent surface tension. The NMP-exfoliated GeS is considered as a reference concentration. d) Raman spectra of a bulk GeS crystal and solution-
processed GeS flakes. e) AFM topography image of NSs. f) TEM image of NSs. g) Thickness (inset: as-prepared GeS dispersion) and h) lateral size
histograms (from statistical TEM analysis) of the as-exfoliated GeS NSs. i) Thickness (inset: centrifuged GeS dispersion at 500 rpm) and j) lateral size
histograms (from statistical TEM analysis) of the centrifuged GeS NSs. Reproduced with permission.l'#0] Copyright 2018, American Chemical Society.
h) AFM images, corresponding height profiles, and thickness distribution histograms of LPE GeS NSs collected with different centrifugation speeds.

Reproduced with permission.l'#3] Copyright 2019, American Chemical Society.

of the exfoliated flakes (Figure 7b). In another approach, both a
bath and tip sonicator have been employed to create the cavita-
tion events in SnS colloidal dispersion.l'**] Liquid cascade cen-
trifugation (LCC) was utilized to prepare size-selected 2D SnS
NSs in NMP. The thinnest sheets of 6.0 nm, comprising ten
or more monolayers, were separated. The isolation of thin-layer
SnS using LCC method is an effective way to exfoliate few-layer
SnS sheets, which is in good agreement with other 2D materi-
als prepared by the LCC technique.[>>'>* The size-selective Ra-
man modes appeared gradually blueshifted as the thickness of
the 2D NSs decreases, which is attributed to the confined oscil-
lation when more layers of SnS are added and bonded by van
der Waals forces. Furthermore, a lower boiling point solvent, iso-
propyl alcohol (IPA), was tested as an exfoliation medium by
Zhang and co-workers.['! A similar approach of LPE by the
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work of O’Brien and co-workers(** has followed. The isolated
SnS flakes showed a 50 nm lateral dimension with an average
thickness of 6 nm. A high-quality crystal with lattice spacing was
identified, which confirmed the crystal phase integrity, even af-
ter exfoliation. The overall investigation indicated that the low
boiling point solvent is more suitable to isolate thin-layer SnS.
However, the exfoliated SnS sheets are limited to few nanometers
thick.

Most recently, Sarkar et al.[!'] have reported the isolation of
thinner SnS sheets via pushing one step forward the O’Brien’s**l
method. An organic solvent was chosen to exfoliate bulk SnS
crystal in a bath sonicator with a power of 100 W and 40 kHz
frequency for 10 h. Acetone, in particular, was identified as the
most suitable solvent for the successful exfoliation of electronic
grade ultrathin SnS layers. The separated SnS sheets showed

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 6. TEM image of a) GeSe sheets (inset: selected area electron diffraction (SAED) pattern taken from a single flake marked by red rectangle), b)
high-resolution transmission electron microscopy (HRTEM) image of a GeSe sheet. c,e,g) Height-mode AFM images of exfoliated GeSe NSs collected
at different centrifugation speed of 3k, 6k, and 9k, respectively (inset: height profiles). d,f,h) Histogram analysis for the thickness of GeSe NSs such
as those shown in the panels (c), (e), and (g), respectively. Reproduced with permission.™ Copyright 2017, American Chemical Society. i) Schematic
illustration of the LPE process used to obtain ultrathin GeSe NSs. j) AFM topography image and height profile of LPE GeSe NSs. k) HRTEM image
of exfoliated GeSe NSs in NMP solvent; the inset shows the SAED pattern. Reproduced with permission.[1%2] Copyright 2019, American Chemical

Society.

an average thickness of #1.10 nm and average lateral dimen-
sions of ~#170 nm (Figure 7d—f). Those sheets are highly crys-
talline in nature, as perfect rhombus-like lattice fringes with
sharp selected area electron diffraction (SAED) patterns were ob-
served (Figure 7g—i). Besides this, the optical properties of SnS
sheets were explored toward thermoelectric and nanophotonic
applications.

Nan and co-workers!'*®] have utilized the LPE of SnSe in a low
boiling point solvent IPA. The thinnest NS (~1 nm), compris-
ing two monolayers of SnSe, was obtained.['>] Very recently, Ye
et al.1*! have investigated the intensive LPE of SnSe in seven
different solvents and various centrifugation conditions (cascade
centrifugation). Among the solvents tested, the NMP-exfoliated
SnSe exhibited the larger, in lateral dimensions, flakes. A cas-
cade centrifugation was employed, during which the NSs, col-
lected at 8k rpm exhibited lateral sizes in the range ~50-200 nm
(Figure 8a,b). The obtained average thicknesses of NSs 9.5, 6,
and 2.5 nm correspond to layer numbers of 16, 10, and 4, re-
spectively (Figure 8g—i). The orthorhombic diffraction pattern,
together with the lattice spacing and the highly crystalline or-
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der are in well agreement with the crystal structure (Pnma) of
SnSe (Figure 8c). while, the relative presence of Sn and Se con-
firms the preservation of elemental composition (Figure 8d—f).
The collected Raman spectra at different centrifugation speed
exhibited four characteristics peaks. Considering that SnSe be-
longs to Pnma (D)) symmetry and thus have 12 active Raman
modes, the peaks appeared at 70, 105, 127, and 150 cm™!, cor-
respond to the Aé, Aé, B;g, and Ag, respectively (Figure 8j). Be-
sides this, the chemical composition (molar ratio of Sn:Se) of
exfoliated SnSe was determined to be 1:1. On the contrary, the
high-resolution X-ray photoelectron spectroscopy (XPS) spectral
investigation revealed Sn core level Sn 3d;,and Sn 3ds,, while
Se shown Se 3d;,and Se 3ds,, doublets (Figure 8k,l). Accord-
ingly, an electronic grade ultrathin layer of SnSe has not yet been
realized.

Most interestingly, it is found that the low boiling point sol-
vents, which have considerably lower surface tension, are suit-
able for the exfoliation of thin-layer MMCs, particularly SnS and
SnSe. The surface energy of such solvents played crucial role to
create cavitation during ultrasonication process.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 7. Liquid phase exfoliated SnS nanosheets: a) Particle size distribution for NS height, as determined for SnS sol-A (black curve) and SnS sol-
B (red curve); b) Raman scattering spectra of SnS samples; c) low-resolution high-angle annular dark-field (HAADF) scanning transmission electron
microscopy (STEM) image of SnS. Reproduced with permission.[34] Copyright 2015, American Chemical Society. As-synthesized ultrathin SnS layers: d)
atomic force microscopy image (scale bar: 400 nm); e) histograms of thickness distribution; f) low-resolution TEM image (scale bar: 50 nm); g) HRTEM
image (scale bar: 5 nm). The length of lattice fringes (ten fringes) was measured to be 2.85 nm along both different directions. h) SAED pattern. i)
Fast Fourier transform (FFT) filtered atomic resolution of the selected area. Inset: FFT pattern of the selected region in HRTEM image. Adapted with

permission.l1% Copyright 2020, Author (s), licensed under a Creative Commons Attribution 4.0 License, Nature Publishing Journal.

3.2. Bottom-Up Methods via Vapor Phase Deposition

The vapor phase deposition process is widely used for the synthe-
sis of atomic scale 2D semiconducting layered materials(®156-158]
and is divided into the physical (PVD) and chemical vapor deposi-
tion (CVD) methods. In the PVD process, no chemical reactions
are taking place. In case of 2D MMC'’s growth, either a single
solid precursor of the final product is used or co-deposition of the
chalcogen and transition metal precursors on a substrate takes
place. On the other hand, the CVD process employs reactive pre-
cursors and high vacuum, in which the precursors react and/or
decompose on the surface of the substrate at high temperature
to form ultrathin flakes. This process is one of the most effective
method to realize large area growth of atomically thin layers of 2D
TMDs. Next we summarize the most important reports to synthe-
size 2D MMCs, such as GeS, 1) GeSe,[68160] Sp§ [70124161.162] g
SnSel®1:163-165] yia vapor phase deposition.
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Sutter and co-workers!'>! synthesized a few-layer GeS flake via
vapor transport. For this purpose, the GeS powder was heated to
temperatures in the range of 430450 °C, while the mica sub-
strate temperature was varied from 320 to 350 °C. The substrate
temperature played a significant role on the dimensionality of
GeS flakes attained (Figure 9a—e). In particular, the use of low
substrate temperature led to small-sized NSs (edge length of
~1.5 pm) (Figure 9f). Flakes of larger size were obtained at a
higher substrate temperature of 340 °C (Figure 9g). A bimodal
size distribution was particularly observed in that case due to the
secondary nucleation of the smaller flakes. The thickness of as-
grown GesS varied from 77 to 24 nm (Figure 9h—j). However, the
average flake thickness, identified by AFM height was found to
be 34.5 nm. The crystal structure and morphology of the flakes
were investigated by transmission electron microscopy (TEM). A
perfect orthorhombic crystal structure with faceted shapes and
clear crystal planes was revealed in GeS (Figure 91,m). Those
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Figure 8. a) TEM image of exfoliated SnSe NSs; b) a single SnSe flake (inset: FFT image of the SnSe NS in (b)); ) HRTEM image of SnSe NSs; d—f)
STEM image and the elemental mapping of Sn and Se; g—i) histogram of thickness distribution and inset shows corresponding AFM images of exfoliated
SnSe NSs collected at various centrifugation speeds; j) Raman spectra of bulk SnSe and exfoliated NSs; k,I) high-resolution XPS spectra of core level of
Sn 3d and Se 3d region. Reproduced with permission.!'#°! Copyright 2019, Wiley-VCH.

