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1 Introduction

In recent years, two-dimensional (2D) atomic crystals,

ABSTRACT

We demonstrated the controlled growth of two-dimensional (2D) hexagonal tin
disulfide (SnS,) nanoflakes with stacked monolayer atomic steps. The morphology
was similar to flat-topped and step-sided mesa plateaus or step pyramids. The
5nS, nanoflakes were grown on mica substrates via an atmospheric-pressure
chemical vapor deposition process using tin monosulfide and sulfur powder as
precursors. Atomic force microscopy (AFM), electron microscopy, and Raman
characterizations were performed to investigate the structural features, and a
sequential layer-wise epitaxial growth mechanism was revealed. In addition,
systematic Raman characterizations were performed on individual SnS, nanoflakes
with a wide range of thicknesses (1-100 nm), indicating that the A;, peak intensity
and Raman shifts were closely related to the thickness of the SnS, nanoflakes.
Moreover, photoconductive AFM was performed on the monolayer-stepped
5nS, nanoflakes, revealing that the flat surface and the edges of the SnS, atomic
steps had different electrical conductive properties and photoconductive behaviors.
This is ascribed to the dangling bonds and defects at the atomic step edges, which
caused a height difference of the Schottky barriers formed at the interfaces
between the Ptlr-coated AFM tip and the step edges or the flat surface of the
5nS, nanoflakes. The 2D SnS, crystals with regular monolayer atomic steps and
fast photoresponsivity are promising for novel applications in photodetectors
and integrated optoelectronic circuits.

especially graphene, have been extensively studied
owing to their fascinating electrical, mechanical, and
optical properties [1-7]. However, the narrow bandgap
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of graphene limits its potential applications in electronic
devices; hence, it is of great importance to explore
other 2D-layered materials [8,9]. Among these,
layered metal chalcogenides, including transition-
metal chalcogenides (such as MoS, [10-16], MoSe,
[17,18], and WS, [19,20]) and main-group metal
chalcogenides (such as GaS [21, 22], In,S; [23], In,Se;
[24], SnSe, [25], Sb,S; [26], and Bi,Se; [27, 28]), have
emerged as a new class of 2D nanomaterials with a
highly adjustable band structure and great potential
for diverse applications in nanoelectronics and photo-
detectors. However, the structural control of 2D metal
chalcogenide crystals, such as the precise adjustment
of the thickness, morphology, and grain boundaries
and the formation of layered atomic steps, remains a
challenging problem.

Among semiconductive metal dichalcogenides, tin
disulfide (SnS;) is a promising candidate for field-
effect transistors and photodetectors because of its
appropriate indirect bandgap (2.03 eV in monolayer
material and 2.31 eV in bulk material), high carrier
mobility (up to 230 cm*V"s™), large on—off ratio (>10°),
and high photoresponsivity (100 A-W) [29-33]. Recently,
mechanical and chemical exfoliation have been per-
formed to isolate few-layered SnS, nanoflakes from
bulk crystals for photocatalytic water splitting and
field-effect transistors [30-32]. Another effective method
for synthesizing single-crystal SnS, nanoflakes is chemical
vapor deposition (CVD). Peng et al. reported the CVD
growth of SnS, crystal arrays at predefined seeding
locations on SiO, substrates for fast photodetectors
[29]. Meng et al. developed a CVD process for the
screw-dislocation-driven spiral growth of SnS, nano-
flakes several hundred nanometers thick [33]. However,
most of the SnS, nanoflakes reported in the literature
have a large thickness (dozens of nanometers to
hundreds of nanometers) and no stacked monolayer
atomic step structures [33-35]. Moreover, the detailed
growth mechanism and thickness-dependent photo-
electronic properties of ultrathin SnS, materials must
be explored.

In this study, we grew ultrathin hexagonal SnS,
nanoflakes via an atmospheric-pressure CVD (APCVD)
method using stannous sulfide (SnS) and sulfur as
novel precursor materials. By controlling the reaction
conditions, the precise growth of monolayer atomic
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steps on hexagonal nanoflakes with a similar shape
to mesa plateaus or step pyramids was achieved. In
addition, we proposed the sequential layer-wise growth
mechanism of mesa-shaped SnS, nanoflakes initiated
from monolayer SnS, seeds. This mechanism is distinct
from those previously reported, such as the screw-
dislocation mechanism [33]. According to the proposed
mechanism, the thickness of the SnS, nanoflakes can
be well-controlled from the monolayer thickness to
~100 nm. Microscopic Raman analysis was performed
to investigate the thickness-dependent evolution of
the peak intensities and band positions. Moreover,
the photoresponsive properties of the mesa-shaped
SnS, nanoflakes were investigated, revealing thickness-
dependent photoconductivity, as well as different
photoresponse behaviors between the step edges and
the flat surface of the SnS, nanoflakes.

