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Photoluminescence mechanism model for oxidized porous silicon
and nanoscale-silicon-particle-embedded silicon oxide
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There is much debate about the photoluminescence~PL! mechanisms of the nanoscale Si/Si oxide systems
containing oxidized porous silicon and a nanoscale-Si-particle~NSP!—embedded Si oxide deposited by chemi-
cal vapor deposition, sputtering, or Si-ion implanting into Si oxide. In this paper, we suggest that two com-
petitive processes, namely, the quantum confinement~QC! process and the quantum confinement-luminescence
center~QCLC! process, take place in the PL. The photoexcitation occurs in the NSPs for both of the processes,
while the photoemission occurs either in the NSPs for the QC process or in the luminescence centers~LCs! in
Si oxide adjacent to the NSPs for the QCLC process. The rates of the two processes are compared quantita-
tively. Which process plays the major role in PL is determined by the capture cross section, the luminescence
efficiency, and the density of the LCs, and the sizes of the NSPs. For a nanoscale Si/Si oxide system with the
LCs having certain capture cross-section and luminescence efficiency, the higher the LC density and the larger
the sizes of NSPs, the more beneficial for the QCLC process to surpass the QC process, and vice versa. For
certain LC parameters, there is a critical most probable size for the NSPs. When the most probable size of the
NSPs is larger than the critical one, the QCLC process dominates the PL, and when the most probable size of
the NSPs is smaller than the critical one, the QC process dominates the PL. When the most probable size of the
NSPs is close to the critical one, both the QC and QCLC processes should be taken into account. We have used
this model to discuss PL experimental results reported for some nanoscale Si/Si oxide systems.
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INTRODUCTION

In 1990 Canham reported strong visible photolumin
cence~PL! from porous Si at room temperature,1 and Tagaki
et al. observed room-temperature visible PL from
nanoscale-Si-particle~NSP!-embedded Si oxide produced b
microwave plasma decomposition of SiH4 and H2 or SiH4 ,
H2 and an Ar gas mixture.2 In both papers they used th
quantum confinement~QC! model to explain the PL. It was
considered that the photoemission occurs inside the N
with energy gaps larger than that of the bulk Si due to the
effect. In fact, in many cases the PL experimental results
porous Si and the NSP-embedded Si oxide are so com
cated that the QC model seems difficult to explain th
results. In fact, there is a long debate concerning the
mechanisms of porous Si and the NSP-embedded Si ox
and for porous Si at least 24 models different from the Q
model were suggested in 1992–1997.3 When a porous S
sample is prepared by anodization and lays in the air, it w
be oxidized quickly. It was reported that after 30-min a
exposure about 1–2 % oxygen atoms presented in the po
Si layers.4 Therefore, most porous Si studied is oxidized p
rous Si. Considering that the NSPs in both oxidized por
Si and the NSP-embedded Si oxide are covered by Si ox
in this paper we refer to both of them as nanoscale S
oxide systems. For PL from these systems, Qin and Jia
gested a common mechanism model, the so-called quan
confinement–luminescence center~QCLC! model, which
claimed that the photoexcitation of electron-hole pairs occ
mainly in the NSPs, while most of the photoexcited electro
and holes tunnel into the luminescence centers~LCs! in the
0163-1829/2003/68~8!/085309~7!/$20.00 68 0853
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surrounding Si oxide layers and radiatively recombine the5

Recently, some authors suggested that more than one typ
mechanism were needed in interpreting PL from the nan
cale Si/Si oxide systems. For example, it was suggested
for theS~slow!-band luminescence the QC model works, b
the F ~fast!-band luminescence is very likely to origina
from contaminated or defective Si oxides.6 Based on the ex-
periment results reported in Refs. 7 and 8, we suggested
there are three types of photoexcitation-photoemission p
cesses for electron-hole pairs in the PL from a nanosc
Si/Si oxide system9: ~A! Both photoexcitation and photo
emission occur in the NSPs, as described in the QC mo
~B! Photoexcitation occurs in the NSPs and photoemiss
occurs in LCs in Si oxide adjacent to the NSPs, as descri
in the QCLC model.~C! Both photoemission and photoexc
tation occur in LCs in the Si oxide. A lot of PL experimen
for nanoscale Si/Si oxide systems can be qualitatively
plained by this physics model. In Ref. 10 it was claimed th
for NSPs with larger sizes, the QC model works, but
NSPs with smaller sizes, SivO bond plays the key role in
light emission. In this paper, we consider that in strong-lig
emission nanoscale Si/Si oxide systems where the N
have high densities, the process~C! can be neglected, and w
compare the rates of the processes~A! and~B! quantitatively.
The key factors in determining whether process~A! or ~B! is
the major one in the PL are discussed. For a nanoscale S
oxide system with certain LCs in the Si oxide adjacent to
NSPs, we proved that if NSPs have a large enough ave
size, the QCLC model works, but if NSPs have a sm
enough average size, the QC model works. This conclus
seems contrary to that of Ref. 10.
©2003 The American Physical Society09-1
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THEORY

