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Abstract

A new class of silicon (Si) nanohybrids is formed exploiting the Rayleigh instability experienced by Si
nanowires (SINWs) synthesized via inductively coupled plasma. These nanohybrids consist of three
main categories of Si nanostructures: (i) core/shell silicon/silicon oxide nanowires (where the inner Si
cores have diameters as small as 2—3 nm), (ii) sequences of almond-shaped silicon nanocrystals
(SiNCs), having diameters in the range of 4-5 nm, connected by an ultrathin silicon nanowire
(diameter of 1-2 nm) and embedded in a silica nanowire, and (iii) sequences of isolated spherical
SiNCs (having diameters in the range of 4-7 nm) embedded in an otherwise continuous silica
nanowire. The predominance of one morphology over the others can be tuned via post-synthesis
thermal treatments, with a clear predominance of the spherical SINC chain configuration after high-
temperature annealing (1200 °C). It is demonstrated that the Rayleigh model describes very well the
morphological transformations undergone by the Si core of the nanostructures when subject to the
capillarity-related instability induced by the thermal annealing. More interestingly, we have been able,
for the first time to our knowledge, to follow in situ the occurrence of Rayleigh instability in SINW's
leading to the breakage of their inner core and formation of smaller SiNCs. Finally, the optoelectronic
properties of the Si nanohybrids, studied via photoluminescence measurements, have confirmed the
occurrence of quantum confinement effects in the ultra-small SINCs present in these new
nanohybrids.

1. Introduction

Silicon (Si) nanostructures have been attracting a renewed interest in recent years because of their quantum
confinement (QC)-induced visible light emission. In particular, the system formed by Si nanocrystals (SiNCs)
embedded in silica matrix has been designated as a suitable material for optical emission at room temperature
[1-3]. On the other hand, ultrathin Si nanowires (SINWs) have recently shown remarkable optoelectronic
properties due to the occurrence of QC effects in these unidimensional nanostructures [4, 5]. In the case of
inductively coupled plasma (ICP) torch synthesized Si nanostructures, we have recently reported a new class of
Sihybrid nanostructures consisting of a random mixture of SiNCs and SINWs wrapped by a silica shell, which
emit strong photoluminescence over the 600-900 nm range [5]. The idea of modulating the size of 0D, 1D, and
2D materials and mixing them to form new nanohybrids has emerged as an original approach to access
enhanced properties or even new functionalities [6—10]. As an example, Heiss et al [8] reported on the controlled
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synthesis of GaAs quantum dots inside core—shell GaAs/AlGaAs nanowires and their quantum-confinement-
induced photoluminescence, which can be efficiently funnelled into a waveguide mode in the nanowire. In the
case of Si hybrid nanostructures, few papers have reported the occurrence of mixed SiNCs and SINWs, where the
SiNCs are generated via the periodic instability of the catalyst during the vapor-liquid—solid growth of SINWs
and promoted by the surface oxidization of the SINWs, or are the result of renucleation and growth direction
changes induced by the formation of unfavorable nuclei [11-14]. Another alternative nanostructuring
approach, based on the Plateau—Rayleigh assisted growth [15, 16], has recently demonstrated the possibility of

in situ diameter modulation of SINWs having initial core diameters of 100 nm [10]. Despite the increasing effort
on hybridization of Si nanostructures (generally with the smallest feature of 10 nm and above), the
nanostructuring of ultrathin SINWs (with diameter of only a few nm and where QC is expected to occur) and
their subsequent hybridization with other Si nanostructures via the Rayleigh instability effect have not been
reported yet. In fact, the investigation of size-dependent thermal and optoelectronic properties of ultrathin Si
nanohybrids has been mainly hindered by the absence of a reliable and reproducible synthesis source of ultrathin
SiNWs.