2 Experimental
2.1 APCVD growth of mesa-like SnS, nanoflakes

The growth was performed using a tube furnace with
a 1-in inner diameter and a 28-cm-long heating zone.
First, a quartz boat containing 20 mg of SnS power
(Aladdin) was placed at the center of the heating zone,
and another quartz boat containing 150 mg of sulfur
power (Aladdin) was placed 15 cm upstream from
the SnS precursor. Freshly exfoliated mica substrates
were placed 12 cm downstream from the SnS precursor.
A gas flow of 50 sccm Ar was introduced to remove
the residual air. The tube furnace was gradually
heated to 550 °C within 20 min and maintained at this
temperature for 15 min to grow the SnS, nanoflakes.
In this process, the temperatures of the sulfur precursor
and mica substrates were maintained at approximately
200 and 450 °C, respectively. After the growth, the tube
furnace was cooled naturally to room temperature.
To investigate the growth mechanism of the SnS,
nanoflakes with the monolayer atomic steps, different
growth times (1, 5, and 30 min) were used in control
experiments.

2.2 Transfer of SnS, nanoflakes from mica to other
substrates

The SnS, nanoflakes were transferred to transmission
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electron microscopy (TEM) grids or indium tin
oxide (ITO) glass with the assistance of poly(methyl
methacrylate) (PMMA). First, a PMMA solution (4 wt.%
in anisole) was spin-coated onto the mica substrate
with SnS, nanoflakes at a speed of 2,500 rpm for 1 min,
followed by annealing at 120 °C for 5 min. Then, the
substrate was immersed in an HF solution (5 wt.%).
After 30 min, the PMMA film with attached SnS,
nanoflakes was separated from the mica and suspended
on the surface of the HF solution. Then, the PMMA
film was transferred to the surface of deionized water
and fished out using TEM grids or ITO glass. After
naturally drying in air at room temperature, the PMMA
film was dissolved by warm acetone (50 ‘C) and dried
by a N, flow.

2.3 Structural characterizations of SnS, nanoflakes

Optical images and Raman spectra were collected using
a confocal Raman spectroscope (Horiba, LabRAM
Evolution) with a 473-nm laser, a 50x objective lens,
a spot size ~3 um in diameter, and a grating of
1,800 linessmm™. All of the Raman spectra were
collected with an exposure time of 3 s and accumulated
10 times. TEM was performed using a JEM-2100 system
with an operation voltage of 200 kV.

2.4 Photoconductive atomic force microscopy (AFM)
measurements of SnS, nanoflakes on ITO

Topographic and photoconductive AFM characteriza-
tions were performed using a Bruker Dimension Icon
instrument. The ScanAsyst model and ScanAsyst-Air
probes were used to measure the morphology and
thickness of the nanoflakes. The Peakforce-Tune model
and SCM-pic IrPt conductive probes were used to
measure the adhesion force mapping and photo-
response properties. A laser diode (LSFLD405-3, Beijing
LST Ltd.) with a spot area of 0.25 mm? and a light
power density of 1,200 mW-cm™ was used as the light
source, with an operation voltage and working current
of 4.8 V and 35 mA, respectively. The laser was used
to illuminate designated SnS, nanoflakes on the ITO
substrate via a single mode optical fiber and an optical
fiber splice (FC-PC) connecting the optical fiber and
the laser diode. Ramp mode and strip chart controls
were used to acquire the current-voltage (I-V) and
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current-time curves, respectively. All the operational
parameters were fixed for current mapping in the
dark and under illumination.

3 Results and discussion

As shown in Fig. 1(a), hexagonal SnS, nanoflakes
were grown on mica via APCVD at 550 °C by using
SnS and sulfur as precursors (additional details
are provided in the Experimental section). To our
knowledge, the synthesis of SnS, nanoflakes with SnS
and sulfur as precursors has not been reported. Com-
pared with the common strategies using SnO, as
the precursor [29, 34, 36-39], the newly adopted tin
source (SnS) is advantageous for the crystallization of
5nS;, nanoflakes because the energy of the Sn—-S bond
(464 kJ-mol™) is lower than that of the Sn-O bond
(532 kJ-mol™) [35] and the absence of oxygen is favorable
for the growth of high-crystallinity SnS, crystals without
oxygen defects. Moreover, the growth conditions
used in this study (550 °C, atmospheric pressure) are
considerably milder than those of previous reports
(700 °C, low pressure) [29, 34]. Mica was selected as
the substrate owing to its chemical inertness, atomically
smooth surface without dangling bonds, and high
flexibility for the fabrication of bendable devices [40].