Two types of photoexcitation-photoemission process
~A! and~B! in the PL from a strong-light-emission nanosca
Si/Si oxide system as described in the introduction are ta
into consideration. The photoemission rates of photons
processes~A! and ~B! in the unit volume of the system ar
referred to asPar and Pbr , respectively. We havePar
5Neh /tar and Pbr5Neh /tbr , whereNeh is the density of
nonequilibrium electron-hole pairs in NSPs, andtar andtbr
are radiative recombination lifetimes of the nonequilibriu
electron-hole pairs in the processes A and B, respectiv
Suppose that all NSPs in the Si oxide/nanoscale Si sys
are cubes with the same size and using the effective m
and infinitely deep well approximations, Hybertse
obtained11:

1

tar
5ar

E0~L !sin2~k0L/2!

@k0
22~2p/L !2#2L6 , ~1!

where

ar5
512p4e2nr~ uPcvu2/2m!

3m\2c3k0
2 ,

E0~L !5Eg1
\2

2 S 1

ml
1

2

mt
1

3

mh
D S p

L D 2

,

L is the side length of the cubic NSP,nr the refraction index
of Si, Pcv is the dipole matrix element for vertical transition
in bulk Si, ko50.85(2p/a), ~a is the lattice constant of Si!,
m is the mass of an electron in vacuum,ml and mt are the
longitudinal and transverse effective mass for electrons in
respectively,mh is the effective mass for holes in Si,Eg is
the forbidden gap for bulk Si,\ is the Planck constant,e is
the charge of proton, andc is the speed of light. For a NS
embedded in SiO2 , the potential-well depths for electron
and holes are 3.2 and 4.6 eV, respectively, which are so d
that the infinitely deep well approximation can be used.

In order to calculate 1/tbr , thex, y, andz axes are located
along the three sides of a cubic NSP. When we consider
tunneling of electrons and holes along, for example, thz
direction, the barriers of SiO2 are considered infinitely dee
along thex andy directions, while of the actual depth alon
the z direction. Therefore, electrons and holes photoexc
in the NSP can only tunnel through the barriers alongz
direction.12,13 Figure 1 shows thez-direction electron poten
tial with a SiO2 layer of thicknessd surrounding a NSP and
a LC located in the SiO2 layer. It is supposed that the LC ha
a negatived potential. The potential of the LC is2U1 in the
rangez5j2« and j1«, and zero outside the range, an
whenU1 and« tend respectively to infinity and zero simu
taneously, 2«U1 remains a constant.Uoe is the height of the
barrier of Si oxide for electrons. The rate for a carrier~an
electron or a hole! in a NSP to hit the SiO2 barrier at1z ~or
2z) direction isPz/2mzL, wherePz andmz are the carrier
momentum and effective mass inz direction, respectively.
Suppose further that after the photoexcitation the carrier
the NSP relax to the ground states before tunneling. As s
as an electron entering the excited electron state of a LC
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lattice will relax to the thermal equilibrium configuration fo
the excited electron state by emitting multiple phono
Since the rate for the lattice relaxation@with a time constant
of 10210– 10211 sec~Ref. 14!# is usually far faster than the
rate for the electron transition from the excited state to
ground state in a LC@the corresponding time constant is*
1028 sec~Ref. 6!# to emit a photon. The capture cross se
tion is mainly determined by the rate of the photon emiss
process, and is approximately independent of the initial
ergy of the electron in the NSP. Moreover, it is supposed t
the LCs distribute uniformly in the SiO2 layer. The capture
cross sections depend on the charged states of the LCs
sume that the LCs are neutral before illumination, both
electron and a hole can be captured by a neutral LC w
capture cross-sectionsse

o andsh
o , then the LC changes to b

negative and positive, respectively. Then, a hole and an e
tron can be captured by the negative and positive LCs,
spectively, with very large capture cross-sections. T
electron-hole pair in the LC can recombine radiatively
nonradiatively. We have

