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Abstract: Next generation of Si-based nano-optoelectronic devices calls for monolithic integration of photonics with silicon.
Here we report the synthesis of silicon nanowires with In,Se; nanoflakes decorated by a one-step chemical vapor deposition
under atmospheric pressure. These nanowires show pronounced red emission with wavelength in the range of 620-850 nm at
room temperature under illumination of continuous wave laser. The strong emission originates from the photoluminescence of
ultra-thin In,Se; nanoflakes in view of the nanoscale footprint and atomically-thin thicknesses as well as high single-quality of
the In,Se; nanoflakes. This work demonstrated that nanoscale atomically-thin In,Se; flakes can grow epitaxially on the surface of
single-crystalline silicon nanowires and serves as strong red light emission centers for silicon nanowires. Therefore, these
nanowires are promising to be used as a Si-compatible red light emission material for Si-based integrated nano-optoelectronic

devices.
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1. Introduction

The semiconductor of choice for the overwhelming
majority of modern microelectronics, single-crystalline
silicon (Si), is fundamentally unable to emit light due to its
indirect bandgap. This fatal limitation has so far precluded the
full integration of silicon microelectronics  with
photonics—which is expected to allow the realization of
low-cost, high-speed optical information processing and
communication in the future [1-4]. In this context, monolithic
integration of optical emission with silicon structures has
always been the subject active research, and one of the most
urgent tasks is the design and fabrication of novel
high-efficiency Si-compatible light emitting materials [5-7].
In fact, considerable progresses have been made in the last few
years and several different approaches have been suggested.
The underline mechanisms of these approaches can be
classified into two categories. One entails direct approaches,
including the dislocation-engineering [1, 4], the quantum

confinement effect in silicon quantum dots and porous silicon
[3], and the Raman laser of silicon [2, 8-10]. The other
comprises indirect approaches, which mainly includes
Si-based core-shell structures and rare earth doped silicon
nanostructures. The former achieves emission by in situ grow
emitting materials on the surfaces of silicon structure, for
instance, Si-CdSSe core-shell nanowires emitted strong
tunable visible light have been reported by Pan et al [5]. The
later integrates the emission of rare earth ions into silicon
nanostructures [11]. However, it’s usually difficult to in situ
grow semiconductor materials on silicon due to the large
lattice-mismatch between them [5], while the rare earth doped
silicon nanostructures seriously limited by the low ion
concentrations [12].

In recent years, atomically-thin layered transition metal
dichalcogenides have been attracted tremendous attention for
their ability to enable light emission, which, however, is
fundamentally forbidden for their bulk counterparts [13-16].
Indium selenide (In,Se;), with a narrow direct bandgap of
1.3-2.1 eV [17-19] and a hexagonal layered structure, is
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considered as a promising candidate for lots of applications,
such as photovoltaic solar cells [20], ionic batteries [21],
phase change memory devices [22], visible-light
photodetectors [23, 24] and field-effect transistors [25],
benefited from its unique properties, such as efficient
absorption, high sensitivity, polymorphism, large anisotropy
of electrical properties and metal-ion defect structure [26, 27].

Room-Temperature Si-Compatible Red Light Emission from In,Se;-Decorated Silicon Nanowires

There are at least five known crystalline forms (a, B, v, 9, k) of
In,Se; existing at various temperatures, and the two common
forms are a-phase and B-phase. Both them possess a layered
crystallographic structure, usually crystallizes into double
layers of nonmetal atoms [23, 25, 27], each consisting of the
[Se-In-Se-In-Se] sheets stacked together through the Se atoms
along the c-axis, as shown in Fig. 1a. What” worth noted
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Figure 1. (a) Atomic model of In,Se; layered structure. (b, c) SEM of as-grown nanowires. (d) EDS collected from single nanowire dispersed on a cupper foil.

is that the photoluminescence (PL) of In,Ses, has rarely been
reported, although the layer structure and device applications
of In,Se; have been intensively investigated [19, 28, 29], In
general, bulk and one-dimensional In,Se; nanostructures show
a ultra-low emission efficiency due to the existence of defects
[19] and their excellent light absorption ability [29, 30].

In this work, we reported the epitaxial growth of ultra-thin
In,Ses; nanoflakes on silicon nanowires by a one-step chemical
vapor deposition (CVD) method. What’s more important is
that strong red PL from these In,Se; nanoflakes was observed
at room temperature for the first time. Furthermore, this PL
was integrated into silicon nanowires, making these nanowires
a competitive candidate as Si-compatible red light emitting
material for Si-based nanophotonic applications.

