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SnSe Nanowires**

Sheng Liu, Xiaoyang Guo, Mingrun Li, Wen-Hua Zhang,* Xingyuan Liu,* and Can Li*

Tin(II) selenide is an important binary IV-VI semiconductor
compound with a wide range of potential applications (e.g.
memory switching devices, infrared optoelectronic devices,
and anode materials for rechargeable lithium batteries).!
Bulk SnSe has both an indirect band gap at 0.90eV and a
direct band gap at 1.30 eV.”) Owing to the quantum confine-
ment effect, tunable band gaps of SnSe nanostructured
materials (e.g. thin films and nanocrystals)!*> have been
demonstrated, which makes them capable of absorbing a
major portion of solar energy. As an earth-abundant, environ-
mentally benign, and chemically stable material, SnSe is
placed among the most promising candidates for solar
cells.lte3

Most recently, the interest in the controllable synthesis of
colloidal tin chalcogenide (SnX; X =S, Se, Te) nanoparticles
(NPs) has grown.P>*Y However, nanowires (NWs) are
expected to have properties superior to those of nanoparticles
owing to their anisotropic geometry and the exciton confine-
ment in two dimensions.” It has been demonstrated that, for
photovoltaic applications, high-aspect-ratio nanowires have
the potential for enhancement of electron transport owing to
their direct electron pathway that does not rely on electron
hopping, in contrast to nanoparticles.’ Furthermore, as
remarkably powerful building blocks in nanoscale electronic
and optoelectronic devices, the synthesis of versatile semi-
conductor nanowires with superior controllability in structure
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and dimension is pivotal for exploiting their device applica-
tions.”? In 2003, Qian and co-workers reported the tentative
synthesis of SnSe nanowires with a relatively large mean
diameter of 50 nm, but the yield was low and the morphology
(including irregular crystals) and purity (including tin oxides)
were hard to control.®! In 2006, Zhao et al. developed a
template route to synthesize SnSe nanowires, but only
polycrystalline products were obtained after a long reaction
time (e.g. 36 h), and a tedious process was required to remove
the hard template.”’) To date, high-yield synthesis of mono-
crystalline SnSe nanowires with relatively small diameters,
decent aspect ratios, and good quality has remained a
challenge; optical and electrical properties and optoelectronic
applications of monocrystalline SnSe nanowires have not
been described. We present herein a facile, solution-phase
synthetic approach to colloidal SnSe nanowires, which have a
mean diameter of approximately 20.8 nm, lengths tunable
from hundreds of nanometers to tens of micrometers, and
more importantly, a monocrystalline structure. Their optical
and electric properties are examined by UV/Vis/NIR spec-
troscopy, cyclic voltammetry (CV), and transient photocur-
rent measurements, and a quantum confinement effect is
clearly revealed. Furthermore, the fabrication of hybrid solar
cells based on a blend of SnSe nanowires and poly(3-
hexylthiophene) (P3HT) is demonstrated.

Colloidal SnSe nanowires were prepared from commer-
cially available Sn[N(SiMe;),],, and trioctylphosphine sele-
nide (TOP-Se) in oleylamine (OLA) or OLA/TOPO (tri-
octylphosphine oxide) solvent mixture by using monodisperse
bismuth nanoparticles!'”! to catalyze the nanowire growth
through the solution-liquid-solid (SLS) mechanism.'"! In a
typical synthesis, an injection solution consisting of Sn[N-
(SiMes),], (0.2mmol) and Bi-nanoparticle catalysts
(2.4 pmol) in octadecene (ODE, 600 uL) was introduced
into a three-neck flask that contained a solution of TOP-Se
(0.2 mmol) in OLA (4 g) or TOPO/OLA mixture (3.5 g/2.5 g)
at 290°C. The resulting reaction solution was kept at this
temperature for 1-2min before being cooled to room
temperature. The product was cleaned and precipitated
using hexane and isopropyl alcohol as the solvent and
antisolvent, respectively. Finally the purified nanowires
were dispersed in common organic solvents such as toluene.