GeS flakes are single-crystalline with orthorhombic space group
Pnma (Figure 91-n). The vibrational properties of as-grown GeS
flake (340 °C) were investigated by polarized Raman spectroscopy
(Figure 90), showing the characteristic modes of vibrations (A,
and Bj). It is also observed that the intensity of the phonon
modes in Raman spectra was changing with incident light po-
larization.

Mukherjee et al.[® have reported the growth of high-quality,
single-crystalline, micrometer-sized 2D GeSe NSs using a CVD
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process with various substrate temperatures. A horizontal single-
zone tube furnace was used for the synthesis, in which a mixture
of Ge and Se powders (1:1 molar ratio) was heated at 480 °C for 4 h
under high mTorr vacuum. The dynamical behavior of such CVD
process is represented in Figure 10a. The process involved the
sublimation of bulk GeSe powder (source) into gaseous products
and their subsequent transport be the carrier gas (Ar) followed
by condensation of the gas molecules onto the substrate, placed
at the temperature range 390-430 °C. The constant flow of the

© 2020 The Authors. Published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

1.5um

2 4 8
Lateral size (um)

% 8.8um

Frequency
S B8

&

£2.0 um

5 10 15 20
Lateral size (um)

www.advancedscience.com

34.5nm

Thlckness (nm)

)

4

Frequency

(0

 ER R R EE R

LA R R R ERITEEEFENFE FIF
Intensity (arb. units)

Raman shift (cm™)

Figure 9. a) Optical image of as-grown GeS flakes on mica substrate. b-e) Higher magnification optical images. Flake size distribution obtained by
growth: f) monomodal at 320 °C and g) bimodal at 340 °C (growth time: 10 min). h—j) AFM topography image of GeS flakes with different thickness. k)
Thickness distribution of GeS flakes grown at 340 °C for 10 min. |,m) TEM images of low and high-resolution SnS flakes. n) Higher magnification view
of (m) (top), and multislice image simulation (bottom). o) Anisotropic Raman spectra of synthesized GeS flake (thickness ~ 500 nm) obtained with 0°
and 90° orientations of the incident laser light linear polarization. Laser excitation wavelength was 532 nm with 16.8 uW laser incident power. Inset: an
optical image of the measured flake and the direction of the incident electric field vector. Reproduced with permission.['°] Copyright 2019, American

Chemical Society.

sublimated gas molecules and their subsequent adsorption and
recrystallization to growth sites assisted the growth of the nanos-
tructures. The obtained nanostructures were found to exhibit
different morphologies (Figure 10b-d), depending on the sub-
strate temperate (zones 1, 2, 3). The growth of different crystalline
nanostructures strongly depends on the concentration gradient
of GeSe vapor at the lower temperature zone (zone 3, large dis-
tance from the source). The typical lateral and longitudinal di-
mension of the NSs are measured to be in the range of 4-160
pm and 60-140 nm, respectively (Figure 10e,{).

Furthermore, Hu et al.l'%] have reported a high quality single-
crystalline ultrathin layer of 2D GeSe flakes, which are synthe-
sized by a salt-assisted CVD method (Figure 10g,h). In this pro-
cess, mixed GeSe, and KCl powder was heated to 550 °C for 0.5 h.
During the heating process a mixed gas of H, and Ar was passed
through the quartz tube used in the process. The GeSe, was eas-
ily reduced to GeSe with H, (GeSe, + H, — GeSe + H,Se); in
this reaction the salt KCl used played an assisting role. It was ob-
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served that the as-grown thinnest GeSe flakes on mica substrates
were ~5 nm (Figure 10i), corresponding to eight monolayers. The
Raman spectra of GeSe flakes with different thickness (5, 9, and
15 nm) exhibited four characteristic modes of vibration, A;, Bs,,
Ag, and Aé, respectively (Figure 10j), peaked at 81.8, 151.9, 173.5,
and 189.2 cm™! for a 15 nm-thick flake. These Raman modes
blueshifted upon increasing the layer number. Such blueshift can
be attributed to the strong interlayer coupling in thicker GeSe
NSs. Similar shifts were observed in many 2D materials, includ-
ing graphene, MoS,, and GaSe.[166-169]

Moreover, the synthesized GeSe flakes are highly uniform and
homogeneous, which is reflected in respective Raman mapping
of B, mode (Figure 10k). In addition, a sequence of polarization-
resolved Raman spectra for A, and B;, modes has been recorded,
showing that the angular dependence on crystallographic direc-
tions of the NSs is identical to that of mechanically exfoliated
GeSe flakes.[102]

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 10. a) Schematic CVD synthetic process. b—d) Scanning electron microscopic (SEM) images of CVD grown GeSe flakes on the areas indicated
by 1,2, and 3 in (a), respectively (insets: top right corners of (b)—(d) are SAED patterns for representative flakes). The insets panel at the left corners of
(b)—(d) are the magnified SEM images. e,f) AFM images of GeSe flakes and corresponding height profile (inset in (e) and (f)) of the flakes (the solid
line in (e) and (f)). Reproduced with permission.[%8] Copyright 2013, American Chemical Society. g) Schematic representation of the salt-assisted CVD
with atomic structure of the layered GeSe. h) Optical image of as-grown GeSe flakes. i) AFM image of GeSe flakes with height profile. j) Raman spectra
of GeSe flakes. k) Raman mapping (B3, mode) of GeSe flake. Reproduced with permission.!1%¢] Copyright 2019, American Chemical Society.
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Figure 11. a) Schematic of PVD growth for anisotropic SnS flakes; b) SEM image of the anisotropic SnS flakes synthesized at 600 °C. c,d) AFM images
and height profile of anisotropic SnS flakes. ) HRTEM image of the SnS flake; f) Raman spectra of the SnS flakes with different thicknesses. Reproduced
with permission.l”%l Copyright 2016, Royal Society Chemistry. g) Schematic representation of the PVD growth system; characterization of synthesized
2D SnS nanoplates. h) Optical microscopy images on mica substrates (RM and TM correspond to reflection transmission mode of microscopy). i,j)
AFM images with height profile. k) High-resolution TEM image. |) SAED pattern corresponding to the flake shown in (k). m) Raman spectra of SnS
nanoplate with different thickness. The corresponding optical microscopic images are shown in the inset. Reproduced with permission.['2] Copyright

2017, American Chemical Society.

PVD synthesis of orthorhombic SnS has been reported by
Meng and co-workers.”"! The authors investigated the effects of
growth temperature and pressure. During synthesis bulk SnS
powder was evaporated into a horizontal single zone tube fur-
nace, upon heating at 600-800 °C for 10 min at a pressure around
20-300 Torr (Figure 11a). Mica sheets were used as substrates,
which were placed downstream to the tube center at a distance
of ~#8-20 cm from the evaporation area. A natural cooling pro-
cess was employed to cool down the system. Throughout the
experiment, Ar was used as a carrier gas with a constant flow
rate. The synthesized SnS flakes on mica substrates exhibit quasi-
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rhombic shapes with a lateral size in the range from hundreds of
nanometers to few pm (Figure 11b,c). However, the random nu-
cleation of SnS resulted in a spatial nonuniformity of the grown
flakes (Figure 11c,d). The thinner NSs showed relatively rough
surfaces and edges than the thicker ones, which signified the in-
complete crystal growth of SnS flakes. They further confirmed
that the growth temperature and pressure significantly affect the
domain size and grain boundary edge structure of synthesized
2D materials.'’%77! High-resolution TEM images (Figure 11€) of
the synthesized SnS showed a perfect rhombus lattice with fringe
spacings of ~0.29, ~0.4, and ~0.43 nm, corresponding to the

© 2020 The Authors. Published by Wiley-VCH GmbH
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interplanar spacings of the (101), (002), and (200) planes of the or-
thorhombic SnS, respectively. The corner angle is measured to be
43°, which agreed well with the theoretical value. The vibrational
properties of synthesized 2D SnS flakes with different thickness
were monitored, showing that the SnS flakes exhibited four char-
acteristic phonon modes, i.e., three A, and one B,,, peaked at
95.5,190.7, 216.8, and 162.5 cm™!, respectively. It was identified
that the Raman intensity and peaks deviate from the peak posi-
tions of A, and B;, upon lowering the vertical dimensionality.
The strange spectral behavior in Raman spectrum (Figure 11f)
of the thinnest NS (5.5 nm) was due to poor crystallinity (Fig-
ure 11d).