2. Experimental Details

In,Se;-nanoflakes-decorated  silicon nanowires were
synthesized by a one-step CVD route. In a typically synthesis,
0.28 g silicon, 0.24 g selenium and 0.23 g indium powders
(Alfa Aesar, 99.999%) were manually grated together before
placed onto a ceramic boat located at the center of a quartz
tube (P25x1000 mm) in a horizontal furnace. One piece of
Au-coated Si wafer (1x2 cm?) was placed at the downstream
of the gas flow for sample deposition. N, gas was introduced
for 1 hour to purge the O, inside the tube prior to heat. The
furnace was then ramped to 900°C within 15 minutes and
maintained at this temperature for another 1 hour.

The structural information of the as-prepared sample was
characterized by scanning electron microscope (SEM, Hitachi
S-4800), X-ray energy-dispersive spectrum (EDS) and

transmission electron microscope (TEM, FEI Tecnai F20).
The photoluminescent (PL) spectra of individual wire were
performed on a confocal micro-PL system (Horiba, LabRAM
HR Evolution) using a 532 nm laser as excitation source.

3. Results and Discussion

Typical SEM image in Fig. 1b shows the as-prepared wires
possess uniform diameters of 100-200 nm, and a length of
several tens of micrometers. Closing examination by
high-magnification SEM image reveals the surfaces of these
nanowires are not very clean, as shown in Fig. 1c. In addition,
catalysts can be found on the tip of this nanowire, indicating
the vapor-liquid-solid growth mechanism firstly established
by Wagner [31]. The EDS recorded from single wire exhibits a
strong Si peak and weak In, Se and O peaks, and the atomic
ratio of In and Se is close to the 2:3 stoichiometry (not shown
here). In addition, Cu peaks originate from the copper foil
used for SEM observation were observed.

TEM characterization was carried out in order to investigate
the microstructural details of these nanowires. Fig. 2a displays
the morphology of the checked nanowires with uniform
widths of ~200 nm. High-resolution TEM (HRTEM) image
taken from the edge of the wire (Fig. 2b) clearly shows some
crystal flakes (indicated with yellow arrows) with diameters of
4~10 nm decorated onto a single-crystalline nanowire.
Enlarged examination from the selected area (dashed
rectangle) further reveals that the crystal flakes possess two
different orientations, and the angle between them is fixed to
109.5°, as shown in Fig. 2c. The lattice spacing of the wire
trunk is 0.31 nm, in agreement with the (111) lattice plane of
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cubic silicon (JCPDS No. 00-027-1402), while the most
obvious periodicity of alternating bright and dark fringes of
the crystal flakes are the same as 0.96 nm, in agreement with
(002) lattice plane of layer-structured hexagonal o-In,Se;
(JSPDS No. 00-034-1279) [26]. Careful analyses reveal the
selected area electron diffraction (SAED) image in Fig. 2d
consists of three well-defined single sets of diffraction spots,
demonstrating both the silicon trunk and the flakes are of
high-quality single crystalline materials. Combining the EDS
and HRTEM characterizations, those brighter spots (partially
indicated with blue spots) was identified to be the SAED
pattern of cubic silicon, while the other darker spots consistent
to two SAED patterns of a-In,Se; with the same arrangement

but different orientations (partially indicated with green and
red spots, respectively). It is worth noting that the angle
between them is also fixed to 109.5° (indicated with white
color), the same as what observed in the HRTEM, which
further confirms the above deduce. Therefore, we are
confident that the obtained nanowires are single crystal silicon
nanowires decorated with lots of nanoscale size a-In,Se;
crystal flakes. This results is reasonable considering a-In,Se;
favors a layer structure and different layers was bonded
together by weak van der Waals forces [18, 23, 25, 27] (Fig.
1a), and the spacing of (002) atomic plane of In,Se; is exactly
three times larger than the spacing of (111) lattice spacing of
cubic silicon.

Figure 2. (a) TEM. (b) HRTEM. (c) Enlarged image of the dashed rectangle area in panel b. (d) SAED of the wire in panel a, the green and red dots partially
indicate two single sets of diffraction spots from hexagonal In,Ses, while the blue dots partially indicate the single set of diffraction spots from single-crystalline

silicon.