In this paper, we report on the thermal-annealing-induced nanostructuring of ultrathin SINWs synthesized
by means of an ICP-based process [5]. The as-synthesized SINWs consist of a mixture of ultrathin SINWs (as
thin as 2-3 nm) and SiNCs as small as 3 nm wrapped into a silica nanoshell. By subjecting these core/shell
Si/SiO, nanostructures to high annealing temperatures, we were able to achieve novel Si nanohybrids with a
high level of nanostructural order. Indeed, the ICP nanostructures evolve into a system of equally sized SiNCs
(with unprecedented ultra-small crystals having sizes of 2—-3 nm) periodically placed inside the SiO, NWsasa
result of the Rayleigh instability [ 15—17]. In fact, while Rayleigh instability theory dates back to the 1800s [15, 16],
itis widely used for modeling fluid jet instabilities in heterogeneous studies [ 18], as well as for describing the
dewetting of thin films induced by laser heating [19, 20]. More recently, Rayleigh instability has been applied to
investigate instability of filamentary nanostructures and has been effectively used for the synthesis of novel
nanocomposites [21-24]. Thus, the Rayleigh instability is shown in the present work to lead to the formation of
novel Sinanohybrids, whereby the inner continuous Si core of the SINWs evolves towards almond-shaped
SiNCs (diameter ~2—3 nm) connected by a very thin SINW (~1-2 nm-diameter) and then into separated
spherical SiNCs (having diameters ranging from 2 to 8 nm) wrapped in an otherwise continuous silica
nanocylinder (having an outer diameter in the 10-20 nm range). In these Si hybrid nanostructures, the equally
sized SiNCs forming the chain with a regular pitch were found to fairly adhere to the Rayleigh model
expectations. To experimentally demonstrate the formation of these Si nanohybrids induced by the Rayleigh
instability, we used state-of-the-art in situ and ex situ transmission electron microscopy (TEM) analyses. The
TEM characterizations were mainly exploited in the energy-filtered mode (EFTEM), providing a useful tool to
discriminate clearly between the Si core and SiO, shell of the various Si nanohybrids. In particular, the in situ
EFTEM annealing experiments led to the observation, for the first time to our knowledge, of real-time
transformation of the structure of the Si core of the ICP-SiNWs. These in situ studies were complemented by
ex situ annealing experiments on the ICP-SiNWs followed by EFTEM observations. Finally, the blueshifted
photoluminescence (PL) of our novel Si nanohybrids confirmed the predominance of QC effects in these ultra-
small SiNCs (with diameters <5 nm as determined from direct EFTEM observations).

2. Methods

The investigated SINW powder was synthesized by means of an ICP technique commonly used by Tekna Plasma
Systems Inc. [25] for the fabrication of Si microspheres [26]. The TEM analyses were accomplished by means of a
JEOL JEM 2010F TEM operating at an acceleration voltage of 200 kV and equipped with a Gatan image filter
(GIF) in order to conduct the analyses in EFTEM mode, selecting the Si plasmon energy loss (17 eV). To perform
the in situ TEM analyses, the as-grown SINW powder was dissolved in isopropyl alcohol, sonicated for about

5 min, and drop-casted onto SizN4 TEM grids, which are resistant up to 1000 °C. The sample was in situ
annealed via a heated stage from room temperature up to 990 °C. The sample temperature inside the TEM was
increased by steps of 200 °C every ~5 min up to 900 °C, then by steps of 15 °C every 4 min until 990 °C was
reached. This temperature was then maintained for about 1 h. Focus was put on different regions of the sample
in order to observe in real-time the structural changes induced by the heating over time.

Ex situ thermal treatments were performed by annealing the as-grown SINW powder in a horizontal tube
furnace for 1 h under N, flux. The flux of the gas was set at 5 LPM. The powder samples were annealed at
different temperatures ranging from 800 up to 1200 °C, dissolved in isopropyl alcohol, sonicated for about
5 min, and drop-casted onto carbon lacey TEM grids for subsequent observations. Statistical EFTEM studies
were conducted on each sample through the examination of hundreds of Si nanostructures, in order to evaluate
the structural changes as a function of the annealing temperature. Finally, to characterize the optoelectronic
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Figure 1. (a)—(c) Typical EFTEM images of the different morphologies of the ICP-synthesized Si nanostructures: (a) cylindrical SINW,
(b) chaplet-like SINW, (c) SINC chain. (d)-(f) HRTEM images of the configurations shown in (a)—(c) as evidenced better by the yellow
dotted line, which indicates (e) the interconnected almond-shaped particles and (f) the separated spherical particles. The FFTs in the
insets of (d) and (e) refer to the very thin crystalline SINWs.

properties of the SINWs, PL spectroscopy on the annealed samples was performed by means of an AIST-NT
OmegaScope 1000 equipped with a Nanofinder 30 Raman spectrometer and a cooled charge-coupled device
detector, which provides both PL and Raman spectra as well as imaging. For the PL measurements, we used the
bright field configuration by exciting the sample with a green laser (solid-state Cobolt 04-01 series, A = 532.1
nm) focused through a 100, 0.7 numerical aperture (NA) objective. A 150 lines/mm grating was employed,
and the incident power on the samples was equal to 5.4 mW.

