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Nanocrystalline Si/SiO, core-shell network with intense white light emission
fabricated by hot-wire chemical vapor deposition
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We report the fabrication of a stable Si/SiO, core-shell network using hot-wire chemical vapor de-
position on a silicon substrate at a relatively low substrate temperature of 200 °C. Structural investi-
gations using transmission electron microscopy and X-ray diffraction confirm the presence of
nanocrystalline silicon and silicon dioxide quantum dots in the form of a core-shell network em-
bedded in the amorphous SiO4 matrix, while selected area electron diffraction confirms the forma-
tion of a core-shell structure. The core-shell structure exhibits a bright white emission that can be
seen with the unaided eye at room temperature without any post-annealing treatments, and the
observed photoemission does not alter in color or intensity after prolonged laser exposure.
Additional measurements are performed while varying the laser power and optical gain is found in
the as-deposited material. Intense stable white luminescence is observed and shows the prospective
for various optical and biological applications in the future. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4919527]

Attaining Si-based visible or white light emission is one
of the challenging goals for optoelectronic device fabrica-
tion, and abundant research has been done to expand the
horizons of Si thin films for optical applications.' White lu-
minescence from Si quantum dots can be used in bright solid
state lighting with the additional benefit of low energy con-
sumption. Currently, white light-emitting device structures
consist of a blue InGaN light-emitting diode with a yellow
phosphor coating, but this material has the constraint of color
quenching with changing temperature.*” Therefore, it is im-
portant to replace the current materials with Si technology,
which possesses the additional advantages of increased
safety, simpler process, and a more stable material. In previ-
ous research, some groups have illustrated a wavelength-
tunable optical response related to the quantum confinement
effect in silicon-based nanocrystals.®’ Furthermore, other
groups have observed that the optical properties do not only
depend upon the nanoparticles themselves, but also the
dielectric matrix surrounding the particles. The interface
between the silicon/silicon oxide matrices is a frequently
studied issue because of its technological importance and the
interesting photoluminescence-related mechanisms.® Other
reports also exist related to the visible emission and tunable
nature of the photoluminescence (PL) of silica-covered sili-
con nanoparticles.”'” In many of the processes, PL was
observed after high-temperature treatments that formed
nanoparticles inside the matrix (nc-Si/SiO,), which is a
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process that is not favorable for industrial mass production.
For this reason, research on the fabrication of low-
temperature deposited silicon nanoparticles embedded in an
amorphous matrix has been performed.'"'* Nanoparticles
with core-shell structures are highly advanced materials
which have the advantage that their properties can be tai-
lored to a greater extent than exists with their single compo-
nent nanoparticle counterparts. When the shell consists of a
material resembling SiO,, it is especially important in the
resulting physical characteristics because the nanoparticles
are more stable owing to the chemically inert nature of the
shell, and the shape and size of the nanoparticle can be con-
trolled by the thickness and spatial distribution of the shell."?
There have been a number of reports related to the formation
of core-shell nanoparticles using chemical synthesis for
diverse applications,'*'® and one recent report has explained
the luminescence mechanism in the near infrared region as it
relates to the core-shell structure.!> However, the realization
of visible or white PL. from as-deposited core-shell samples
is still an uninvestigated topic.

In this Letter, transmission electron microscopy (TEM),
X-ray diffraction (XRD), and selected area electron diffrac-
tion (SAED) are used to demonstrate the formation of an Si/
SiO,-based core-shell network, prepared by means of the
hot-wire chemical vapor deposition (HW-CVD) method at a
low substrate temperature of 200°C, where the sample
exhibits a bright white emission. The HW-CVD system is a
recently emerged technique that, among other techniques,
has the advantages of an efficient use of gases and the ab-
sence of plasma (ion) damage during the thin film deposition
process. During the deposition process, source gases such as

