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Coexistence of two different energy transfer processes
in SiO 2 films containing Si nanocrystals and Er

Minoru Fujii,a) Kenji Imakita, Kei Watanabe, and Shinji Hayashi
Department of Electrical and Electronics Engineering, Faculty of Engineering, Kobe University, Rokkodai,
Nada, Kobe 657-8501, Japan

~Received 3 July 2003; accepted 14 October 2003!

The mechanism of energy transfer from silicon nanocrystals~nc-Si! to erbium ions (Er31) in SiO2

films containing nc-Si and Er was studied by analyzing delayed infrared luminescence from Er31.
It was found that, to theoretically reproduce the rising part of the time-dependent luminescence
intensity, two different energy transfer processes, i.e., fast and slow processes, should be considered.
From the fitting of the delayed luminescence to a model, the ratio of the two energy transfer
processes and the energy transfer rate of the slow process were estimated. The ratio exhibited a clear
dependence on the luminescence peak energy of Si nanocrystals, which act as photosensitizers for
Er31, indicating that the ratio depends on the size of nc-Si. The ratio of slow to fast processes
increased with the decrease in size; this observation is a strong indication that the fast process is the
direct inheritance of the process in bulk Si:Er systems, and the slow process is a characteristic
process occurring only in nc-Si:Er systems. The energy transfer rate of the slow process was found
to depend on the recombination rate of excitons in nc-Si. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1631072#
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I. INTRODUCTION

The electronic structure of silicon nanocrystals~nc-Si! is
strongly modified from that of bulk Si crystals due to th
confinement of electrons and holes in a space smaller
the exciton Bohr radius of bulk Si crystals.1,2 The modifica-
tion of the electronic structure provides nc-Si with functio
which do not occur in bulk Si crystals. For example, o
function is as a photosensitizer for optically inactive mate
als. Recently, nc-Si were demonstrated to act as photos
tizers for molecular oxygen3,4 and several kinds of rare eart
ions.5–18 In particular, erbium ions (Er31) can be excited
very efficiently by the energy transfer from nc-Si; the effe
tive absorption cross section of the intra-4f shell transition
of Er31 is enhanced by 2–4 orders of magnitude becaus
the large absorption cross section of nc-Si in a visible ra
and because of the efficient energy transfer from nc-S
Er31.5–15 This sensitized excitation of Er31 provides large
benefits in a number of fields which utilize near-infrar
emission of Er31. One application which takes advantage
the enhanced absorption cross section is a planer-waveg
optical amplifier operating at 1.54mm. With a simple ridge-
type waveguide structure~1 cm long, 9mm wide, and 0.5
mm high! consisting of SiO2 films containing nc-Si and E
excited from the top, a net gain of 7 dB/cm at 1.535mm has
been obtained.19,20 By employing similar materials as a ga
oxide of a metal–oxide–semiconductor structure, electro
minescence devices operating at room temperature with
quantum efficiency of 1%21 and 10%22 have been reported.

Because of these possible applications, great efforts h
been devoted to understanding the mechanism of the in
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action between nc-Si and Er31. One standard approach i
analyzing the interaction is to construct a set of rate eq
tions by taking into account all possible transitions in a
between nc-Si and Er31, fitting the experimental data to th
model, and extracting parameters describing the energy
change processes. This approach has worked very well,
all experimental results have been explained consistent16

Furthermore, by extending this approach, a guideline to
alizing an optical amplifier from nc-Si:Er systems has be
given.16

In these previous studies, the coupling between nc
and Er is assumed to be very strong. However, this assu
tion is not always applicable. In our previous work on SiO2

films containing nc-Si and Er,14 we demonstrated that, afte
excitation of nc-Si by a pulse laser with a 5 nspulse width,
the photoluminescence~PL! intensity of Er31 rises very fast
up to about 70% of the maximum intensity, and then starts
rise slowly until reaching the maximum. The observed de
time was distributed from several microseconds to sev
hundredths of a microsecond, depending on the sam
preparation conditions. The observation of the long PL de
suggests that, in addition to the strong coupling that is u
ally considered, a weak coupling process exists, althoug
might play a minor part in the whole energy transfer proce