In another work, Tian et al.l'’?] have reported the synthesis of
layered anisotropic 2D SnS via PVD. A lower sublimation tem-
perature was adopted to evaporate the bulk SnS powder. In their
typical synthesis, a two-zone tube furnace was used (Figure 11g).
For the synthesis, the bulk SnS powder was heated at 530-560 °C,
while a high purity Ar gas was used to carry the SnS vapor and
deposit it onto mica substrates (Figure 11h). The obtained NSs ex-
hibited the orthorhombic crystal structure, lateral dimensions of
5-15 pm, and minimum thickness of 6.3 nm (Figure 11i,j). TEM
analysis showed perfect thombus lattice fringes (Figure 11k,])
with d spacings of 2.90, 2.90, 4.32, and 4.01 nm, correspond-
ing to [011], [011], [010], and [001] directions, respectively. More-
over, the measured corner angle (85°), between the [011] and [011]
planes, well agreed with the theoretical predictions.['7317#4] While,
the perfect rhombus lattice fringes in SAED pattern further con-
firmed the single crystallinity of the NSs. Finally, the NSs exhib-
ited the typical characteristic A, and B;, Raman modes (Figure
11m), with the thicker NSs to show stronger and sharper Raman
modes compared to the thinner counterparts. This confirmed the
Dbetter crystalline quality of the thicker N'Ss, which was consistent
with the edge morphology obtained from AFM images.

The synthesis of few-layer 2D SnSe via PVD has been reported
by various groups.®!l Zhao et al.['%3] have realized the synthesis of
single-crystal SnSe NSs on mica substrates in a controlled man-
ner. A 15.8 nm thick SnSe NS having orthogonal lattice fringes
with well-defined lattice spacings (0.30 nm) and intersect an-
gle (92°) of the crystal planes was identified, which further con-
firmed the orthorhombic SnSe crystal structures.?17] In PVD
method, the temperature mainly controls the evaporation quan-
tity of bulk SnSe, while the pressure affects the nucleation and
growth process. With the evaporation temperature and pressure
fixed at 500 °C and 70 Torr, the deposition temperature was var-
ied (from 340 to 390 °C), and as a result controlled synthesis of
SnSe NSs was achieved.['’®] A few years ago, Xu et al.'*l have
followed a synthesis process similar to that reported by Zhao
et al.,[1%] however the sublimation and the deposition temper-
atures were kept higher. In particular, the sublimation, deposi-
tion temperature of SnSe, and argon flow rate was set at 650 °C
(in 17 min), 350450 °C, and 200 standard cubic centimeters per
minute (sccm). Following this process, SnSe NSs with a uniform
surface were grown. However, a distribution of thickness (10-210
nm) was found (Figure 12a,b), which can be controlled through
the growth conditions. Interestingly, the rectangular NSs showed
clear orthogonal lattice fringes with two similar lattice spacings
of 0.30 nm. The measured angle (94°) between two crystallo-
graphic planes is well matched with the orthorhombic SnSe crys-
tal structure.['>177] The observed orthogonal structure together
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with the orthogonal symmetry (Figure 12¢) confirmed the single-
crystal nature of the synthesized SnSe NSs. However, the cor-
ner angle was obtained to be 94°, which differ from that of other
reports.l'®] In fact, this discrepancy originates from the impact
of different value of structural anisotropy (along armchair and
zigzag direction) during the growth.

Owing to the phase transition occurred during CVD growth
the substrate temperature critically affects the stoichiometry in
SnSe (i.e., the Sn:Se ratio).l’8-18% Recently, Wang and Pang!'7®!
used a proper proportion of SnO, and Se precursors to synthe-
size 2D SnSe or SnSe, NSs with lateral sizes of few micrometers.
Specifically, the Sn:Se stoichiometry was varied by changing the
weight of Se from 50 to 500 mg. It was revealed that the shape
of as-grown sample switches from square to truncated triangle
(Figure 12d,e). As a consequence, the phase controlled growth of
2D tin selenides is possible by adjusting the nominal Sn:Se ratio.
The AFM height analysis of SnSe NSs revealed a quite flat top
surface and thickness of 59.8 and 95.1 nm (Figure 12e). On the
other hand, the obtained thickness of the different shape SnSe,
flakes grown were ~67.7 and %20.8 nm, respectively. In order to
shed light on the CVD process, a simple growth mechanism was
discussed.

In particular, when the bulk SnO, powders are heated to react
with Se vapor, the reaction forms SnSe or SnSe, via the following
reaction paths

SnO, (s) + 2Se (g) — SnSe (s) + SeO, (g) 3)

SnO, (s) + 3Se (g) — SnSe, (s) + SeO, (g) (4)

When the amount of Se is low, the first chemical reaction takes
place giving rise to the formation of SnSe. On the other hand,
upon increasing the weight of Se precursor, the second chemical
reaction is dominant and SnSe, NSs are formed.

Very recently, Khan et al.'8!] have introduced a novel bottom-
up synthesis method to obtain SnS monolayers. In particular, a
molten droplet of Sn was exposed to an anoxic atmosphere con-
taining a sulfur source at 350 °C. As a result, the surface forms
a sulfide skin in a self-limiting Cabrera—Mott reaction. Then lig-
uid metals are employed to exfoliate ultrathin SnS sheets and to
transfer them onto the desired substrates. Using this method,
SnS nanosheets with large lateral dimensions can be attained,
with a highly crystalline orthorhombic structure (Figure 12f,g).
The ultrathin SnS layer thickness obtained was measured to be
0.7 nm (Figure 12h), which was further confirmed by Raman
spectroscopy (Figure 12i). The characteristic features agreed well
with the phonon mode in a thin-layer SnS. This synthesis method
may be suitable for the isolation of the MMCs single layer.

Another bottom-up approach is the WCS method. This
method comprises hot injection, one-pot synthesis, hydrother-
mal intercalation, and sequential deposition.[*61126182183] Ag 5
fast and low-cost method for producing nanomaterials for large-
scale industrial application, the WCS of MMCs nanosheets has
drawn attention recently to produce SnS, SnSe, GeS and GeSe
nanosheets.!>*134] In a typical wet synthesis of colloidal MMC
nanosheets using the hot injection method, the group IV ele-
ments, such as SnCl,, SnCl,, and Ge,, are used as an inorganic
halide metal source.l>*13] On the other hand, organic materials,

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 12. a) Optical image of SnSe NS on mica substrates (lateral size distribution of 2 to 8 pm). b) AFM image with height profile (inset solid line,
height 32.74 nm). c) HRTEM image of a NS (scale bar is 1 nm); a low-magnification TEM image is shown in the inset. Reproduced with permission.[164]
Copyright 2017, American Chemical Society. d) SEM images of as-grown flakes on SiO, /Si substrates with 50 and 300 mg Se powders (scale bar: 20 pm
(top panel) and 10 pm (bottom panel). e) AFM images of as-grown and of different shape flakes on mica and SiO,/Si. Reproduced with permission.[178]
Copyright 2018, Elsevier. f) TEM image of SnS monolayer synthesized using a liquid metal exfoliation method. Scale bar is 500 nm. g) HRTEM fringe
pattern. Inset: SAED pattern. Scale bar is 5 nm. h) AFM image of the SnS monolayer, and i) Raman spectrum and AFM height profile of the SnS
monolayer. Scale bar 8 pm. Reproduced with permission.l'81l Copyright 2020, Author(s), licensed under a Creative Commons Attribution 4.0 License,

Nature Publishing Group.

such as dodecanethiol, trioctylphosphine selenide (TOP-Se), and
thioacetamide, are used as group VI elements. Both reactants are
mixed together with organic solvents and heated up to the reac-
tion temperature. Subsequently, the obtained products are redis-
persed into an organic solvent and centrifuged to isolate the re-
quired nanosheets. In 2013, Li et al.l'¥* have adopted one-pot syn-
thesis as a WCS method to synthesize ~#300 nm wide and 2 ML
(=1 nm) thick SnSe nanosheets. In another report, Schaak and
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co-workers!*I have adopted one-pot synthesis method to prepare
GeS and GeSe nanosheets. The obtained GeS nanosheets were
5 nm thick with (2-4) pm times (0.5-1) pm average lateral di-
mensions. For GeSe a larger range of thicknesses was achieved
(5-100 nm). Apart from the aforementioned approaches, much
larger MMC flakes have been synthesized via WCS.[182183]

Table 5 summarizes the comparison of the various synthesis
methods applied for the synthesis of MMC flakes. In general,