1

tbr
5~Vese

o1Vhsh
o!NLChLC , ~2!

where

Ve5
p3\3

4U0eL
4 S 1

ml
1

2

mt
D F 1

mlKel
@12exp~22Keld!#

1
2

mtKet
@12exp~22Ketd!#G ,

Vh5
9p3\3

4U0hL4mh
2Kh

@12exp~22Khd!#,

Kel5
A2ml~U0e2Ee~L !!

\
,

Ket5
A2mt@U0e2Ee~L !#

\
,

FIG. 1. Thez-direction electron potential of a SiO2 layer of
thicknessd adjacent to a NSP with width ofL and of a LC located
in the SiO2 layer.
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Kh5
A2mh@U0h2Eh~L !#

\
,

Ee~L !5
p2\2

2L2 S 1

ml
1

2

mt
D ,

Eh~L !5
3p2\2

2mhL2 .

In Eq. ~2!, NLC is the density of the LCs in the SiO2 layer,
hLC the luminescence efficiency of the LC,Uoh the height of
the barrier of SiO2 for holes, d the thickness of the SiO2
layer, andEe(L) andEh(L) the energies of an electron and
hole in a NSP in their ground states respectively. Because
thickness of the SiO2 layer is usually larger than 0.4 nm, th
factors exp(22Keld), exp(22Ketd), and exp(22Khd) are
much smaller than 1 and can be neglected. Then we ha

Ve5
p3\4

4&
S 1

ml
1

2

mt
D S 1

ml
3/21

2

mt
3/2D 1

Uoe@Uoe2Ee~L !#1/2L4 ,

~3!

Vh5
9p3\4

4&
S 1

mh
5/2D 1

Uoh@Uoh2Eh~L !#1/2L4

Ve in Eq. ~3! is not different much fromVh in value. If se
o

@sh
o , we have

1

tbr
5bre

NLChLCse
o

@Uoe2Ee~L !#1/2L4 , ~4!

where

bre5
p3\4

4&
S 1

ml
1

2

mt
D S 1

ml
3/21

2

mt
3/2D 1

Uoe

is a constant independent of the size of the NSPs and
parameters of the LCs. Ifsh

o@se
o , we have

1

tbr
5brh

NLChLCsh
o

@Uoh2Eh~L !#1/2L4 ,

~5!

brh5
9p3\4

4&
S 1

mh
5/2D 1

U0h
.

Assuming that the LCs are negatively charged before
lumination, the hole can be captured by the negativ
charged LC with a very large capture cross sectionsh

2 , then
the LC changes to be neutral, and an electron can be cap
by the neutral LC with a medium capture cross-sectionse

o .
We have

1

tbr
5

Vese
oVhsh

2

Vese
o1Vhsh

2 NLChLC'Vese
oNLChLC

5bre

se
oNLChLC

@Uoe2Ee~L !#1/2L4 . ~6!
08530
he

he

l-
y

red

Assuming that the LCs are positively charged before il
mination, the electron can be captured by the positiv
charged LC with a very large capture cross-sectionse

1 , then
the LC changes to be neutral, and a hole can be capture
the neutral LC with a medium capture cross-sectionsh

o . We
have

1

tbr
5

Vese
1Vhsh

o

Vese
11Vhsh

o NLChLC'Vhsh
oNLChLC

5brh

sh
oNLChLC

~Uoh2Eh~L !!1/2L4 . ~7!

In an actual nanoscale Si/Si oxide system, the sizes
NSPs are not uniform and have a distribution, normally
Gaussian one:

r~L !5
1

sA2p
expF2

~L2Lm!2

2s2 G , ~8!

where Lm is the most probable size of NSPs,s the root-
mean-square deviation. Assuming further that the sizes
the NSPs have a low limit, which is denoted byL0 , we have

K 1

tar
L 5E

L0

` 1

tar
r~L !dL ~9!

and

K 1

tbr
L 5E

L0

` 1

tbr
r~L !dL, ~10!

where^1/tar& and^1/tbr& are the average values of 1/tar and
1/tbr over the nanoscale Si/Si oxide system, respectively
Eqs.~9! and ~10!, the size distributionr(L) is given by Eq.
~8!. Comparinĝ 1/tar& with ^1/tbr&, we can see whether th
process~A! or ~B! is the major one.