Another point not discussed in detail so far is the s
dependence of the interaction properties. In previous mod
nc-Si:Er systems have been treated as an independent sy
that is essentially different from Er-doped bulk Si~bulk-
Si:Er! systems, that is, no continuity from bulk-Si:Er to n
Si:Er systems has been discussed. This distinction seem
be reasonable by considering different exciton transp
properties between the two systems; in nc-Si:Er systems,
citons can interact only with Er31 staying nearby each nano
crystal, while in bulk-Si:Er systems, excitons can migra
il:
© 2004 American Institute of Physics
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and interact with any Er31. However, it is not plausible tha
the mechanism of the energy-exchange itself is comple
different between the two systems. The electronic struc
of nc-Si is modified only slightly from that of bulk Si crys
tals, and the electronic structure changes continuously f
the bulk structure with decreasing size.1,2 As a result, the
optical property of nc-Si is a small modification of those
bulk Si crystals, and all parameters~e.g., band gap energy
exciton lifetime, degree of electron-hole exchange inter
tion, and so on! change continuously from the bulk values.
is well-established from experimental and theoretical stud
that all these changes are the results of spatial confineme
electrons and holes, or excitons in a small space~i.e., the
quantum size effect!.1,2 The exciton Bohr radius of a bulk S
crystal is about 5 nm. The quantum size effect thus beco
prominent for nanocrystals smaller than about 10 nm in
ameter, and larger nanocrystals can be regarded as bulk
the point of view of electronic structures. Therefore, if t
strong interaction between nc-Si and Er31 is a consequence
of quantum size effects, we should observe continu
changes of the interaction properties from bulk-Si:Er-like
nc-Si:Er-like in the size range less than 10 nm.

The purpose of this work is to have experimental acc
to these problems. To do so, we extended our previous w
on SiO2 films containing nc-Si and Er.14 We have studied the
time development of Er31 PL intensity after pulsed excita
tion of nc-Si hosts. The rising part of Er31 PL intensity con-
tains valuable information concerning the energy trans
mechanism. We will demonstrate that, in order to quant
tively reproduce the observed rising part, two different e
ergy transfer processes~fast and slow! should be considered
From the fitting of observed curves to a model, the ratio
the two processes and the energy transfer rate of the
process are extracted. It will be shown that the ratio depe
greatly on the size of nc-Si and changes continuously i
wide size range; this continuous change indicates that t
is no distinct border from bulk Si to nc-Si in the sense
energy exchange with Er31. The observed size dependen
implies that the slow energy transfer process is a charac
istic process occurring only in nc-Si:Er systems, thus beco
ing more important with decreasing size. It will be show
that the energy transfer rate of the slow process is determ
by the recombination rate of excitons in nc-Si.

II. EXPERIMENTAL DETAILS

SiO2 films containing nc-Si and Er (SiO2 :nc-Si:Er)
were prepared by a cosputtering method. Details of
preparation procedures are described in our previ
papers.6,7 Si, SiO2 , and Er2O3 were simultaneously sputte
deposited in argon~Ar! gas, and the deposited films~about 1
mm in thickness! were annealed in a nitrogen (N2) gas
~99.999%! atmosphere for 30 min at temperatures betwe
1100 and 1250 °C. Si nanocrystals were grown in films of
mixture of SiO2 and Er2O3 during the annealing. In this
method, the size of nc-Si can be controlled by changing
concentration of Si in the films or changing the anneal
temperature. The average size of nc-Si was estimated
cross-sectional transmission electron microscopic obse
Downloaded 13 Jul 2007 to 133.30.51.109. Redistribution subject to AIP
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tions. In this work, the average size of nc-Si (dSi) was
changed from 2.7 to 5.5 nm. Er concentration was fixed
0.11 at. % for all the samples. PL spectra were measu
using a single grating monochromator and a near-infra
photomultiplier with an InP/InGaAs photocathode. The ex
tation source for taking the spectra was the 457.9 nm line
an Ar-ion laser~0.3 W/cm2!. In this wavelength, Er31 is not
directly excited. For all the spectra, the spectral respons
the detection system was corrected by the reference spec
of a standard tungsten lamp. For the time response meas
ments, a 532.0 nm line of a Nd:Yttritium–aluminum–garn
~YAG! laser was used as the excitation source~pulse energy
0.65 mJ, pulse width 5 ns, repetition frequency 20 Hz, a
spot size 2 mm!. A multichannel scalar was used in obtainin
the decay curves. The overall time resolution of the syst
was better than 100 ns. All measurements were performe
room temperature.

