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Resonant excitation of Er 3¿ by the energy transfer from Si nanocrystals
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Photoluminescence~PL! properties of SiO2 films containing Si nanocrystals (nc-Si) and Er were
studied. The average size ofnc-Si was changed in a wide range in order to tune the exciton energy
of nc-Si to the energy separations between the discrete electronic states of Er31. PL from exciton
recombination innc-Si and the intra-4f shell transition of Er31 were observed simultaneously. At
low temperatures, periodic features were observed in the PL spectrum ofnc-Si. The period agreed
well with the optical phonon energy of Si. The appearance of the phonon structure implies that
nc-Si which satisfy the energy conservation rule during the energy transfer process can resonantly
excite Er31. For the PL from Er31, a delay was observed after the pulsed excitation ofnc-Si hosts.
The rise time of the PL showed strong size dependence. The effects of the quantum confinement of
excitons innc-Si on the energy transfer process are discussed. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1409572#
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I. INTRODUCTION

Recently, Er-doped Si has been attracting a lot of att
tion, because Er31 ions incorporated into Si produce stab
sharp luminescence from the intra-4f shell transition (4I 13/2

to 4I 15/2! at around 0.81 eV, which corresponds to the abso
tion minimum in silica-based glass fibers. Electrolumine
cence devices operating at room temperature have b
realized,1–5 and many attempts have been made to impr
the quantum efficiency. The excitation mechanism of Er31 in
a bulk-Si crystal is generally explained as follows.5 First, an
electron-hole pair generated in Si is trapped at an Er-rela
level about 0.15 eV below the bottom of the conducti
band. The recombination energy of the trapped electron-h
pair is then transferred to Er31 ~energy transfer!, and the 4f
shell is excited. A drawback to use a bulk Si crystal as a h
of Er31 is the large temperature quenching of the 0.81
luminescence. The temperature quenching arises from
dissociation of an electron-hole pair bound to the Er-rela
level before the energy is transferred to Er31 and the de-
excitation of an excited Er31 by forming an electron-hole
pair at the Er-related level~energy back transfer!.5–8 The
temperature quenching can drastically be reduced by u
Si nanostructures such as porous Si and Si nanocry
(nc-Si) as a host of Er.5,9–19 The band gap widening of S
nanostructures arising from the confinement of an electr
hole pair in a small volume~quantum size effects! is consid-
ered to be responsible for the observed small tempera
quenching.

In our previous work,12–14 we have studied photolumi
nescence~PL! from SiO2 films containingnc-Si and Er and
discussed the excitation mechanism of Er31 via nc-Si. The

a!Author to whom correspondence should be addressed; electronic
fujii@eedept.kobe-u.ac.jp
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samples exhibited strong 0.81 eV PL at room temperatur
well as 1.5 eV PL due to the recombination of excitons
nc-Si. The correlation between the intensities of the two
peaks was studied. We found that the 0.81 eV peak beco
strong as the Er concentration increases, while the 1.5
peak becomes weak. These results combined with the e
tation spectra of the two PL peaks suggest that the excita
of Er31 is made by the energy transfer fromnc-Si.

The energy transfer process has been discussed in d
on the basis of the time kinetics of the PL bands and r
equations, and some different models are proposed.16,17,19,20

However, no spectroscopic evidences which indicate
strong coupling betweennc-Si and Er31 have been obtained
Since the electronic states of Er31 are discrete and the ban
gap ofnc-Si changes with the size,nc-Si with some specific
sizes can resonantly excite Er31. Observation of such reso
nant nature offers direct evidence of the energy coupling
gives useful information to understand the energy trans
mechanism. Furthermore, the energy transfer rate has
been estimated; it is not known whether or not the ene
transfer rate depends on the size. Since the energy tran
rate is an important parameter which determines the lumin
cence efficiency, an estimation of the rate and the evalua
of the size dependence is indispensable to fully underst
the energy transfer mechanism and to further improve
luminescence efficiency of Er-doped Si nanostructures.

In this work, we studied PL and PL decay dynamics
SiO2 films containingnc-Si and Er. The average size o
nc-Si was changed in a wide range in order to tune
exciton energy ofnc-Si to the energy separations betwe
the discrete electronic states of Er31. This wide tunability
provides valuable information to understand the ene
transfer mechanism. We will demonstrate that phon
related periodic features appear on the PL spectra ofnc-Si.
The appearance of the features implies the existence
il:
1 © 2001 American Institute of Physics
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resonant energy transfer process. We will also show that
4 f shell PL of Er31 exhibits a delay after the pulsed excit
tion of nc-Si hosts, and the rise time depends strongly on
size of nc-Si. The effects of the quantum confinement
excitons innc-Si on the efficient PL of Er31 are discussed.

