RESEARCH ARTICLE

'-) Check for updates

ADVANCED
MATERIALS

INTERFACES

www.advmatinterfaces.de

Controllable Synthesis of Atomically Thin 1T-SnSe, Flakes
and Its Linear Second Harmonic Generation with Layer

Thickness
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Jiepeng Song, Lijie Zhu, Fan Zhou, Yahuan Huan, Lihong Bao, Rongming Wang,

Qing Zhang, and Yanfeng Zhang*

As an important member of the IVA-VIA group compounds, 2D SnSe, has
emerged as a perfect platform for developing diverse applications, especially
in high-performance optoelectronic devices and data storage, etc. However,
the bottom-up synthesis of large-area uniform, atomically thin SnSe, crystals
with controlled thicknesses has not yet been realized. Herein, we report the
large-area uniform growth of monolayer (1L), bilayer (2L), and few-layer (FL)
1T-SnSe, single-crystal flakes on mica substrates via a facile chemical vapor
deposition (CVD) route. The feeding amount of Sn precursor and flow rate
of hydrogen carrier are found to be the key parameters for the thickness-
controlled growth of uniform SnSe;, flakes. More intriguingly, obvious second
harmonic generation (SHG) is revealed in the retained inversion symmetry
structure of 1T-SnSe,, with its intensity showing linear dependence with the
thickness from monolayer to multilayers. The new findings reported herein
should pave the ways for the thickness-tunable growth of atomically thin

1. Introduction

2D layered materials, including gra-
phene  hexagonal boron nitride (h-
BN),?l transition-metal dichalcogenides
(TMDCs),®! IVA-VIA group compounds,l
etc., have received intensive attention
due to their novel physical and chemical
properties,’! and the great application
potentials in new-generation electronic
and optoelectronic devices.*® As for
the diverse IVA-VIA group compounds
family, SnSe, has emerged as a promising
n-type semiconducting material for its
suitable bandgap (=1-1.7 eV), good air sta-
bility, abundant earth reserve, and environ-
mental-friend advantages.”! Moreover,
SnSe, has served as a perfect platform

SnSe; crystals, and their unique optical property explorations and applica-

tions in nonlinear optics.

J. Fu, L. Zhao, J. Du, X. Wang, J. Song, L. Zhu, F. Zhou, Y. Huan,
Q. Zhang, Y. Zhang

School of Materials Science and Engineering

Peking University

Beijing 100871, P. R. China

E-mail: yanfengzhang@pku.edu.cn

L. Zhou, R. Wang

Beijing Advanced Innovation Center for Materials

Genome Engineering

Beijing Key Laboratory for Magneto-Photoelectrical Composite
and Interface Science

School of Mathematics and Physics

University of Science and Technology

Beijing 100083, P. R. China

K. Wu, L. Bao

Institute of Physics & University of Chinese Academy of Sciences
Chinese Academy of Sciences

Beijing 100190, P. R. China

L. Bao

Songshan Lake Materials Laboratory

Dongguan, Guangdong 523808, P. R. China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/admi.202102376.

DOI: 10.1002/admi.202102376

Adv. Mater. Interfaces 2022, 2102376

2102376 (1 of 8)

for exploring some fundamental physical
issues, such as pressure-induced metal-
lization,™ superconductivity,'? etc., and
for developing some novel applications in
electrocatalysis,>™ thermoelectric,>1% data storage,”'! high-
performance electronic and optoelectronic devices, 1% etc.

Particularly, when applied in the optoelectronic field, SnSe,
exhibits high responsivity, ultrafast response rate,1% and
satisfactory carrier mobility.'*2% However, according to pre-
vious reports, few-layer (FL) SnSe,-based field effect transis-
tors (FETs) cannot be completely turned off, possibly due to
the high electron density =10® cm™ in bulk SnSe,,! which is
significantly higher than that of MoS, (=10'® cm™)12l and black
phosphorus (=10 ¢cm™).2! In this regard, FL SnSe,-based elec-
tronic devices usually present poor switching ratios, unless
a complex top capping layer of polymer electrolyte and HfO,
(=70 nm) were selected as the back gate.l!

