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Excitons in Si nanocrystals: Confinement and migration effects
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A detailed analysis of the strong room-temperature photoluminescence~PL! signal of size controlled nc-Si is
reported. The size control of nc-Si is realized by evaporation of SiO/SiO2 superlattices and subsequent ther-
mally induced phase separation. By this method the synthesis of completely SiO2 passivated Si nanocrystals
with a controlled size is demonstrated. A strong blueshift of the photoluminescence signal from 1.3 to 1.65 eV
with decreasing crystal size is observed. Resonant photoluminescence measurements prove the breakdown of
thek-conservation rule for nc-Si by showing an increase in the no-phonon transition probability with decreas-
ing crystal size. A no-phonon to phonon assisted transition probability ratio above 1 is detected at 4.5 K. These
results confirm quantum confinement as the origin of the investigated luminescence signal. The size depen-
dence of the different luminescence properties and the very high no-phonon transition probability indicate a
lower confinement barrier compared to other systems containing nc-Si and additional migration effects of the
excitons between the nanocrystals. A separation of quantum confinement and migration effects on the PL signal
is possible due to the very narrow size distribution of the nc-Si and detailed time and temperature dependent
investigations of the photoluminescence.

DOI: 10.1103/PhysRevB.69.195309 PACS number~s!: 78.67.Bf, 78.55.2m, 81.07.Ta
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I. INTRODUCTION

After initial reports on room temperature light emission
porous Si1,2 in the red and near infrared~NIR! region of the
spectrum, interest in the optical properties of Si nanocrys
~nc-Si! has grown over the last decade.3–5 Their compatibil-
ity with common microelectronic device fabrication mate
als and techniques make them attractive for potential ap
cations in integrated optoelectronic devices. A debate a
whether this luminescence band is caused by quan
confinement,6 defects at the nanocluster surface,7 by excita-
tion via the nanocluster–nanocluster interface,7 by Si–Si
bonds within the nanocluster itself,8 or by oxide-related de-
fect states9 is still on-going. The influence of the wide varia
tion in the synthesis processes might be one reason for
different explanations of the origin for the red luminescen
from nc-Si systems. For porous Si the excitonic characte
the observed PL signal was clearly shown and quantum c
finement effects on the confined excitons were analyzed.10,11

The results are in good quantitative agreement with the qu
tum confinement model. For nc-Si embedded in an SiO2 ma-
trix the results of the optical characterization differ quanti
tively from theory which frequently results in differen
explanations of the observed photoluminescence~PL! signal
as described above.

Different processes for the nc-Si synthesis in SiO2-like Si
ion implantation into high quality oxides,7 sputtering of Si
rich oxides,12 or reactive evaporation of Si rich oxides13 were
in use. One problem for quantitative analysis of the PL sig
of nc-Si is the broad and uncontrolled size distributio
Therefore quantum confinement effects and their size de
0163-1829/2004/69~19!/195309~7!/$22.50 69 1953
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dence are difficult to decouple from possible exciton mig
tion effects. For size-selective PL measurements often
number of excited nanocrystals having a certain size is
low. Within the above-described synthesis methods the
crystal size is controlled by the Si content in the SiO2 matrix.
Therefore nanocrystal sizes and their concentrations ca
be controlled independently. Last years significant effort w
devoted to the independent control of these properties
using the low-energy cluster beam deposition techniq
~LECBD!,14 co-pyrolysis of disilane,15 by the preparation of
single Si dot multilayers by low-pressure chemical vap
deposition~LPCVD!,16 and finally by the phase separation
SiO/SiO2 superlattices.17 Especially the last method allow
the synthesis of a dense array of quasimonodisperse
nanocrystals which are an ideal candidate for a detailed c
acterization of quantum confinement and migration effects
excitons in the nc-Si as will be shown in this work.

II. CONFINEMENT EFFECTS IN nc-Si: MODEL
AND NOTATIONS

Light emission from photoexcited Si is a rather inefficie
process due to the indirect nature of the Si band gap. F
recombination of electrons from the minimum of the condu
tion band (D1,C) with holes from the maximum of the va
lence band (G258) the contribution of momentum conservin
TO or TA phonons is necessary. The spatial confinemen
electron and hole within the Si quantum dot results in
smearing out of the electron and hole wave function ink
space, due to the Heisenberg uncertainty relation. This
sults in an increasing probability of quasidirect transitio
©2004 The American Physical Society09-1