(a)

Figure 1 Synthesis and optical characterizations of the hexagonal
SnS, nanoflakes with atomic steps. (a) Schematic illustration of
the APCVD process for the synthesis of the SnS, nanoflakes. SnS
and sulfur were used as the tin and sulfur sources, respectively.
Mica sheets were placed downstream as receiving substrates.
(b) Side and top views of the layered SnS, atomic structure.
(c) Optical microscopy image of the as-grown hexagonal SnS,
nanoflakes on mica, showing large-area hexagonal SnS, nanoflakes
between 8 and 17 pm in length.
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Figure 1(b) shows top and side views of the layered
SnS, atomic structure, which had a Cdl-type crystal
structure with octahedral metal coordination [41]. Each
5nS, monolayer was formed by covalently bonded tin
and sulfur atoms, and the neighboring layers interacted
via a weak van der Waals force. The monolayer SnS,
nanoflakes on the mica substrate were almost invisible
under the optical microscope owing to the low contrast,
but few-layer SnS, nanoflakes were clearly observed.
Figure 1(c) shows a typical large-area optical image of
the as-prepared hexagonal 5nS, nanoflakes, indicating
lengths in the rage of 8-17 um. The color of the
nanoflakes observed using the optical microscope was
closely related to the thickness. In general, the SnS,
nanoflakes with a darker color (blue) were thinner,
and those with a brighter color (white) were thicker.
Moreover, the white edges (thinner part) and light
yellow centers (thicker part) of the SnS, nanoflakes
indicate a thickness gradient, which originated from
the atomic steps. To investigate the color evolution
corresponding to the thickness variation of the SnS,
nanoflakes, optical images of nanoflakes with different
thicknesses were examined, as shown in Fig. S1(c) (in
the Electronic Supplementary Material (ESM)). The
color change of the nanoflakes can be divided into
two stages corresponding to the thickness ranges
of 3-30 and 30-90 nm. Because the nanoflakes were
thinner than 10 nm at the first stage, most of the light
penetrated through the nanoflakes, and only small part
of the light was reflected. The color of the nanoflakes
changed from light blue to bright white as the thickness
increased from 3 to 30 nm, indicating the enhanced
reflection light intensity. However, when the thickness
further increased from 30 to 90 nm at the second
stage, the color of the nanoflakes changed from light
yellow to deep yellow owing to the enhanced optical
absorption of the SnS, crystals under visible-light with
different wavelengths and the optical interference
of light reflected from the bottom and top surfaces.
Additional optical images are provided in Figs. S1(a)
and S1(b) (in the ESM), indicating the uniform
distribution of the SnS, nanoflakes over the entire
substrate. The large amount of SnS, nanoflakes grown
on the mica substrate allowed the direct characterization
of the crystalline structure via X-ray diffraction
(XRD) analysis, as shown in Fig. S2 (in the ESM). To
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distinguish the weak peaks of SnS, from the strong
peaks of mica, the area indicated by the red rectangle
in Fig. S2(a) (in the ESM) was magnified, as shown
in Fig. S2(b) (in the ESM), confirming that the as-
synthesized nanoflakes were 2T-phase SnS, (JCPDS
PDF card No. 23-0677). The calculated lattice constants
(@ =0 =03632nm and ¢ = 0.588 nm) of the SnS,
nanoflakes are comparable to the theoretical values
(@ = b = 0.3645nm, ¢ = 0.589 nm) [42], indicating
the high crystallinity. For 2T-phase layered metal
dichalcogenides, the letter “T” represents “trigonal,”
and the digit “2” indicates the number of layers in
the stacking sequence [43, 44]. The stacking sequence
of the as-synthesized SnS, nanoflakes was AbC CaB.
The morphology of a typical hexagonal SnS,
nanoflake was investigated via AFM, as shown in
Fig. 2(a). The width of the hexagon was ~12 um, and the
central thickness was ~12 nm. A mesa-like structure
was clearly observed (Fig.2(a)), and the length of
each 5SnS, layer gradually decreased from the bottom
to the top. Figure 2(b) presents a magnified AFM image
of the area indicated by the red square in Fig. 2(a),
showing clearly hexagonal atomic steps. Figure 2(c)
shows the height profile corresponding to the blue
line in Fig. 2(b). The height of each atomic step was
~0.59 nm, corresponding to a single layer of SnS,.
The height of the atomic steps is consistent with the
interplanar spacing of the bulk SnS, crystal (~0.589 nm)
and the XRD analysis results, indicating the epitaxial
growth of high-quality SnS, nanoflakes. Similar step
structures are observed for other metal sulfides
[45-48] but with significantly fewer monolayers than
the mesa-shaped SnS, nanoflakes obtained in this
study. The preferential planar growth is attributed
to the high-energy edges and dangling bonds located
at the sides of the atomic steps, which bonded with
intermediate species far more easily than the flat surface.
Each layer of the mesa-like nanoflake was hexagonal
(Fig. 2(b)); however, a roughly trigonal shape was
observed in some cases, owing to the different atomic
diffusion rates along the a and b directions of the
crystalline domain [49]. Figures S3(a) and S3(b) (in
the ESM) show a case where all the stacked layers
were hexagonal SnS, monolayers. Occasionally, several
nucleus/seeds were very close and interacted to form
a single nanoflake; thus, several separated upper
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Figure 2 AFM and TEM characterizations of the mesa-shaped SnS, nanoflakes with monolayer atomic steps. (a) AFM image of an