© 2020 The Authors. Published by Wiley-VCH GmbH
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Table 5. Comparison of the typical methods used for the synthesis of MMCs nanosheets.
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Method Brief description of the Lateral Vertical Advantages Limitations References
synthesis method Materials dimension dimension
Mechanical Scotch tape is used to GeS Few tens of nm 8 nm Simplicity, high crystal Low exfoliation yield, (107]
exfoliation peel off thin layer from quality, low defects repeatability in size,
bulk crystal. Gold reproducibility in layer
tape, polymer matrix number, and the
is used to transfer thin large-area uniform
layer on required flake
substrates.
GeSe Tens of ym 33 nm (o
SnS Several pm 43 nm [57]
SnSe Tens of ym 90 nm [105]
Liquid phase Bulk crystals or powders GeS - 13+0.1 Solution-processed, Thickness control, 143
exfoliation are dispersed in a large-scale bulk relatively smaller
suitable solvent and production, high yield, lateral dimension,
are subjected to low cost, simplicity proper choice of
ultrasonication for a solvent
certain amount of
time. Suspension is
centrifuged to isolate
the ultrathinlayer of
nanosheets (NSs).
GeSe 50-200 nm 2 [141]
SnS 170 nm 111 nm [110]
SnSe 150 nm 2-10 nm [149]
Chemical One of the reliable GeS 1.5-20 ym 10 nm Large scale lateral size, High temperature, [159]
vapor method to produce 2D precise controllable ambient environment,
deposition material for Thickness and lateral high vacuum,
electronics. The CVD dimension, less Relatively complicated
process employs defects recopies, costly
reactive precursors
and high vacuum, in
which the precursors
react and/or
decompose on the
surface of the
substrate at high
temperature to form
ultrathin flakes.
GeSe Few pm 5nm [166]
SnS Few pm 5.5nm [70]
SnSe 1-6 ym 6-40 nm 1163
Wet chemical Chemical method, GeS 2-4 ym 5nm Solution processability, Defects, surfactants on [150]
synthesis surfactants or high production yield the surface
polymers assisted
direct synthesis
process
GeSe - 5-100 nm [150]
SnS 8 pm 7nm [182]
SnSe 300 nm 1nm [184]

and WCS methods can produce ultrathin, even monolayer flakes,
however, the lateral dimension is very small and thus not favor-
able for optical and electronic properties investigations. Besides
this, mechanically and LP exfoliated MMCs exhibit high crystal
quality, contrary to the CVD/PVD grown ones.!'”? This is primar-
ily due to the strong interlayer coupling energy (armchair/zigzag)

there is currently no method that can produce high crystal qual-
ity and ultrathin (down to monolayer) coupled with high-lateral-
dimension nanosheets. For example, the mechanical exfoliation
and CVD/PVD techniques can produce as large as few pm to tens
of pm in lateral dimensions MMCs, while it is difficult to isolate
nanosheet thicknesses below 4 nm. On the other hand, the LPE

Adv. Sci. 2020, 7, 2001655 2001655 (19 of 36) © 2020 The Authors. Published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

in MMCs, which restricts the isolation of a single layer with high
crystallinity. In this context, there are a few possible ways to over-
come the different limitations. As far as the ME and PVD/CVD
techniques, by proper choice of the deposition substrate and opti-
mized protocols, one could make the lateral growth stronger than
the vertical one, and as a result thinner and larger flakes can be
attained. On the other hand, the postetching of mechanically ex-
foliated MMC flakes via chemical routes and/or laser processing
can overcome the thickness limitation and give rise to large-area
monolayer flakes.

4. Applications: Theory and Experiment Prospect

Since the isolation of single-layer graphene a new era of 2D elec-
tronics has begun. The semimetallic nature with gapless band
structure of graphene imposes important limitations in elec-
tronic, optoelectronic, and photonic applications. However, 2D
MMCs exhibit a wide range of direct or indirect bandgaps. More
important, MMCs are highly anisotropic in nature, as they exhibit
in-plane structural anisotropy along the armchair and zigzag
crystalline directions. Such structural anisotropy is revealed in
electronic, optoelectronic, and photonic response. In the follow-
ing, we will present an overview of the very recent advances in
electronic, optoelectronic, and photonic applications of MMCs,
giving emphasis in VP and SHG.

4.1. Electronic Devices Exhibiting Anisotropic Response

In-plane anisotropy found in a layered BP open up a new horizon
in 2D MMCs research for emerging nanophotonic and optoelec-
tronic device applications.[1*185] Following such first studies, in-
plane phosphorene-analogous group IV-VI MMCs have received
significant interest due to their anisotropic optical and electronic
response.[100103.113,117.186] [y wavy structured MXs, the effective
mass, dielectric constant, and refractive index are entirely differ-
ent along armchair compared to zigzag direction. Stereochemi-
cally active lone pair electrons in 5s (e.g., Sn) or 4s (e.g., Ge) and
different electronegativity in chalcogens (e.g., S or Se) play a cru-
cial role in such anisotropy. This interesting feature critically af-
fects the exotic optical and electronic behavior of such materials,
therefore adds a new dimension to their optoelectronic properties
and stimulates the development of angle-resolved photonics and
optoelectronics.'??] Accordingly, understanding the effect of elec-
trical and optoelectrical anisotropy in MMCs has evolved rapidly
in the recent years.

Several groups had investigated the electrical anisotropy in
few-layer GeS NSs.[10187] Matsuda and co-workers,['*”] in par-
ticular, introduced a highly polarization sensitive and broadband
photodetector (Figure 13a), based on multilayer germanium sul-
fide (GeS). A 45 nm GeS flake was used to fabricate a field effect
transistor (FET) device. Photoresponse was controlled via tuning
of the gate bias voltage (V,) and the light intensity. The transfer
characteristics (V,~I) of FET device exhibited a p-type behavior
(Figure 13b), and the obtained carrier mobility was measured to
be 1.6 X 10~% cm? V-1 s71. A high on/off current ratio (>10*) was
also recorded at +40 V. Moreover, current hysteresis appeared in
the voltage sweeping, in which trap/defect states play a domi-
nant role. The anisotropic crystal structure of GeS, causing its
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strong linear dichroism,!'””] was investigated through measur-

ing of the photoresponse of the GeS photodetector with highly
polarized light. It is found that the measured photocurrent (at
A = 750 nm) strongly depends on the polarization angle (#) of in-
cident light (Figure 13c). The photocurrent sensitivity (polar plot
of Figure 13d) reaches its maximum value at 0° and its minimum
at 90° polarization, corresponding to armchair and zigzag direc-
tions, respectively. This strong electrical anisotropy is perfectly
consistent with the anisotropy in optical absorption. As a conse-
quence, a GeS-based linear dichroic photodetector was demon-
strated with a dichroic ratio of 1.45. In another study, Li et al.l'%!
presented a photodetector fabricated using a GeS NS with a thick-
ness of 28.7 nm (Figure 13e,f). It is shown that the angle-resolved
photocurrent (Figure 13g) presented in a polar plot changed dra-
matically with incident light.

Hu and co-workers(!3] first reported on the anisotropy in op-
tical and electrical behavior of CVD-grown few-layered GeSe.
Following this study, Zhai and co-workers!®®! reported on
back-gated FETs from mechanically exfoliated GeSe NSs of 40
nm thickness. The characteristic -V curves were linear (Fig-
ure 13h,i), indicating an Ohmic contact between the electrodes
and the GeSe NSs. Besides this, the transfer characteristics ex-
hibited a p-type semiconducting behavior (Figure 13j,k). A high
on/off ratio (~10%) and hole (0.8 cm? V-! s71) mobility at room
temperature were measured, which are comparable with other
metal dichalcogenides such as SnS, and SnSe,.'8-19! Further-
more, the photoresponsive behavior of the fabricated FET exhib-
ited a deviation from the linear relationship (Figure 14a,b) under
illumination (532 nm intensity of 0.42 mW cm™2). It is shown
that a Schottky emission charge carrier transport mechanism
takes place due to the large density of photoinduced charge carri-
ers under illumination (Figure 14c). This phototransistor exhib-
ited excellent stability in both photoresponse and decay rate. An
anisotropic optoelectronic behavior was also investigated on such
phototransistors (Figure 14d—f). In particular, the normalized
photocurrent demonstrated three periodic peaks at 0°, 180°, and
360° with two valleys at 0° and 270°, while a strong polarization-
sensitive photodetection with peak-to-valley ratio ~1.3 was ob-
tained. A strong electrical anisotropy was also measured in a mul-
titerminal FET device in which the electrodes are placed at an
angle of 45°. Moreover, significant impact of anisotropy in angle-
resolved hole mobilities at different temperatures was recorded
(Figure 14{). Indeed, the calculated hole mobility along armchair
and zigzag direction is ~6.03 and ~3.25 cm? V-! s~ It is ob-
served that the effective mass, m, played a crucial role to the mo-
bility (u), as ;ux%. Based on theoretical calculations, the respec-
tive masses are m, i, = 0.16m, and m,;,,,, = 0.33m,, where,
m, is the free electron mass.['72192] Notably, the theoretically cal-
culated mobility ratio (Mammchair/ Hyigzag) 1S Well matched with the
experimental value. This ratio was shown to increase from 1.85
to 3.15 upon decreasing the temperature from 300 to 60 K (Fig-
ure 14g). Such anisotropy in u along armchair and zigzag direc-
tion pave a new root to employ GeSe for novel optoelectronics
applications. In addition, Liu et al.[1*l have also investigated sim-
ilar anisotropic electronic properties in GeSe devices. Figure 14h
presents the schematic diagram of the angle-resolved transport
setup they used for electrical anisotropy measurements. The typ-
ical I-V characteristics exhibited a linear relationship in dark
condition, while the current significantly increased under laser
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Figure 13. a) Optical image of fabricated GeS photodetector (45 nm thick GeS); b) gate bias voltage dependent transfer characteristics. Sweeping
direction (black and red dotted arrow) indicating the forward and reverse voltage scans, respectively (—40 to +40 V and +40 to —40 V). The inset shows
Vg4.—I characteristics at various back-gate voltages. c) Incident light (4 = 750 nm) polarization dependent I3~V characteristics of a GeS FET device (P=
32 yW cm~2). d) Polar plots of photocurrent. The angle 8 is the polarization direction of the incident light relative to the armchair direction. The solid red
curve represents the cos26 function. a—d) Reproduced with permission.['87] Copyright 2017, Royal Society of Chemistry. e) Schematic diagram of a GeS
phototransistor. f) AFM image of the device (scale bar: 3 pm). and g) polar plot of photocurrent as a function of the polarization angle. e-g) Reproduced
with permission.['%1 Copyright 2019, American Chemical Society. h) The I4,—V, characteristics of a GeSe transistor at different gate voltages. The AFM
image of the device and height profile is shown in the inset (thickness and scale bar: 40 nm and 5 pm, respectively). i) Device characteristic curves at
different gate bias voltages. j) Transfer characteristics of the device. k) Direct tunneling plots at different gate voltages. The inset shows an illustration
of carrier tunneling. Reproduced with permission.["®8] Copyright 2018, Wiley-VCH.