o
y
s
rg
es

t
le

l
nt
u

-S
of

is
u

n-
th

i

a

q
ed

t
fi

th
s
an
y

h-
in

h
to
f
o

no

l
e

rys-

the
O
d

-gap
of

for

i-
m-
This
an
de-

s a
rys-
PL
l-
Si
n

ora-
ere
re
.
nm.
he
ere

ce
arch

lved
ulti-
the
e at

xci-
en

ec-

s
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with decreasing dot size as has been experimentally c
firmed for porous Si.18 Additionally, an increasing energ
difference between electron and hole with decreasing cry
size occurs. On the other hand, the exciton binding ene
increases with decreasing crystal size which has been
mated to be23.572e2/(«0d), whered is the diameter of the
nanocrystal.19,20In the following we will always refer the ne
blueshift of the energy difference between the confined e
tron and hole as confinement energyEC in accordance with
other theoretical and experimental work.10,11,18,19,21This net
increase ofEC scales withD21.3 according to theoretica
calculations19,22under the assumption of infinite confineme
potentials. This was proven before experimentally for poro
Si ~Ref. 18! as well as for nc-Si produced by LECBD.21

Assuming a finite potential barrier as in the case of nc
embedded in a SiO2 matrix, and taking the abrupt change
the effective mass between nc-Si and the SiO2 matrix into
account a decrease of the power dependence ofEC up to
D21.0 is predicted by theory.23

An additional contribution to the confinement energy
caused by the electron–hole exchange interaction. It res
in a splitting of the exciton energy level into triplet and si
glet states assuming that the spin–orbit interaction is ra
weak.10 The quantum-confined-enhanced splitting energy
DEX5DEX

Si(dX /d)3, whereDEX
Si53.16531024 eV anddX

54.3 nm.24 DEX values between 5 and 20 meV were me
sured for Si nanocrystals.10,11,25,26The radiative lifetime of
the electron–hole recombination represents the thermal e
librium of the lifetime of triplet and singlet state as describ
by Calcottet al.:10

t r~E,T!5t tripS 11
1

3
expS 2

DEX

kBT D
11

t trip

3tsing
expS 2

DEX

kBT D D , ~1!

with tsing andt trip as radiative lifetime of singlet and triple
state, respectively. The triplet transition lifetime becomes
nite due to the spin–orbit interaction and the geometry of
confinement potential27 with values between 1 and 15 m
reported so far. For the singlet lifetime values between 1
15 ms were measured, depending on the emission energ
the nc-Si.10,11,25,26

Additionally, a migration of the excitons between neig
boring nanocrystals in porous silicon has been shown to
fluence its optical properties. An exciton has not only t
possibility to recombine radiative or nonradiative but also
migrate to another nanocrystal. This process is favored
silicon nanocrystals by extremely long radiative lifetimes
excitons in the entire temperature range.

Therefore the rate equation of excitons within a Si na
crystal changes to:24

dNi~ t !

dt
52

Ni

t r
2

Ni

tnr
2(

j
Pi j Ni~ t !1(

j
Pji Ni~ t !, ~2!

whereNi(t) is the number of excitons in the nanocrystai
and Pi j the probability for an exciton to migrate from th
nanocrystali to the nanocrystalj. This probability depends
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on the energy difference between excitons in the nanoc
tals i and j (DEi j ) and their distance (r i j ):

24

Pi j 5y•exp~2g•r i j ! for DEi j <0, ~3!

Pi j 5y•exp~2g•r i j !•expS 2
DEi j

kBT D for DEi j >0. ~4!

y stands for the attempt frequency of the hopping of
exciton. The potential barrier due to the surrounding Si2
matrix is implied in theg factor. This mechanism is calle
‘‘trapped controlled hopping mechanism’’24 and is based on
exciton migration ~called ‘‘hopping’’! between different
nanocrystals. On the other hand, due to the higher band
energy of the surrounding nanocrystals or the thickness
the oxide several Si nanocrystals act as so-called ‘‘traps’’
the excitons.24,26 For lower temperatures, Eq.~4! is domi-
nated by the exp(2DEij /kBT) term and for higher by the
exp(2g•rij) term. In other words, at high temperatures a m
gration of the excitons is more probable and at lower te
peratures more Si nanocrystals act as an exciton trap.
mechanism of exciton ‘‘hopping’’ combined with a Gaussi
size distribution explains the stretched exponential time
cay of the PL signal.24,25,28

I ~ t !5I 0 expF2S t

t D bG , ~5!