II. EXPERIMENT

SiO2 films containingnc-Si and Er were prepared by
co-sputtering method. Details of the preparation procedu
are described in our previous papers.12,13 In this work, the
average size ofnc-Si (dSi) was changed from 2.7 to 5.5 nm
PL spectra were measured using a single grating monoc
mator and a near-infrared photomultiplier with a InP/InGa
photocathode. This near-infrared-sensitive fast photomu
plier allows us to measure time response of PL from E31

with the time resolution of less than 10 ns. The excitat
source was the 457.9 nm line of an Ar-ion laser. For all
spectra, the spectral response of the detection system
corrected by the reference spectrum of a standard tung
lamp. For the time response measurements, the 532.0
line of a Nd:yttrium–aluminum–garnet laser was used as
excitation source. The pulse width was 5 ns and the rep
tion frequency was 20 Hz. A multichannel scalar was used
obtaining decay curves. The time resolution of the syst
was about 40 ns.

III. RESULTS

A. PL spectra

Figure 1 shows PL spectra at room temperature. All
samples show two peaks. The low-energy one~0.81 eV! cor-
responds to the intra-4f shell transition of Er31 (4I 13/2 to
4I 15/2! ~Er31 PL!,5 while the high-energy one to the recom
bination of excitons confined innc-Si ~nc-Si PL!.12,13,21The
PL from nc-Si depends strongly on the size. The PL peak
shifted from 1.2 to 1.5 eV as the size decreases from 5.
2.7 nm. Although not shown here, the intensity ratio of t
two PL peaks depends strongly on the Er concentration

FIG. 1. PL spectra of SiO2 films containingnc-Si and Er at room tempera
ture. The size ofnc-Si is varied from 2.7 to 5.5 nm, and the Er concentr
tion (CEr) is fixed at 0.11 at. %. The energy position of the first (4I 13/2),
second (4I 11/2), and third (4I 9/2) excited states of Er31 measured from the
ground state is shown.
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the excitation power.12 The Er31 PL becomes intense with E
concentration, while thenc-Si one becomes weak.

Figure 2~a! shows the PL spectra at 5 K. Only the spe
tral range between 1.0 and 1.75 eV is shown. In contras
the featureless spectral shape at room temperature, per
features can clearly be distinguished, i.e., the spectra are
riodically suppressed, and dips appear periodically. In p
ticular, for the sample withdSi55.5 nm, the higher energy
part of the spectrum is strongly suppressed. It should
noted here that without Er doping, the spectra are feature
even at 5 K. The first derivatives of the spectra are shown
Fig. 2~b!. In all the spectra, the features in the derivati
spectra appear at the same energy. The energy separa
between the three features in the low-energy side as we
those in the high-energy side are almost the same. The
tical lines are drawn at every 64 meV, and correspond we
the features in the derivative spectra. Besides periodic dip
small peak is seen at 1.26 eV~indicated by arrows!. This
peak is due to the transition between the second exc
(4I 11/2) and ground states (4I 15/2) of Er31. This peak is ob-
served only when relatively smallnc-Si are co-doped, i.e.
when the PL energy ofnc-Si is larger than the energy sep
ration between the third excited state (4I 9/2) and the ground
state (4I 15/2).

B. PL decay dynamics

Figure 3~a! shows thenc-Si PL decay curves detected
the maximum ofnc-Si PL in Fig. 1 at room temperature. Th

FIG. 2. ~a! PL spectra in the range between 1.0 and 1.75 eV at 5 K and~b!
the first derivative. Vertical lines are drawn with the period of 64 meV. T
energy position of the second (4I 11/2) and third (4I 9/2) excited states of Er31

measured from the ground state is shown.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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decay curves are nonexponential. The PL lifetime becom
shorter as the size decreases. Figure 3~b! shows Er concen-
tration dependence of thenc-Si PL decay curves for the
sample withdSi52.7 nm. As the Er concentration increase
the lifetime becomes shorter. The decay curves were w
fitted by the modified stretched exponential function, wh
is generally used to analyze the decay curves of porous22

The lifetime obtained for the sample not containing Er
about 79ms, while that for the sample with the largest E
concentration is about 47ms. The shortening of the lifetime
of the host (nc-Si) PL with increasing Er concentration im
plies that the energy transfer is mediated by photogener
excitons, i.e., not due to the absorption of light emitted
nc-Si. In other words, energy transfer to Er31 is a preferen-
tial nonradiative recombination channel fornc-Si. As will be
discussed later, the shortening of the lifetime is mainly due
‘‘nonresonant’’ energy transfer. The contribution of ‘‘res
nant’’ energy transfer is rather small.