illumination. A significant photoresponsivity (7.05 A W~!) and
specific detectivity (3.04 x 108 Jones) were recorded, which is the
highest value among recent reports. Furthermore, high photocur-
rent sensitivity to polarization angle was observed (Figure 14i),
namely, a significant increase in photocurrent (55%) upon us-
ing a 90° polarization angle (Figure 14j). Moreover, the polarized
photocurrent showed a correlation with the phonon scattering in
zigzag direction, namely, when the incident light is parallel to
the zigzag direction the LO phonons get excited, while the TO
phonon get excited when it is parallel. The LO phonons, in par-
ticular, exhibited relatively large scattering cross sections to the
charge carriers. The potential anisotropy in the electrical behav-
ior of SnS NSs was investigated by Xue and co-workers.['”?] For
this purpose, PVD-grown SnS nanoplatelets were used to fabri-
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cate FET devices. The anisotropy in electrical transport was inves-
tigated on devices with cross-Hall-bar structure (Figure 15a). The
temperature-dependent transfer characteristics of the fabricated
FET devices along zigzag and armchair directions were subse-
quently recorded. The hole mobility of the devices was calculated
using the following equation

L dG _ do
w Cdv, C,dv,

U= (5)

where, L and W are the length and width of the channel, G is the
conductance, C, is the gate capacitance per unit area, and o is the
conductivity along armchair or zigzag direction (Figure 15b).

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 14. a) Schematic of a GeSe photodetector. b) |-V characteristicsc under dark and light illumination with different power intensities. c) Charge
carrier transport via thermionic emission; Inset: Illustration of carrier transport under illumination. d) Normalized photocurrent as a function of the
incident light polarization angle 6. e) Optical image of the device used for anisotropic electrical measurements (the scale bar is 10 pm). f) Angle-resolved
mobility at different temperatures from 60 to 300 K. g) Temperature-dependent mobility ratio (iamchair/ Hzigzag) along the armchair and zigzag directions.
Adapted with permission.["88] Copyright 2018, Wiley-VCH. h) Schematic diagram of a setup used for angle-resolved transport measurements. i) Polarized
angle dependent -V curves under dark and illumination with 633 nm laser; j) 2D color map of the angle-resolved transport in GeSe. Reproduced with

permission.!'%3] Copyright 2019, American Chemical Society.

It is found that the electrical mobility and conductivity val-
ues were higher in zigzag direction, explained with the differ-
ence in the effective masses along the two principle axes. In
particular, Vidal et al.l’®l and Guo et al.l'7% calculated that the
effective masses along the zigzag and armchair directions are
very different, namely, m,;,,,, = 0.21m, and M, 4, = 0.36m,.
The estimated hole mobility ratio is p,i5,.0/ Harmenair 1.7, Which
showed an excellent agreement with the experimentally obtained
value (Figure 15c,d). Furthermore, the activation energy was in-
vestigated along both directions in the crystal and found to be
46.5 + 1.7 and 43.1 & 0.8 meV along armchair and zigzag di-
rection, respectively. Very recently, Loh and co-workers!*?! have
reported gate-tunable in-plane ferroelectricity in few-layer SnS
FETs. A molecular beam epitaxy (MBE)-grown few-layer NS of
15 nm thickness used to fabricate a large-area SnS FET device
exhibited cyclic I-V characteristics with —50 V back gate voltage
and +5 V applied bias (Figure 15e). This characteristic was ex-
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plained by the presence of polarized domains in SnS. Initially,
with the positive bias voltage increasing from 0 V, the device
shows a low resistive state (LRS) with negatively polarized do-
mains. When the positive bias voltage exceeds +4.3 V, the neg-
atively polarized domains start to reverse to positively polarized
ones and enter into the high resistive state (HRS) (from +4.3 to
+5 V). The HRS stays as the voltage is decreased to 0 V. The corre-
sponding coercive field, i.e., the electric field when current peak
was ~10.7 kV cm™! (at £4.3 V), is remarkably smaller than the
theoretically calculated value.*! Such ferroelectric switching in
multidomain SnS films was governed by the domain wall mo-
tion. In addition, an electrostatically tuned ferroelectricity has
appeared (Figure 15f) in SnS due to the carrier depletion. Such
carrier depletion was tuned upon variation of the gate voltage.
The gate voltage-dependent polarization was recorded by apply-
ing a constant voltage sweep (1 V) between the source and the
drain (Figure 15g). The total polarization in the FET device can

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 15. a) Schematic of SnS (12.8 nm) FET device. The black and red arrows represent the anisotropic armchair and zigzag directions, respectively
(a). Inset: AFM image of the device. b) Mobility () versus temperature at zero gate voltage. c) Temperature-dependent ratio of u, ¢, and two-terminal
conductivity (6,,). d) Carrier density as a function of temperature. Adapted with permission.['72] Copyright 2017, American Chemical Society. |-V char-
acteristics and SHG response of a FET based on few-layer SnS. e) The I-V hysteresis curve of the SnS FET device. f) I-V hysteresis curves of a lateral
SnS memory device measured at different gate bias voltages. g) Gate voltage versus polarization hysteresis curves of the memory device. h) Second
harmonic generation (SHG) peaks generated by exciting the back-gated SnS device with laser pulses. Inset: SHG peak intensity as a function of the gate
bias voltage. Reproduced with permission.[*¢] Copyright 2019, American Chemical Society. Schematic representation of the SnS NSs contacted along
i) anisotropic directions and j) isotropic directions. k) The current-voltage (I-V) characteristics along the armchair and zigzag directions. l) The |-V
characteristics along isotropic directions. Reproduced with permission.['82] Copyright 2019, American Chemical Society. m) Room-temperature transfer
characteristics of SnSe FET based on few-layer NSs. Inset is the optical image of the fabricated device. n) Normalized field-effect mobility of the SnSe
FET shown in (m). Blue and black dots are experimental and theoretical data points, respectively. The gray line is the fitting curve. o) Room-temperature
transfer characteristics (Igs—V,s) of the transistors along the x-direction (at Vg, = 1V). Inset is an optical image of the fabricated device. p) Output
characteristics with various back-gate voltages V,,,. Adapted with permission.[3®!Copyright 2017, Springer Nature.

be calculated as P (V) = % [ I(V)dV, where, d is the channel In another study, Klinke and co-workers!'*?) have demonstrated

length. anisotropy in the electronic behavior of LPE-synthesized large-

Such remnant polarization increases upon increasing the neg- ~ area single-crystalline multilayered SnS NSs. Four contacts were
ative gate bias voltage, namely, increasing the p-doping level in ~ used to measure the anisotropy in conductivity of the NSs along
SnS. Gate bias voltage-dependent SHG was additionally observed ~ armchair and zigzag crystallographic directions (Figure 15i-k).
in the SnS FET device. The SHG peak appeared at 400 nm with ~ The obtained conductivity in armchair (001) and zigzag (100) di-
an excitation of 800 nm (Figure 15h). The corresponding peak  rections was measured tobe 39 and 65 S m™', respectively. The ra-
intensity increased with applying more negative gate voltage.  tio of the conductivity along armchair and zigzag (6, mchair/ O zigzag)
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was equal to ~#1.7, which is in very good agreement with reported
values.[172183188] Begides this, the conductivity along the (101) and
(101) (ladder) crystal directions was also measured and found to
be isotropic, namely, 2.2 and 2.3 S m~!, respectively (Figure 15]).
These primary results showed the great potential of SnS as a
building block for future electro-optic device application.

