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ABSTRACT: Single-layer single-crystalline SnSe nano-
sheet with four-atomic thickness of ~1.0 nm and lateral
size of ~300 nm is presented here by using a one-pot
synthetic method. It is found that 1,10-phenanthroline
plays an important role in determining the morphology of
the SnSe product as three-dimensional SnSe nanoflowers
are obtained in the absence of 1,10-phenanthroline while
keeping other reaction parameters the same. The evolution
process study discloses that single-crystalline nanosheets
are obtained from the coalescence of the SnSe nucleus in
an orientated attachment mechanism. Band gap determi-
nation and optoelectronic test based on hybrid films of
SnSe and poly(3-hexylthiophene) indicate the great
potential of the ultrathin SnSe nanosheets in photodector
and photovoltaic, and so forth.

ince the first introduction of the strictly two-dimensional
(2D) atomic crystal graphene, which represents many
intriguing properties different from bulk graphite, it has sparked
a diversity of applications." More recently, some other types of
2D layered materials such as transition metal chalcogenides
(TMCs) and transition metal oxides (TMOs) have also
attracted tremendous attention due to their unique dimen-
sion-dependent properties.’”” By exfoliating the layered
materials into 2D nanocrystals (NCs), novel electronic
properties and high specific surface areas accompanying the
enhancement of the host capabilities have been obtained and
have been widely used in applications ranging from electronics
to energy storage.”® The past few years have witnessed great
progress in producing the ultrathin materials.”*~">
Among various 2D layered materials, the ultrathin TMCs
have demonstrated unique electronic structures and physical
properties compared with their bulk forms.>"*~" In particular,
the colloidal IV-VI semiconductors have become one hot spot
of recent research. As an important p-type IV-VI semi-
conductor, SnSe with a narrow band gap (~0.90 eV indirect
and ~1.30 eV direct), which falls within the optimum band gap
for solar cells (E, = 1.0—1.5 eV), has attracted intense attention
in solar cells research.'®™" In addition, other advantages, such
as earth-abundance, less toxicity, and chemical stability, have
made the controlled synthesis and property study of SnSe a
focus of interest.'*™'® It is well-known that SnSe adopts a
layered crystal structure with atoms arranged resembling
distorted NaCl structure. Similar to other group IV—VI binary
semiconductor NCs such as SnS, GeS, and GeSe, the bonding
of SnSe interacts covalently within the layer, which comprises
zig-zag double layer planes of the tin and selenium atoms and is
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separated by a weak van der Waals force between the
layers.'"” ' Benefiting from this, crystal growth along the
[100] direction will prefer to the formation of orthorhombic
SnSe with layered morphology. Although the synthesis of the
SnSe NCs has been reported recently,'®™'*** controlled
synthesis of pure phase single-layer SnSe nanosheets (NSs)
in a convenient way still remains a great challenge.

Herein, we present a one-pot colloidal route to prepare
single-crystalline SnSe NSs with single-layer thickness. SeO, is
used as the Se precursor'>**** to replace the either expensive,
air-sensitive, or high-toxic compounds such as bis-
(trimethylsilyl)selenium and organophosphine selenide, as
well as the selenium powder for its poor solubility in organic
solvents.'® 182526 Tq the best of our knowledge, this is the first
instance for the synthesis of the single-layer single-crystalline
SnSe NSs with four-atomic thickness. As a demonstration, the
obtained SnSe NSs have been proven to show extraordinary
photoresponse performance against previous reports.”’18 We
expect that the 2D confinement effect originating from the
single-layer NS of SnSe will enable us to further investigate its
undisclosed intrinsic physical properties, such as catalysis,
anodic materials in lithium batteries, and so on.

In a typical reaction, a mixture of SnCl,-SH,0O (0.1 mmol),
SeO, (0.1 mmol), oleylamine (OAM, 10 mL), and 1,10-
phenanthroline (Phen, 0.1 mmol) is added into a three-neck
flask at room temperature, in which OAM acts as both
reductant and capping ligand; and Phen functions as
morphology control agent. After continuous stirring for 5
min, the reaction solution is degassed with high pure N, for 10
min at 120 °C, then heated up to 260 °C and aged for 30 min
under N, atmosphere. Once the reaction is finished and cooled
down to room temperature, the black products precipitated at
the bottom of the flask are purified with excess ethanol by
centrifugation and then are easily dispersed in apolar organic
solvents (e.g., cyclohexane) for further characterization.