For a nanoscale Si/Si oxide system, we can define a c
cal NLC , NLC

crit , as follows: whenNLC.NLC
crit , we have

^1/tbr&.^1/tar&, and whenNLC,NLC
crit , we have ^1/tar&

.^1/tbr&. NLC
crit as a function ofLm can be derived from the

following equation:

K 1

tar
L 5 K 1

tbr
L . ~11!

From Eqs.~1!–~11!, NLC
crit can be obtained. When the LCs a

neutral andse
o@sh

o , or when the LCs are negatively charge
before illumination,

NLC
crit5

ar

brehLCse
o

3

*L0

`
E0~L !sin2~k0L/2!

@k0
22~2p/L !2#2L6 expF2

~L2Lm!2

2s2 GdL

*L0

`
1

~U0e2Ee~L !!1/2L4 expF2
~L2Lm!2

2s2 GdL

. ~12!
9-3
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When LCs are neutral andsh
o@se

o , or when the LCs are
positively charged the subscripts ‘‘e’’ in Eq. ~12! should be
substituted by ‘‘h’’.

In Refs. 15–17, the capture cross-sections with the ord
of magnitude of 1310215 cm2 for some neutral defects an
impurities in SiO2 have been reported. In our numerical ca
culations we tookse

o51310215 cm2, uPcvu2/2m54 eV and
hLC510% ~as we know porous Si can have a PL efficien
of ;10%!. Whens andL0 for the NSP size distribution of a
nanoscale Si/Si oxide system are given,NLC

crit as a function of
Lm can be obtained using Eq.~12!. We performed the nu-
merical calculations in the following two cases:~1! suppose
s50.8 nm andL051.2, 1.0, and 0.8 nm,NLC

crit as functions of
Lm are shown as three solid lines I, II, and III, respective
in Fig. 2; and~2! supposeL051.0 nm ands50.8 and 1.2
nm, NLC

crit as functions ofLm are shown as two solid lines
and II, respectively, in Fig. 3.

In order to easily comparê1/tbr& with ^1/tar&, we get
their analytical expressions under the following two furth

FIG. 2. TheNLC
crit2Lm curves obtained from Eq.~12! with s

50.8 nm andL051.2, 1.0, and 0.8 nm~solid lines I, II, and III! and
from Eq. ~16! ~dashed line!.

FIG. 3. TheNLC
crit2Lm curves obtained from Eq.~12! with L0

51.0 nm ands50.8 and 1.2 nm~solid lines I and II! and from Eq.
~16! ~dashed line!.
08530
rs
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approximations. First, the term sin2(koL/2) in Eq.~1! is a fast
vibrational function ofL with a period ofa/0.8550.64 nm.
While for a nanoscale Si/Si oxide system, the full width
half maximum for NSP size distributions are o
2(2 ln 2)1/2s52.35s, which is usually evidently larger than
0.64 nm. Therefore, instead of sin2(koL/2), its average value
of 1/2 can be used approximately. Second, theL in Eqs.~1!
and ~2! is substituted by its most probable valueLm . Then,
we have the Eqs.~13! and ~14!:

K 1

tar
L '

arE0~Lm!

2@k0
22~2p/Lm!2#2Lm

6 . ~13!

When the LCs are neutral andse
o@sh

o , or when the LCs are
negatively charged before illumination:

K 1

tbr
L '

brese
oNLChLC

~U0e2Ee~Lm!!1/2Lm
4 . ~14!

When the LCs are neutral andsh
o@se

o , or when the LCs are
positively charged before illumination, the subscripts ‘‘e’’ in
Eq. ~14! should be substituted by ‘‘h’’.

When Lm decreases, botĥ1/tar& and ^1/tbr& increase
very fast.^1/tar& increases approximately asLm

26 from Eq.
~13!, while ^1/tbr& increases approximately asLm

24 from Eq.
~14!. As shown in Eq.~14!, se

o ~or sh
o), NLC and hLC are

important parameters besidesLm for ^1/tbr&. We have ap-
proximately

^1/tbr&

^1/tar&
}soNLChLCLm

2 , ~15!

whereso5se
o , when the LCs are neutral andse

o@sh
o , or

when the LCs are negatively charged before illuminatio
and so5sh

o , when the LCs are neutral andsh
o@se

o , or
when the LCs are positively charged before illumination.