III. RESULTS AND DISCUSSION

A. Analysis of PL decay curves

Figure 1 shows the typical PL spectra of SiO2 films con-
taining Si nanocrystals and Er at relatively low Er conce
tration ranges~;0.11 at. %!. Two emission bands due to th
exciton recombination in nc-Si and intra-4f shell transition
of Er31 are observed. The intensities of these bands com
with each other; with increasing Er concentration, the Er31

PL band becomes stronger, while the exciton PL band
quenched. The ratio of the increase in Er31 PL intensity
~integrated intensity! to the loss of nc-Si PL one was abo
0.7 at low excitation power. The excitation spectrum of t
Er31 PL is very similar to that of the exciton PL, indicatin
that excitation of Er31 is due mainly to the energy transfe
from Si nanocrystals.7

More evidence of the energy transfer is obtained in
time transient of Er31 PL.14 Figure 2 shows the time depen
dence of PL intensity just after excitation by the frequenc
doubled pulsed Nd:YAG laser with a pulse width of 5 n
The time resolution of the detection system is better than

FIG. 1. Photoluminescence spectra of SiO2 films containing Si nanocrystals
and Er at room temperature. A broadband at about 1.55 eV is due to re
bination of excitons in Si nanocrystals and a sharp peak at 0.81 eV a
from intra-4f shell transition of Er31.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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ns. We can clearly see that PL intensity rises slowly a
finishing the excitation, and the delay time depends stron
on the samples. The observation of the delayed PL is
direct evidence that Er31 is excited indirectly by the energ
transfer from nc-Si.

It is worth noting that, although excitation of Er31 is due
mainly to the energy transfer, at the present excitation wa
length~532 nm!, the direct excitation of Er31 is also partially
possible. In order to know the extent of the contribution
direct excitation, we compared PL intensities of the pres
samples to other samples without nc-Si but with the sa
amount of Er31 (SiO2 :Er). The PL intensity obtained for th
SiO2 :Er samples was less than 5% of the PL intensity of
SiO2 :nc-Si:Er samples, suggesting that the contribution
direct excitation is negligibly small in SiO2 :nc-Si:Er
samples.

In the present sample preparation method, the size
nc-Si can be controlled by two independent parameters,
excess Si concentration and annealing temperature. In
2~a!, the Er concentration~0.11 at. %! and annealing tem

FIG. 2. PL time transient at 0.81 eV just after 5 ns pulsed excitation. S
bols are experimental results, and curves are results of model fittings~a!
Annealing temperature and Er concentration are fixed at 1150 °C and
at. %, respectively, and excess Si concentration is changed.~b! Excess Si
concentration and Er concentration are fixed at 9.28 vol % and 0.11 a
and annealing temperature is changed.
Downloaded 13 Jul 2007 to 133.30.51.109. Redistribution subject to AIP
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perature~1150 °C! are fixed and the excess Si concentrati
is changed. By changing the excess Si concentration f
2.43 to 11.1 vol %, the PL peak energy is shifted from 1.52
1.36 eV ~see Table I!, corresponding to the size change
3.2–4.6 nm. We can see that with increasing the size, the
delay becomes slightly longer. In contrast to Fig. 2~a!, in Fig.
2~b! the annealing temperature is changed and the other
rameters are fixed. In this case, the PL peak energy
changed in a smaller energy range, i.e., from 1.41 to 1.30
corresponding to the size change of 4.2–5.2 nm. Althou
the change in size is smaller than that in Fig. 2~a!, the varia-
tion of the delay time is much larger. It is clear that a high
annealing temperature results in a longer PL delay, eve
the size of nc-Si, i.e., the PL peak energy, is the same. Th
fore, in addition to a size, there exists another parameter
affects the energy transfer rate.

In order to discuss this in more detail, we quantitative
analyze the observed data. In the present Er and nc-Si
centration range, we can assume that one nanocrystal i
acts with one Er31. Under this assumption, in the simple
model, Er31 PL intensity is expressed as

I ~ t !}exp~2wErt !2exp@2~wTr1wSi!t#, ~1!

wherewSi , wEr , andwTr are the recombination rates of ex
citons in nc-Si and Er31, and the energy transfer rate, respe
tively. In this equation, both the rising and decaying parts
the curves are expressed with a single exponential funct
However, as can be seen in Fig. 2~b!, the intensity rises very
fast until reaching about 70% of the maximum intensity a
then starts to rise slowly. This behavior is apparently diff
ent from Eq.~1!.