Figure 1A shows the typical transmission electron micro-
scope (TEM) image of the SnSe NSs with lateral size of ~300
nm. The thickness of the SnSe NSs is determined by atomic
force microscope (AFM, Figure 1B). Surprisingly, the SnSe
NSs possess a thickness of ~1.0 nm, which is very close to the
value of monolayer SnSe.*"*” Statistical results of the sizes for
the ultrathin SnSe NSs (including thickness and lateral size) by
measuring 50 samples unambiguously confirm this observation
(Figure S1). Additionally, some regular creases in the ultrathin
SnSe NSs are observed under high resolution TEM (HR-TEM)
with a neighboring distance of bumps around ~2.8 nm, which
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Figure 1. Characterizations of SnSe NSs. (A) TEM and (B) AFM
images of SnSe NSs, with their height data. (C) HR-TEM image and
SAED pattern of the SnSe NSs. (D) Powder XRD pattern of the SnSe
NSs.

is approximately 2 times the thickness of SnSe NSs in the
presence of OAM (Figure S2). This evidence further illustrates
the single-layer nature of the SnSe NSs. The single-crystalline
feature of the SnSe NSs is verified by HR-TEM (Figure 1C).
Two apparent planes revealing both lattice spacing at ~0.3 nm
and intersection angle of approximately 92° indicate the [011]
plane sets of the SnSe NSs. In addition, the selected area
electron diffraction pattern (SAED) of a single SnSe NS shows
a spot pattern of Ok set reflection (inset in Figure 1C). These
observations indicate that the SnSe NSs are normally orientated
along [100] plane direction.””*®

Powder X-ray diffraction pattern (XRD) is performed to
elucidate the phase structure of the SnSe NSs. As shown in
Figure 1D, all of the diffraction peaks could be indexed to the
orthorhombic SnSe with cell unit of a = 11.50 A, b = 4.15 A,
and ¢ = 445 A (JCPDS No.89-0232, Pnmay). It is worth noting
here that, due to the formation of agglomerates and creases of
the ultrathin SnSe NSs by van der Waals force (Figures 1A and
S3), the XRD pattern of the SnSe NSs resembles that of bulk
form.**** The energy-dispersive spectroscopy (EDS) of the
SnSe NSs depicts the molar ratio of Sn/Se as ~0.95, which is
well consistent with the stoichiometric ratio of the SnSe as 1:1
(Figure S4). This evidence unambiguously illustrates the pure
phase of the as-obtained SnSe NSs.

Interestingly, if no Phen is added in the reaction system while
keeping other parameters unchanged, 3D SnSe nanoflowers
(NFs) are obtained. Figure 2A shows a typical scanning
electron microscope (SEM) image of the SnSe NFs, displaying
excellent monodispersity with 1.2 + 0.2 ym in diameter. The
high magnification SEM (Figure 2B) and TEM (Figure SS)
images verify that the SnSe NFs are assembled from SnSe
nanoplates. The HR-TEM image and SAED pattern of one
petal in a SnSe NF proves the single-crystalline nature of the
SnSe nanoplates, where the [100] orientation normal to the
plane of SnSe nanoplates is also determined (Figure 2C). The
XRD pattern of the SnSe NFs shows the same crystal structure
as that of the SnSe NSs (Figure 2D). The EDS analysis further
confirms an approximate 1:1 molar ratio of Sn/Se for SnSe NFs
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Figure 2. Characterizations of SnSe NFs. (A) SEM and (B) HR-SEM
images of SnSe NFs. (C) HR-TEM image and SAED pattern (inset)
of one petal from the SnSe NF. (D) Powder XRD pattern of the SnSe
NFs.