From Eqs.~11!, ~13! and ~14! when the LCs are neutra
andse

o@sh
o , or when the LCs are negatively charged befo

illumination, we have

NLC
crit'

arE0~Lm!~U0e2Ee~Lm!!1/2

2brese
ohLC@k0

22~2p/Lm!2#2Lm
2 . ~16!

When the LCs are neutral andsh
o@se

o , or when the LCs are
positively charged before illumination, the subscripts ‘‘e’’ in
Eq. ~16! should be substituted by‘‘h’’ . The NLC

crit as an ana-
lytical function of Lm obtained from Eq.~16! is depicted by
a dashed line in Fig. 2 for case~1! and a dashed line in Fig
3 for case~2!.

DISCUSSION

For a nanoscale Si/Si oxide system with the (NLC , Lm)
points just on theNLC

crit2Lm curve, such as the one in Fig.
or 3, we havê 1/tar&5^1/tbr&, which indicates that the QC
and QCLC processes have the same rate. For a nano
Si/Si oxide systems with the (NLC , Lm) points at the left-
down side of the NLC

crit2Lm curve, we have ^1/tar&
.^1/tbr&, i.e., the QC process surpasses the QCLC proc
9-4
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and for a nanoscale Si/Si oxide system with the (NLC , Lm)
points at the right-up side of theNLC

crit2Lm curve, we have
^1/tbr&.^1/tar&, i.e., the QCLC process surpasses the
process. If the (NLC , Lm) points are near theNLC

crit2Lm

curve, both the QC and QCLC processes have to be con
ered; and if the (NLC , Lm) points are far from theNLC

crit

2Lm curve, only the major one in the QC and QCLC pr
cesses should be considered.

From Eq. ~15!, for a nanoscale Si/Si oxide system, t
larger the LC parameters,so, hLC , andNLC , and the larger
the NSP most probable size,Lm , the more favorable for the
QCLC process to surpass the QC process, and vice v
With a specific type of LC in SiO2 , the values ofhLC andso

are fixed. ThenNLC and Lm are the two active paramete
which determine whether the QC or QCLC process plays
major role in PL. The larger the sizes of NSPs and the hig
the density of LCs in SiO2 , the more favorable for the
QCLC process than the QC process to occur, and vice ve

For a nanoscale Si/Si oxide system withs50.8 nm and
L051.0 nm from Fig. 2, whenLm52, 2.5, 3, 4, 5, and 6 nm
correspondingly,NLC

crit51.031015, 8.031014, 5.331014, 1.0
31014, 1.931013, and 8.831012 cm23, respectively. For
most oxidized porous Si and NSP-embedded Si oxide,
NSP size distribution hasLm.2.5 nm.18 Therefore, ifNLC
.831014 cm23, the QCLC process dominates the PL.
fact, NLC5831014 cm23 is such a small LC density tha
there is only one LC in 33107 SiO2 molecules in average
Assuming that in the oxidized porous Si, the SiO2 layers
covering the NSPs have a thickness of around 1 nm. W
NLC5831014 cm23, the corresponding Si/SiO2 interface
density is around 83107 cm22. If the actual density of the
LC at the Si/SiO2 interface is larger than such a small inte
face density, the QCLC process dominates the PL. It in
cates that if the values ofso and hLC for the LCs and the
values ofL0 ands for the NSPs taken in our calculations a
proper in the orders of magnitude, for most nanoscale S
oxide systems the QCLC process dominates the PL.