as-prepared SnS, nanoflake ~12 pm in width. (b) AFM image measured for the area indicated by the red framework in (a), clearly

showing the hexagonal shape of the stacked atomic steps. (c) Height profile extracted from the blue line in (b). The height of each

atomic step was measured to be ~0.59 nm. (d) TEM image of a typical hexagonal SnS, nanoflake with a thickness gradient. The

boundary of one atomic step is highlighted by red dashed lines. (¢) TEM image of the edge of the hexagonal SnS, nanoflake, in which

the atomic steps (marked by red dashed lines) are clearly observed. (f) High-resolution TEM image of the nanoflake in (d), showing a

lattice spacing of 0.32 nm, which is identical to that of the (100) planes of SnS,. The inset shows a SAED pattern, demonstrating a

single-crystalline hexagonal phase.

planes were observed at the top of the bottom plane
(Figs. S3(c) and S3(d) in the ESM).

To investigate the crystal structure, the SnS,
nanoflakes were characterized via TEM. Figure 2(d)
shows a TEM image of a typical hexagonal SnS,
nanoflake ~9 um in width. Its stepped structure is
highlighted by the red dashed lines in the figure.
Atomic steps were clearly observed at the edge of the
hexagonal nanoflakes (Fig. 2(e) and Fig. S4(a) in the
ESM, as marked by red dashed lines). High-resolution
TEM images (Fig. 2(f) and Fig. S4(b) in the ESM) show
ordered lattice fringes with a spacing of 0.32 nm,
corresponding to the (100) planes of the SnS, crystal.
The hexagonal symmetrical selected-area electron
diffraction (SAED) pattern shown in the inset of
Fig. 2(f) confirms the single-crystalline feature of the
as-obtained SnS, nanoflakes.

To further investigate the growth mechanism of the
mesa-shaped SnS, nanoflakes, control experiments
with different growth times were performed. AFM
images of samples grown for 1, 5, 15, and 30 min are

shown in Figs. 3(a)-3(d), respectively, and the corres-
ponding height profiles for the blue lines in the AFM
images are also provided. Initially, when the growth
time was 1 min, tiny SnS, seeds with relatively irregular
shapes, an average diameter of ~500 nm, and a very
uniform thickness of ~1.0 nm were randomly formed
on the mica substrate (Fig. 3(a)). Notably, all of the
5nS, seeds occurred as a monolayer. The height of the
monolayer SnS, seeds measured by AFM (~1.0 nm)
was larger than the intrinsic interlayer spacing of SnS,,
which is attributed to the tip-sample and sample-
substrate interactions [50]. On the other hand, the
mismatch between the lattice constants of mica [51]
(0.531 nm) and SnS, [33] (0.365 nm) may have caused
the irregular shape of the SnS, seeds. When the growth
time was increased to 5 min, regular hexagonal SnS,
nanoflakes with the thickness of several nanometers
were formed, as shown in Fig. 3(b). A newly grown
SnS; layer with an atomic step height of ~0.59 nm was
observed on top of the original nanoflakes. When the
reaction time was increased to 15 min, the hexagonal

'EN%IEI}SS%I'}EE?S @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2017, 10(4): 1434-1447

110 nm| {1]0 nm

01 2 3 4 5
pum

1439

Figure 3 (a)—(d) AFM characterizations (top) and corresponding height profiles (bottom, collected from the blue lines in the above

AFM images) for the SnS, nanoflakes at different growth stages. (¢) Schematic illustration of the proposed layer-wise epitaxial growth
mechanism for the mesa-shaped SnS; nanoflakes at different growth stages.