(~0.92, Figure S6). It is notable that the obtained SnSe NSs
and NFs are very rigid. A mild ultrasonication helps to disperse
the SnSe NSs and NFs in solution for EM characterization,
without destroying their structural integrity (Figure S7).

The growth mechanism is further investigated to disclose the
origin of the two different morphologies of SnSe (NSs and
NFs). Recently, Schaak and co-workers illustrated that the SnSe
NSs could be produced in an oriented attachment mechanism,
where single-crystalline NSs were obtained from the
coalescence of initially formed SnSe NCs.*” Here, we also
propose that both the 2D SnSe NSs and 3D SnSe NFs
experience the same process above. To verify this hypothesis,
time-dependent growth of the SnSe NCs monitored by HR-
TEM and SEM is performed. For SnSe NSs, in the early
reaction stage, the initially formed SnSe NCs are found to
quickly coalesce to form the poly-crystalline pseudo-sheets.
Afterwards, these pseudo-sheets continue to grow up into
single-crystalline NSs (Figure S8—S9), a phenomenon is similar
to that of the PbS NSs formation.'* As for SnSe NFs, the
newly-formed poly-crystalline SnSe nanoplates could grow out
both vertically and laterally, and then assemble into 3D NFs.
Meanwhile, the ongoing ripening process under the guidance of
surfactants OAM finally leads to the formation of single-
crystalline SnSe NFs (Figures $10—S12).

On the basis of the above results, we conclude that Phen
plays an important role in tuning the growth kinetics of SnSe
since the only difference in preparing SnSe NSs and NFs is the
addition of Phen. Phen is a classic bidentate chelate for
transition metal ions because of its binitrogen atoms acting
cooperatively in cation binding.*> When Phen is mixed with
OAM in the reaction for the synthesis of SnSe NSs, the Phen
will strongly bind to the [100] lattice plane of the newly formed
SnSe NCs in the early reaction stage, in cooperation with the
adsorption of OAM on the [100] lattice plane.’”*' The
synergetic adsorption of Phen and OAM prohibits the
subsequent growth along with [100] plane and keeps the
thickness of SnSe NSs at a single layer scale. When no Phen is
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added, the complete suppression of the growth along [100]
direction is partially relieved, which results in the lateral growth
of the initial-formed SnSe NCs accompanying the mild growth
along the vertical direction mediated by OAM, and finally leads
to the formation of 3D SnSe NFs assembled from thicker SnSe
nanoplates (Figures S11 and S12). To gain a deeper
understanding of the interaction between SnSe NSs and
Phen, X-ray photoelectron spectroscopy (XPS), Fourier
transform infrared spectroscopy (FTIR) and UV-—visible
spectroscopy (UV—vis) have been employed in the study.
Surprisingly, the results demonstrate that Phen is not anchored
on the surfaces of the SnSe NSs and remains in the reaction
solution after reaction (Figures S13—S1S). Therefore, we
hypothesize that Phen is dynamically absorbed/dissociated on
the [100] plane of the newly formed SnSe NCs during the
course of reaction, in cooperation with the adsorption of OAM
onto the [100] plane (for more discussion, please see
Supporting Information).>>*' However, due to the lack of
effective means to monitor this dynamic process in situ, it still
remains a challenge for us to verify this hypothesis
experimentally. Deeper understanding of the role of Phen will
be executed in future work.

The diffuse reflectance spectroscopy is subsequently
performed to acquire the band gaps of the SnSe NSs and
SnSe NFs. As shown in Figure 3A, the onset absorption begins
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Figure 3. (A) Diffuse reflectance spectra of the SnSe NSs and NFs.
(B) Determination of the band gaps by plotting [F(R)hv]*? vs energy
for indirect (left), and [F(R)hv]* vs energy for direct (right).

near 1300 nm for SnSe NSs and 1200 nm for SnSe NFs,
respectively. By performing Kubelka—Munk transforma-
tion,”®** the indirect band gaps of the SnSe NSs and SnSe
NFs are determined to be 0.86 and 0.95 €V, and the direct band
gaps are 1.10 eV for SnSe NSs and 1.05 eV for SnSe NFs,
respectively (Figure 3B). Both of the direct band gaps are red-
shifted, while their indirect band gaps match very well with that
of bulk SnSe.