A much larger anisotropy in electrical performance was found
in few-layer SnSe NSs of 10 nm thickness.*®) The typical
angle-resolved electrical measurements have been carried out
in a FET configuration with eight-electrode devices spaced at
45° (Figure 15m). The transfer characteristics of the devices
were collected with four pairs of diametrically opposite bars
as source/drain contacts, by applying an electrical field using
a back-gate voltage Vj, in the range of —40 to +60 V. The
corresponding n-type field effect mobility was obtained by g,
= [dl4/dVig] X [L/(WC;Vy)] and found to be highly angle-
dependent (Figure 15n); the highest mobility revealed in the
30°/210° direction, while the lowest in 120°/300°. This behav-
ior was closely fitted with the function u, = p, cos?(0 — ¢) +
u, sin?(@ — @), where p, and u, are the mobilities along the
armchair (x) and zigzag direction (z), respectively. The calcu-
lated anisotropy in electrical field effect mobility along x and z
direction (pymax/Hamay) Was ~5.8, which is the highest value
among other anisotropic materials, including SnS (1.7),['7%) ReS,
(3.1),["*] and BP (1.5).[27 Ab initio theoretical calculations offered
a qualitative explanation for the angular dependence of the mo-
bility, which was compared with experimental results. However,
the theoretically predicted anisotropy in electrical mobility ratio
is slightly lower (~4.3) than the experimental value. Besides this,
the electrical performance was probed in two-terminal SnSe de-
vices (Figure 150,p); the highest FET mobility obtained was 254
cm? V7! s71, and an ON/OFF ratio exceeding ~2 X 107, which is
higher value than that observed in the anisotropic BP.[1*]

4.2. Energy Conversion

In a typical solar energy conversion device, the donor materi-
als dominate the main physical processes, including light ab-
sorption and exciton transport. In such devices, 2D materi-
als are widely used as in the active (donor) or in various in-
terface/interconnecting layers for exciton generation or charge
extraction.['%2%] A promising novel donor material should have
direct bandgap (1.2-1.6 eV), high absorption coefficient, high car-
rier mobility, and low exciton binding energy, E;. A low Ej is
favorable for the efficient separation of photogenerated charge
carriers. Besides this, in a solar energy device, the power conver-
sion efficiency (PCE) largely depends on the band alignment be-
tween donor and acceptor materials. Another promising alterna-
tive property is the bulk photovoltaic effect, attributed to a nonlin-
ear optical (NLO) response that yields net photocurrent in mate-
rials with net polarization.[*¥2%] Owing to their outstanding light
absorption properties, 2D TMDs (e.g., MoS,, MoSe,, WS,, and
WSe,) have been widely investigated for their application in solar
energy conversion.[?%! In a similar manner, in-plane anisotropic
layered 2D MMCs have recently been investigated as potentially
promising materials in photovoltaics.[3841:42:109.172207-212]

Dai and co-workers!*!l have designed and investigated a new
photovoltaic system based on novel 2D MMCs. In particular, the
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photoresponse and the photovoltaic performance of GeS, GeSe,
SnS, and SnSe monolayers were evaluated by means of the-
oretical quantum transport simulations. The corresponting Ej
values have been additionally estimated to be 0.68, 0.52, 0.25,
and 0.21 eV for GeS, GeSe, SnS, and SnSe, respectively. These
binding energies are much weaker compared with the respec-
tive ones calculated for SiC, GaN, and MoS, monolayers (Fig-
ure 16a).[*"*) Notably, some Se-based MMCs exhibit two times
lower Ey than TMDs, leading to easier separation of the pho-
toexcited monolayer MMCs, which were calculated (Table 6)31!
and found to be comparable with 3D Si (¢ = 11.9), 2D MoS,
(e =7), and anisotropic BP.[214-216] The higher dielectric constant
of selenium-based MMCs comply with lower Ej values. The pho-
tovoltaic performance of monolayer MMCs was evaluted with a
two-probe device configuration (Figure 16b) and a large photocur-
rent was measured under illumination with 0.1 W cm? light.
Moreover, the obtained photocurrent along armchair direction
was higher as compared to the zigzag one. Notably, in seleneum-
based monolayers, the induced photocurrents, namely, 12.0 and
14.0 mA mm~ for Ge and Sn ones, respectively, were higher than
the sulfur-based ones. In addition, a redshift in photocurrent ap-
peared in selenides compared to sulfides (Figure 16¢—j). This im-
portant phenomenon is attributed to their lower bandgaps.[*>?]
The photovoltaic performance was evaluated through a photore-
sponce coefficient (R;;,) and EQE. It is important that the R,
vaules in MMCs are much higher than those of MoS, photo-
transistors and three orders of magnitude higher than that of
graphene detectors. As shown in Table 6, the corresponding EQE
values are higher in selenides than sulfides, indicating that the
former are more suitable as photovoltaic materials than the lat-
ter ones. Very recently, Rangel et al.[*®! have reported a large pho-
tocurrent shift (%100 pA V72) in single-layer Ge and Sn MMCs.
Such shift was correlated with the large spontaneous effective 3D
electric polarization of ~#1.9 C m™ in Ge and Se MMCs.

In addition, Lv et al.l?*] have systematically explored the elec-
trical properties of bilayer GeSe with different metal electrodes.
In particular, the interface geometry, electronic properties, band
alignment, Schottky and tunneling barriers were calculated with
Au, Ag, Al, Cu, Pt, and Ni, electrodes, respectively. Among such
metals tested, Au, Pt, and Ni showed lower Schottky and tun-
neling barriers. In addition, a heterostructure of monolayer SnS
with a bilayer GeSe has been constructed to investigate the re-
sulting photovoltaic performance (Figure 17a), in which the CBM
and VBM energy of donor is much lower than the energy of ac-
ceptor and forming a type-II band alignment. This type-II band
alignment is favorable for effective separation of photogener-
ated charge carriers. In such device, the PCE was calculated to
be 18% (Figure 17b), which is larger than the best certified ef-
ficiency of organic photovoltaic cells(??’l and comparable with
other heterostructures-based!?21-22%] solar cells.

The extended absorption of MMCs in the IR range was ex-
ploited by Hou et al.l??!l The authors fabricated bi-component
heterojunction solar cells (Figure 17c) comprising an organic
perovskite layer matched with a GeS, SnS, GeSe, or SnSe layer.
The calculated absorption efficiency of the bi-component devices
complied well with that of the combined absorption of the two
components (Figure 17d-g). Notably, the device comprising a
GeSe layer coupled with a CH;NH,PbI; one to form its active
area exhibited a strong absorption in the range of 300-1200 nm.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 16. a) Bandgap versus exciton binding energy of existing 2D and bulk materials. Reproduced with permission.[2'3] Copyright 2017, American
Physical Society. b) schematic of two-probe monolayer devices. Photocurrent along armchair and zigzag direction for ¢,d) GeS, e,f) GeSe, g,h) SnS, and
i,j) SnSe monolayer; the vertical axis is the polarizing angle and the horizontal one the photon energy. Reproduced with permission.[*! Copyright 2017,
Royal Society of Chemistry.
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Table 6. Summary of dielectric constant of different materials with structural in-plane anisotropy obtained from theoretical calculations!®1,214216218]

Materials Layer number/thickness Dielectric constant (¢) EQE [%] References
Si 2 nm thick 11.9 _ [215,216]
MoS, Monolayer 7 - [214,216]
BP 7.47 (armchair) 3.06 (zigzag) - 1218]
GeS 8.7 (armchair) 8.6 (zigzag) 10.27 [3141]
GeSe 13.8 (armchair) 14.7 (zigzag) 25.43 [31,47]
SnS 9.9 (armchair) 10.0 (zigzag) 22.01 [31,41]
SnSe 12.5 (armchair) 12.8 (zigzag) 30.32 [3141]
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Figure 17. a) The energy band alignments of 2D GeSe and SnS monolayers. b) Contour plot of the computed power conversion efficiency. Reproduced
with permission.[2'° Copyright 2018, The Royal Society of Chemistry. c) Schematic structure of a bicomponent heterojunction solar cell comprising
a perovskite (CH3NH;3Pbl;) layer coupled with an MMC one to form its active area; Calculated absorption efficiency of d) CH3;NH;Pbl;/GeSe, e)
CH3;NH;Pbl;/SnSe, f) CH;NH;Pbl; /GeS, and g) CH3;NH;Pbl;/SnS. h) J-V curves of bicomponent and single-layer (perovskite only) solar cell. Repro-

duced with permission.[?2#] Copyright 2018, Elsevier.