© 2015 AIP Publishing LLC
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silane (SiHy), oxygen (O,), and hydrogen (H,) were decom-
posed in the growth chamber with the help of a catalyst to
produce various radical species and to assist in the growth of
the thin film."' The formation of the core-shell network using
HW-CVD in the present work supports the results of previ-
ous simulation work from other groups investigating the
same materials,®'®' and supports the theoretical aspects
with the experimental data. Moreover, using power variation
PL analysis, evidence of a possible optical gain was found
for this material, which demonstrates its potential importance
in the silicon-based optical device industry. In addition, HW-
CVD fabrication can more easily be integrated into industry-
level production than other fabrication processes.22

The HW-CVD system employed for the depositions has
been described elsewhere.'? In the present work, a tantalum
(Ta) wire 0.5 mm in diameter was used as the catalyst mate-
rial and the distance between filament and substrate was kept
constant at 5 cm. Two types of substrate materials were used,
including Corning glass 2497C and p-type crystalline silicon.
The initial background pressure in the chamber was main-
tained at 10° Torr using a turbo-molecular pump, and the fila-
ment temperature (Tg) was kept at 1800°C, while the
substrate temperature Ty, was maintained at 200 °C. The
flow rate was maintained at 5 sccm for the pure silane SiH,
and hydrogen gases, whereas oxygen was maintained at 0.5
sccm for 10, 20, and 40 min of deposition. The amorphous-
to-crystalline phase transitions were analyzed using X-ray
diffraction (Siemens D5000), and the PL spectra were
obtained at room temperature using a He-Cd laser (Kimmon
Koha Co., Ltd., Centennial, CO, USA) with an excitation
wavelength of 325nm and a varying output power of
3.5-15.5 mW. The Si/SiO, core-shell network was detected
experimentally with XRD and simulated by considering the
Wyckoff positions in the Diamond Software 3.0.3 Bright
field images and SAED were obtained in a TEM (JEOL-
JEM-2010) at 200kV with a wavelength of 0.027A and a
camera distance of 20 cm.

Figure 1(a) shows the structural representation of the Si/
SiO, derived from experimental data and using the Diamond
Software, which considers the growth mechanism of the
core-shell network in three feasible evolution steps. The sili-
con Wyckoff positions are given as one atom of Si (1) at the
8a (0, 0, 0) site (-43m) and the other atom of Si (2) at the 16¢
(0.125, 0.125, 0.125) site (-3m), where the silicon structure
has a density of 6.99026g/cm® and a lattice parameter
a=5.4301A in the cubic space group Fd-3m No. 227. The
silicon has preferential growth at [111] according to XRD
and high-resolution TEM characterizations. The silicon diox-
ide (SiO,) Wyckoff positions are given as the Si atom at the
8a (0, 0, 0) site (-43m) and the oxygen (O) atom at the 16¢
(0.125, 0.125, 0.125) site (-3m), where the SiO, structure has
a density of 2.17438g/cm’ and a lattice parameter
a=7.1600A in the cubic space group Fd-3m No. 227.
However, it is possible to find a distortion in the SiO, from a
cubic to a hexagonal structure, where the SiO, shell can
crystallize to the hexagonal symmetry class P3121, with lat-
tice constants a =4.9138 A and ¢ =5.4052 A and a density
of 2.65000 g/cm’. The core-shell formation illustrated in
Fig. 1(a) indicates (I) the assembling of the Si/SiO, network
structure where the network endeavors to accumulate in the
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FIG. 1. Si/SiO, core-shell structures: (a) Representation of growth evolution
for Si/SiO, core-shell network at (I) 10 min, (IT) 20 min, and (IIT) 40 min by
diamond software of the thin film deposited; (b) crystallization changes
were observed by XRD spectra from the thin film deposited at Ty, =200°C
and Ty = 1800 °C; and (c) SAED pattern for one of the crystalline regions at
Tsup =200 °C and Tg; = 1800 °C for 20 min of deposition.