where I (t) is the PL intensity at the timet and b is the
dispersion factor. The dispersion factor can be taken a
measure of the migration process. Totally isolated nanoc
tals would show a single exponential time decay of their
signal, i.e., ab value of unity. This mechanism was deve
oped for porous Si and is only partially applicable to
nanocrystals within a SiO2 matrix. Nevertheless, the mai
features and trends should be comparable.28

III. EXPERIMENT

The nc-Si samples were prepared by alternative evap
tion of SiO powder in either vacuum or oxygen atmosph
to create a SiO/SiO2 superlattice. The synthesis procedu
and the evaporation conditions are described elsewhere17,29

The thickness of the SiO layers varied between 1 and 6
The SiO2 layers had a thickness of 4 nm. The number of t
superlattice periods was 45. The evaporated samples w
annealed at 1100 °C in N2 atmosphere. Photoluminescen
measurements were performed using an Acton Rese
500L spectrometer with an attached liquid nitrogen~LN!
cooled charge coupled device~CCD! camera and a HeCd
laser at 325 nm as the excitation source. The time reso
PL measurements were performed using a fast photom
plier tube for detection and a pulsed nitrogen laser as
excitation source. Resonant PL measurements were don
liquid He temperature using a Ti-sapphire laser as the e
tation source with an variable excitation wavelength betwe
800 and 1000 nm and a LN cooled CCD camera for det
tion. A D5005 ~Siemens/Bruker AXS! x-ray diffractometer
with a CuKa source in the thin film diffraction mode wa
used for the x-ray diffraction~XRD! investigations.
9-2
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IV. RESULTS AND DISCUSSION

A. PL peak position

In Fig. 1 the nc-Si diameter~D! dependence of the con
finement energy (EC) is shown. The crystal size was me
sured by XRD using the Scherrer equation.EC corresponds
to the blueshift of the nc-Si PL band maximum measured
4.5 K ~a! and at 300 K~b! with respect to the band-ga
energy of bulk silicon at these temperatures which refle
the net blueshift of the band gap as a combination of incre
ing band gap and increasing binding energy of the confi
excitons, as introduced in Sec. II. The straight line in Fig
represents theD2X dependence ofEC with X50.860.1 at
4.5 K ~a! andX50.660.1 at 300 K~b!. The large error bars
for the crystal size measured by XRD occur due to the lim
of the measurement system arising from the very small c
tal size and the overall layer thickness of about 200 nm. T
PL energy shift shows the expected trends, but already
small difference between the results of the measuremen
different temperatures indicates that the described blue
of luminescence band with decreasing crystal size is not o

FIG. 1. Dependence of confinement energy on Si crystal
measured by XRD for PL measured at 4.5 K~a! and 300 K~b!. The
solid line shows a fit assuming aD20.860.1 ~a! and aD20.660.1 ~b!
dependence ofEC . The dashed line in~a! shows aD21.3 depen-
dence as described before~Refs. 11 and 21!.
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determined by the confinement effect but also by anot
temperature dependent process.

Figure 2~a! shows the peak position of the PL signal ve
sus temperature for the sample with 4-nm-thick SiO lay
after crystallization. The PL peak energy increases with
creasing temperature from 300 to 50 K similar to the te
perature variation of the bulk silicon band gap and can
fitted by a relation given in~straight line!:30

Egap~T!5Egap,02A•S 2

exp@\V/kBT#21
11D , ~6!

whereA is a temperature independent value~0.064 eV for
bulk Si! and \V stands for the average phonon energy~32
meV for bulk Si!. Egap,0 is the energy value determined b
extrapolating the Si band gap from the linear part of its te
perature dependence~from 300 to 100 K! to 0 K ~1.233 eV
for bulk Si!. The best fit for our system can be achiev
using A50.01960.005 eV, Egap,051.47160.004 eV where
Egap(T) is the mean nanocrystal band gap~energy position of
the PL maximum!, and\V52464 meV. This corresponds
to a three times smallerA value compared to bulk Si and
smaller average phonon energy. However, for temperat
between 50 and 4.5 K, the experimental data does not fol
the simple relation described by Eq.~6!. The energy position
of the PL peak increases rapidly with decreasing tempera
from 1.45 to 1.472 eV. Figure 3 shows the full width at ha
maximum~FWHM! of the PL signal over the entire temper
ture range. Between 300 and 100 K the FWHM decrea
with decreasing temperature from 257 to 245 meV. Surp
ingly, for temperatures below 100 K the FWHM increas
with decreasing temperatures up to 265 meV, which is e
larger than the measured room temperature value.