3. Results and discussion

3.1. Formation of Si nanohybrids
By examining the structural and morphological characteristics of the as-grown ICP-Si nanopowder, we found
that three main families of Si nanostructures can be distinguished [5], as shown in figure 1: (i) cylindrical SINWs
presenting a rod-shaped Si nanocore (mean diameter of 2.7 nm), as depicted in figure 1(a); (ii) chaplet-like
SiNWs featuring a chain of almond-shaped SiNCs (mean diameter of 4.5 nm) connected by a very thin Si wire
(diameter of 1-2 nm), as illustrated in figure 1(b); and (iii) SINC chains consisting of a sequence of isolated
spherical Si nanocrystals (mean diameter of 7 nm) embedded in a continuous SiO, cylinder, as those shown in
figure 1(c). The nano-crystalline nature of all these three configurations was ascertained by high-resolution TEM
(HRTEM) analyses, as shown in the figures 1(d)—(f). In fact, the silicon crystallographic plans are seen in the
three respective different configurations: (i) continuous cylindrical crystalline core (figure 1(d)), (ii) almond-
shaped Sinanocrystals connected by an ultrathin Si nanowire (figure 1(e)), and (iii) isolated crystalline Si
nanospheres dispersed into an otherwise continuous silicon oxide wire (figure 1(f)). The fast Fourier transform
(FFT) in the insets of the figures 1(d) and (e) corresponds to the very thin crystalline SINWs, which may feature
the cylindrical configuration (figure 1(d)) or connect the almond-shaped SiNCs (figure 1(e)). The presence of
these different families of Si nanostructures in the ICP-synthesized Si nanopowder results, a priori, from the
temperature gradient and residence time of the silicon species in the hot plasma region of the ICP torch [27]. In
fact, many concomitant phenomena occur during the complex ICP synthesis process, which makes it difficult to
single out the effect of the temperature on the synthesized Si nanostructures.

In order to better understand the temperature-related effects on the morphologies of the Si nanostructures,
we carried out on-purpose annealing experiments of ICP-SiNWs under two different scenarios: (i) through real-
time EFTEM observations of Si nanowires being i situ heated up to a temperature of 990 °C; and (ii) via classical
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Figure 2. EFTEM images of (a) cylindrical SINW at t ~ 0 and (b) the same SINW after ~1 h and 45 min: it can be seen that the SINW
broke up into Si crystalline fragments after the annealing. (c) Chaplet-like SINW subject to in situ thermal annealing after ~30 min; (d)
the same nanostructure after almost 1 h shows an evolution towards a SiNC chain morphology.