To reproduce the observed decay curves, we have
consider at least two different energy transfer processes
curring simultaneously; one process is faster than our t
resolution ~100 ns!, and the other is slower and depen
strongly on the samples. We define the number of Er31 ions
which interact very strongly with nc-Si and contribute to t
fast process asNEr

f , and the number of Er31 ions which
interact weakly and contribute to the slow process asNEr

s .
The energy transfer rate of each process iswTr

f and wTr
s ,

respectively. Under the assumption that one nanocrysta
teracts with one Er31, NEr

f is equal to the number of nc-S
interacting strongly with Er31 (NSi

f ), and NEr
s is equal to

those weakly interacting with Er31 (NSi
s ). After pulsed exci-

tation, the number of excited nc-Si that can transfer energ
Er31 is

NSi~ t !5NSi0
f exp@2~wTr

f 1wSi!t#

1NSi0
s exp@2~wTr

s 1wSi!t#, ~2!

wherewSi is the recombination rate of excitons in nc-Si, a
NSi0

f andNSi0
s denote the number of nc-Si excited att50. If

we ignore direct excitation of Er31, the excitation rate of
Er31 can be

G~ t !5wTr
f NSi0

f exp@2~wTr
f 1wSi!t#

1wTr
s NSi0

s exp@2~wTr
s 1wSi!t#, ~3!

-

11

,
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TABLE I. List of samples studied in this work. Er concentration is fixed to 0.11 at. % for all the sam
Recombination rates of nc-Si (wSi) and Er (wEr) are obtained from PL decay curves. The ratio of slow to f
energy transfer processes (NEr

s /NEr
f ) and the energy transfer rate of the slow process (wTr

s ) are obtained by fitting
experimental decay curves to a model.wTr

s* is obtained by subtracting the time necessary for Er31 to relax from
higher excited states to the first excited state from 1/wTr

s ~see Ref. 23!.

Ta
~°C!

Si
~vol %!

PL peak energy
~eV!

wSi

~s21!
wEr

~s21! NEr
s /NEr

f
wTr

s

(103 s21)
wTr

s*
(103 s21)

1150 2.43 1.52 8692 255 0.80 191 366
1200 2.43 1.43 5931 165 0.64 42.4 47.4
1250 2.43 1.35 3927 125 0.53 14.4 14.9

1100 4.08 1.52 11515 291 0.76 265 785
1150 4.08 1.46 7795 318 0.62 176 314
1200 4.08 1.37 5061 184 0.53 49.7 56.8
1250 4.08 1.35 3927 173 0.30 17.6 18.4

1100 6.66 1.46 10870 367 0.81 269 821
1150 6.66 1.40 6897 320 0.58 139 213
1200 6.66 1.36 4916 178 0.49 35.2 38.6
1250 6.66 1.33 3631 163 0.34 21.2 22.4

1100 9.28 1.41 10322 447 0.51 222 499
1150 9.28 1.38 6598 305 0.47 96.4 127
1200 9.28 1.31 4191 189 0.50 24.6 26.2
1250 9.28 1.30 3188 199 0.40 17.1 17.9

1100 11.1 1.35 9688 465 0.37 130 193
1150 11.1 1.36 6299 318 0.42 70.5 85.6
1200 11.1 1.34 4626 254 0.37 38.8 43.0
1250 11.1 1.30 3188 248 0.37 18.2 19.1
ur
-S
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L

ates
. 3
and the number of Er31 ions in the excited state is

NEr~ t !5
wTr

f NSi0
f

wTr
f 1wSi2wEr

$exp~2wErt !

2exp@2~wTr
f 1wSi!t#%1

wTr
s NSi0

s

wTr
s 1wSi2wEr

3$exp~2wErt !2exp@2~wTr
s 1wSi!t#%. ~4!

As can be seen in Fig. 2~b!, the fast process is faster than o
time resolution, and is also faster than the lifetimes of nc
PL ~100ms–1 ms! and Er31 PL ~;5 ms!. Therefore, Eq.~4!
can be approximated as

NEr~ t !5NSi0
s H S NSi0

f

NSi0
s

1
wTr

s

wTr
s 1wSi2wEr

D exp~2wErt !

2
wTr

s

wTr
s 1wSi2wEr

exp@2~wTr
s 1wSi!t#J . ~5!

Equation ~5! multiplied by wEr results in the PL intneisty
Since the excitation rate of nc-Si does not depend on whe
the energy transfer is fast or slow,NSi0

f /NSi0
s 5NSi

f /NSi
s , and

from the assumption that one nanocrystal interacts with
Er31, NSi

f /NSi
s 5NEr

f /NEr
s . Therefore, PL intensity will be
l 2007 to 133.30.51.109. Redistribution subject to AIP
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I ~ t !}S NEr
f

NEr
s

1
wTr

s

wTr
s 1wSi2wEr

D exp~2wErt !