To our opinion, these observations reflect the tempera
dependence of the migration process@see Eqs.~3! and ~4!#.
For temperatures between 50 and 300 K the PL peak pos
follows Eq. ~6!. The change from an excitonic migration b
tween all Si nanocrystals to a preferential migration fro
small to big nanocrystals can be seen by the decrea
FWHM of nearly exactlykBDT with decreasing temperatur
and the three times smallerA value for the nc-Si compared t

e

FIG. 2. PL peak position as a function of temperature for
sample with a 4-nm-thick SiO layer. The solid line shows the b
fit to the experimental data from 50 to 300 K according to Eq.~6!.
9-3
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JOHANNES HEITMANN et al. PHYSICAL REVIEW B 69, 195309 ~2004!
bulk Si for the fit after Eq.~6!. This smallerA value arises
from the interplay between the band-gap behavior of Si
the changing size distribution which contribute to the
signal. Below 50 K, the influence of the traps become m
and more important. The effect of the thermalization of t
excitons becomes smaller and smaller and more smaller c
tals contribute to the PL signal. The FWHM increases ag
with decreasing temperature and the PL peak energy incr
with decreasing temperature is more pronounced. These
ferent size distributions of the Si nanocrystals which contr
ute to the PL signal at different temperatures can also exp
the difference in the size dependence ofEC at 5 and 300 K.

B. Resonant excited PL measurements

Resonant excited PL was carried out in order to pro
spatially confined excitons to be the origin of the PL sign
Figure 4 shows a set of resonantly excited PL spectra
sample with a mean crystal size of 2.5 nm~initial SiO layer
thickness of 4 nm!. The different excitation energies (Eex)
are indicated by the position of the arrows. With decreas
excitation energy a steplike structure in the PL spectra
comes more pronounced. The energetical distance of
structures toEex agrees well with the energies of momentu
conserving TO~56 meV! or TA phonons~19 meV! in Si for
a recombination of electrons from theD1,C point with holes

FIG. 3. FWHM of the PL signal as a function of temperature
the sample with a 4-nm-thick SiO layer.

FIG. 4. Resonantly excited PL signal for different excitati
energies~indicated by arrows! for the samples with a 4 nm SiO
layer thickness after crystallization.
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from theG258 point. The resonant PL signal is determined
the Si nanocrystal size distribution and the absorption cr
section of the Si nanocrystals which strongly depends on
difference between excitation and emission energy. To eli
nate the effect of the size distribution, the resonantly exci
PL signal was divided by the PL signal excited at low las
power in the UV (lex5325 nm) which reflects the size dis
tribution of the nanocrystals due to the very big differenc
between excitation and emission energies. The resulting s
like function is shown in Fig. 5. Every step height in th
spectrum is a measure of the number of different no-pho
or momentum-conserving phonon-assisted absorption an
combination processes depending on their energy.18 For the
fit in Fig. 5 a set of three independent parametersa, b, andg
were introduced, which stand for the transition probabilit
of the no-phonon~NP!, TA phonon assisted, and TO phono
assisted process, respectively. The height of each step in
spectra is then fitted by the product of the absorption a
emission probability and the sum of the possible proces
For the height of the first step only a NP absorption a
emission can contribute to the PL signal~step heighta2).
For the next step at an energyEex2ETA either a NP absorp-
tion and a TA phonon-assisted emission or a TA phon
assisted absorption and a NP emission can contribute to
PL signal~step heightab1ba), and so on. Please note th
due to the low measurement temperature of 4.5 K only p
non emission has to be taken into account. The increa
absorption cross section with increasing difference of exc
tion and emission energy was fitted by an exponential ba
ground. Additionally to the described phonon energies
offset had to be added to the excitation energy in orde
place the steps at the right energy position. This offset c
responds to the quantum-confined-enhanced splitting en
DEX ,10,11 as introduced in Eq.~1!, and is between 3 and 5
meV. Its origin is the singlet-triplet splitting of the energy o
the confined phonon due to the spin1

2 of electron and hole.
The absorption into the singlet state is much more proba
compared to the quasi-forbidden transition into the trip
state, while the recombination process at low temperatu
~4.5 K! is dominated by the triplet state due to the therm
equilibrium. This difference in absorption and emissi
branch results in the described offset.