5nS, nanoflakes became larger and thicker, and the
entire morphology gradually transformed into mesa
plateaus with a flat top and stacked monolayer atomic
steps (Fig. 3(c)). Notably, the newly formed upper
layers maintained a relatively regular hexagonal shape
and the same orientation as the bottom layer. Eventually,
the layered nanoflakes exhibited a morphology similar
to step pyramids, with numerous monolayer atomic
steps and a thickness of dozens of nanometers at
the center (Fig. 3(d)). The morphological evolution of
the stacked hexagonal SnS, nanoflakes indicates a
sequential layer-wise growth mechanism (Fig. 3(e)).
We propose that the 2D SnS, nanoflakes were grown
via an epitaxial growth process with layer-wise growth
stages, which differs from the growth of other metal
chalcogenides [52-56]. First, the bottom layer of the
SnS, nanoflake was formed around an initial seed,
which functioned as the crystallization nucleus. This
is frequently observed at the center of the SnS,
nanoflakes in the AFM images (Figs. 3(b) and 3(c)).
We measured the length difference between the bottom
and top layers of the mesa-shaped SnS, nanoflakes

and found that the top layer began to grow when
the length of the bottom layer was approximately
1.2-2.3 pym. As the reaction time increased, the nano-
flakes became larger and exhibited a more regular
hexagonal shape, owing to the epitaxial growth along
the lateral a and b directions. Then, new layers were
grown on the bottom layer, forming monolayer atomic
steps, as shown in Fig. 3(e). Owing to the sequential
growth of the different layers and the inconsistent
diffusion rate at the edges, the growth time and
growth rate differed among the layers. Therefore, the
lateral sizes of the hexagonal monolayers from the
bottom to the top were arranged from large to small.
Because of the favorable lattice matching between
the newly deposited layer and the existing layers, the
stacked atomic steps preferred to share an identical
lattice orientation. Thus, the stacked hexagonal SnS,
nanoflakes with the shape of mesa plateaus or step
pyramids were formed.

Raman spectroscopy is a simple and accurate
method for determining the thickness of 2D metal
chalcogenides, as the Raman signals of 2D atomic
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Figure 4 [n situ Raman characterizations of the mesa-shaped SnS; nanoflakes. (a) Optical image and (b) corresponding AFM image of
a mesa-shaped SnS, nanoflake. (c) Raman scanning of the same mesa-shaped SnS, nanoflake, showing the 2D mapping of the A, peak
intensity. The excitation laser wavelength was 532 nm. (d) Independent Raman spectra measured along the red dashed lines in (a)—(c).
(e) AFM height profile (red line) and A, peak-intensity profile (blue line) measured along the red dashed lines in (a)—(c). The variation
of the A, peak intensity is consistent with the thickness gradient of the SnS, nanoflake. (f) Raman spectra for the center of the SnS,
nanoflakes with different thicknesses, showing that the intensity and position of the A, peak varied with respect to the thickness. (g) A,
peak positions (green line) and A, peak intensities (blue line) calculated for the Raman spectra in (f) with respect to the thickness.

crystals typically vary according to the layer number.
For example, the E), and A, band positions of MoS,
change monotonously with respect to the layer number
[57]. To our knowledge, only one article has reported
the evolution of the Raman intensity with respect
to the layer number of mechanically exfoliated SnS,
crystals [30]. However, the thickness of the SnS,
characterized in that study ranged from 1 to 10 nm,
and the thickness-dependent Raman peak shifts of
5nS, have not been investigated. In the present study,
for the first time, we systematically analyzed the
thickness-dependent Raman-signal evolution for CVD-

TSINGHUA
UNIVERSITY PRESS

grown SnS, nanoflakes. For a control sample of bulk
5nS, crystal with a thickness of >120 nm, a strong peak
at 3141 cm™ and a weak peak at 204.9 cm™ were
observed, which are assigned to the characteristic A,
and E; modes, respectively (Fig.S5(a) in the ESM).
The mode of E; at 204.9 cm™ indicates that the
SnS, crystal had a 2T phase [29, 30, 43]. As the layer
number of the SnS, nanoflakes decreased below
120 nm, the in-plane scattering was reduced, causing
the disappearance of E; mode and the intensity
reduction of the A;; mode [29]. To identify the position
and intensity variation of the A;; mode in the SnS,
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nanoflakes with a thickness gradient and atomic steps
(as shown in Figs. 4(a) and 4(b)), we performed in
situ large-area 2D Raman mapping. Figure 4(c) shows
the A,, peak-intensity mapping of a SnS, nanoflake. As
indicated by the distinct color contrast, the thickness
and the A;, peak intensity were closely related. The
top platform of the mesa-shaped SnS, nanoflake with
maximum height exhibited the highest intensity of
the A;; mode, as indicated by the red color in Fig. 4(c).
The Raman spectra collected along the red dashed
lines in Figs. 4(a)—4(c) are shown in Fig. 4(d), demons-
trating that the variation of the A;, peak intensity
strongly depended on the thickness. Figure 4(e) shows
the height profile measured via AFM (red line) and
the A,; peak-intensity profile (blue line) collected along
the red dashed lines in Figs. 4(a)—4(c). The trends of
these two profiles match very well.

