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Visible photoluminescence from oxidized Si nanometer-sized spheres:
Exciton confinement on a spherical shell
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We report strong visible photoluminescence (PL) at room temperature from oxidized Si nanometer-
sized spheres with a spherical crystalline Si (c-Si) core and an amorphous SiO, (a-SiO,) surface layer.
The peak energy of the broad PL spectrum is about 1.65 eV, which is independent of the core diameter.
We propose a model in which excitons are confined on a spherical shell, an interfacial layer between the
¢-Si core and the a-SiO, surface layer, and in which the exciton confinement enhances the oscillator

strength and the PL intensity.

Recently, many attempts have been made to produce
quasi-direct-gap semiconductor nanostructures from
indirect-gap materials, especially Si (Ref. 1) and Ge (Ref.
2) nanocrystallites, which exhibit strong visible photo-
luminescence (PL) even at room temperature. Many
researchers are trying to clarify the origin of the strong
visible PL experimentally and theoretically. Recent mod-
els are based on either quantum-confinement effects’3~¢
or localized states at the surface of nanocrystallites.’
However, the mechanism of this PL still remains unclear.
This is partly because the structure and the composition
of nanocrystalline samples are difficult to control and
thus difficult to know with certainty. We therefore exper-
imented with oxidized Si nanometer-sized spheres that
were prepared in a controlled manner and known to con-
sist of a spherical crystalline Si (c-Si) core and an amor-
phous SiO, (a-SiO,) surface layer.

The surface of luminescent Si nanocrystallites is usual-
ly terminated by hydrogen or oxygen atoms,””® which
cause the electronic properties of the near-surface region
to differ from those of the c-Si core. In this sense, the
surface can also serve as a low-dimensional system induc-
ing quantum confinements. To distinguish the quantum-
confinement effects in a surface region from the usual
confinement in a core, we need to know the size depen-
dence of the PL properties of the nanocrystallites with an
identical surface chemical structure. Oxidized Si
nanometer-sized spheres are good samples, because it is
possible to control the size of the ¢-Si core.

In this paper, we report experimental results of the PL
properties of oxidized Si nanometer-sized spheres whose
surfaces are passivated by an a-SiO, layer. Analysis of
these results leads us to propose a model in which these
oxidized Si nanometer-sized spheres consist of three re-
gions, and excitons are confined in a middle, spherical
shell region (an interfacial layer between the ¢-Si core and
the a-SiO, surface layer). According to this model, the
oscillator strength is enhanced due to the low-
dimensional exciton nature in the shell region.

The Si nanometer-sized spheres were produced by laser
breakdown of silane (SiH,) gas.” Pure SiH, gas was in-
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troduced into the vacuum chamber (background pressure
<107 Torr) and the pressure of the SiH, gas was held at
10 (sample 1), 15 (sample 2), or 20 (sample 3) Torr. The
average diameter of the Si nanometer-sized spheres was
controlled by this pressure. Laser pulses (~200 mJ per
pulse at 1.06 pum, 10 ns pulse duration) from a
Nd**:YAG (where YAG denotes yttrium aluminum gar-
net) laser system were focused, and a spark was observed
at the focal point. The Si nanometer-sized spheres were
deposited on quartz or Ge wafer substrates.!® In as-
grown samples, we observed no PL at room temperature.
The samples oxidized at room temperature in a clear-air
box exhibited strong visible PL at room temperature.
Several samples with different core diameters and identi-
cal surface chemical structures were prepared and their
PL spectra were measured using ~50-mW cm ™2, 325-nm
excitation light from a He-Cd laser. The spectral sensi-
tivity of the measuring system was calibrated by using a
tungsten standard lamp. The temperature was varied
from 10 to 300 K by controlling the flow rate of cold He
gas in a cryostat.