annealing treatments in a furnace at temperatures up to 1200 °C. Thus, for the in sifu heating of the ICP-SiNWs
inside the TEM, the EFTEM images were taken at the plasmon energy loss of Si (17 eV). Figure 2(a) shows an
EFTEM image depicting a cylindrical SINW (red arrow) that emerges from a Si nanosphere at the beginning of
our observation (initial time t is set = 0, when the sample is still at room temperature). The diameter of the SINW
is of ~3 nm. The EFTEM image of figure 2(b) shows the same SINW after ~1 h and 45 min of heating, when the
temperature reached 990 °C. It can be seen that the Si core becomes thinner and breaks at periodic places
(indicated by the red arrows), where the fragments (~4 nm-diameter) are slightly thicker than the Si core of the
non-annealed NW, most likely because of atomic diffusion of Si from the breaking points towards the
fragments. Figure 2(c) shows another region of the sample after its heating for ~30 min to reach a temperature of
~940 °C. This EFTEM image depicts a chaplet-like nanostructure consisting of almond-shaped SiNCs (with a
diameter of ~5 nm) connected with a residual ultrathin Si nanowire (red arrow in figure 2(c)). After ~1 h of
heating, when the temperature reached 990 °C, the ultrathin Si nanowire connecting adjacent SiNCs
disappeared and the almond-shaped SiNCs grew slightly in size (their lateral diameter increased from ~5 to ~6
nm when the heating temperature was raised from 940 to 990 °C). This enlargement of the SINCs can be also
attributed to the diffusion of Si atoms from the vanishing ultrathin Si nanowire towards the more stable almond-
like Si crystals. This heating induced restructuring, observed in figure 2(d), leads towards the ultimate formation
of spherical SINC chains; the completion of this transformation may require heating temperatures higher than
1000 °C, as will be shown later on. From these real-time, in situ EFTEM observations, it is clearly demonstrated
that the annealing temperature can transform the Siinner core of the SINWs from a continuous cylinder to
either chaplet-like SINWs or spherical SINC chains. This highlights the important role played by temperature in
the morphological evolution of these Si nanostructures. These in situ TEM analyses provided clear evidence of
the temperature-induced structural changes of the ICP-SiNWs, suggesting the possible occurrence of a
temperature-driven instability in these nanostructures. However, the accessible thermal budget inside the TEM
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Figure 3. Typical EFTEM images of the ICP-SiNWs after their thermal annealing under N, at (a) 800 °C and (b) 1200 °C for 1 h.

apparatus (990 °C being the highest achievable temperature inside our TEM) is quite likely insufficient to
investigate fully the thermally induced transformations.

In order to investigate further these thermally induced nanostructural changes in the ICP-SiNWs, we
subjected them to ex situ thermal annealings at temperatures up to 1200 °C in a conventional tubular furnace,
under N, flux set at 5 liters per minute (LPM) for 1 h, and subsequently examined them by EFTEM. Figure 3(a)
illustrates a representative EFTEM image of the samples annealed at 800 °C, where one can note the presence of a
combination of chaplet-like SINWs and some SiNC chains, as well as nanowires with continuous cylindrical Si
cores. The diameter of continuous cylindrical Si cores was ~3 nm, while that of the almond-shaped SiNCs
forming the chaplet-like SINW or of the spherical SINCs can vary from 4 to 9 nm. Almost all the observed SiNCs
were almond-shaped, with the occasional presence of a residual tail from the vanishing ultrathin connecting Si
nanowire. Most interestingly, after annealing the ICP-SiNWs at 1200 °C, the spherical SINC chains were found
to be the predominant structure in the sample, as illustrated in figure 3(b).

To better account for the effect of annealing on the presence of the three different nanostructure families just
defined, statistical analyses were performed on the EFTEM images of both as-grown and annealed ICP-SiNWs.
Figures 4(a)—(c) show the statistical distributions of the occurrence of the three different SINW morphologies for
the as-grown as well as the annealed ICP-SiNWs at 800 and 1200 °C, respectively. It was found that the
cylindrical SINWs constitute the major component (53% of the overall population) of the as-grown sample,
while the percentages of the chaplet-like SINWs and the SINC chains represent respectively 35% and 12% of the
total nanostructures constituting the as-grown ICP-SiNWs (see figure 4(a)) [5]. When the sample was annealed
at 800 °C, the percentages of both cylindrical and chaplet-like SINWSs decreased to ~44% and 32%, respectively,
while the proportion of SINC chains increased to 24% (see figure 4(b)). This underlines a progressive decreasing
of the number of the cylindrical and chaplet-like SINWs to the benefit of the formation of SINC chains, as it can
be easily inferred from the comparison of figures 4(a) and (b). After the 1200 °C annealing treatment, the SINC
chain nanostructures were found to predominate by accounting for ~77% of the whole SINW population (see
figure 4(c)). This significant increase from 24% (at 800 °C) to ~77% (at 1200 °C) of the proportion of the SINC
chains occurred to the detriment of the cylindrical and chaplet-like SINW structures, which only represent
~13% and ~10%, respectively, of the 1200 °C annealed sample.