In view of this, reducing the thickness of SnSe, from bulk to
FL or even to monolayer (1L), is effective to decrease its electron
density, and thus increasing the switching ratio and the related
optoelectronic properties. For example, recent experimental
results have revealed that, mechanically exfoliated bilayer (2L-)
SnSe, FETs exhibited an on/off ratio of =10% at room tem-
perature, along with the rise time of =2.1 ms and fall time of
~3.2 ms.” Through dielectric engineering or thickness thin-
ning of SnSe, to atomically thin range may further improve the
carrier mobility and boost the response time.

© 2022 Wiley-VCH GmbH
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Notably, most of the existing researches regarding 2D
1T-SnSe, samples were mainly achieved by the mechanical
exfoliation route,®?!1 which customarily induced uncontrol-
lable domain sizes and layer thicknesses, and was incompatible
with scalable production. Alternatively, chemical vapor deposi-
tion (CVD) presents high efficiency and excellent controllability
in the preparation of monolayer 2D materials (e.g., MoS,,/?*!
MoSe, 24 VS,,[?%] etc.). As mentioned above, the photoelectric
property of FL or 1L-SnSe, should be a very intriguing issue.
This highly depends on the thickness-tunable growth of 2D
1T-SnSe, flakes or films with relatively high crystal quality.

In addition, nonlinear optical effects have attracted wide
attention in 2D layered materials in the past few years.[?%l
Existing researches attribute the second harmonic generation
(SHG) to the broken inversion symmetry in 2D layered mate-
rials, such as 2H-MoS,/#! and 2H-WS,8l monolayers. Novel
structures (e.g., 3R-M0S,,12>3% folded 11.-MoS,,3! spiral WS,3%)
possessing retained broken inversion symmetry were delib-
erately created to obtain stronger SHG intensities than their
monolayer counterparts. Intriguingly, recent research indicated
that mechanically exfoliated multilayer SnSe, with centrosym-
metric lattice arrangement can present second and third har-
monic generation (THG) signals.?*3 However, the internal
mechanism of SHG in 1T-SnSe, is still unclear. Especially, the
changing rule of its intensity with layer thickness is still ambig-
uous, due to the difficulty in achieving strictly layer-controlled
growth or exfoliation of atomically thin 1T-SnSe,.

In this work, we have designed an ambient-pressure chem-
ical vapor deposition (APCVD) route to controllably synthe-
size uniform 1L-, 2L-, and FL-SnSe, single-crystal flakes on
mica substrates. Complementary characterizations by atomic
force microscope (AFM), Raman, SHG mapping and high-
resolution transmission electron microscopy (HR-TEM) were
performed to determine the high crystal quality, 1T-phase lat-
tice structure, and thickness-dependent optical properties of
the CVD-derived SnSe, crystals. We also investigated the non-
linear optical property of the as-grown 1T-SnSe, flakes on mica
as a function of layer thickness, and compared it with mechan-
ically exfoliated 1T-SnSe, samples on SiO,/Si. The explicit rela-
tionship between SHG response, excitation wavelength, and
thicknesses of 1T-SnSe, was demonstrated. The achieved large-
area uniform, thickness-tunable 1T-SnSe, flakes are expected
to serve as perfect platforms for exploring some fundamental
physical properties and for developing more broad range
applications.