Likewise, the corresponding external and internal quantum ef-
ficiency of the bi-component heterojunction solar cells were ex-
tended in the range of 300-1200 nm, contrary to those of the sin-
gle perovskite layer cell, which were only limited in the range of
300-800 nm. Furthermore, the current density—voltage charac-
teristic curves of the solar cells were presented (Figure 17h). It
is shown that all the electrical parameters, including the short-
circuit current, J,; the open-circuit voltage, V,; the fill factor
(FF); and the PCE of the bicomponent cell were much higher
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than those of the single-layer ones. In particular, the obtained J,
V.., FF, and PCE values were 37.62 mA cm~2,0.76 V, 83.14%, and
23.77% for the bi-component solar cell and 18.53 mA cm~2, 1.02
V, 88.15%, and 16.66% for the single perovskite cell, respectively.
The significant rise of |, observed in the bi-component cell can
be attributed to the enhanced absorption, at higher wavelengths,
by the GeSe layer. In another work, Michael et al.[*?] have investi-
gated the performance of 2D piezo-phototronic based solar cells.

In such devices, an external strain was applied to monitor the

© 2020 The Authors. Published by Wiley-VCH GmbH
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piezo-phototronic effect. The strain-induced PCE of a monolayer
SnS, SnSe, GeS, and GeSe can improve up to 18.2%, 16.6%, 7.0%,
and 15.4%, respectively.

Another important application of MMCs is their catalytic
activity.?25-228] In particular, the photocatalytic water splitting for
energy conversion and the electrode catalyst (cathode) activity for
energy storage have been theoretically investigated. In photocat-
alytic water splitting and electrode catalytic activity, both the elec-
tronic structure and the optical properties of the semiconductor
play an important role. When an incident light falls on a semi-
conducting catalysis material, an electron gets excited to CB and
generate electron—hole (e-h) pairs. Subsequently, the electrons
then take part in hydrogen evolution reaction (HER), while the
holes cause an oxygen evolution reaction (OER), which are ex-
pressed as: H,: 2H" + 2e- — H, (HER) and O,: H,0 + 2h* —
1/20, + 2H + (OER), respectively. The minimum E, required for
these two processes to simultaneously take place is 1.23 eV.[2%]
More interestingly, Zhang et al.?**] have reported that an indi-
rect bandgap material is more suitable for photocatalytic activity.
Most of MMCs exhibit larger bandgaps (direct or indirect) than
the minimum energy required for the water splitting reaction
(>1.23 eV).[22%] In particular, the GeSe, SnS, and SnSe exhibited
larger overpotential, which was behaving as a potential material
for HER. On the contrary, SiS, SiSe, and GeS exhibit good pho-
tocatalytic activity in basic and acidic conditions. Apart from the
photocatalytic activity, MMCs are predicted to be promising as
cathode catalyst materials in Li-O, batteries.[??”] However, the im-
pact of in-plane anisotropy of MMCs in catalytic activity has not
yet been investigated.

4.3. Valleytronics

The term valleytronics comes as the combination of the words
valley and electronics and describes the ability to tune the car-
rier conduction in the valleys of a material's band structure. The
idea was initially applied for the development of new quantum
computing devices, 2172341 which use the valley polarization as
a means to store and/or carry the quantum information.[231:2%]
Castro Neto and co-workers!>’] theoretically predicted the valley
properties and the optical selection rules in MMCs. In particular,
the 2D form of SnS was studied via a combination of ab initio
calculations and k- p theory. In monolayer SnS, two pairs of val-
leys were identified, placed along two perpendicular axes, which
can be selected exclusively with linearly polarized light and can
be separated using nonlocal electrical measurements. Thereafter,
Park and co-workersl®?! investigated the multistability of the di-
rection of the puckering of monolayer MMCs using first princi-
ple calculations. It is found that the monolayer of SnS and GeSe
exhibits two inequivalent valleys in momentum space, which are
dictated by the puckering orientation along armchair or zigzag
direction. These valleys can be excited selectively using linearly
polarized light.

The valleytronic behavior of low-dimensional materials can be
probed through the variation of different experimental condi-
tions, such as cryogenic temperature and/or strong electric and
magnetic field. However, such requirements inevitably pose a
plethora of practical challenges that create a high barrier in ad-
vancing the technology toward practical applications. Very re-
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cently, the realization of valley polarization at room temperature
in MMCs was revealed. In particular, Lin et al.*!] demonstrated
the direct access and identification of different sets of valleys in
bulk in-plane anisotropic SnS (Figure 18a). The valley selectivity
was recorded via the photoluminescence (PL) setup for SnS (Fig-
ure 18, top panel) and the corresponding polarization degree of
the valleys was determined by(2*]

Pyp =

(©)

where I(o,,_ ) represents the left (+) and right (-) circu-
larly polarized PL intensity. Two peaks of SnS PL spectra were
recorded at 817 nm (A) and 995 nm (B) (Figure 18b), respec-
tively. To account for the valley polarization, the PL spectra were
recorded upon rotating the sample with respect to the inci-
dent and detection polarizations (Figure 18c,d) that were par-
allel to each other. The polarization degree is called intervalley
polarization

P _ (T (6= 90°) — Iy (6 = 90°) (7)
intervalley, 'X — IrX|| (0 — 900) + IFXL (9 — 900)

and

b 3 Iy (8 = 0°) = Iy (0 = 0°) 8)
intervalley, 'Y — IFY|| (9 — Oo) + IFX|| (0 = Oo)

where, I; (0) stand for the PL intensity under parallel polariza-
tion for the i valley. It is observed that the (A) peak maximizes at
the polarization that minimizes the (B) peak and vice versa. Such
90° phase shift between the peaks signifies the selectivity of two
valleys. The corresponding intervalley polarization degrees of the
817 (lying on I'Y axis) and 995 nm (lying on I'X axis) peaks, cal-
culated using the formula (7) and (8) were 92% and 62%, respec-
tively. Unlike other 2D materials, SnS has a unique valleytronic
system, which relies on the nondegeneracy of the valleys. In such
system, the valley polarization degree, between valleys and within
a valley, can be assessed by

Irx) (6 =90°) — Iy, (6 =90°)
Pintravalley, rx = — > _ > (9)
Irx (0 = 90°) + Iy, (0 =90°)
and
P _ (IFYH (@ =90°) = Iy, (9=9O°)> (10)
intrarvalley, I'Y II‘YH (9 — 900) + IFYJ_ (0 — 900)
The intravalley polarization degrees in I'X (P, avaliey, rx) and T'Y

(Pintravalley, ry) directions were realized to be 95% and 96%, respec-
tively. Such intravalley polarization values are among the high-
est polarization degrees reported, from experiments conducted
at cryogenic temperatures.[236-238]

In another study, Chen et al.l*! have explored a novel valley-
selective linear dichroism of the PL in SnS. The PL spectra (at
77 K) of a bulk SnS (of 109 nm thickness) exhibited two pho-
ton emission peaks located at 1.16 and 1.204 eV (Figure 19a,b).
The origin of PL was theoretically predicted previously,*’] at-
tributed to the presence of two valleys with close energy gaps

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 18. Top panel: schematic of the experimental setup for valley polarization measurements. a) Electronic band structure of bulk SnS. The Y and
X axes correspond to the armchair and zigzag directions, respectively; PL measurements of SnS. b) Deconvolution of PL peaks with respect to sample
orientation (rotation by 45° and 90°, respectively). c,d) Polar plots of PL peak intensities for the different valleys (at 817 and 995 nm). The black dashed
arrows are the two data points before and after the 90° rotation of the second polarizer, corresponding to PL intensities at the I'Y and I'X valleys,
respectively. Reproduced with permission.[>!] Copyright 2018, Author(s), licensed under a Creative Commons Attribution 4.0 License, Nature Publishing

Group.

along the I'X and I'Y directions in momentum space.’*! On
the other hand, Gomez and Carvalhol®!l have reported that the
EY — EX < E{ - EY < EX - EX, where E| /=X, Yand 1 =C, V) is
the energy of the CBM and VBM of the 'X and I'Y valleys, respec-
tively. Considering that the two PL peaks arise from the band-
edge transitions, the polarized PL spectra were monitored and
presented in Figure 19c. It is observed that the angular-resolved
PLintensities of the two PL peaks exhibited different polar shapes
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with cos?6 and sin?0 dependencies (Figure 19d,e). Furthermore,
the band-edge emission along the I'X and I'Y valleys is depen-
dent on the excitation linear polarization. In particular, for each
valley I'X or I'Y the emission becomes dominant when the exci-
tation linear polarization is parallel to its corresponding crystal
orientation in real space. The experimentally obtained degrees of
polarization for anisotropic emissions from I'X and I'Y valleys
were 8.5% and 3.4%, respectively.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 19. a) PL spectra of a SnS flake and its substrate (excitation photon energy of 2.33 eV at 77 K), b) band structure schematics of layered SnS
corresponding to two valleys of close energy gaps in the I'X and T'Y direction. c) PL spectra under different excitation linear polarization directions. d,e)
Angular-resolved PL intensity of the emission peaks at 1.204 eV (I-X valley) and 1.160 eV (I'-Y valley). Reproduced with permission.[*°] Copyright 2018,

The American Chemical Society.