These results clearly confirm that the thermal annealing induces a structural transformation of cylindrical
morphologies towards SiNC chains via the chaplet-like configuration, which can be considered as an
intermediate stage. While this structural transformation starts to take place at annealing temperature of
~800 °C, it accelerates at higher temperatures, as demonstrated by the preponderance of the SiINC chains at
1200 °C.

On the other hand, this structural transformation is accompanied by a progressive change in the size of the Si
nanostructures, as a result of the annealing-induced atomic diffusion of Si among the nanostructures. To track
the annealing-induced variations of the Si nanostructures’ size, direct measurements were taken on numerous
EFTEM images for each annealing condition. Figures 4(d)—(f) depict the size distributions of the three different
Sinanocrystals encountered (i.e., cylindrical, almond-shaped, and spherical SINCs). It can be seen that the
average size of the cylindrical SiNCs (i.e., nanowire diameter) increases from ~2.7 £ 0.9 nm for the as-grown
ICP-SiNWsup to ~8 + 5nm in the sample annealed at 1200 °C, while drastically diminishing in proportion (as
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Figure 4. (a)—(c) Statistical distributions of occurrence of the three different SINW morphologies in (a) as-grown ICP-SiNWs and
ICP-SiNWs after annealing in N at (b) 800 °C and (c) 1200 °C. (d)—(f) Size distributions of the diameters of SiNWs (blue color),
almond-shaped SiNCs (magenta color), and spherical SiNCs (orange color) in (d) the as-grown sample and in the samples annealed in
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shown in figure 4(f)). The size distribution of the almond-shaped SiNCs was also found to shift towards a higher
mean value upon annealing at 1200 °C, as their average diameter increases from ~4 + 1 nm for an as-grown
sample up to ~5 £ 1 nm for the sample annealed at 1200 °C. Moreover, the spherical SINCs were found to
exhibit a relatively large diameter distribution covering the whole 2—12 nm range (with a mean value around

6 £ 2 nm) after annealing of the ICP-SiNWs at 1200 °C, while their average diameter was around 7 £+ 2 nmin
the as-grown sample. After annealing at 800 °C, the mean diameter of cylindrical SiNWs and almond-shaped
and spherical SiNCs are, respectively: 2.5 + 0.9nm, 3 + 1nm, and4 £ 2 nm. These results indicate that
thermal annealing favors the transformation of the cylindrical SINWs (having smaller diameters) into chaplet-
like SINWs (as an intermediate step), and then finally towards spherical SiINC chains. The final Si nanostructures
(obtained after annealing at 1200 °C) have an average size larger than that of the initial Si cylinders, suggesting
that the Si diffuses towards periodic points in the SINW, where the spherical SiNCs form. Nonetheless, one can
notice that even for the sample annealed at 1200 °C, there are still some residual cylindrical and chaplet-like
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SiNWs having diameters larger than in the non-annealed samples. This indicates that higher annealing
temperatures are required to fully transform those residual SINWs into spherical SiNCs.

3.2. Rayleigh instability model

The results of both in situ heating and ex situ post-annealing analyses pointed out that the observed
nanostructures in the ICP-SiNWs are the result of a thermally driven phenomenon. In fact, the transformation
of cylindrical nanostructures towards a periodic succession of spherical nanoparticles is explained in literature in
terms of the phenomenon of Rayleigh instability [22, 28, 29]. This phenomenon is more generally due to
perturbations of cylindrical fluids generating a capillarity-related instability and, eventually, leading to the fluid
thread breakup [18]. Indeed, during the analysis of the instability phenomena in fluid threads, Plateau [15]
found that the shape of cylindrical fluids becomes unstable under the influence of surface tension at elevated
temperatures. By considering such thermally induced perturbations as the convolution of sinusoidal
components characterized by their different wavelengths [15], Plateau demonstrated that the unstable
perturbations have wavelengths (A,,,) such that \,,, > 27wR,, where R is the radius of the initial cylinder (more
details about the mathematical demonstration are reported in ref. [18]). The peak and trough of each sinusoidal
component of the perturbation induce a disturbance at the surface of the cylinder with periodically positive and
negative curvatures, thus forming pinched sections with higher pressure and bulging sections with lower
pressure. At enough high-pressure gradient, the fluid flows from the pinched sections towards the bulged ones,
leading to a more stable final state in which the cylinder breaks up at the pinched points. Rayleigh demonstrated
that there is a specific perturbation with wavelength X that grows exponentially with respect to the others, and
thus induces the breakup of the cylinder into spherical droplets at periodic points [16]. A schematic
representation of the three main structural transformation steps of the Rayleigh instability process is given in
figure 5(a). As demonstrated by Nichols and Mullins [17], a perturbation ruling the surface diffusion of atoms
along the initial cylinder from the pinched regions towards the bulged ones is described by the wavelength X
given in equation (1):

