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Origin of the blue and red photoluminescence from oxidized porous silicon
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%'e have studied the origin of the visible photoluminescence (PL) from oxidized porous Si fabricated

by rapid-thermal-oxidization processes. At low oxidation temperature (T,„),the PL spectrum with a
peak near 750 nm is observed, and silicon oxyhydrides and silicon oxides are formed at the surface of
nanocrystallites. At high T,„above 800'C, strong blue PL is observed around 400 nm and the surface of
crystallites is covered by SiO&. The electronic state of porous Si is very sensitive to the surface structure
of crystallites. Spectroscopic data indicate that the red PL originates from the near-surface region in the

crystallite, while the blue PL originates from the core region in the crystallite.

Very recently, a great deal of research effort has been
focused on nanometer-size crystallites or quantum dots
made from indirect-gap semiconductors such as Si (Refs.
1 —3) and Ge. ' In particular, strong visible photo-
luminescence (PL) from Si nanocrystallites fabricated by
electrochemical etching, often called porous Si, is a
phenomenon of considerable current interest from
viewpoints of both fundamental physics and optical-
device applications. However, the mechanism of the
strong visible PL from porous Si still remains unclear.
The difficulty of this problem arises mainly from a large
surface-to-volume ratio in nanostructures: The surface
effects become more enhanced on decreasing the size of
nanocrystallites. The surface of Si nanocrystallites in
luminescent porous Si is usually covered by silicon oxyhy-
drides " or silicon dioxide, ' ' which cause the elec-
tronic properties of the near-surface region to differ from
those of the crystalline Si (c-Si) core. Therefore, recently
proposed models are classed into two groups: quantum
confinement effects in Si nanocrystallites cause efficient

light emission from porous Si or the surface region in Si
crystallites is responsible for the origin of visible PL from
porous Si.

To clarify the mechanism of strong visible PL from
porous Si, we need to control the surface structure of the
Si crystallites and to study the effects of the surface struc-
ture on optical properties of porous Si. In this paper, we
have studied stable visible PL from oxidized porous Si fa-
bricated by rapid-thermal-oxidization (RTO) processes,
because short-time and low-temperature RTO processes
preserve the Si crystalline core, and the RTO tempera-
ture can change the surface chemical structure of the c-Si
core. ' When the size of the Si crystallites decreases and
the surface structure of the crystallites is covered by sil-
icon dioxides, the PL spectrum changes from red to blue
regions. Spectroscopic analyses indicate that the red PL
originates from the near-surface region in the crystallite,
while the blue PL originates from the c-Si core in the
crystallite.

Porous Si layers were formed on p-type (100) Si wafers
with -4-Q cm resistivity. Thin Al films were evaporated
on the back of the wafers to form a good ohmic contact.

The anodization was carried out in HF-ethanol solution
(HF:H20:C2HSOH= 1:1:2)at a constant current density
of 10 mA/cm for 5 min. Raman-spectroscopy and
transmission-electron-microscopy (TEM) examinations
show that the average diameter of the Si crystallites is
about 3 nm. The as-etched porous Si samples were pro-
cessed in a RTO apparatus. The heating rate was
200'C/s, and the samples were kept for 35 s at an oxida-
tion temperature T,„ranging from 480 to 1200'C under
1-atm 02 pressure. The cooling rate was 100'C/s. By
controlling T,„,we fabricated the strongly red- and blue-
luminescent porous Si, as shown in Fig. 1.

FIG. 1. Photographs of the red and blue PL from oxidized
porous silicon ( T,„=680and 880'C).
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PL spectra from oxidized porous Si were measured us-

ing 325-nm excitation light from a He-Cd laser. The tem-
perature was varied from 10 to 300 K by controlling the
flow rate of cold He gas in a cryostat. The spectral sensi-
tivity of the measuring system was calibrated by using a
tungsten standard lamp. The initial decay of PL in the
picosecond time region was measured using a streak cam-
era and a 240-nm, 200-fs pulse from the fourth harmonic
of a cw-mode-locked Ti:A1203 laser.

Figure 2 shows PL spectra from oxidized porous Si un-
der 325-nm excitation at room temperature as a function
of T,„.In porous Si oxidized at low T,„((800'C), the
PL peak is around 750 nm. The spectral width of the
broad PL is about 0.3 eV full width at half maximum
(FWHM). Both the PL peak and the PL width in oxi-
dized porous Si are nearly equal to those in the as-etched
porous Si. At higher T,„above 800'C, the strong blue
PL near 400 nm appears, while the red PL near 750 nm
disappears. TEM studies indicated that the number of
nanocrystallites decreases rapidly with increasing T,

„

(T,„&800'C), as reported in Ref. 14. When the number
of Si crystallites decreases, the blue PL intensity de-
creases. These imply that Si nanocrystallites participate
in the blue PL process in oxidized porous Si.