states with a minimum bonding affinity energy. In this case,
the SiO, shell initially clusters around the Si core at 10 min.
(Il) With the course of processing time and in the presence
of the surface temperature, the SiO, dot begins to achieve
stability around the Si core network at 20 min. (II) The for-
mation of a stable Si/SiO, core-shell network with preferen-
tial growth at [533] and [111] over the Si surface is seen at
40 min. Dong et al. have studied this type of configuration
using density-functional tight-binding calculations, and
according to the prescribed model, the gap energy of the Si/
SiO, core-shell network is a competition between the quan-
tum confinement and the oxidation effects depending upon
the size of the Si core.?! Additionally, this model illustrates
the theoretical explanation of the tunable PL in the Si/SiO,
core-shell structure. Figure 1(b) shows the X-ray diffracto-
gram of samples obtained as a function of the deposition
time, where peaks corresponding to silicon (111), (220), and
(311) can be observed in all three of the diffraction pat-
terns.”* At the same time, diffraction patterns for the samples
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deposited at 20 and 40 min exhibit two extra peaks at the 20
values of 25.44° and 42.44° where, in the literature, these
two peaks correspond to the cubic and hexagonal phases of
silicon dioxide, respectively.”>® This observation confirms
the presence of both silicon and silicon dioxide crystalline
phases in the film. However, the stable well-formed Si/SiO,
core-shell assembly induces some small structural changes
in the lattice owing to inter-phase bonding and, as a conse-
quence, the plane related to the cubic phase of SiO, (533)
has a corresponding change in position from 24.07° to
25.44°.

The SAED patterns related to the nc-Si/SiO, structures
are shown in Fig. 1(c), where the diffraction patterns exhibit
points and diffused rings owing to the formation of the core-
shell structure. In the SAED, hexagonal rings corresponding
to SiO, (200) in the outer part of the image can be seen,
which verifies the hypothesis made from the XRD results
concerning the presence of SiO, particles along with Si
phases. The distance between the hexagonal rings corre-
sponds to the interatomic distances d, /, k, and /, and the dif-
fracted planes of the silicon and silicon oxide structure are
displayed at the same positions. To authenticate the presence
of nc-SiO, particles, TEM measurements are carried out
for the samples with 20 and 40min of deposition time
(Figs. 2(a) and 2(b), respectively). The TEM images show
crystallites of different nanometric sizes surrounded by an
amorphous environment, and in accordance with the simula-
tion demonstrated in Fig. 1(a), it can be observed that the
smaller particles seen to form the cluster structure begin to
lose their free energy and to rearrange themselves in equilib-
rium form. After 20 min of deposition time, particles can be
found at isolated locations (Fig. 2(a)), whereas the sample af-
ter 40 min of deposition exhibits the cluster structure of Si
and SiO, nanoparticles (Fig. 2(b)), which is in agreement
with Fig. 1(a) (III). Crystal planes in these images are identi-
fied as belonging to {533} and {111} with different orienta-
tions and the interatomic distance at (533) changed from
3.69 10 3.75 A on average. With the help of the TEM images,

L 3MsATIM] |
i |
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the whole process can be observed as the formation of nc-Si
nuclei followed by the formation of crystallite-promoted sili-
con-oxide as a shell as a result of the catalytic reaction from
the used precursors. For this reason, it is supposed that the
entire network takes the stable core-shell form of silicon and
silicon oxide. The thickness of the corresponding shell struc-
ture is found to be 4.33nm and that of the core assembly
nearby to be 21 nm.

Figure 3(a) shows the room-temperature PL spectra of
the sample as a function of varying pump power for the laser
excitation source, where the power is varied from 3.5 to 15.5
mW with a 1.5 mW step size. As can be seen, a whole PL
spectrum can be observed for the entire visible region
(400-700nm). The influence of the laser power upon the
integrated PL intensity is shown in the top right inset of
Fig. 3(a), and the PL spot corresponding to the white emis-
sion, which is able to be seen with the naked eye in a dark
room, is shown in the second inset of Fig. 3(a). Generally,
the white broad PL spectra could be considered the contribu-
tion of well-known silicon defects in the red (1.9eV), green
(2.35eV), and blue (2.8 eV) bands or it could be owing to a
wide distribution of various small-sized nanoparticles. The
red band generally arises from defects known as nonbridging
oxygen hole centers,”’” while the green band has been attrib-
uted to hydrogen bonding-related species in the thin film
possessing composites of SiO, nanoparticles.”® Even surface
trapped excitons give rise to PL spectra between 2 and
3ev.”