X = JV227R, = 8.89 R,. 6))

The diameter of the resulting spherical droplet has been estimated by Muller et al[30]:

D =2R = 361 R, = 3.78 R,. 2)

Asaresult, theratio A/ R, where Ris the radius of the final spherical droplets and ) is the inter-distance between
them, is:

X/ R = constant=4.7. 3)

Hence, the Rayleigh instability induces the formation of chains of regularly spaced spheres with the same
diameter, which basically depends on the radius of the initial cylinder, and where both the distance between the
spheres and their size obey the mathematical relationship described in equation (3).

In order to ascertain that the Rayleigh instability was responsible for the thermally induced morphological
transformation observed in our annealed ICP-SiNWs, we compared the experimental A\ /R ratio of our SINW
samples with the theoretical value predicted by the Rayleigh model. Thus, for each annealing condition, we have
systematically measured the diameters of the SINCs (both almond- and spherical-shaped) and their inter-
distance A on the numerous EFTEM images (as illustrated in figure 5(b)). About 100 (R, \) pairs were measured
for each annealing condition. The results of this analysis are represented in figure 5(c), which displays the A/R
ratio as a function of the annealing temperature. It is worth noting that the A/R value obtained for the as-grown
SiNWs and even for those annealed up to 800 °C is ~10 (still far from the theoretical value of ~4.7), indicating
that the Rayleigh instability was still far from being fully activated at 800 °C. The MR ratio reaches its lowest value
of5.2 4 0.4 at 1200 °C annealing temperature. In order to interpolate the data between 800 °C and 1200 °C, we
performed a further annealing at 1000 °C, which gave a value of the MR ratio equal to 8 + 0.4. The MR ratio at
1200 °C, being 5.2 + 0.4, is comparable with the theoretical value (within the statistical margin), indicating that
the structural transformation in ICP-SiNWs was driven by the Rayleigh instability for annealing temperatures
>1200 °C. The presence of some residual cylindrical and chaplet-like SINWSs at 1200 °C is believed to be due to
their relatively larger diameters (figure 4(f)), which would require higher temperatures to activate their full
conversion into SiNCs. This has been indeed reported in previous works, where the Rayleigh instability
phenomenon was found to occur at higher temperature for larger nanowire diameters [22, 29]. In conclusion,
these results confirmed that the annealing treatments of the ICP-SiNWs induced a progressive thermal
instability starting from 800 °C and reaching the Rayleigh instability condition at 1200 °C, where the SINW's
were almost fully transformed into regular chains of SINCs according to the just-outlined Rayleigh—Plateau
model.
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Figure 5. (a) Schematic diagram of the Rayleigh instability mechanism. (b) HRTEM image of a SiNC chain where the physical
quantities A and R are illustrated. (c) Variation of the MR ratio of the ICP-SiNWs as a function of the annealing temperature. At
1200 °C, the value of MR approaches the theoretical value of 4.7, represented here by the red dashed line.

3.3. Optoelectronic characterization

Finally, the optoelectronic properties of the ICP-SiNWs were characterized by means of PL spectroscopy.