For a nanoscale Si/Si oxide system with definiteNLC , we
can define a criticalLm , Lm

crit , as follows: whenLm.Lm
crit ,

we have^1/tbr&.^1/tar&, i.e., photoemission occurs main
in the LCs in the Si oxide and whenLm,Lm

crit , we have
^1/tar&.^1/tbr&, i.e., photoemission occurs mainly insid
the NSPs.Lm

crit as a function ofNLC can be also obtained
from Eq. ~11!, or from theNLC

crit2Lm curves in Fig. 2 or 3
using the following method: drawing a horizontal line corr
sponding to the givenNLC to get an intersection point on th
NLC

crit2Lm curve, the abscissa of the intersection point is
Lm

crit corresponding to the givenNLC . For s50.8 nm and
L051.0 nm, from Fig. 2, whenNLC51013, 1014, and
1015 cm23 the correspondingLm

crit'5.6, 4.0, and 2.0 nm, re
spectively. For example, for a nanoscale Si/Si oxide syst
with NLC51015 cm23 we haveLm

crit52.0 nm. It means tha
for this system whenLm.2.0 nm, the QCLC process play
the major role in PL; forLm,2.0 nm, the QC process play
the major role in PL. Since few nanoscale Si/Si oxide s
tems can haveLm,2.0 nm, we conclude again that for mo
nanoscale Si/Si oxide systems the QCLC process domin
08530
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the PL. In general, for NSPs with larger sizes, the QC
process dominates, while for NSPs with smaller sizes the
process dominates. This conclusion seems to contradict
of Ref. 10, as already pointed out in the introduction.

All the above conclusions are obtained under several
proximations, e.g., the effective mass approximation, in
nitely deep well approximation, and the approximate dis
bution described by Eq.~8! with a lower-limit-size ofL0 ,
etc.. Moreover, whenL decreases to very small values, som
parameters in the equations such asko , ml , mt and mh ,
might also be functions ofL. However, we believed tha
most qualitative conclusions mentioned above, e.g., the c
clusion that ‘‘for a nanoscale Si/Si oxide system, the larg
the LC parameters,so, hLC andNLC and the larger the NSP
most probable size,Lm , the more beneficial for the the
QCLC process to surpass the QC process, and vice ve
are still valid qualitatively.

We discuss a couple of experiment results for PL from
nanoscale Si/Si oxide systems using the physical model
gested. It was reported that PL peak energies in a rang
1.4–2.0 eV for more than one hundred as-prepared porou
samples shifted into a small range centered at 1.70 eV a
aging in air for one year or 200 °C oxidation for 200 h.19

References 20 and 21 independently obtained similar res
Reference 22 reported that PL peak positions for porous
samples shifted to about 1.69 eV after ozone oxidation.
though preparation conditions and oxidation treatments
porous Si samples in the four papers were quite different,
experimental results were consistent with each other. Th
experimental results are very difficult to be explained by
QC model, because NSPs will shrink after oxidation and
PL spectra from the porous Si samples should blueshift c
sistently according to the QC model. However, the result
be explained as follows: after oxidation, suppose that one
several types of LC with luminescence energy near 1.7 eV
Si oxide play the major role in PL, and at least one of the
types of LC having a large enough density and/or the size
NSPs are large enough so that^1/tbr& is markedly larger than
^1/tar&, i.e., the QCLC process through the LCs with t
luminescence energy near 1.7 eV in Si oxide markedly s
passes the QC process, therefore, the PL peak energie
oxidized porous Si samples shifted into a small range c
tered at about 1.7 eV.

Measuring the PL peak energy as a function of the si
of the NSPs is an important experiment method to check
PL mechanism model. If the PL peak energy shifting with t
NSP sizes just consists with what the QC effect predicts,
QC model is verified. If the PL peak energy pins nearly a
fixed energy independent of the sizes of the NSPs, the QC
model is verified. In fact, the experimental results for ho
the PL peak energy shifts with the NSP sizes reported
different research groups seemed to contradict each o
Shimizu-Iwayamaet al. studied the annealing time depe
dence of the PL spectrum from the NSP-embedded Si ox
obtained by Si-ion implanting into an amorphous SiO2
matrix.23 They found the PL peak energy for the implanted
oxide film was almost independent of the annealing time a
thus was independent of the sizes of the NSPs, because
9-5
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previous experimental results of cross-section high res
tion transmission electron microscopy did verify the grow
in sizes of NSPs after increasing the annealing time.24 How-
ever, in the experiment of Brongersmaet al. the Si nanocrys-
tals ~with diameters of 2–5 nm! were formed by Si1 implan-
tation into a 100-nm-thick thermally grown SiO2 film on
Si~100!.25 The PL spectrum for the NSP-embedded Si ox
peaked at 880 nm which was attributed to the recombina
of quantum confined excitons. Upon oxidation at 1100 °C
30 min the PL peak blueshifted by more than 200 nm. T
blueshift was attributed to the QC effect in which a reduct
of the average nanocrystal size led to the emission at sh
wavelengths. The apparent contradiction between the exp
mental result of Shimizu-Iwayamaet al. and that of Brong-
ersma et al. can be explained tentatively as follows:
Shimizu-Iwayama’s case the sizes of NSPs and/or the d
sity of LCs in Si oxide were large enough so that the QC
process dominated the PL, and, therefore, the PL peak
ergy was almost independent of the sizes of the NSPs. H
ever, in Brongersma’s case, the sizes of NSPs and/or
density of LCs were not large enough so that the QC proc
played an important role in the PL, and thus the PL pe
energy evidently depended on the sizes of the NSPs. H
ever, only when the blueshifting is consistent quantitativ
with what the QC model predicts, which was discussed
cently by Delerueet al.,26 it can be concluded that the Q
process plays a decisive role in the PL. Because Ref. 24
not give the size distributions of the NSPs neither before
after the annealing, whether or not the blueshifting is con
tent with what the QC model predicts cannot be quant
tively discussed.