2. Results and Discussion

A facile APCVD route was designed for directly synthesizing
atomically thin 1T-SnSe, with Snl, and Se as precursors, as
schematically shown in Figure 1a. Fluorophlogopite mica
(KMg3AlSi3040F,) was selected as the growth substrate in view
of its atomic flatness, low surface diffusion barrier and sur-
face inertness, making it a good van der Waals (vdW) epitaxy
substrate for growing 2D layer materials.>>% Notably, in the
published references for the synthesis of 2D 1T-SnSe,, the Se,
Snl, precursors and mica substrates were placed in sequence
in the APCVD chamber (under =5 sccm H, and =20 sccm Ar),
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leading to the formation of 2L and thicker flakes in the same
sample.[10-37]

In this work, to achieve the large-area uniform synthesis of
1L, 2L-, and FL-SnSe, flakes, the locations of Snl, and Se pre-
cursors were deliberately reversed in the CVD system, i.e., the
Snl, and Se precursors were put at upstream and downstream,
respectively. This unique design is selected for significantly low-
ering the volatilization of the Snl, precursor, and thus to realize
the uniform synthesis of 1T-SnSe, flakes with controlled thick-
nesses. As reported previously, reducing the mass flux of metal
precursor was effective to realize the controllable synthesis of
uniform 1L and FL 2D layered materials via the CVD method.
Specially, thickness-tunable MoS,3¥ and WSe,3% were achieved
by varying the amount of the NaCl promoter and thus the
mass flux of metal precursor. 1L-, 2L-, and FL-MoSe, were also
achieved by increasing the weight of the MoO; precursor.*!

The chemical composition of CVD-grown samples was
firstly determined by X-ray photoemission spectroscopy (XPS)
on the transferred samples on SiO,/Si (grown under =2 sccm
H, for =15 min) (Figure 1b). Sn 3ds;, and 3d;;, peaks present
at binding energies of =486.17 and =494.58 eV, while Se 3ds,
and 3ds;, peaks appear at =53.70 and =54.56 eV, respectively,
in accord with the XPS spectra of molecular beam epitaxy
(MBE)-derived SnSe, thin films on the AIN/Si(111) substrate.[*!
Moreover, the X-ray diffraction (XRD) pattern of the transferred
SnSe,/SiO, was readily indexed to hexagonal SnSe, (JCPDS
89-2939) with a space group of P3ml, highly suggesting its
1T-phase crystal structure (Figure 1c). The sharp diffraction
peak at =14.41° corresponds to the (001) lattice plane of SnSe,.

As shown in the optical microscopy (OM) images in
Figure 1d-f, when the H, flow rate is set to =1.2 sccm, the
average domain size of the achieved SnSe, domains can be
tuned from =6 to =45 um through increasing the growth time
from =5 to =15 min. Notably, these SnSe, domains present
excellent thickness uniformity (Figure 1d—f), as confirmed ten-
tatively by their uniform OM contrasts. Further representative
AFM measurements reveal that, the triangular domain edges
present an average thickness of =1.4-1.5 nm based on the
section-view analyses, highly indicating the uniform 2L fea-
ture (Figure 1g and Figure S1, Supporting Information, grown
under =1.2 sccm H, for =10 min).

However, when the sample was synthesized under =0.4 sccm
H, for =15 min, SnSe, was hardly observed in the OM image
(Figure S2a, Supporting Information). It is thus proposed that,
the growth of SnSe, requires the participation and promotion
of H,. The possible reaction route is as follows,

Snl, +2Se+ H, = SnSe, + 2HI (1)

According to previous reports, when H, participates in the
chemical reaction in the CVD process, the concentration of H,
carrier can effectively adjust the layer thickness of 2D nano-
flakes. For example, 11-WSe,* and ultrathin VS, (4-8 nm)*
samples were obtained by reducing the H, flow rate. Especially,
Chen et al. reported the thickness-controlled growth of 1L-, 2L-
and multilayer MoSe, flakes by varying the H, flow rate from 3,
5 to 6 sccm, respectively. ]

In contrast, for the sample grown under =0.8 sccm H,
for =15 min, the SnSe, flakes present a uniform and lighter