Figure 6 displays the PL spectra of the samples annealed at 800° and 1200 °C under N, flux, as well as the PL of
the as-grown sample for comparison [5]. For the as-grown sample, the PL emission of the Si nanohybrid
structures, the sizes of which were revealed by EFTEM observations and presented in figure 4(d), was found to be
characterized by a wide emission band spanning over the 620—-1000 nm range. This visible light emission is a
clear indication of the occurrence of QC in these different Si nanostructures (bulk silicon is known to have an
indirect bandgap in the IR around 1100 nm). This PL peak shifts towards shorter wavelength (~620 nm) after
annealing at 800 °C (see figure 6). This additional QC-induced blueshifting of the PL peak is attributed to the
dimension reduction of the emitting Si nanocrystals. Indeed, the cylindrical Si nanostructures evolve at 800 °C
in a sequence of very small almond-shaped SiNCs (mean size of 3 nm, as discussed previously and evidenced in
figure 4(e)), connected by ultrathin SINWs. These cylindrical and chaplet SINWs are still predominant at 800 °C.
On the other hand, the spherical SiNCs have rather comparable size in the as-grown sample and in the sample
annealed at 800 °C, as discussed previously. The PL peak of the 1200 °C annealed ICP-SiNWs is located around
590 nm, while its intensity decreases with respect to the PL of the sample annealed at 800 °C. The optical
emission at such short wavelength may sound contradictory with the general tendency discussed before, where
increasing the annealing temperature from 800 to 1200 °C was found to increase the average size of the SINCs. In
fact, at 1200 °C, the majority of the Si nanostructures is represented by spherical SINC chains, of which the sizes
cover the 2-12 nm range (and where SiNCs having size larger than the Bohr radius of 5 nm are not expected to
emitany PL). This indicates that the oxygen-based defects may contribute to the light emission of our ICP-
SiNWs. Indeed, bridging oxygen-hole centers in silica NWs were reported to be responsible for the PL emission
in the 620—650 nm spectral range [31]. However, such oxygen-based defects are expected to heal with annealing
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Figure 6. PL spectra of ICP-SiNWs annealed at 800 °C (cyan line) and 1200 °C (blue dashed line). In the inset, the PL of the as-grown
SiNWs is shown for comparison (red line). Reproduced from [5]. CC BY 4.0.

treatments, particularly at temperatures higher than 1050 °C [32]. In fact, for the ICP-SiNWs annealed at

1200 °C, the PL component located at >>650 nm has very low intensity, suggesting that the major part of the
oxygen defects were indeed healed. In addition to the quantum-confinement-induced PL (expected for Si
nanocrystals having a size <5 nm), spatial confinement in nanosized crystals (larger than 5 nm) can also
contribute to the PL emission of silicon nanostructures [33]. In fact, the long exciton lifetime (us-ms) ina
spatially confined volume (Si nanocrystals with diam. >Bohr radius) favors the PL emission to the detriment of
non-radiative recombination. Nevertheless, a more comprehensive and detailed analysis is still needed to better
understand the photoluminescence of these Si nanohybrid materials and its blueshift upon annealing.

4. Conclusion

The formation of new Si-based nanohybrids was demonstrated via high-temperature thermal annealing of
ultrathin core/shell Si/SiO, nanowires synthesized via an ICP-based process [5, 34, 35]. The formation
mechanisms of these Si hybrid nanostructures was described on the basis of instability phenomena undergone
by the inner Si core of the ICP-SiNWs when subjected to high-temperature annealing conditions. These
thermally induced instabilities are shown to lead to the shrinking of the SINWS’ core at periodic places or their
breaking into fragments (having ultimately a spherical shape), in accordance with the Rayleigh model. In this
case, three main morphologies of the inner Si core have been identified, namely cylindrical SINWs, chaplet-like
SiNWs, and SINC chains (where the size of adjacent spherical SINCs and their inter-distance obey the Rayleigh
A/Rratio). The chaplet-like SINW configuration represents the intermediate step in the transition from the
cylindrical Si core to the SINC chain final state. Retrospectively, these results suggest that the different Si
nanostructures observed in the as-grown ICP-SiNWs are due to the Rayleigh instability that affects the
nanowires in the ICP reactor known for its high temperature gradient. Thus, the ICP-SiNWs can undergo
different temperature gradients and residence times in the hot plasma zone of the reactor, which will favor the
development of one of the three stadia of the Rayleigh instability. Finally, the PL spectra of the annealed ICP-
SiNWs showed a clear blueshift which could be attributed to the occurrence of QC in these nanostructures as
long as their size remains <5 nm. Nevertheless, in addition to the QC-induced PL for smaller nanostructures,
the overall PL emission of such Si nanohybrids can also originate from other effects such as oxygen defects in the
surrounding silica layer and/or from spatial confinement in Si nanostructures larger than the Bohr radius.
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