Fourier-transform infrared (FTIR) spectroscopy pro-
vides information about the internal surface of porous Si.
In the as-etched porous Si samples (before RTO process-
es), absorption peaks due to Si-H and Si-H2 were ob-
served near 900 and 2100 cm '. After oxidization, these
two peaks disappeared. Figure 3 shows the dependence
of FTIR spectra on T,„.At low T,„below 800'C, an ab-
sorption band due to silicon oxyhydride (Si:0:H) is ob-
served near 3400 cm '. At T,„higher than 800'C, this
broad absorption band disappears. With rising T,„,the
amount of silicon oxides increases monotonically. These
FTIR spectra strongly suggest that at low T,„,the sur-
face of Si crystallites is covered by Si:0:H compounds
and silicon oxides, while at high T,„above about 800'C,
the surface of Si crystallites is covered by silicon oxides.
X-ray photoemission spectroscopy examinations suggest
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FIG. 2. PL spectra from oxidized porous Si under 325-nm
excitation as a function of T,„.
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FIG. 3. FTIR spectra of oxidized porous Si as a function of
~ox '

that a large part of silicon oxides at high T,
„

is amor-
phous Si02 (a-Si02). It is found that there is a good rela-
tionship between the PL spectrum and the surface-
termination condition.

Figure 4 shows the temperature dependence of the red
PL intensity in a sample of T,„=680'C,and of the blue
PL intensity in a sample of T,„=880'C.The red PL in-
creases with temperature up to about 100 K, and then
gradually decreases. Similar temperature dependence is
also observed in CdSe crystallites' and c-Si spheres. '

This behavior is explained by a picture' ' in which car-
riers are confined or localized into the lower-energy state,
and PL originates from the lower-energy state (the near
surface region) rather than the band-edge state (the c-Si
core). On the other hand, the blue PL intensity does not
decrease at low temperatures.

Figure 5 shows the initial decay of PL in the pico-
second time region. The rapid decrease in the PL intensi-
ty is observed at 750 nm: There are two components of
fast and slow decay in the picosecond time region. In the
red PL from porous Si oxidized at low T,„,we observed
the redshift of the PL peak in the initial decay stage.
Moreover, as shown in the inset of Fig. 5, the long and
nonexponential components of the red PL are clearly ob-
served in the microsecond time region. These rapid red-
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FIG. 5. Picosecond PL decay at 400 nm (T,„=880'C)and
750 nm ( T,„=680'C).The solid line at 400 nm indicates a sin-

gle exponential decay, and the solid line at 750 nm is a guide to
the eye. The inset shows the slow decay components of the red
PL in the microsecond time region.

shifts in the picosecond time region and the long nonex-
ponential PL decay suggest that carriers are localized
into the long-lived lower-energy state. "' On the other
hand, the blue PL decay is approximately exponential (in
Fig. 5, the time constant is about 650 ps), and the redshift
of the PL peak is not observed, where we measured the
PL decay up to 5 ns and the PL decay is single exponen-
tial over 5 ns. There is no long component of the blue
PL. Both the PL dynamics and the temperature depen-
dence of the PL intensity indicate that the mechanism of
blue PL is different from that of red PL.

To discuss the mechanism of the strong blue and red
PL from oxidized porous Si, we first consider the effect of
oxygen atoms on electronic properties of Si nanocrystal-
lites, because there is a relationship between the PL spec-
trum and the surface chemical structure. During RTO
processes, the composition of the internal surface changes
from silicon hydrides to silicon oxyhydrides (Si:0:H) and
silicon oxides (Si:0) for T,„&800'C,or to a-SiOz for

T,„)800'C. The PL peak energy changes from about
1.65 eV (T,„&800'C)to 3 eV (T,„&800'C). Here we

stress the importance of the structure of the oxidized sur-
face layer in visible PL processes.

It is known that oxygen-terminated Si sheets (like
siloxene) exhibit visible PL, ' and the oxygen atoms
strongly affect the electronic structures of two-
dimensional Si sheets. ' ' We employ the results of ab
initio electronic structure calculations reported in Ref. 18
in order to discuss the band of the oxidized surface
monolayer. In the oxidized Si monolayer, the position of
oxygen atoms critically affects the electronic structures.
Here we consider two types of Si:0 compounds as the
model of the surface structure of the c-Si core, and these
compound structures are illustrated in Fig. 6.