© 2022 Wiley-VCH GmbH
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Figure 1. Thickness-tunable growth of atomically thin 1T-SnSe, flakes on mica by an APCVD route. a) Schematic of the APCVD growth process. b) XPS
spectra regarding Sn and Se elements for FL-SnSe, transferred on SiO,/Si. c) XRD pattern of transferred FL-SnSe, on SiO,/Si, showing its 1T-phase
feature. d—f) OM images of as-grown SnSe, flakes on mica, showing gradually increased domain sizes (from =6 to =45 um) by increasing growth time
from =5 to =15 min under =1.2 sccm H;, and =20 sccm Ar. g) Representative AFM image and corresponding height profile of the 2L-SnSe, flake (=1.5 nm)
synthesized on mica as shown in (e). h, i) OM image, AFM image and corresponding height profile of the 1L-SnSe, flakes (=0.9 nm) synthesized on
mica under =0.8 sccm H, and =20 sccm Ar for =15 min. j) OM image of the as-grown SnSe, flakes synthesized under =2 sccm H, and =20 sccm Ar
for =15 min, showing varied thicknesses from 2L to FL. k) Raman spectra of mica, and freshly synthesized, 7 and 23 days aged 1L-SnSe, flakes on mica
(in air), presenting invariable peak position and thus robust stability in air.

contrasts than those grown under =1.2 sccm H,, along with
decreased domain sizes =20 um (Figure 1h). Based on the AFM
image in Figure 1i, the obtained SnSe, flakes own an average
height of =0.9 nm, in good agreement with the monolayer
thickness. Similarly, decreasing the growth time from =15 to
=10 min results in a gradual decrease of the domain size from
=20 um to =8 um (Figure S2b, Supporting Information). The
excellent thickness uniformity of the samples was further con-
firmed by the uniform contrast in the OM image (Figure S2c,
Supporting Information). Briefly, homogeneous 1L-SnSe, flakes
are successfully synthesized on the mica substrate under the
current synthetic design. This is the first CVD growth of uni-
form 1L 1T-SnSe, flakes with relatively large domain sizes.
When the H, flow rate was increased to =2 sccm, the CVD-
grown SnSe, flakes show darker and discrepant contrasts
(Figure 1j), indicating the formation of trilayer (3L-) and even
thicker flakes. This may be due to the feeding of excessive active
precursor species, or the formation of larger precursor clusters
at an elevated H, concentration. Moreover, the average domain
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sizes of SnSe, flakes present a gradual decrease to =15 pm with
decreasing the growth time to =10 min (Figure S2d, Supporting
Information).

In short, the flow rate of H, in the APCVD growth system
is critical for the thickness-controlled growth of uniform SnSe,
flakes. A low H, concentration leads to the generation of fewer
active precursors, and slow surface reaction rate, favorable for
the growth of uniform 1L- or 2L-SnSe, flakes. When the H,
concentration is dramatically increased, excessive active pre-
cursor species can be produced to facilitate the growth along
the out-of-plane direction and eventually form thicker SnSe,
flakes. Overall, growth time is also a key factor for enlarging the
domain size of the thickness-uniform SnSe, flakes under the
optimized growth condition.

The stability of atomically thin or 1L 1T-SnSe; is also a very
critical issue for further applications. Raman spectra of freshly
synthesized, 7 and 23 days aged 1L-SnSe, flakes on mica were
also examined carefully (Figure 1k). No obvious changes in
peak position/intensity for 1L 1T-SnSe, flakes (E, for in-plane

© 2022 Wiley-VCH GmbH
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Figure 2. Spectroscopic characterizations of as-grown triangular SnSe;, flakes and after being transferred on SiO,/Si. a—c) OM image of as-grown
triangular 1L-SnSe, flake on mica (grown under =0.8 sccm H, for 15 min) and corresponding Raman mapping images on A;; and E, peak intensities,
respectively. Scale bars in (b) and (c): 3 um. d) OM image of 1L-SnSe, flake transferred on SiO,/Si. €) Raman spectra of 1L-SnSe, as-grown on mica
and transferred on SiO,/Si. f, g) Representative OM image of FL-SnSe, (=3—4L, grown under =2 sccm H, for 15 min) transferred on SiO,/Si and cor-
responding Raman mapping regarding A;; peak intensity. h) SHG mapping of FL-SnSe, (=4-5L) transferred on SiO,/Si. Scale bars in (g) and (h): 10 um.

vibration mode of Se atoms =104.8 cm™, and Ay, for out-of-
plane vibration mode =185.7 cm™) occur even after 23 days
reservation in air, indicating the robust stability of CVD-derived
sample.'®] The mica substrate has two significant peaks at
~103.3 and =195.0 cm™. In this regard, air-stable, domain size
and thickness-tunable 1T-SnSe, have been successfully synthe-
sized on mica substrates by a facile APCVD route.