FIG. 5. Resonantly excited PL signal divided by the PL sign
excited by low power UV light~straight line! and fitting function
~dotted line! as described in the text.
9-4
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In Fig. 6 the ratio of NP to phonon assisted process
determined by the fitting procedure described above, is p
ted overEC . EC is determined by the difference between t
Si band gap at 4.5 K and the excitation energy for the re
nant excitation. As can be seen here, a significant increas
the relative NP transition probability with increasingEC is
observed. The ratio of NP process probability to the pr
ability of the TO phonon assisted process was fitted
scales withEC

1.7 represented by a solid line in Fig. 6. Takin
into account thatEC scales asD20.860.1 @see Fig. 1~a!# and
that the phonon-assisted recombination probability sc
with the volume of the nc-Si,18 which means withD23, one
can calculate that the NP recombination probability sca
with D24.5. Theoretically, aD26 dependence of NP trans
tion probability was calculated31 and experimentally proven
for porous Si.18 In both cases the vacuum level as the barr
for the exciton confined within the nc-Si can be assumed
be infinite. The absolute value of the NP process probab
to the probability of the TO phonon assisted processes r
is above 1 forEC higher than 0.3 eV, which is a rather hig
ratio compared to similar systems.18 The smaller dependenc
and the enhanced absolute value of NP transition for
sameEC values could be explained by the finite potent
barrier due to the SiO2 matrix. A lower SiO2 barrier leads to
a smearing out of the electron wave function into the sub
ide. In this case, a NP transition strength enhancemen
more likely due to the amorphous structure of the SiO2 .
Furthermore, this effect to our opinion is also responsible
a smaller sensitivity of the PL energy to nanocrystal size
our layers compared to porous silicon: a lower potential b
rier implies a smaller confinement energy for excitons. T
would explain the still very low exponent of 0.8 for the siz
dependence ofEC ~see Fig. 1! at a temperature of 5 K where
migration effects are negligible.

C. Temperature dependence of the PL lifetime

Figure 7~a! shows the temperature dependence of PL l
time and PL intensity for temperatures between 300 and
K for the sample with a nc-Si mean size of 2.5 nm. The

FIG. 6. Ratio of NP to TO phonon-assisted processes~triangles!
and TA phonon-assisted processes~squares! as a function ofEC .
The solid line is a theoretical fit assuming aEC

1.7 dependence of the
increasing ratio of NP to TO phonon-assisted processes.
19530
s,
t-

o-
of

-
d

s

s

r
o
y
io

e
l

-
is

r
n
r-
s

-
.5
L

intensity increases with decreasing temperature between
and 70 K and decreases again for temperatures lower tha
K. The lifetime of the observed luminescence increases
decreasing temperature over the whole measured range
28 ms at 300 K to 770ms at 4.5 K. The lifetimes were
obtained by fitting the experimental data by a stretched
ponential fit according to Eq.~5!.

The b values for the different temperatures are shown
Fig. 7~b!. For temperatures below 100 K,b is decreasing
with decreasing temperature. For a temperature of 300
smallerb value compared to the 100 K value was found. T
b value is between 0.4 and 0.62 over the whole tempera
range.b is emission energy independent at temperatures
300 and 4.5 K and decreases with increasing emission en
for a measurement temperature of 100 K~not shown here!.
This temperature dependence of theb values proves the oc
currence of a migration of excitons between the Si nanoc
tals. Decreasingb with decreasing temperature indicates
increasing influence of traps on the exciton migration a
was observed and simulated by Monte Carlo simulat
before.24,26,28At 300 K the additional influence of a nonrad
ative recombination channel results in a decreasedb value
compared to measurements at 100 K. The energy depend
of b does also fit to the described mechanism. At high te
peratures~300 K! the exciton migration is nanocrystal siz
independent and so is theb value. At lower temperatures
~100 K!, the exciton migration does preferentially take pla

FIG. 7. Temperature dependence of PL intensity,~a! lifetime and
~b! of the b value introduced in Eq.~5! for the sample with an
initially 4-nm-thick SiO layer.
9-5
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JOHANNES HEITMANN et al. PHYSICAL REVIEW B 69, 195309 ~2004!
from smaller to bigger crystals~thermalization! and theb
value decreases for increasing emission energy, i.e., dec
ing crystal size. At even lower temperatures~4.5 K! the ex-
citon migration is dominated by traps and theb value be-
comes again emission energy independent.