Crystallinity and size of the oxidized Si nanometer-
sized spheres were studied by high-resolution transmis-
sion electron microscopy (TEM) using a JELO 2010 sys-
tem operated at 200 keV. A typical TEM image of the
oxidized Si nanometer-sized spheres is shown in Fig. 1(a).
The interplane spacing of the TEM images of the Si core
is consistent with the (111) planes of the diamond struc-
ture. Sharp rings in the electron-diffraction pattern also
indicated that the core is ¢-Si with the diamond structure.
This ¢-Si core is surrounded by an ~ 1.6-nm-thick layer
of what Fourier-transform infrared spectroscopy indicat-
ed is amorphous silicon oxide (a peak near 1100 cm ™!
due to the Si-O-Si asymmetric stretching mode was ob-
served). To confirm the composition of this surface layer,
we analyzed the oxidized nanometer-sized spheres by x-
ray photoemission spectroscopy (XPS) at a base pressure
of 2X 1078 Torr, using a Perkin-Elmer 5500 system. A
detailed scan of the silicon 2p region in oxidized Si
nanometer-sized spheres on a Ge wafer substrate is
shown in Fig. 1(b). The XPS data show that an a-SiO,
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FIG. 1. (a) High-resolution TEM lattice image of oxidized Si
nanometer-sized spheres composed of a ¢-Si core and an ~1.6-
nm-thick a-SiO, surface layer. (b) XPS spectrum of the silicon
2p region from the oxidized Si nanometer-sized spheres.

layer is formed on the surface of the Si sphere. These
TEM and XPS examinations clearly indicate that the oxi-
dized Si nanometer-sized spheres consist of a c¢-Si core
and a 1.6-nm-thick a-SiO, surface layer.

The size distributions of oxidized Si nanometer-sized-
sphere samples are shown in Fig. 2. The distribution of
the overall diameter of these nanometer-sized spheres can
be described by a log-normal function.!! This overall di-
ameter D, includes the diameter of the c-Si core D
and the 1.6-nm thickness of the SiO, surface layer:
D,y =D, +3.2 nm. The average diameter (D, )
and the standard deviation o are tabulated in Table I.

PL spectra from the three samples of oxidized Si
nanometer-sized spheres are plotted in Fig. 3(a). All the
spectra are broad and have a peak around 1.65 eV. That
is, the PL peak energy is independent of the average di-
ameter of the ¢-Si core. On the other hand, the PL inten-
sity increases with the number of the oxidized Si
nanometer-sized spheres that have a small D ,..: The PL
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FIG. 2. The size distribution of oxidized Si nanometer-sized
spheres. The solid curves are optimum log-normal functions.
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TABLE I. Sample parameters including the average diameter
(D,o1a1 ), the standard deviation o, the PL peak energy Ep, the
PL intensity Ipp, and the fraction of oxidized Si nanometer-
sized spheres with D ... <9 nm, V.

Sample (Do) o Epy
No. (nm) (nm) (eV) PL Vs
1 7.0 1.8 1.65 100 100
10.0 3.1 1.65 58 52
3 13.3 7.7 1.65 11 10

*Normalized values.

intensity is approximately proportional to the volume
fraction V4 of the oxidized Si nanometer-sized spheres of
D_ ;. = ~9 nm, indicating that these smaller nanometer-
sized spheres contribute to the strong PL.

As shown in Fig. 3(b), the temperature dependence of
the PL intensity Ip; is unusual. The PL intensity in-
creases with rising temperature up to ~ 150 K, and then
decreases very gradually. At temperatures above 150 K,
the nonradiative recombination rate increases and the PL
intensity decreases. On the other hand, there is a linear
relationship in the loglp; —1/T plot (the Arrhenius plot)
at T < ~150 K and the slope gives an activation energy
of ~5 meV. This unusual temperature dependence of the
PL intensity cannot be fully explained by the usual
quantum-confinement models">~® because, according to
these models, nonradiative recombination processes be-
come dominant with increasing temperature and the PL
intensity decreases. This temperature dependence at
T <150 K will be discussed later in this paper.

To evaluate the possible origins of the strong PL at
1.65 eV, we recall that strong PL is observed only when
the Si core is covered by an a-SiO, layer and first consider
the electronic and optical properties of the c-Si core and
the a-SiO, surface layer.