The scanning electron microscopy (SEM) image in Fig-
ure 1a shows the ensemble of randomly aligned SnSe nano-
wires with lengths exceeding 10 um. The TEM image in
Figure 1b displays smooth nanowires with mean diameters of
(20.8+2.2) nm (£10.6%), which correlates to the size of
monodisperse Bi-nanoparticle catalysts (Figure S1 in the
Supporting Information). The frozen Bi-nanoparticle seeds
were usually observed at the nanowire tips (see arrows in the
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Figure 1. a) SEM image of an ensemble of randomly aligned SnSe
nanowires. b) TEM images of the SnSe nanowires. The arrows in the
inset point to the frozen droplets of Bi-nanoparticle catalysts at the
tips. c) Experimental (top trace) and simulated (lower trace) powder
XRD patterns of the SnSe nanowires. The inset XRD pattern is an
enlarged view of 30° to 31°. d) HRTEM image of a part of the SnSe
nanowire. Inset: FFT of the image, indicating that the nanowire is
viewed along the [011] zone axis of orthorhombic SnSe.

inset of Figure 1b), confirming that the nanowires were
formed through the SLS mechanism."®! The lengths of SnSe
nanowires were easily tuned, ranging from hundreds of
nanometers to tens of micrometers, by using different
quantities of Bi-nanoparticle catalysts (Figure S2 in the
Supporting Information) and different kinds of reaction
solvents (Figure S3 in the Supporting Information). As
reported for SLS growth of other nanowires,'? a decrease
of the quantity of Bi-nanoparticle catalysts generally led to an
increase of nanowire lengths. Meanwhile, the selection of the
reaction solvents also influenced the lengths of the nanowires
in this study. Acting as both the reaction solvent and the
capping ligands, OLA molecules protected the precursors
from dissolving into the molten Bi-nanoparticle catalysts
because of their well-organized blocking layers on the
nanocrystal surfaces."* In the neat OLA solvent, the resultant
nanowires had smooth surfaces, whereas the maximum
lengths were less than several micrometers. Nonetheless,
TOPO molecules, as relatively strong and loose capping
ligands,'* could break the dense blocking layers from OLA
molecules after partially replacing them, which facilitated the
higher supersaturation of the precursors in the vicinity of Bi
nanoparticles. Thus, the nanowires synthesized in the TOPO/
OLA solvent mixture grew fast and were able to reach lengths
of up to tens of micrometers. A detailed discussion on the
nanowire synthesis is provided in the Supporting Information.

The powder X-ray diffraction (XRD) pattern of the as-
prepared nanowires (Figure 1c) can be indexed to the
orthorhombic SnSe structure (JCPDS No. 65-6459, Pnma).
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To understand the growth direction, the microstructures of
the SnSe nanowires were further analyzed by high-resolution
TEM (HRTEM). Figure 1d reveals the monocrystalline
nature of the SnSe nanowires with a lattice distance of
0.575 nm, well-matched to the (200) plane of orthorhombic
SnSe. This finding indicates that the growth direction of the
SnSe nanowires is oriented along the [100] lattice plane. The
fast Fourier transform (FFT) of the image (inset of Figure 1d)
further confirms this preferential growth direction of the
nanowires. Also, defects such as stacking faults and twins are
observed (Figure S2 in the Supporting Information).

The UV/Vis/NIR absorbance spectra of the colloidal
SnSe-nanowire suspensions were measured to probe their
optical band gaps. The SnSe nanowires absorbed light through
the entire visible spectrum to the near IR (Figure 2), thus
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Figure 2. A typical absorption spectrum of the SnSe nanowires (nano-
wire mean length ca. 1.5 um, OLA solvent) dispersed in toluene. The
square root of the absorption coefficient plotted as a function of
energy (inset) displays a linear trend for an indirect transition.

resulting in the black color of this material. The indirect
optical bandgap (inset of Figure 2) and direct optical band gap
(Figure S6 in the Supporting Information) of typical SnSe
nanowires were determined at 1.12 and 1.55 eV, respectively.
Both optical band gaps were blue-shifted with respect to those
of bulk SnSe.