Raman mapping was also performed on the as-grown
1L-SnSe, flake on mica, with its OM image shown in Figure 2a.
The Raman mapping images regarding A;, and E, peak inten-
sity (Figure 2b, ¢, respectively) present homogeneous contrast
in the SnSe, areas, again indicating the uniform monolayer
feature. For comparison, Raman measurement was also car-
ried out on the transferred 1L-SnSe, flake. Note that, the OM
image of the transferred 1L-SnSe, flake exhibits extremely dim
contrast, due to its extremely thin thickness (Figure 2d). The
E, Raman mode (Figure 2e) shows an obvious blueshift from
=104.8 to =106.7 cm™" before and after the transfer process. This
is expected to be due to the compressive strain effect induced
by adlayer-substrate lattice mismatch (ag,s.; = 0.381 nm,
V3aspse2 = 0.660 nm and a,,;., = 0.531 nm). Similar blueshifts
were also reported for ReSe,/Au and PtSe,/Au foil, and attrib-
uted to compressive strain effect and strong interfacial interac-
tion between adlayers and Au substrates.[*3*

Raman mapping was also performed on the transferred FL-
SnSe, on SiO,/Si substrates. The homogeneous OM contrast
image and Raman mapping images regarding the A;, peak
intensity, full width at half maximum (FWHM) of A,, peak and
E, peak intensity (Figure 2f,g, S3a,b, Supporting Information,
respectively), collectively indicate the uniform thickness feature
of the CVD-grown SnSe,. Moreover, no distinct internal grain
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structure is observed on the transferred FL-SnSe, on SiO,/Si,
according to the SHG mapping image (Figure 2h, OM image
in Figure S3c, Supporting Information). The triangular flakes
synthesized in our work should be single-crystal domains, sim-
ilar to the photoluminescence (PL) mapping results for single-
crystal 1L-WSe, and WS, samples.l*”] The darker spots on them
are probably derived from the harsh sample transfer process.
HR-TEM characterization was then performed to examine
the crystal quality of the CVD-derived SnSe, samples. Figure 3a
shows a low-magnification TEM image of a typical triangular
SnSe, flake with an edge length of =23 pm. Some wrinkles and
breakages observed herein are attributed to the harsh transfer
process. The selected-area electron diffraction (SAED) patterns
(Figure 3b-d) collected from the three numbered regions (1, 2,
and 3 in Figure 3a) present hexagonal diffraction spots, sug-
gesting the hexagonal crystal structure of the derived SnSe,
sample. Moreover, nearly perfect coincidence (deviation smaller
than £0.5°) among the different SAED patterns again indicates
the single-crystal nature of the triangular SnSe, flake.
Moreover, the typical HR-TEM image of the SnSe, flake
(Figure 3e) presents a perfect atomic structure with the lattice
spacing of =0.33 nm, in good coincidence with the published
data for mechanically exfoliated or CVD-synthesized 1T-SnSe,
flakes.["1) Moreover, the corresponding fast Fourier transform
(FFT) pattern (inset of Figure 3e) presents sixfold-symmetric
spots, again indicating the hexagonal lattice structure of the
SnSe, sample. Additional energy dispersive X-ray spectroscopy
(EDX) elemental mapping images (Figure 3f,g) reveal uniform
spatial distribution of Sn and Se elements (around the high-
lighted rectangle area in Figure 3a), along with an element ratio
of Sn/Se =1:2.07 (Figure 3h). In this regard, the CVD-derived