The Raman-signal evolution of SnS, nanoflakes with
different thicknesses was also investigated, as shown
in Fig. 4(f). The peak around 264.5 cm™ originated
from the mica substrate. Clearly, both the intensity and
position of the A;, peak strongly depended on the
thickness of the SnS, nanoflakes. The intensity profile
(blue line) and position profile (green line) of the
A,; peak with respect to the thickness are shown in
Fig. 4(g). In the thickness range of 1-100 nm, the A,
peak intensity increased almost monotonically with
increasing thickness. Similarly, the peak area of the
A;; mode exhibited a linear relationship with the
thickness (Fig. S5(b) in the ESM). However, the position
of the A;; peak exhibited a volcano-type dependence,
as depicted by the green line in Fig. 4(g). As the
thickness increased from 1.0 to 42 nm, the wavenumber
of the A;; peak increased from 310.7 to 314.1 cm™.
However, when the thickness of the SnS, nanoflakes
increased from 42 to 100 nm, the wavenumber of the
A, peak decreased from 314.1 to 311.4 cm™. When
the thickness increased, the increased interlayer van
der Waals force in the SnS, nanoflakes suppressed
the atomic vibration, yielding higher force constants
[57]. However, the long-range interlayer Coulomb
repulsion derived from the electron pairs of the
bonding atoms exhibited the opposite effect [58].
The A;; peak blue-shifted when the thickness of the
SnS, nanoflakes increased from 1 to 42 nm, which is
attributed to the increased force constant resulting
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from the enhanced interlayer van der Waals force [57].
In contrast, the A,, peak redshifted when the thickness
of the SnS, nanoflakes increased from 42 to 100 nm,
suggesting that the long-range interlayer Coulomb
repulsion dominated the change in the atomic vibration,
while the increased interlayer van der Waals force
played a secondary role [57-61]. Unlike the A;; peak
intensity, area, and position, the full width at half
maximum decreased rapidly from 11.0 to 7.3 cm™
when the thickness increased from 1.0 to 7.0 nm and
then remained relatively constant (~7.5 cm™) with the
further increase of the thickness (Fig. S5(c) in the ESM).
These results indicate that Raman spectroscopy was
effective for identifying the crystal thickness of the
CVD-grown SnS, nanoflakes.

The photoconductive properties of the SnS,
nanoflakes were investigated via photoconductive
AFM, as illustrated in Fig. 5(a). The SnS, nanoflakes
were transferred onto ITO conductive glass with the
assistance of PMMA. The ITO substrate used in this
study was heavily n-doped and had a work function
(Diro) of ~4.7 eV, a bandgap of 3.5eV [62, 63], and an
electron affinity of ~4.1eV [64]. The ITO glass was
placed on the chunk of AFM, and a cable was used to
connect the ITO substrate to the cantilever mounted
with the conductive AFM tip. Similar to previous
studies [65, 66], standard Ptlr conductive tips were
used to perform photoconductive AFM experiments
on the SnS, nanoflakes. By applying a voltage to the
ITO substrate, current signals were detected using a
digital ammeter. Figure 5(b) and Fig. S6(a) in the ESM
show the AFM adhesion force mapping and a corres-
ponding topographic AFM image of a mesa-shaped
SnS, nanoflake with a maximum thickness of 75 nm.
The monolayer atomic steps on the nanoflake are
clearly observed in Fig. 5(b); however, they cannot be
clearly observed in Fig. S6(a) (in the ESM), owing to
the large height scale. The photoconductive AFM
images of the mesa-shaped SnS, nanoflakes in the
dark and under light illumination are illustrated in
Figs. 5(c) and 5(d), respectively. Interestingly, the step
edges and the flat surfaces of the SnS, atomic steps
exhibited very different conductivity in the dark;
thus, they were easily distinguished (Fig. 5(c)). The
conductivity at the edges of the atomic steps was
obviously higher than that on the flat surfaces. Under
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Figure 5 Photoconductive AFM characterizations of the mesa-shaped SnS, nanoflakes. (a) Photoconductive AFM apparatus setup.
(b) AFM adhesion-force mapping of a mesa-shaped SnS, nanoflake. (c) Corresponding conductive AFM image measured in the dark at
a bias of 1.0 V. (d) Corresponding photoconductive AFM image of the SnS, nanoflake in (b) and (c) measured under light illumination
at a wavelength of 405 nm. (e) and (f) Schematic interfacial band diagrams of a Ptlr metal-coated AFM tip—mesa-shaped SnS, nanoflake
flat surface junction (tip—surface junction) and Ptlr metal-coated AFM tip—mesa-shaped SnS, nanoflake step edge junction (tip—edge
junction), respectively. The diagrams show the interfacial band structure of the tip—surface and tip—edge junctions (1) before contact,
(2) after contact, (3) under forward bias without illumination, and (4) under forward bias with illumination. (g) Time-resolved photoresponse
measured for the top layer of a SnS, nanoflake with a thickness of 18 nm. The periods of light illumination are highlighted in a light red
color. (h) Photocurrent rise and decay curves for the same nanoflake in (g), indicating a T, of ~17 ms and a T4 of ~35 ms. (i) and (j)
Statistical analysis of T} and Ty, respectively, with respect to the thickness of the SnS, nanoflakes.