2
wTr

s

wTr
s 1wSi2wEr

exp@2~wTr
s 1wSi!t#. ~6!

In Eq. ~6!, NEr
f /NEr

s andwTr
s are unknown parameters andwEr

and wSi can be obtained experimentally from the dec
curves of Er31 and nc-Si PL. The decay time of nc-Si P
was obtained by fitting the tail part of the decay curves w
a single exponential function. By usingNEr

f /NEr
s and wTr

s as
fitting parameters, we fitted all of the experimental curv
and extracted the values. The solid curves in Fig. 2 are
results of the fitting. The model can reproduce all the o
served data with very good accuracy. The parameters u
for and obtained from the fittings are summarized in Table

B. Ratio of slow to fast energy transfer processes

In Fig. 3, the ratio of slow to fast energy transfer pr
cesses (NEr

s /NEr
f ) is plotted as a function of the peak energ

of nc-Si PL. Since the PL spectrum of nc-Si is determined
its size distribution, the abscissa of Fig. 3 can be converte
the average size of nc-Si. We can see a good correla
between the two parameters, allowing us to conclude
NEr

s /NEr
f is the function of nc-Si size. In Fig. 3, in all the P

peak energy ranges studied,NEr
s /NEr

f is smaller than 1, indi-
cating that the fast energy transfer process always domin
the whole energy transfer process. The straight line in Fig
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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is obtained by the least-squares fitting of all the data. T
intercept of the line to thex axis is about 1.13 eV, which is
very close to the band gap energy of bulk Si crystals.
though this coincidence might be accidental, it is clear th
for the samples consisting of very large nc-Si, only the f
energy transfer process occurs, suggesting that the fast t
fer process is a direct inheritance of the process in bulk-S
systems, and the slow process is a characteristic proces
curring only in nc-Si:Er systems.

C. Fast energy transfer process

In the above model, the energy transfer time includ
pure energy transfer time and the time necessary for exc
Er31 to relax to the first excited state~;2.5 ms!,23 if it is
excited to higher excited states. The transfer time of the
process, which is shorter than our time resolution, is m
shorter than the relaxation time. This suggests that the en
transfer is made only to the first excited state
Er31 (4I 13/2), independent of the size of the nanocrystals.

The fact that the energy transfer is made to the fi
excited state despite the enlargement of the band gap of n
supports the above conclusion that the fast energy tran
process is bulk-Si:Er-like, i.e., a trap-mediated energy tra
fer. In bulk-Si:Er systems, energy transfer is considered to
mediated by Er-related trap levels at about 150 meV be
the conduction band of nc-Si; excitons are trapped at
level and the recombination energy of excitons is transfer
to Er31 by an Auger-like process.24,25

In general, the energy levels of localized states in nc
are not strongly modified by quantum size effects beca
they are localized in space.26,27 In fact, the size-dependen
shift of the dangling-bond-related PL of nc-Si observed
low temperatures is about half of that of the exciton P
suggesting that the trap level is almost unaffected by size
the observed small shift reflects that of either a conduction
valence band edge.2,28–30 Similarly, the energy of the Er-
related trap level measured from the vacuum level is
expected to be strongly affected by the quantum size effe

FIG. 3. The ratio of slow to fast processes estimated from curve fitting
a function of luminescence peak energy of Si nanocrystals. The dashed
is the result of least-squares fitting of the data. Excess Si concentration
2.43 ~h!, 4.08 ~s!, 6.66 ~n!, 9.28 ~,!, and 11.1 vol %~L!.
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As a result, the energy of excitons trapped at Er-related c
ters will not be high enough to excite Er31 to higher excited
states, and the energy transfer is made only to the first
cited state of Er31.

In bulk-Si:Er systems, dissociation of excitons from E
related trap levels and energy back-transfer from exc
Er31 to the level is considered to be responsible for the
served strong temperature quenching of the PL. B
quenching processes require absorption of phonons to m
the energy conservation rule. In nc-Si:Er systems, even if
Er-related trap levels are not strongly affected by size, b
conduction and valence band edges are shifted to higher
lower energies. These shifts prevent the dissociation of e
tons, and also slightly increase the energy of the trap
excitons, although it is not high enough to excite the seco
excited state of Er31, resulting in very small temperatur
quenching.

D. Slow energy transfer process

As the size decreases, the contribution of the slow
ergy transfer process becomes important, suggesting tha
process is a characteristic one in nc-Si:Er systems. Furt
more, considering the very small energy transfer rate of
process, Er-related centers are not expected to be invo
and excitons may interact directly with Er31.