Thus, the nanowires reported herein are small enough to
exhibit apparent quantum confinement effects,*®< and similar
results have been found in the nanocrystalline thin films with
the average crystal size of 23.3 nm.l'! Like bulk Si with an
indirect band gap of 1.1 eV and CdTe with a direct band gap of
1.5 eV,"*1l the band gaps of SnSe nanowires almost perfectly
match the distribution of photons in the solar spectrum in
terms of optimal conversion to electricity, and thus ideally
meet the requirements for solar-cell materials.!'®!

To acquire the band structure of SnSe nanowires, CV was
employed to investigate the onset reduction potential, which
corresponds to the bottom of the conduction band (lowest
unoccupied molecular orbital (LUMO)) for semiconduc-
tors."”! To obtain well-defined reduction signals, it was very
important to purify the as-prepared nanowires thoroughly. A
typical cyclic voltammogram for the nanowire (mean length
ca. 1.5 um) deposited as a thin film on the glassy carbon

www.angewandte.org

ewandte

Chemie

12051


http://www.angewandte.org

Communications

12052

working electrode is given in Figure 3a. Relative to a Ag/Ag”*
reference electrode, the onset reduction potential appears at
—1.06 V, which is higher than that of the reported SnSe
nanocrystal (—1.4 V). The bottom of the conduction band
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Figure 3. a) Cyclic voltammogram of the SnSe nanowires at a scan rate
of 30 mVs™' using a Ag/Ag" reference electrode. b) Transient photo-
current of the SnSe-nanowire film observed at an applied voltage of
4V under white-LED illumination (6.42 mWcm™) turned on and off at
45 second intervals.

was determined to be —3.65eV from vacuum level, as
calculated from the onset reduction potential.'®! According
to the direct optical band gap of typical SnSe nanowires
(1.55eV), the top of the valence band (highest occupied
molecular orbital (HOMO)) was estimated to be at —5.20 eV.
Similar results have recently been reported for SnSe nano-
crystals."!

To understand the optoelectronic properties of the SnSe
nanowires, a nanowire film was prepared by drop-casting a
nanowire solution onto two gold electrodes with a separation
of approximately 350 um on a glass substrate.'”] The film was
then annealed at 300°C in vacuum® for subsequent photo-
current measurement under illumination with a white-light-
emitting diode (LED). The nanowire film was porous, and the
nanowires were randomly aligned without noticeable coales-
cence. The measured dark current at an applied voltage of 4 V
was on the order of 30 pA. The relatively weak dark current
and the low signal-to-noise ratio were probably due to the
unoptimized interconnection in the nanowire network. As
shown in Figure 3b, the current quickly increases upon
turning on the LED and remains relatively constant during
the illumination time (45 s). Upon turning off the LED, the
current drops to its pre-illumination value. In contrast to the
reported photoelectrical response from oleic acid passivated
SnSe nanocrystal films,®*" the photocurrent-response profile
of the SnSe-nanowire films described herein can be repro-
duced over many cycles (commonly exceeding one hour)
without apparent transient photocurrent degradation.