405-nm light illumination generated by a monocolor
laser diode, a strong photoresponse was detected via
photoconductive AFM (as shown in Fig. 5(d)). The
conductivity difference between the step edges and
the flat surfaces of the atomic steps was significantly
reduced under the illumination (Fig. 5(d)), confirming
that the current intensity depended on the surface
properties and local photoresponse properties rather
than on the topography.

To evaluate the possible photoinduced thermoelectric
effect on the SnS, nanoflakes, the following theoretical
model was used for estimating the vertical temperature
profile of the SnS, nanoflakes [67]

T(x) =K—j§+To (1)

Here, Q is the absorbed laser power, x is the distance
from the top surface (maximum value at the bottom
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surface of the SnS, nanoflake and zero at the top
surface of the nanoflake), A is the cross-sectional
area, T, is room temperature, and « is the thermal
conductivity. The thermoelectric voltage generated by
the photoinduced thermoelectric effect was calculated
using the following equation [67]

n dT
V= S 4 )

Here, S is the Seebeck coefficient. In this study, Q was
<1.2 x 10°* W (assuming that most or all of the laser
power was absorbed by the SnS, nanoflake), and A
was estimated to be ~100 um?. According to a previous
report regarding the thermoelectric effect of SnS,
crystals [68], the S and x of SnS, were estimated to
be 34.7 mV-K*' and ~3.45 W-m™-K™, respectively.
Therefore, the photoinduced thermoelectric voltage
of the SnS, nanoflakes was estimated to be V < 1.0 x
10°h Vnm™. For a typical SnS, nanoflake with a
thickness of 16 nm, the thermoelectric voltage between
the bottom and top surfaces was <1.6 x 10 V, which
is far lower than the bias applied to the ITO electrode
(1.0 V). Thus, the photoinduced thermoelectric effect
can be ignored in our study.

The photoresponse behavior indicates the formation
of different energy barriers between the Ptlr metal-
coated AFM tip and the 5SnS, flat surface and between
the Ptlr metal-coated AFM tip and the SnS, atomic
step edge both with and without illumination. The
corresponding band-structure diagrams are shown
in Figs. 5(e) and 5(f), respectively. According to the
Schottky—Mott theory [69], the difference between
the work function of the Ptlr-coated AFM tip (@py, =
5.4 eV [70]) and the conduction-band minimum (CBM)
of the inert SnS, flat surface (Ecgpy = —4.4 eV [71])
could have yielded a Schottky barrier @, at the tip-
surface junction. The height of the Schottky barrier
was estimated to be 1.0 eV (Fig. 5(e)(2)). For the step
edges, the unpaired electrons in the dangling bonds
and the edge defects formed an electronic edge state
with a relatively narrow energy band, and an energy
barrier @, was formed between the bulk n-type SnS,
crystal and the step edges (Fig. 5(f)(1)) [72, 73]. When
the Ptlr-coated AFM tip was in contact with the SnS,
step edges, the edges partially decreased the work-
function difference between the AFM tip and the 5nS,
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crystal; thus, the tip-edge interface energy barrier @;
(Fig. 5(f)(2)) was smaller than the tip—surface interface
energy barrier @, (Fig. 5(e)(2)) [74, 75]. Under a forward
bias and without illumination (Figs. 5(e)(3) and 5(f)(3)),
the barrier height and the direction of the charge
injection limited the thermionic emission to the lowest
saturation, resulting in an enhanced probability of
field-emission tunneling through the energy barrier
[65, 66]. Therefore, the barrier-height difference made
the current flowing through the tip—surface junction
(Fig. 5(e)(3)) smaller than that flowing through the
tip—edge junction (Fig.5(f)(3)). Under a forward
bias with light illumination, photogenerated electrons
accumulated at the ITO substrate because no
appreciable barrier difference formed at the SnS,-ITO
junction, decreasing the difference between the currents
flowing through the tip—surface junction (Fig. 5(e)(4))
and the tip-edge junction (Fig.5(f)(4)) [65]. The
corresponding I-V plots (Fig. S6(b) in the ESM) were
measured at the top platform of this SnS, nanoflake
(ramped at the red point in Fig. S6(a) in the ESM) in
the dark (black line) and under illumination (red line),
revealing that the conductivity of the SnS, nanoflake
under illumination was significantly higher than that
in the dark. This result is consistent with the photo-
conductive AFM mapping (Figs. 5(c) and 5(d)).