If excitons in nc-Si directly interact with Er31, the en-
ergy transfer should be made mainly to higher excited sta
of Er31 because the nc-Si PL peak energy in the pres
samples is always above 1.26 eV. The evidence that Er31 is
excited to higher excited states is obtained in the PL spe
of nc-Si, which are partially quenched due to the ene
transfer to Er31.14 At room temperature, by doping Er, nc-S
PL is quenched without changing its spectral shape v
much and the spectra are featureless~Fig. 1!. On the other
hand, at low temperatures, periodic features can clearly
distinguished, i.e., the spectra are periodically suppres
and dips appear periodically. In particular, energy higher th
the third excited state of Er31 (4I 9/2) is strongly suppressed
Periodic features appear at about the energies of the se
(4I 11/2) and third (4I 9/2) excited states of Er31 measured
from the ground state, and the separation between the
tures is about 63 meV.

Since the energy levels of the Er31 4 f shell are discrete,
only nc-Si with specific band gap energies can transfer
ergy resonantly; the energy transfer rate is the highest at
resonant energy. At other energies, phonons should be e
ted in nc-Si to meet the energy conservation rule. This p
cess is the most probable for phonons having the high
density of states, which in bulk Si are transverse opti
phonons almost at the center of the Brillioun zone with
energy of 63 meV. If the band gap energy of nc-Si does
coincide with the excitation energy of Er31 plus an integer
number of the energy of those phonons, additional emiss
of acoustic phonons is required to conserve energy. This
cess has a smaller probability and the efficiency of the
ergy transfer is reduced. Consequently, equidistant feat
can be seen in quenched spectra that validate the pho
assisted energy transfer. It is worth noting that, although
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energy transfer rate is larger for some specific energies
others, energy transfer is possible in all energy ranges ab
0.81 eV by emitting a series of phonons during the proce
Very similar but more distinct PL features have been o
served in nc-Si on which oxygen molecules are adsorbe3,4

If the energy transfer is made to higher excited states,
energy transfer time we estimated includes the time for
cited Er31 to relax to the first excited state. In order to e
tract only the time necessary to transfer energy, we subt
the relaxation time~2.5 ms; from 4I 11/2 to 4I 13/2 state!23 from
1/wTr

s and obtained 1/wTr
s* . The relaxation time from furthe

higher states, e.g.,4I 9/2–
4I 11/2 is considered to be muc

faster and negligible. The estimated values ofwTr
s* are sum-

marized in Table I.
First, we plotted 1/wTr

s* as a function of the nc-Si PL
peak energy@Fig. 4~a!#. The energy transfer rate increas
with increasing PL energy, i.e., with the decreasing size
nanocrystals. However, the data are largely scattered,
there seems to be another factor that also strongly affects
energy transfer rate. Among the largely scattered data,
can find a tendency. By comparing the energy transfer r
of the samples exhibiting a PL peak at nearly the same

FIG. 4. Energy transfer rate of slow process is plotted as a function of~a! PL
peak energy of nc-Si, i.e., the size of nc-Si, and~b! inverse of PL lifetime of
nc-Si at PL peak energy, i.e., average exciton recombination rate in n
Excess Si concentrations are 2.43~h!, 4.08 ~s!, 6.66 ~n!, 9.28 ~,!, and
11.1 vol %~L!. In the same symbols, higher-annealing temperature res
in lower PL peak energy and smaller exciton recombination rate.
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ergy, the energy transfer rate is smaller for the samples
nealed at higher temperatures~see Table I!.

E. Quality of nc-Si

To understand the implication of the data of Fig. 4, w
will consider the ‘‘quality’’ of nc-Si. The word quality is
rather ambiguous. However, it is sometimes useful to dis
guish nc-Si grown from Si suboxide by annealing. Figure
shows one of the examples. In Fig. 5~a!, PL spectra of pure

i.