© 2022 Wiley-VCH GmbH
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Figure 3. Representative TEM characterizations of a few-layer triangular 1T-SnSe, flake. a) Low-magnification TEM image of a few-layer SnSe, flake
transferred on a Cu TEM grid. b-d) SAED patterns from the regions highlighted by red circles numbered by 1-3 in (a). The rotation angles of the three
red dotted lines with respect to the horizontal line are =71.39°, 71.46° and 71.08°, respectively, indicating the single-crystal nature of the triangular flake.
e) Corresponding HR-TEM image of the SnSe; flake in (a), showing a lattice constant of =0.33 nm. Inset: corresponding FFT pattern. f, g) Sn and Se
elements mapping images of the highlighted rectangle area in (a) (around the flake edge location). h) Corresponding EDX spectrum of the selected

area in (f) and (g).

triangular SnSe, flakes are single-crystal domains with a
1T-phase structure and relatively high crystal quality.

Due to centrosymmetric lattice arrangement of atomically
1T-SnSe,, it is normally expected to exhibit a vanishing non-
linear optical effect. However, spatially-resolved SHG and THG
have been recently reported from multilayer 1T-SnSe, flakes,
using a nonlinear optical microscopy setup.l*®l In this work, the
atomically thin 1T-SnSe, flakes with well-defined thicknesses
allow establishing a more direct correlation between layer
thickness and the nonlinear optical property. Raman and SHG
spectra of 1-8L 1T-SnSe, single-crystal flakes were thus achieved
directly on mica substrates and after being transferred on SiO,/
Si substrates. A direct comparison of the two types of samples
with the mechanically exfoliated ones from bulk 1T-SnSe, crys-
tals was also performed to achieve a clearer understanding of
the thickness-dependent optical properties.

Firstly, 1-8L triangular shaped SnSe, flakes with neat
edges were selected as candidates, with the layer thicknesses
determined definitely by AFM height profile measurements
(Figure S4, Supporting Information). Corresponding Raman
spectra were collected in Figure 4a. The Raman E; and Ay,
peak position variations with layer thicknesses are displayed
in Figure 4c and Table S1, Supporting Information. Evidently,
the intensity of the Raman signal increases significantly with
increasing the layer thickness from 1L to 8L (Figure S5, Sup-
porting Information), due to the increase of scattering centers
in thicker SnSe, flakes as reported previously.%

Specifically, the E, mode for CVD-grown SnSe, on mica
shows an obvious blueshift (from =104.8, 1071, 112.2 to
115.3 cm™), with the thickness varying from 1L, 2L, 3L to 4L,
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different from common TMDCs materials showing a normal
redshift (e.g., MoS,,*! PtSe,* and ReS,*)). The significant
blueshift for the in-plane vibration mode (E,) with increasing
the layer thickness, may be attributed to the increased in-plane
coupling. This obvious in-plane vibration mode blueshift with
increasing the layer thickness was also reported in the metal
monochalcogenides (MX) from IVA-VIA group.*¥l Moreover,
the E, and Ay, peak positions of 5-8L as-grown samples are
basically consistent with those of the mechanically exfoliated
5-8L flakes from bulk crystals on SiO,/Si (shown in Figure 4c
and S8, Supporting Information), and the exfoliated SnSe, sam-
ples reported previously.*”) That means thicker flakes (above 4L)
present normal vibration states, regardless the thickness effect
and the strain effect from the substrates.

For the transferred CVD-grown 1T-SnSe, flakes on SiO, sub-
strates (Figure S6, Supporting Information), the E, peak posi-
tions (Figure 4b,c) present an obvious blueshift (=<9.4 cm™) by
increasing the layer number from 1L to 4L and stabilizes at >4L.
The Ay, peak position shows only a minor fluctuation from 1L
to 8L (Table S1, Supporting Information), basically consistent
with that of the mechanically exfoliated 1T-SnSe, layers from
bulk crystals achieved in this work. However, the A;, peak
intensity increases significantly from 1L to 8L (Figure S5, Sup-
porting Information). In this regard, the as-grown 1T-SnSe,
layers on the mica substrate are expected to be a little strained,
as inferred by the minor change of E, peak position with regard
to the transferred or mechanically exfoliated layers. Briefly, this
definitely defined thickness-dependent Raman A;, peak inten-
sity and E, peak positions can be used as a good criterion to
identify the thickness of few-layer samples.