At low T,„(T,„&800'C), the surface of the c-Si core
is covered by silicon oxyhydrides and silicon oxides: H

FIG. 6. Models of the surface structure of oxidized Si nano-
crystallites at (a) low T,„and(b) high T,„.
atoms at the surface in the as-etched porous Si are re-
placed by OH groups or 0 atoms, and 0 atoms cannot
migrate into the Si network, as shown in Fig. 6(a). In this
layer, the oxygen atoms are located out of plane in the Si
monolayer. The most characteristic feature of this layer
is a direct-gap structure of 1.7 eV at the I point. '

Therefore, we can propose the 0-terminated Si surface
layer as a possible origin of the strong red PL in oxidized
Si nanocrystallites.

TEM and Raman-spectroscopy examinations indicate
that the RTO process at low T,„preserves the Si crystal-
lite with about 3-nm diameter. According to the optical-
absorption spectrum measurements and effective-mass
approximation calculations, ' the band gap of the 3-nm Si
core is evaluated to be about 2.4 eV. The band-gap ener-

gy of the c-Si core ( &2 eV) is larger than that of the
near-surface layer in the crystallite (1.7 eV) [Fig. 6(a)].
The spectroscopic characteristics of the red PL (the pi-
cosecond PL dynamics, the long nonexponential PL de-
cay, and the temperature dependence of the PL intensity)
suggest that the photogenerated carriers in the c-Si core
are rapidly localized into the lower-energy state (the
near-surface layer) with a small overlap between the elec-
tron and hole wave functions. The above theoretical con-
siderations and the spectroscopic data lead us to con-
clude that the photogeneration of carriers occurs in the
c-Si core whose band gap is modified by the quantum
confinement effect, and that radiative recombination
occurs at the near-surface layer. The red PL is caused by
the radiative recombination of excitons that are confined
in the luminescent surface layer.

At higher T,„,the surface of the c-Si core is covered by

an a-SiO~ layer. The a-Si02 layer does not itself contrib-
ute to the visible PL, because the band-gap energy is out
of the visible range (&8 eV). However, this layer
creates an electronic state in an interfacial region between
the c-Si core and the a-SiOz layer. Since the diameter of
the c-Si core decreases at high T„,oxygen atoms migrate
into the Si-skeleton layer and oxygen atoms form the
bridges or interconnect Si atoms. A possible surface
structure is illustrated in Fig. 6(b). This structure has a
direct gap of 3—4 eV. ' On the other hand, at a high T,

„

of 880'C, a decrease of the c-Si core size occurs. The
band-gap energy of the c-Si core at about 2 nm is estimat-
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ed to be about 3 eV, ' which is nearly equal to or less
than that of the interfacial region. Consequently, it is
considered that carriers are confined in the c-Si core due
to the large band gaps of the interface region and the
outer surface a-Si02 layer.

In the experiments, both the temperature dependence
of the blue PL intensity and the decay dynamics of the
blue PL are entirely different from those of the red PL.
The blue PL intensity decreases monotonically with in-
creasing temperature, while an unusual temperature
dependence of the red PL intensity is observed. The ini-
tial decay of the blue PL is given approximately by a sin-

gle exponential function. The long nonexponential decay
of the blue PL is not observed, but that of the red PL is
clearly observed. These results suggest that the mecha-
nism of the blue PL is different from that of the red PL
originating from the long-lived near-surface state. A
theoretical calculation also suggests that both the band-

gap energy E and the exciton binding energy E, increase
with decreasing crystallite size: The optical gap energy

Eg -E„doesnot strongly depend on the size of very small

crystallites. Moreover, the PL efBciently strongly de-

pends on the size of the Si crystallites. ' Therefore, it is
dif6cult to experimentally observe the size dependence of
the blue PL peak energy in an oxidized porous silicon

sample having a broad size distribution. However, the
above theoretical consideration (carriers are confined in
the e-Si core due to the large band-gap energy of the sur-
rounding materials) and spectroscopic data (rapid single-
exponential decay and the usual temperature dependence
of the blue PL) indicate that a possible origin of the broad
blue PL is the radiative recombination of excitons
confined in the small c-Si core.

In conclusion, we have studied the mechanism of the
strong blue and red PL from oxidized porous Si. The oxi-
dized surface layer plays an essential role in strong blue
and red PL processes: The surface structure changes the
origin of visible PL. Our studies show that the red PL
originates from the radiative recombination of excitons in
the near-surface region in the crystallite, while the blue
PL originates from the radiative recombination of exci-
tons confined in the c-Si core in the crystallite.
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