In the current study, a wide distribution of 2—4-nm-di-
ameter nc-Si/SiO, particles can be observed (Fig. 2(a))
whose calculated band gap is in the range of 1.5-2.5eV
using the relation®® Epl = Eg + (3.73/d'*?), where Eg is the
band gap of bulk silicon and d is the average diameter of the
nanocrystals. Figure 3(b) shows the resulting band diagram
with the probable recombination energy levels related to the
size of the nanoparticles, as well as bands linked to the
known defects from nonbridging oxygen hole centers, sur-
face trapped excitons, and Si—-H, where it is believed that

N

» 3 -
"' '3.1?1\[1111‘
L)

N
&\
N

FIG. 2. TEM images form Si/SiO,
core shell. (a) Cross sectional TEM
image showing a region with Si/SiO,
nano-crystals of various sizes and
orientations; (b) TEM images shows
the core-shell nature of nc-Si/SiO,
particles in the SiOy matrix at crystal-
line regions at T, =200°C and
Tg = 1800 °C for 20 min of deposition.
Inset: the {533} and {111} can be
observed in both cases.
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FIG. 3. Luminescence and energy levels related to Si/SiO, core shells: (a)
PL spectra of as-deposited film at Ty, =200°C and Ty =1800°C with
respect to laser power from 3.5 mW to 15.5 mW, with the inset on the top
right side showing the spectra corresponding to integrated intensity as a
function of laser power, whereas the other inset corresponds to the white lu-
minescence; (b) Energy levels corresponding to the defects states and to the
trap levels related to the band gap of quantum dot’s associated to nc-Si/SiO,
in the amorphous matrix.

radiative emission occurs upon electron transitions between
these different established levels. Because the different
energy levels are so close to each other, this produces uncer-
tainty about the exact roles of the confinement effect or the
defects in the observed white luminescence. In the present
study, samples were excited with a He-Cd laser (3.8eV),
which was enough to excite the core-shell network of nc-Si/
Si0,, though it could likewise excite some of the defects
illustrated in Fig. 3(b). The kind of response observed in Fig.
3(a) inset, however, effectively eliminates the role of inter-
face states or defects in the observed PL because the present
laser excitation energy can only excite the electron-hole pairs
inside the nanoparticles by the progressive filling of the con-
duction and the valence bands. Moreover, the exponential
increase of the integrated luminescence is shown to be a
function of the laser power, which exhibits a tendency to op-
tical gain in these types of materials.>’ By increasing the
photon number, e.g., by increasing the pump power, there
could be a situation wherein the integrated PL intensity of
the nanocrystals decreases as more nonradiative levels
related to surface and other defects states become easily ac-
cessible.?? Nevertheless, in this case, the increase in the inte-
grated PL intensity signifies the confinement-related nature
of the emission. An additional benefit of the SiO, shell is
that it comprises a Si =0 double bond at the Si/SiO, inter-
face, which is a particularly good bond for the passivation of
dangling bonds.® Ultimately, all of the passivation and

Appl. Phys. Lett. 106, 171912 (2015)

confinement from the nano-sized core-shell particles leads to
the stable white emission from this structure. This stable and
low-cost material could be useful for optical device fabrica-
tion of light emitting devices as well as for in vivo biological
analysis owing to the fine emission and nontoxic nature of
the silicon nanoparticles.'®

In summary, the formation of a low-temperature depos-
ited core-shell structure of nc-Si/SiO, was demonstrated
using HW-CVD with an intense white PL response at room
temperature without any post-deposition treatments. The
TEM images and SAED patterns confirmed the presence of a
stable core-shell network, and white emission was ascribed
to the quantum confinement effect inside the well-passivated
silicon nanoparticles. In future, this material could be used
for the fabrication of optical devices based on the optical
gain obtained from this structure.
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