© 2022 Wiley-VCH GmbH
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Figure 4. Thickness and wavelength dependence of Raman spectrum and SHG intensity of as-grown triangular 1T-SnSe, flakes on mica and transferred
on SiO,/Si as a function of layer thickness. a) Raman spectra of 1-8L 1T-SnSe, flakes captured from the as-grown samples on mica. The excitation
wavelength is 532 nm. b) Thickness-dependent Raman spectra of 1-8L 1T-SnSe; flakes after being transferred on SiO,/Si. c) Evolution of the E, and
Ay peak positions with increasing the thicknesses of as-grown 1T-SnSe; on mica and transferred on SiO,/Si (marked with red and green balls), with
the mechanically exfoliated ones from bulk 1T-SnSe, crystals as a reference (with black balls). d, e) Thickness-dependent SHG spectra of 1-8L 1T-SnSe,
flakes as-grown on mica and transferred on SiO,/Si under a fixed excitation wavelength =800 nm. Inset plots show a similar linear correlation between
SHG peak intensity and layer thickness. f) Wavelength-dependent SHG spectra under varied excitation wavelength (from 800 to 1080 nm).

Subsequently, SHG spectra of 1-8L 1T-SnSe, were also
achieved directly on mica and after being transferred on SiO,/
Si substrates. The SHG signal intensity (Figure 4d,e) can be
noticed to show a linear increase from 1L to 8L. Moreover, a
broad available band can be achieved for the generation of SHG
signal, as evidenced by the test on a 4L-SnSe, flake with the
excitation wavelength ranging from 800 to 1080 nm (Figure 4e).

In order to determine the origin of the SHG signal in SnSe,,
and to eliminate the influences of lattice defects and stress.
Mechanical exfoliation of a coexisted FL 1T-SnSe, sample
was also performed on SiO,/Si with an Au/Ti adhesion layer,
via a universal Au-assisted exfoliation method from a bulk
single crystal.’% As shown by the OM image in Figure 5a, the
obtained SnSe, sample show discrepant contrasts with lateral
sizes of =5 um for the different thickness regions.

Their thicknesses (1-8L) were definitely defined by the
AFM height profile analysis (Figure 5b,c and Figure S7, Sup-
porting Information). Considering the monolayer thickness of
=0.62 nm,1% and the measurement error of AFM analysis,
the average height of =0.6-0.7 nm was attributed to that of
1L-SnSe,, and the average height of =1.8-1.9 nm was assigned
to that of 3L-SnSe,.

Eight typical SHG spectra (Figure 5d) and Raman spectra
(Figure S8, Supporting Information) were collected from
the 1-8L SnSe, regions. No obvious damage due to the laser
irradiation was observed according to the OM image of the
mechanically exfoliated 1T-SnSe, sample after Raman and SHG
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characterizations (Figure S7c, Supporting Information). The
intensity of SHG shows a linear increase with increasing the
layer thickness of SnSe,, indicating that the SHG signal arises
from SnSe, itself. Herein, the SHG intensity of the few-layer
sample should be the accumulation of each composite layer. A
similar result was also reported in spiral WS, structures, pos-
sessing linearly increased SHG intensity, other than dimin-
ishing the oscillation of 2H stacking TMDs.?2l However, the
SHG intensity of monolayer 1T-SnSe, is much lower than
that of monolayer 2H-WS, and MoS, (Figure S9, Supporting
Information), and only stronger than that of 2L 2H-WS, with
restored inversion symmetry (Figure 5e). This disparity may be
attributed to the different lattice structures (1T versus 2H), or
the different SHG mechanisms. In the reported references, the
SHG signals of mechanically exfoliated multilayer SnSe, with
centrosymmetric lattice arrangement were loosely correlated to
crystal lattice distortion.?*3¥ The CVD-derived 1T-SnSe, flakes
should have the similar property with the mechanically exfoli-
ated ones, as confirmed by comparative spectroscopy data, and
the SHG should follow the similar mechanism.