ts

FIG. 5. ~a! PL spectra of nc-Si prepared at different annealing temperatu
and fixed excess Si concentration. PL decay curves detected at~b! 1.4 and
~c! 1.2 eV for the same samples in~a!.
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nc-Si in SiO2 prepared with different annealing temperatur
are plotted. The excess Si concentration is fixed for
samples. We can see that higher temperature annealin
sults in a lower energy shift of the PL. This shift is due to t
increase in size. In addition to the peak shift, the annea
temperature affects the quality of the nanocrystals. In F
5~b! and 5~c!, PL decay curves measured at 1.4 and 1.2
are plotted. If the PL lifetime is determined only by size, t
decay curve obtained at the same energy should be the
for all samples. However, the observed lifetime depe
strongly on the annealing temperatures, and becomes lo
at higher annealing temperatures. Furthermore, the shap
the decay curves depends strongly on the annealing temp
tures. The decay curves of the samples annealed at hi
temperatures are nearly a single exponential function,
those at lower temperatures largely deviated from the fu
tion. In Fig. 6, PL lifetimes obtained for four samples pr
pared with different annealing temperatures are plotted
function of the PL detection energy. In low-temperature a
nealed samples, the PL lifetime is almost independent of
detection energy, while in high-temperature annea
samples, it depends heavily on the detection energy. I
quantum confinement model, the lifetime should depe
heavily on the detection energy, because stronger con
ment of excitons results in the enhancement of oscilla
strength as well as the higher energy shift of the band g
Therefore, higher-temperature annealed samples obey
prediction of the quantum size effects, and in this sense
high quality.

The different quality in samples annealed at differe
temperatures can be proved by resonant PL measurem
The PL spectra of nc-Si assemblies are always feature
and broad, if they are excited by blue or green light, beca
of the inhomogeneous broadening caused by size distr
tion. The size distribution can be lifted if the PL is excited
the low-energy tail of the luminescence band. In this meth
only a small portion of nc-Si in the size distribution is e
cited, and a nearly homogenous spectrum can be obtaine
porous Si, with this method, PL peaks corresponding to
emission of momentum-conserving phonons can be

FIG. 6. PL lifetime vs detection energy for four nc-Si samples anneale
different temperatures.
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served, and from the ratio of the phonon-assisted and n
phonon PL bands, the degree of the breakdown of the
mentum conservation rule has been estimated.1

The same technique can be applied to synthesized nc
In the resonant PL studies of the present samples, we fo
that higher-temperature annealed samples show cle
phonon-related structures, indicating that the indirect ba
gap character of bulk Si is held. On the other hand, in low
temperature annealed samples, the nonphonon PL band
dominant and phonon structures were ill-defined, althou
the spectral shape under nonresonant excitation was ne
the same. This result implies that in low-temperature
nealed samples, the translational symmetry of the crystal
tice is broken not only by the size effect but also by t
disorder remaining in or on the surface of the nanocryst
making the quasidirect optical transition more probable. T
explanation is consistent with the shorter PL lifetime o
served for lower-temperature annealed samples~Fig. 6!. The
simultaneous occurrence of the smearing of phonon-rela
structures in resonant PL spectra and the shortening of
lifetimes was observed by doping germanium~Ge! in nc-Si
(Si12xGex alloy nanocrystals!.31 Breakdown of the transla
tional symmetry by randomly substituting Si with Ge is co
sidered to be responsible for the observed effects.

It is important to note here that low quality nc-Si mea
that bulk Si character is more smeared and the PL prope
cannot be explained by a simple quantum size effect. It d
not always mean lower PL quantum efficiency. In fact, in t
present samples, PL intensity is not the highest for
samples annealed at 1250 °C, although the quality is
highest. Therefore, in nc-Si samples, one possible appro
to obtaining higher quantum efficiency may be to introdu
proper disorder if it does not lead to the formation of non
diative recombination channels.

The other possible explanation of the data in Figs. 5 a
6 is that the strength of particle–particle interaction
changed by annealing temperature.15 The interaction between
nc-Si results in an energy transfer from smaller towa
larger nc-Si, leading to a deviation of the decay curves fr
a single-exponential function and a redshift of the PL pea15

In this model, the deviation should be larger if we detect
PL at the higher-energy part of the PL spectra, because
energy transfer is made only from smaller to larger particl
However, as can be seen in Fig. 5~c!, the deviation becomes
larger for lower-temperature annealed samples, despite
fact that PL detection is made further from the PL peak
ergy for lower-temperature annealed samples. Furtherm
in our samples, the PL lifetime does not strongly depend
the fraction of excess Si, as can be found by comparingwSi

of samples with different excess Si and the same annea
temperature in Table I. These are evidences that differen
decay properties observed for samples annealed at diffe
temperatures are not due to the change of the degre
particle–particle interactions, but reflect changes of the qu
ity of individual nc-Si.

at
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F. What is the factor determining the energy transfer
rate of the slow process