4.4. Second Harmonic Generation

SHG is a NLO process describing the light-matter interaction
where the induced polarization depends nonlinearly on the exter-
nal electric field. SHG has been broadly applied for the materi-
als analysis, sensors development, advanced spectroscopy, high-
resolution imaging, lasers, frequency conversion, electro-optic
modulators, and switches.[2**-23] Macroscopically, the nonlinear
process is described by the light-induced polarization expressed
as

P=¢) (YE+ 9B+ 9 +-.) (11a)

P =¢, yE+ Py, (11b)
where, ¢, is the permittivity in vacuum, y is the electric sus-
ceptibility of the medium, and E is the electric field of the in-
cident light. The first term is the linear part, while the rest is
the nonlinear part (Py,). The y™ (n = 1,2,3...) corresponds to
the elevated-order nonlinearity in the medium. The generation
of NLO response depends on the intrinsic crystalline symmetry,
the microscopic transition dipole matrix, as well as on the spe-
cific frequency and orientation of the optical field applied. On
top of them, a centrosymmetric or non-centrosymmetric crystal
structure plays a pivotal role due to the different order electric
susceptibility tensors describing each case. To date, a large num-
ber of 2D materials including mono/multilayer MoS,, MoSe,,
WS,, WSe,, hBN, GaSe, and InSe has been reported to exhibit
the second and higher order harmonics generation.[?*-25!] How-
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ever, all of them belong to the centrosymmetric point group D,
comprising a single independent SHG susceptibility tensor ele-
ment. On the other hand, the MMC monolayers belong to a non-
centrosymmetric point group and thus exhibit up to five inde-
pendent SHG susceptibility tensor elements. Qian and Wang!®?!
have theoretically investigated the optical second harmonic gen-
eration in monolayer MMCs. In particular, the quasiparticle band
structure of a monolayer GeSe has been calculated using first
principles, quasi-atomic orbital method. Moreover, the second-
order susceptibility tensors in MMCs, MoS,, and hBN were esti-
mated (Figure 20a—c). Specifically, the MMCs monolayers belong
to the point group C,,, while MoS, and hBN ones in D,;. The
Dy, point group exhibits one independent nontrivial SHG sus-
ceptibility tensor element that satisfies the relation ;(;ch )(,(;L =

;(iij = - ;(gi On the other hand, the C,, exhibits five indepen-
dent susceptibility tensor elements (Figure 20a) satisfying the
reations 7%, 1 22 72 = - 7 and £P=22 . The ob-
tained magnitude of the calculated susceptibility tensor element
at 3.22 eV was calculated to be 5.16 X 10° pm? V! for GeSe, which
is much higher than that of MoS, (3.02 X 10° pm? V-!) and hBN
(6.38 x 10* pm? V). Moreover, an independent SHG tensor ele-
ment ( ;(,(;L = ;(,(;)Y ) with a substantial magnitude, which is much
higher than the other three components of a GeSe monolayer,
was predicted. The angular dependence of the SHG response that
can be measured, for example, by rotating the crystal, and mea-
suring the SHG polarization and intensity can provide important
information on 2D materials anisotropy.2#252253] Considering
normal incidence geometry, the angular dependent SHG suscep-
tibilities for the point group C,, and Dy, had been calculated. The

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 20. The magnitude, imaginary, and real component of SHG susceptibility for: a) a GeSe monolayer which has seven nonzero susceptibility tensor
elements, b) a MoS, monolayer which has four independent SHG elements, and c) a h-BN monolayer with only one independent element. Black dots
indicate the experimental values. d—f) Polarization anisotropy of SHG susceptibilities in monolayer GeSe, MoS,, and h-BN. The red/blue solid lines are
the polarization components of the SHG response parallel/perpendicular to the polarization of the incident electric field E(w). 6 is the rotation angle
between E(w) and the crystal lattice. Reproduced with permission.[>2] Copyright 2018, American Chemical Society.
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corresponding angulardependent polar plots of SHG are shown
in Figure 20d-f, together with the corresponding frequency of
the excitation field, @ and the maximum y@ values. A signifi-
cantly polarized colossal SHG response in monolayer GeSe with
its maximum value located at an angle of 0° was observed. On the
other hand, the polar plots of MoS, monolayer precisely reflect
the Dy, symmetry. In the case of monolayer GeSe, the total sus-

ceptibility ( )(t(sg? (—2w, , ®)) contains an interband contribution

(abc) (abc)
( intra mte

modulation due to interband motion (y
were accounted by six tensor terms

), a modification due to the intraband motion (.
(abc)
a):

), and a
Such contributions

(abe)

Kintra = Zi (@) + (Zw) + )((r) (2w) (12)
(abc)

Xinter = /Ye (Cl)) + ){e (20)) (13)

25 = 2 (@) (14

Among such susceptibility terms, the ;((V)(Zco) and ;((r) (2w) are
the leading ones behind the giant SHG susceptlblhty in GeSe
monolayer, governed by the interband and intraband Berry con-
nection in the monolayer. These leading susceptibility terms are
distributed at four spots in the vicinity of the first Brillouin zone
and concentrated around the two valleys in the bandgap. More-
over, the authors have predicted SHG strength in the monolayer
and trilayer GeSe and SnSe, which has very similar SHG strength
and shape.

5. Summary and Outlook

In this Review, we have presented the fundamental properties
and recent advancements on the synthesis of layered 2D, in-plane
anisotropic, phosphorene analog group IV,—VI MMCs and their
emerging promising applications in electronics, optoelectronics,
and nanophotonics. The in-plane anisotropy along the armchair
and zigzag directions makes these materials more important to
explore the rich physics of 2D materials. Nevertheless, the ex-
perimental research on MMCs is still in a preliminary stage.
Among the synthesis approaches, the mechanical exfoliation is
fairly simple and easy to obtain low defect and highly crystalline
nanoflakes. However, the low exfoliation yield, lateral size re-
peatability, and reproducibility in layer number, harshly restrict
its application for large-area electronics and optoelectronics. LPE
is an effective method for bulk production and is widely used for
the solution processable flexible organic and hybrid electronic ap-
plications. However, the control synthesis of MMCs with thick-
ness uniformity in various solvents has not been investigated yet.
Besides this, the choice of appropriate solvent for successful iso-
lation into thinner layers is also an important topic of research.
In contrast, the physical and/or chemical vapor deposition is no
doubt the most promising route for large-area 2D materials pro-
duction for future electronic applications. At present, the synthe-
sized MMCs are restricted only in few monolayers and therefore
the isolation of single layer with good crystallinity remains a great
challenge. In general, there is a huge room for further study on
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the controlled synthesis of electronic-grade ultrathin, even atom-
ically thin, MMC layer by means of top-down and bottom-up ap-
proaches.

To date, the optical and electrical anisotropic properties of
orthorhombic MMCs have been investigated in few-layer NSs,
while the intriguing anisotropic optoelectronic response of a
monolayer is only theoretically predicted. Such unique ani-
sotropic response appeared due to the puckered crystal lattice
structures of MMCs, resulting from the difference in the effec-
tive mass and refractive index along the armchair and zigzag di-
rections, respectively. On top of that, the large absorption coef-
ficient and the large spin—orbital coupling pave the way for the
application of MMCs in solar energy harvesting and valley elec-
tronics. Apart from the current inability to isolate MMCs mono-
layers, the fast growing field of MMCs is also hampered by a huge
gap between the materials’ fundamental studies and device appli-
cations.

Notably, puckered structured Ge and Sn-based chalcogenides
are p-type semiconductors, which are desirable to form hetero-
junctions with n-type TMDs to explore the interface physics at
the nanoscale and the subsequent electronic properties. As a con-
sequence, strong light-matter interaction and reduced dimen-
sionality leads to the formation of quasi-1D excitons and tri-
ons within in-plane anisotropic MMCs, while quasi-2D excitons
and trions in isotropic TMDs materials. Therefore, heterostruc-
tures of in-plane anisotropic/isotropic 2D materials can provide
unique interlayer interactions between quasi-1D and 2D exci-
tonic species. This may find promising applications including
high-performance photoemitters and exciton—polariton lasers.
Nevertheless, to date there are limited studies on such interlayer
optical and electronic responses.[?>2°%] Furthermore, the highly
anisotropic electrical and optical properties in MMCs integrated
with 0D (quantum dots) or 1D organic and/or inorganic and per-
ovskite semiconductor materials could open up a new path for
next-generation electronic applications. Overall, the very recent
exciting achievements in the field of few-layer MMCs showed
a great potential for their application in next-generation elec-
tronic, optoelectronic, and emerging nanophotonics, including
valley electronics, solar cells, sensors, and nonlinear optical ap-
plications. However, the wealth of arising possibilities in funda-
mental research of 2D MMCs and the emerging new approaches
to MMCs monolayer synthesis and functionalization prescribe
a future where tuning of MMC band structure and subsequent
electronic properties can be accomplished with a level of sophis-
tication that we cannot presently imagine.

Note added. We noticed that during the peer review process,
a novel study on the PVD growth of monolayer SnS and the
demonstration of room temperature purely in-plane ferroelec-
tricity and SHG was published by Nagashio and co-workers. 2]
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