(a) The c-Si core. For core sizes of nanometer order,
the band-gap energy depends sensitively on the core size.
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FIG. 3. (a) Photoluminescence spectra under 325-nm excita-
tion for three samples at room temperature. (b) Temperature
dependence of the PL intensity of sample 1. Similar tempera-
ture dependence was observed in samples 2 and 3. The solid
curve is a guide to the eye.
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According to an effective-mass theory,® the lowest (1s)
exciton energy of the c-Si core changes from 1.3 eV for 10
nm diameter to 2.0 eV for 4 nm diameter. This is incon-
sistent with the size-independent PL peak energy. More-
over, the electronic properties of a c¢-Si core more than
several nanometers in diameter are thought to be similar
to those of bulk Si.%'? Therefore, the indirect-to-direct
transition in the band gap may not occur in our samples.
The optical transition strength would then be small be-
cause of the indirect character, and this would result in
no strong PL.

(b) The a-SiO, surface. Although a-SiO, has a direct
band gap, this surface layer does not itself contribute to
the visible PL because the band-gap energy is out of the
visible range ( > 8 eV). However, this layer plays the fol-
lowing roles: (i) the reduction of the number of surface
dangling bonds that act as nonradiative recombination
centers of the c¢-Si core, (ii) the quantum confinement of
photogenerated carriers within the ¢-Si core due to the
large band gap of a-SiO,, and (iii) the creation of a novel
electronic state in an interfacial region (this state is due to
oxygen atoms interconnecting the c-Si core with the a-
SiO, surface layer).

Because the size-independent PL peak energy and the
unusual temperature dependence of the PL intensity im-
ply that visible PL processes have an origin other than
the quantum confinements in the c-Si core, we stress the
importance of the interfacial region between the c¢-Si core
and the a-SiO, surface layer. We also propose a three-
region model for oxidized Si nanometer-sized spheres of
(a) a ¢-Si core with diameter D, (b) an a-SiO, surface
layer with a finite thickness (1.6 nm), and (c) an interfa-
cial layer between (a) and (b). In this model, the interfa-
cial region plays the most important role in the PL pro-
cess.

(c) The interfacial region. The composition ratio of a
silicon-oxygen compound in this region should be inter-
mediate between that of a-SiO, (Si:O=1:2) and that of c-
Si (Si:O=1:0). That is, this region contains non-
stoichiometric amounts of oxygen atoms. In an incom-
pletely oxidized Si layer, oxygen atoms play important
roles in electronic structures. Ab initio calculations'>!*
indicate that oxygen atoms may reduce the band-gap en-
ergy to be smaller than that of the c¢-Si core. Photogen-
erated electrons, holes, and excitons are then confined in
this thin interfacial region.

To understand the most essential feature of the elec-
tronic properties of this thin region, we use the result of
the ab initio calculations for the one-sided planar siloxene
compound,'* % because this compound has an inter-
mediate composition ratio (Si:O) and a thin layer struc-
ture. The most characteristic feature is that, in striking
contrast to the planar Si sheet!” and the bulk Si crystal,
this layer has a direct band gap of 1.7 eV at the I" point.
A schematic diagram of the band-gap energy is drawn in
Fig. 4. The gap energy in the interfacial region is about
1.7 eV independent of D, while the gap energy in the
¢-Si core region depends on D ..

We exploit here the exciton properties of the interfacial
layer. The low-dimensional excitonic effects critically
affect the optical properties of the nanometer-sized struc-

4885

)
o (C) ~1.6 nm
u Interfacial
] layer
o
3 o2 \
o EFP
Z (@) (o)
m c-Si core a-Sio,
0 Dcore/2 Dtotal/2

RADIUS

FIG. 4. Energy-gap diagram of the three-region model. The
band-gap energy of the interfacial layer Ef*" is ~ 1.6 eV, includ-
ing the exciton binding energy. The energy gap of the ¢-Si core
E&P. increases with decreasing core diameter. In the case of
D e =5-7 nm, the exciton is confined in (c) the interfacial re-
gion, surrounded by (a) the ¢-Si core and (b) the a-SiO, surface
layer.