To assess the photovoltaic potentials of the monocrystal-
line SnSe nanowires used herein, a batch of P3HT/SnSe-
nanowires hybrid solar cells with different weight ratios were
fabricated in typical sandwich geometry, consisting of ITO/
PEDOT:PSS (ca. 30 nm)/P3HT:SnSe nanowires (ca. 80 nm)/
LiF (0.5-1nm)/Al (100nm; ITO=indium tin oxide,
PEDOT = poly(3,4-ethylenedioxythiophene), PSS = poly-
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(styrene-4-sulfonate)). For the best device, the short-circuit
current density (J,) of the P3HT/short-SnSe-nanowires
hybrid cell (0.046 mA cm?) is two times larger than that of
the neat P3HT device (0.023 mA cm 2, Figure 4a), while the
open-circuit voltage (V,.) increases slightly from 0.50 to
0.54 V and the fill factor (FF) also increases slightly from 0.33
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Figure 4. a) Current-voltage (J-V) characteristics for the P3HT/short-
SnSe-NW hybrid cell with P3HT/SnSe weight ratio 1:2 (A) and the
neat P3HT device (0) under 100 mWcm™2 of simulated AM 1.5
irradiation. b) Plot of the average PCE as a function of short-SnSe-
nanowires content. Note: short nanowires have mean lengths of
approximately 1.5 pm.

to 0.35. The obviously enhanced J strongly implies that SnSe
nanowires have played an important role in the photogener-
ation of charges and the subsequent transfer of charges from
P3HT to SnSe nanowires. Thus, the maximum power con-
version efficiency (PCE) is enhanced by 129% (PCE=
0.0087 % for 1:2 w/w P3HT/short SnSe nanowires, compared
with PCE = 0.0038 % for the neat P3HT). The performance of
P3HT/short-SnSe-nanowire hybrid cells is dependent on the
content of SnSe NWs: the PCE of the hybrid cells increases
with the SnSe-nanowire content at the beginning, saturates at
a SnSe-nanowire content of approximately 67 %, and then
decreases upon further increasing the SnSe-nanowire content
(Figure 4b). Similarly, the long SnSe nanowires also present a
non-monotonic dependence of the average efficiencies on the
nanowires/P3HT content ratio (Figure S8 in the Supporting
Information). The maximum PCE of the P3HT/long-SnSe-
nanowires hybrid cells exhibits an improvement by 174 % in
comparison with the neat P3HT device, while the open-circuit
voltage (V,.) and fill factor (FF) remain almost comparable
(PCE =0.0104% for 2:1 w/w P3HT/SnSe nanowires).

In summary, an efficient solution-phase synthetic
approach was developed to prepare SnSe nanowires. The
nanowires were monocrystalline and exhibited controllable
lengths and quantum confinement effects. Furthermore, their
optical band gaps, the bottom of the conduction band
(LUMO), and the photocurrent properties were studied.
These results may improve our understanding of their basic
optical and electrical properties and may also aid their utility
as building block in various applications, such as photovoltaic
devices. The hybrid solar cells based on a blend of the long
SnSe nanowires and P3HT exhibited PCEs of 0.01 % under
AM 1.5 sun. Further studies for enhancing the device
performance are under way.
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Experimental Section

In a typical synthesis, OLA (4 g) or TOPO/OLA mixture (3.5 g/2.5 g)
was placed into a 50 mL three-neck round-bottomed flask, degassed,
and dried under vacuum for 30 min at 100°C. The reaction vessel was
then backfilled with N,, and the TOP-Se stock solution (400 pL) was
injected into the mixture without exposure to air. The reaction
mixture was heated to the desired temperature, typically 290°C.
Separately, [Sn[N(SiMe;),], (78 pL, 0.2 mmol) and Bi-nanoparticle
stock solution (60 mg, 2.4 umol) were mixed with ODE (600 uL)
inside a glove box to form the tin(II) injection solution. Under
vigorous stirring, the tin(II) injection solution was swiftly injected into
the reaction mixture to initiate the reaction. After injection the
temperature first dropped to 270°C and a rapid color change
occurred. Subsequently, the solution was heated back to 290°C in
about 30-60 s and allowed to react for additional 60 s with constant
stirring to produce a black solution. Subsequently, the solution was
allowed to cool to room temperature. A hexane/isopropyl alcohol
mixture (1:1) was then added to the crude solution, and the nanowires
were isolated by centrifugation. The nanowires were additionally
purified twice by redispersing them in hexane and precipitating with
isopropyl alcohol. Finally, the purified nanowires were dispersed in
common organic solvents such as toluene.
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