The band structures of the two SnSe NCs are further
investigated using the cyclic voltammetry (CV).'® Figure 4A
shows that the onset reduction potentials appear at —0.97 V for
SnSe NSs and —0.91 V for SnSe NFs, respectively, which are
both higher than that of the reported SnSe NCs.'”'®
Accordingly, the bottom of the conduction band (lowest
unoccupied molecular orbital, LUMO) is determined to be
—3.74 eV for SnSe NSs and —3.80 eV for SnSe NFs from the
vacuum level. Besides, the top of the valence band (highest
occupied molecular orbital, HOMO) values are also calculated
to be —4.84 eV for SnSe NSs and —4.85 eV for SnSe NFs, by
subtracting the direct band gaps, which are determined by
diffuse reflectance in Figure 3B, from the LUMO values,
respectively.

Since the band gaps of the two SnSe (NSs or NFs) fall within
the major spectrum of the solar energy, their photoresponse
properties are further investigated. Referring to a previous
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Figure 4. (A) CV of the SnSe NCs at a scan rate of 30 mV-s™". (B)
Transient photocurrent of the SnSe NCs films under illumination at an
incident light density of 0.32 mW-cm™ and an applied voltage of 2 V
turned on and off at 20 s intervals.

literature,” a photodetector device comprising the SnSe NCs
and poly-(3-hexylthiophene) (P3HT) hybrid films is con-
structed. As shown in Figure 4B, when the light is turned off,
the measured dark currents at an applied voltage of 2 V are
~2.8 nA for SnSe NSs and ~4.8 nA for SnSe NFs, respectively.
Upon turning on the light, a ~2-fold enhancement of the
photocurrent for both of the SnSe NSs and SnSe NFs is
observed. By examing their response time, it is observed that
the response time of SnSe NS-based hybrid photodetector is
0.19 s, whereas the response time of SnSe NF-based hybrid
photodetector is 11.76 s (Figure S16). A similar trend of the
current restored to their preillumination values of the SnSe NS-
and SnSe NF-based hybrid photodetector is also observed,
where the relaxation time of SnSe NFs is much longer than that
of SnSe NSs (Figure S16). In addition, the optoelectronic
performance of the pure P3HT is also evaluated under the
same experimental condition (Figure S17). The results
illustrate that the SnSe NCs dominate the photoresponse
process in the inorganic—organic hybrid device under ON/
OFF switching. Compared with previous reports of the
photoresgonse properties based on the SnSe NPs or nano-
wires,'”'® much improved ON/OFF ratio and significantly
shortened photoresponse time for the SnSe NSs are obtained
here. Meanwhile, no apparent photocurrent degradation is
observed up to 100 cycles. These observations suggest that the
obtained single-layer single-crystalline SnSe NSs provide
excellent charge dissociation and transportation benefitting
from their ultrathin 2D characteristics. Furthermore, inspired
by a recent work of Xue and co-workers,>* which demonstrated
a novel anisotropic ON/OFF switching property of a single
micrometer-sized GeSe NS, further investigation on the
anisotropic optoelectric properties of the single-layer SnSe
NS is ongoing.

In summary, a facile, one-pot solution method has been
explored to prepare ultrathin single-crystalline SnSe NSs with
single-layer thickness of ~1 nm in the presence of OAM and
Phen. Phen is verified to play an important role in determining
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the morphology of SnSe NCs. Uniform 3D SnSe NFs are
obtained without addition of Phen in the reaction. The
evolution process studies disclose that the single-crystalline
SnSe NSs are obtained from the coalescence of the SnSe
nucleus in an orientated attachment mechanism. The band
structures and their photoresponse properties of the SnSe NSs
and SnSe NFs are comprehensively investigated, indicating
their great potentials in optoelectric application. Considering
the increasing interest in 2D NCs, we expect this convenient
method may provide helpful guidance for preparing other
ultrathin 2D NCs.
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