tures.> When the band-gap energy of the interfacial layer
is lower than that of the ¢-Si core, the exciton is subject
to a confinement potential and is confined on the interfa-
cial spherical-shell region. The condition for exciton
confinement is roughly determined by the relative magni-
tude of the band-gap energy of each region. The a-SiO,
surface region forms a high-potential barrier to confine
the exciton inside. Theoretical calculations® indicate that
the energy gap of the c¢-Si core of D . =<5-7 nm is
higher than that of the interfacial layer. As a result,
when D, . =5-7 nm, the exciton is confined in the inter-
facial shell region (see Fig. 4). We explicitly evaluate the
properties of the exciton confined in this shell by using an
effective-mass approximation. The two-dimensional exci-
ton'®1? is assumed and the reduced masses are calculated
from the results of the ab initio calculation.!* When the
polarization direction is parallel to the interfacial layer,
the two-dimensional exciton confinement increases the
oscillator strength to about 15 times what it would be in
absence of the exciton effects,!® or four orders of magni-
tude greater than the oscillator strength in a ¢-Si core
with D, . <5-7 nm.%!® Therefore, the exciton
confinement in the interfacial layer is a possible origin of
the strong 1.65-eV PL from oxidized Si nanometer-sized
spheres.

Let us now consider the localized exciton as an origin
of the size-independent PL of Si nanometer-sized spheres.
If the visible PL is caused by the radiative recombination
of localized excitons at defects or disorders in the c-Si
core, the PL peak energy from localized states is less than
the band-gap energy of the c-Si core [2.0 eV for D .. =4
nm (Ref. 6)] and the size dependence of the PL spectrum
is very weak. However, the localized states usually act as
nonradiative centers. In fact, we can observe the visible
PL after the surface defect states are passivated by a-
SiO,. Moreover, in the localized exciton model, there is
no answer as to why the PL energy peak is 1.65 eV and
why the PL is very strong even at room temperature. At
present, we emphasize that the strong 1.65-eV PL is
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caused by the exciton confinement in the interfacial re-
gion rather than by localized excitons at defects or disor-
ders in the c-Si core.

We also consider the usual temperature dependence of
the PL intensity. According to our three-region model, a
process of the radiative recombination proceeds as fol-
lows: The photogeneration of excitons mainly occurs
within the ¢-Si core. Some of the excitons in the core
transfer to the interfacial layer by a thermally activated
diffusion process. The strong PL is then caused by the
radiative recombination of excitons confined in the inter-
facial layer. In this scenario, the diffusive transfer of ex-
citons from the core to the interfacial layer increases with
increasing temperature, resulting in the unusual tempera-
ture dependence of the PL intensity shown in Fig. 3(b).
This exciton-transfer picture also explains why the PL in-
tensity depends on the size of the ¢-Si core, while the PL
peak energy is independent of core size: The smaller the
core is, the more the efficiency of exciton transfer from
the core to the interfacial layer is increased. The experi-
mental results show that only the oxidized Si nanometer-
sized spheres with D . =9 nm contribute to the strong
PL at 1.65 eV, and the theoretical evaluation of D .
(5-7 nm) agrees roughly with this finding.

The characteristic features of observed strong visible
PL (the size-independent 1.65-eV PL, the size-dependent
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PL intensity, and the curious temperature dependence of
the PL intensity) are explained by the three-region model.
For the size of our nanometer-sized-sphere samples, the
exciton-confinement effect in the ¢-Si core is of little im-
portance. We again stress that our argument relies on
the exciton-confinement effect. If we ignore either the ex-
citonic or the confinement effects, we would expect no
strong PL.

In conclusion, we have prepared oxidized Si
nanometer-sized spheres and have observed strong PL
from them. We conclude that the interfacial Si layer be-
tween the c¢-Si core and the a-SiO, surface layer plays an
important role in the PL process. We presented a three-
region model that explains the size-independent 1.65-eV
PL and the unusual temperature dependence of the PL
intensity. The strong PL is caused by the radiative
recombination of low-dimensional excitons confined in
the interfacial layer. Even if this novel PL mechanism
applies only to oxidized Si nanometer-sized spheres, our
analysis is one step toward an understanding of the phys-
ics of the optical properties of Si nanostructures.
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FIG. 1. (a) High-resolution TEM lattice image of oxidized Si
nanometer-sized spheres composed of a ¢-Si core and an ~1.6-
nm-thick @-SiO, surface layer. (b) XPS spectrum of the silicon
2p region from the oxidized Si nanometer-sized spheres.