Rebohleet al. presented a review paper on PL and ele
troluminescence of Si oxide layers ion-implanted w
group-IV elements.27 They found the electroluminescenc
spectrum correlated very well with the PL one. In the su
mary of this paper, they stated that ‘‘strong PL in the blu
violet spectral region for Si-, Ge-, and Sn-implanted Si2
layers is observed which is caused by a molecule-like lu
nescence center characterized by well defined excitation
emission energies. ... Quantum confinement effects in na
clusters as a possible origin of this PL can be definitely
cluded.’’ We consider the reason for excluding the QC p
cess in NSPs as a major process in PL is that in the Si o
layers ion-implanted with group-IV elements the LC dens
is usually large even after annealing and the sizes of
NSPs are typically larger than 3 nm; hence, the rate of
QCLC process normally goes far beyond that of the Q
process in these materials. Moreover, the conclusion of R
27 is contrary to that of Ref. 10, which claimed for a nano
cale Si/Si oxide system with the average size of the NS
iri,
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larger than or about 3 nm the PL process should take p
inside the NSPs. We agree with the conclusion of Ref.
however, if the ion-implantation and annealing processes
be excellently controlled to make the LC density in Si oxi
low enough and/or the NSP sizes small enough, the QC
cess may play an important role in PL.

Pavesiet al.28 experimentally proved that the PL proce
in a nanoscale Si/Si oxide system with an average size of
NSPs of about 3 nm took place at the interface between
Si nanocrystal and the SiO2 matrix rather than in the NSPs
Their results also seemed to contradict that of Ref. 10.

CONCLUSION

Two competitive photoexcitation-photoemission pr
cesses occur in the PL of the nanoscale Si/Si oxide syste
including the oxidized porous Si and the NSP-embedded
oxide. In the QC process, both photoexcitation and pho
emission occur in NSPs, and in the QCLC process, photo
citation occurs in the NSPs, while the photoemission occ
in the LCs in a Si oxide adjacent to the NSPs. Which proc
plays the major role in PL is mainly determined by two fa
tors: the sizes of the NSPs and the main parameters of
LC in the Si oxide, which are the capture cross sections
the LC when it is neutral, and the density and luminesce
efficiency of the LC. For a nanoscale Si/Si oxide system w
a specific type of LC of definite density, a critical most pro
able size of NSPs can be defined. When the most prob
size of the NSPs is larger than the critical one, the QC
process surpasses the QC process, while when the most
able size of the NSPs is smaller than the critical one, the
process surpasses the the QCLC process. This conclu
seems contradict to that of Ref. 10. They claimed that
NSPs with larger sizes, the QC model worked, but for NS
with smaller sizes SivO bond ~a type of LCs! played the
key role in light emission. Provided that the key paramet
for a nanoscale Si/Si oxide system are given, aNLC2Lm
curve can be calculated. For the nanoscale Si/Si oxide
tems with the (NLC , Lm) points just on the curve, the QCLC
process and the QC process are equal in rate. For a sy
with the (NLC , Lm) point at the left-down side of the curve
the QC process dominates, and for a system with
(NLC , Lm) point at the right-up side of the curve, the QCL
process dominates. For a system with the (NLC, Lm) point
close to the curve, both the QCLC and the QC proces
should be taken into account.
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