Interestingly, most of these special nanowires can emit
strong red light at room temperature, even visible to human
naked eyes, under the excitation of a diffused continuous wave
laser (532 nm from a doubled Nd laser) with low power
density (~50 mW/cm?), as shown in Fig. 3a, 3b. When the
laser beam was focused to a spot with diameters of ~5 microns
(1 mW) by objective lens (Nikon, x100), dazzling sparkle was
observed from single nanowire, as shown in Fig. 3¢, 3d. These
results demonstrate the high emission efficiency of these
nanowires. Fig. 3e gives the normalized room-temperature PL
spectra collected from as-grown wires and single wire by the

spectrometer equipped on the confocal micro-PL system
(Horiba, LabRAM HR Evolution). As can be scen, the
emission wavelengths cover from 620 nm (2.0 eV) to 850 nm
(1.45 eV) with peak positions at around 720 nm. Since silicon
is fundamentally unable to emit light [1-4] and the emitted
photonic energy is in the range of the bandgap energy of bulk
In,Se; [17, 18], the obtained pronounced red light definitely
comes from the In,Se; nanoflakes epitaxially grown onto the
surface of silicon nanowires. The 230 nm broad emission band
might be attributed to the thermal fluctuation of energy levels
[27-29] and the quantum confinement effect [7] inducted by
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the broad size distribution of these nanoscale thin crystalline
flakes, as confirmed by the HRTEM observations in Fig. 2.
Since defect in In,Se; is one of the main reasons that
quenching its PL [19], the observation of strong
room-temperature PL here further confirms the high
single-crystal quality of the In,Se; nanoflakes.

In general, bulk and one-dimensional nanostructured
In,Se; shows a ultra-low emission efficiency due to the
existence of defects [19] and their excellent light absorption
ability [29, 30]. However, here we find In,Se; flakes emit
pronounced light even under excitation of a diffused laser
with low power density, which indicates the efficiency is
comparable to CdS and CdSe nanowires that featured with a
high PL efficiency [32]. Possible reasons for this high
efficiency include the nanoscale sizes and atomically-thin
thicknesses [33-35] as well as high crystalline quality of
these nanoflakes (lack of defects) [19]. Very recently, Liu’s
group reported the first observation of PL signal with peak
energy at 1.55 eV in atomic-layered a-In,Se; fabricated by a
physical evaporation [19]. They also found the PL intensity
of In,Se; is thickness-dependent, and PL quenched rapidly
for few layered In,Se;. In addition, it’s well known that
semiconductor nanowires possess low luminescence
quantum efficiencies, especially compared to their
zero-dimensional analogue, namely, nanocrystals [33-35].
The underline mechanism have been recently clarified using
pump-probe ultrafast spectroscopy by Lippitz et al [36].
They have demonstrated that about 10% of all absorbed
photons lead to an excitation of the lowest energy state by
measuring the transient absorption spectra of individual

Room-Temperature Si-Compatible Red Light Emission from In,Ses;-Decorated Silicon Nanowires

CdSe nanowires. Of these excitations, less than 1% emitted
photons can reach the optical far-field, leading to an effective
emission. In other words, almost all emission is reabsorbed
by the other parts of the nanowire. This is in contrast to
nanocrystals, where few absorbing states are in the close
environment of the emitter. Therefore, the emission
efficiency of nanocrystals and atomically thin layers
generally is much higher compared with their bulk and one
dimensional nanostructured analogues. For instance, bulk
transition metal dichalcogenides have no PL at all at room
temperature, but few-layered transition metal
dichalcogenides, received intensive attention in recent years
and are promising to be served as alternative of grapheme
[14, 15], show significant PL at room temperature.

4. Conclusions

In summary, ultra-thin In,Se; nanoflakes were epitaxially
grown on the surface of silicon nanowires through a one-step
CVD route. Due to the nanoscale sizes, atomically-thin
thickness and high single-crystalline quality of these flakes,
pronounced red photoluminescence with wavelength spanning
from 620 nm to 850 nm was detected at room temperature,
which has rarely been detected in bulk and few layered In,Se;.
Furthermore, this strong photoluminescence was successfully
integrated into single-crystalline silicon nanowires for the first
time, hence achieved a high efficiency Si-compatible red light
emitting, making them promising candidate for Si-based
integrated optoelectronic devices and systems.
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Figure 3. Bright-field optical micrograph of as-grown nanowires (a) and dispersed single nanowire (c). Corresponding emission micrographs under excitation
of a diffused (b) and focused (d) 532 nm laser, respectively. (e) Normalized PL spectra, red for the as-grown nanowires and blue for the single nanowire.
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