3. Conclusion

In summary, we have accomplished the controllable synthesis
of large-area uniform 1L, 2L, and FL 1T-SnSe, flakes on mica
substrates by designing a unique synthetic route. The achieved

© 2022 Wiley-VCH GmbH
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Figure 5. Thickness-dependent SHG intensity of a mechanically exfoliated 1T-SnSe, sample on SiO,/Si with a Au/Ti adhesion layer via a universal
Au-assisted exfoliation method. a, b) OM image and corresponding AFM image of the mechanically exfoliated 1T-SnSe, sample on SiO,/Si, showing
the thickness variation from 1-8L. c) Corresponding height profile collected from the blue dotted line in b), confirming the thickness distribution.
d) Thickness-dependent SHG spectra of the 1T-SnSe, sample, under a fixed excitation wavelength at 800 nm. Inset image shows a linear relation
between SHG peak intensity and the layer number. €) Comparison of SHG spectra for the mechanically exfoliated 1L-WS,, 1L-MoS,, 1L-SnSe,, and

2L-WS, samples on SiO,.

high-quality single-crystal SnSe, flakes with well-defined thick-
nesses (1-8L) provide perfect platforms for exploring the thick-
ness-dependent Raman and SHG properties for the first time.
SHG signals were detected in the centrosymmetric lattice struc-
ture of 1T-SnSe, on both mica and SiO,/Si substrates, presenting
alinear dependence with the layer thickness. This unconventional
phenomenon of SHG will inspire new interests in exploring the
basic nonlinear optical properties of 2D layer materials with an
inversion symmetry structure. This work should hereby pave
the ways for the thickness-controlled growth of atomically thin
1T-SnSe, crystals, and promote fundamental property explora-
tions and practical applications in more versatile fields.

4. Experimental Section

Synthesis of Atomically Thin 1T-SnSe, Flakes and the Sample Transfer
Process: The growth of SnSe, was completed in a single-temperature-
zone CVD furnace (Lindberg/Blue M) equipped with a 1 in.-diameter
quartz tube. Snl, pellets (Alfa Aesar; purity 99.999%; 20 mg) were
placed at =15.5 cm away from the center of the furnace. The Se powder
(Alfa Aesar; purity 99.5%; 0.1 g) was placed next to it on the right.
Freshly cleaved fluorophlogopite mica substrates were put at =15.5 cm
downstream from the center of the furnace over a quartz boat. The
typical growth temperature was set to =600 °C and kept at the set
point for 5-15 min under atmospheric pressure. Ar (20 sccm) and H,
(0.8-2 sccm) were used as carrier gases during the APCVD growth
process. The as-grown samples were transferred on arbitrary substrates
by using polystyrene (PS) as a supporting polymer, as reported for CVD-
derived hexagonal phase FeTe, (h-FeTe,) nanoflakes grown on mica.ll

Material Characterizations: The CVD-derived SnSe, flakes as-grown
on mica and transferred on SiO,/Si were systematically characterized
by OM (Olympus BX51), XPS (Kratos Analytical AXIS-Ultra fitted with
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a monochromatic Al Ka X-ray source), SEM (Hitachi S-4800, 3 kV),
XRD (Shimadzu Thin Film, using Cu Ke radiation in the 26 range of
10 = 90°), Raman (Renishaw, Invia Reflex), TEM (JEOL JEM-2100F LaB6;
acceleration voltage, 200 kV), AFM (Dimension Icon, Bruker) and SHG
spectroscopy (Alpha 300R, WITec).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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