The temperature dependence of the lifetime for differ
emission energies measured on the sample with 3-, 4-,
6-nm-thick SiO layers is shown in Fig. 8. The straight lin
stand for fits which correspond to Eq.~1! assuming a singlet
triplet splitting of the excitonic state due to electron–ho
exchange interaction. The experimental data for the PL l
time at 300 K differs significantly from the fit due to the fa
that the measured lifetime of the nc-Si PL signal is a com
nation of radiative and nonradiative recombination chann
as well as migration effects of the excitons.24,25,28Nonradia-
tive recombination channels and migration effects play a m
jor role at these temperatures. This agrees well with a sma
PL intensity$see Fig. 7~a! and the smallerb value at 300 K
@see Fig. 7~a!#% in comparison to the measurements at 100
The results for the described fits are summarized in Tab
The decreasing singlet lifetime with increasing detection
ergy and the values of singlet and triplet lifetimes as well
the value of the splitting energyDEX are in agreement with
the quantum confinement model.

In Fig. 9, the values forDEX are shown depending on th
emission energy measured by the temperature dependen
the lifetime and the offset in the resonantly excited PL.DEX
increases with increasing emission energy for both fitt
procedures. The values ofDEX measured spectroscopical
with resonant PL excitation are found to be a bit smaller th
those extracted from the temperature dependence of the

FIG. 8. Temperature dependence of PL lifetime of the samp
with 6-, 4-, and 3-nm-thick SiO layers, detection wavelengths
850, 800, and 750 nm, respectively. The straight lines are fits
cording to Eq.~1! for the experimental values from 4.5 to 100 K

TABLE I. Fitting parameter for the fits in Fig. 8 concerning E
~1!.

SiO thickness
~nm! Edet ~eV! tsing ~ms! t trip ~ms! DEX ~meV!

6 1.46 20610 9006100 461
4 1.55 13610 850690 764
6 1.65 965 960670 964
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time. The possible variation of nanocrystal shapes and s
results in the absence of the unique value ofDEX even at the
same energy of confinement. The optically measuredDEX is
the minimal value in the distribution of all possibleDEX ,
whereas the splitting deduced from temperature depend
can be considered rather as an average one.10

V. CONCLUSIONS AND SUMMARY

Experimental data on the temperature behavior of the
from the nc-Si presented here can only be explained ass
ing excitation migration between Si nanocrystals. The
creasing emission energy with decreasing nc-Si size, the
served Si momentum-conserving phonon-related structur
the resonantly excited PL signal, the temperature behavio
the PL lifetime arising from exciton exchange splitting, a
the decreasing singlet lifetime with increasing emission
ergy clearly indicate that the PL originates from exciton
combination within the nc-Si.

The discussed quantum confinement effects show qua
tively the same trends as described for other systems18,21 but
differ quantitatively from these systems due to the differen
in size distribution and surrounding matrix. A possible exp
nation for the quantitative differences for several confin
ment effects is exciton migration between different Si nan
rystals. The migration process involves a thermalization
the excitons, which means that the excitons migrate into
energetically most favorable low energy state. This can
seen from the temperature dependence of the PL lifetim
described in Sec. IV C. The temperature dependence of
PL peak position~see Fig. 2! and its FWHM ~see Fig. 3!
further reflect the described temperature dependence o
exciton migration process efficiency. This indicates a sign
cant influence of the excitonic migration on the optical pro
erties of our layers. The very lowb values measured for th
time dependence of the PL lifetime of the size-controll
nc-Si system in comparison with porous Si and nc-Si in Si2
produced by ion implantation28 indicates a very effective mi-
gration process. The very high density of Si nanocrystals
nearly the same size result in smallr i j and DEi j values in
Eqs.~3! and~4! which lead to a high exciton migration prob
ability.

s
e
c-

FIG. 9. Energy dependence ofEX determined from offset in the
resonantly excited PL~squares! and from the temperature depende
PL lifetime ~triangles!.
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On the other hand, the migration effect can only partia
explain the differences of the optical properties of the
scribed system compared to porous Si~Ref. 11! or theoretical
calculations.19,22 Especially, the measurements at low te
peratures, where the thermalization of the excitons due
migration effects can be neglected, indicate the existence
layer with a lower confinement barrier compared to th
mally grown SiO2 around the Si nanocrystal. The process
the phase separation of the SiOx into Si and SiO2 makes the
existence of a SiOx shell around the Si nanocrystals pro
able. A lower band gap of the surrounding matrix leads a
to a higher absolute value of NP transition probability and
a higher migration probability, which could explain the ve
strong migration effects mentioned above.

In conclusion, the observed effects can be clearly assig
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