As can be seen in Fig. 6, the PL lifetime of nc-Si d
pends both on the size and quality of nc-Si. The PL lifetim
obtained at a nc-Si PL peak energy contains information
both size distribution and quality. In Fig. 4~b!, the energy
transfer rate of the slow process (ws* ) is plotted as a function
of the inverse of nc-Si PL lifetime, i.e., the recombinati
rate of excitons in nc-Si (wSi). In contrast to the plot as a
function of PL peak energy shown in Fig. 4~a!, the correla-
tion is very good. It should be stressed that the energy tra
fer rate ~ordinate! is estimated from the fitting of the ob
served PL decay curves of Er-doped samples, while
exciton recombination rate~abscissa! is obtained from the
exciton PL of pure nc-Si samples prepared with the sa
excess Si concentration and annealing temperature of the
doped samples. From Figs. 4~a! and 4~b!, we can conclude
that the energy transfer rate of the slow process is determ
by the recombination rate of excitons in nc-Si, and the
duction of size is just one approach to realizing a lar
recombination rate of excitons.

The recombination rate of excitons in nc-Si exhib
strong temperature dependence.1,2 At low temperatures exci-
tons are populated in optically inactive spin-triplet stat
which are several milli-electron-volts lower in energy th
optically allowed spin-singlet states. The lifetime of the tri
let states is 5–10 ms, which is almost independent of the
of nc-Si. On the other hand, at high temperatures, both st
are nearly equally populated and the recombination rat
determined by the lifetime of the singlet state. The lifetim
of the singlet state is between 1 ms to several microseco
depending on the size of nc-Si. In the size range of
present samples, the recombination rate changes more
one order of magnitude from room temperature to liquid
lium temperature, indicating that the energy transfer rate
be drastically reduced at very low temperatures. Unfor
nately, we did not succeed in experimentally proving t
phenomena. One of the obstacles is a defect-related infr
emission from nc-Si that is always observed for almost
kinds of nc-Si samples at low temperatures.2,28–30The life-
time of the emission is on the order of microseconds. The
fore, even if the intensity of the defect-related PL under
excitation is very small, under pulsed excitation, the intens
just after excitation is much larger than that of Er31 PL,
completely covering the time range we are interested in,
the rising part.

It is important to note that, although the energy trans
rate of the slow process is expected to be decreased at
temperatures, energy transfer efficiency will not depe
strongly on temperature because the smaller energy tran
rate will be compensated by the smaller radiative recom
nation rate of excitons@wTr(T)/wSi(T).constant#. In fact,
the intensity ratio of Er31 PL and nc-Si PL does not strongl
depend on temperature.

Up to now, we avoided discussing how the fast and
slow processes are related to the sites of Er31. Unfortu-
nately, we have no clear clue for discussing this point. Ho
ever, the observed strong size dependence of the ratio o
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two processes suggests that the bulk-Si:Er-like very fast
ergy transfer process is related to Er31 that stays in or very
close to nc-Si because it is necessary to form an Er-rela
level in the band gap of nc-Si. On the other hand, the s
process comes from Er31 that is more separated from nc-S
One of the promising methods to identify the sites resp
sible for the fast and slow processes is site-selective x
absorption spectroscopy. This method has been success
applied to Er-doped Si thin films.32,33 By applying the
method to the two extreme samples with the largest
smallest sizes of nc-Si, it may possible to identify indepe
dently the sites responsible for the fast and slow process

IV. CONCLUSION

By analyzing the time transient of PL from Er31 doped
into SiO2 films containing nc-Si, two energy transfer pro
cesses~fast and slow processes! were found to coexist in
each sample. The ratio of the two processes exhibited a c
dependence on the PL peak energy of Si nanocrystals, i
cating that the ratio depends on the size of the nc-Si se
tizer. The observed size dependence suggests that the
process is the direct inheritance of the process in bulk S
systems, and the slow process is a characteristic proces
curring only in nc-Si:Er systems. The energy transfer rate
the slow process was found to depend on the exciton rec
bination rate in nc-Si. Therefore, we can conclude that,
order to realize a higher energy transfer rate, the exc
recombination rate in nc-Si should be enhanced. This can
achieved by breaking down the translational symmetry
crystal lattices by reducing the size of nc-Si or by introdu
ing disorder.

The present results imply that, from the point of view
application as an amplifier and a light-emitting device, p
fect nc-Si that possess the indirect band gap character of
Si crystals is not suitable. Defective nc-Si:Er systems suc
silicon-rich silicon dioxide, in which Si clusters smaller tha
2 nm in diameter are considered to be dispersed, are m
suitable. This conclusion is already empirically known a
many reports concerning the application of similar syste
utilize defective nc-Si assemblies.19–21
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