The time-resolved photoconductive characteristics
were investigated by periodically turning a light on
and off. The photoresponse curve measured for the
top platform of a mesa-shaped SnS, nanoflake with
a thickness of 18 nm is shown in Figs. 5(g) and 5(h),
showing the quantitatively acquired photoresponse
times. The photocurrent rise time (7,) and decay time
(T,) of the SnS, nanoflake were measured as ~17 and
~35 ms, respectively (Fig. 5(h)), indicating a fast response
to light. The contact properties may have depended
on the surface states where the AFM tip was located
or on the force applied to the tip. Therefore, we
measured the photoresponse time of another SnS,
nanoflake with a thickness of 30 nm at different
positions with the same applied force on the AFM tip
(Fig. S7(a) in the ESM) and at the same position with
different applied forces (Fig. S7(b) in the ESM). As
shown in Fig. S7 (in the ESM), the tip location and
contact force/pressure had a very small influence on
the photoresponse time. This confirms that the fast
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and notable photoresponse was due to the intrinsic
properties of the SnS, nanoflakes, rather than on the
contact state or device properties. The photoresponse
times of the mesa-shaped SnS, nanoflakes developed
in this study and those of previously reported regular
SnS, nanoflakes are listed in Table S1 (in the ESM).
Compared with the other SnS, nanoflakes, the mesa-
shaped SnS, nanoflakes exhibit a comparable or shorter
photoresponse time. We demonstrated a feasible and
simplified method for determining the photoresponse
times of 2D materials using photoconductive AFM,
avoiding complicated photolithography and electrode-
deposition procedures.

According to previous reports, many 2D materials
with optimal electrical and photoelectrical properties
are not single-layered but are several nanometers to
dozens of nanometers thick [76-78]. Therefore, to study
the relationship between the photoresponse time and
the thickness of the SnS, nanoflakes, we investigated
the thickness-dependent photoresponse properties of
SnS, nanoflakes for the first time by using photo-
conductive AFM. A series of photoconductive AFM
experiments was performed on the top platforms of
more than 200 mesa-like SnS, nanoflakes with a broad
range of thicknesses under the same conditions. The
statistical data for the thickness-dependent photores-
ponse time are summarized in Figs. 5(1) and 5(j). As
the thickness increased from 1.0 to ~20 nm, both T,
and Ty decreased rapidly. With the further increase of
the thickness, T, and T, remained in a roughly stable
range: approximately 17-90 ms (~67 ms on average)
for T, and 10-55 ms (~30 ms on average) for Ty4. This
result is comparable to the photoresponse time of
other SnS, materials reported in the literature [30, 33].
The fluctuation of the photoresponse time is attributed
to the charged impurities or trap states at the interface
between the nanoflake and the substrate. We also
compared the photoresponse performance of the
SnS, nanoflakes with that of previously reported 2D
materials, as shown in Table S2 (in the ESM). The
typical T, and Ty of the SnS, nanoflakes (17 and 35 ms,
respectively) are comparable to or better than those
of the other materials. The fast and notable photores-
ponse shows the potential of the mesa-shaped SnS,
nanoflakes for applications in photodetectors and
other photoelectric devices.

Nano Res. 2017, 10(4): 1434-1447

4 Conclusions

Mesa-shaped hexagonal SnS, nanoflakes with mono-
layer atomic steps were successfully grown via APCVD
by using SnS and sulfur as precursors. A layer-wise
epitaxial growth mechanism was proposed to explain
the growth process. In situ AFM measurements and
Raman characterizations directly reflected the evolution
of the Ay, peak intensity and Raman shifts with respect
to the thickness of the SnS, nanoflakes. Photoconductive
AFM measurements of the mesa-like SnS, nanoflakes
revealed the different photoconductive behaviors
of the edges and the flat surfaces of the monolayer
atomic steps. The photoresponse time of the SnS,
nanoflakes was strongly dependent on the thickness.
We expect that the mesa-like SnS, nanoflakes with
monolayer atomic steps and special optoelectronic
properties can be applied in high-performance
photodetectors and next-generation quantum devices.
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