In Fig. 3~b!, the reduction of the decay time by Er do
ing is rather small. It is worth nothing that the small redu
tion does not mean that the energy transfer to Er occurs
timescale similar to that of the radiative exciton recombin
tion process. If the decay curve reflects only the radiat
exciton recombination process, this argument seems to
correct. However, PL decay curves of purenc-Si in Fig. 3
reflect not only the radiative exciton recombination proc
but also non-radiative recombination processes. Theref
only from thenc-Si decay curves, the timescale of the ene
transfer cannot simply be discussed. As will be shown la
the energy transfer time can be estimated from PL rise ti

FIG. 3. ~a! Decay curves of photoluminescence fromnc-Si measured at the
maximum of the spectra in Fig. 1.~b! Er concentration dependence of th
decay curves for the sample withdSi52.7 nm. The Er concentration is var
ied from 0 to 0.11 at. %.
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and is much shorter than the estimated radiative exciton
combination time even at room temperature.

In previous PL studies of similar samples, the decay ti
of nc-Si PL was reported to be insensitive to E
concentration.17,18 The reason for this contradiction is no
clear at present. However, we measurednc-Si PL decay
curves for several series of samples, and the shortenin
the lifetime with increasing Er concentration was observ
for all the series.

The Er31 PL decay curve detected at 0.81 eV is shown
Fig. 4 for the sample withdSi55.5 nm. The lifetime is abou
5 ms. The lifetime became slightly long with decreasing t
size~as listed in Table I!. However, it is not clear whether i
is really a size effect or it is related to sample preparat
parameters, e.g., Si concentration and annealing tempera
which are changed to control the size. The lifetime was
most independent of the Er concentration.

The Er31 PL decay curves at 0.81 eV immediately aft
pulsed excitation ofnc-Si hosts are shown in Fig. 5. Th
pulse width is 5 ns. We can clearly see the PL delay for
samples. The PL delay becomes remarkable as the siz
nc-Si increases. We roughly estimated the rise timet rise by
the following procedure. The slow decay part (400ms,t
,1 ms) of the data was first fitted by a single exponen
function, and then the fitted function is subtracted from t
experimental decay curve. The resultant data were no
single-exponential function. We thus tried to fit the cur
again by a stretched exponential function,I Er(t)51
2I o exp$2(t/trise)%

b. The data could be well fitted by th
function. Although there is no theoretical model which ind
cates that the rising part will be a stretched-exponential fu
tion, it is convenient to quantitatively estimate the size d
pendence of the rise time. The possible reason for
deviation of the rising part from a single-exponential fun

FIG. 4. A typical decay curve of Er31 PL. The decay curve did not strongl
depend on Er concentration.

TABLE I. Radiative recombination time of excitons innc-Si(tR), lifetime
of the lowest excited state of Er31(tEr), rise time of Er31 PL after pulsed
excitation ofnc-Si hosts (t rise), and energy transfer time (tTr).

dSi ~nm! tR ~ms! tEr ~ms! t rise ~ms! tTr ~ms!

2.7 107 7100 4.1 11
3.3 298 5800 6.4 21
4.1 747 5500 11 39
5.5 990 5000 38 115
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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tion will be discussed in the next subsection. The estima
values oft rise are listed in Table I.

The PL delay was observed for all the samples conta
ing bothnc-Si and Er. Within the present sample preparat
condition, the delay time depended only on the size ofnc-Si,
but did not depend on the Er concentration. This Er conc
tration insensitiveness seems to suggest that, on ave
each nanocrystal can interact with less than one Er31 even in
the sample with the highest Er concentration. If Er conc
tration is further increased, the number of Er31 which can
interact with one nanocrystal will exceed one. This mig
change the properties of the interaction, and the effect sh
appear on the rise time. Detailed theoretical consideratio
required to further discuss this problem. However, this is
of the scope of this article.

In all the spectra, we can see a very fast component a
the pulsed excitation; this component is faster than the
tem response time. The component was observed for
sample not containing Er, suggesting that the componen
not related to Er and is a background signal. A very sim
fast decay component was observed for the PL decay c
of Er-doped bulk Si,8 but the origin of the fast componen
was not identified.

C. Analysis of the PL decay curves

Here, we analyze the observed PL decay curves.
time evolution of Er31 luminescence is a very complicate

FIG. 5. Decay curves of Er31 PL just after the pulsed excitation ofnc-Si
hosts. The size ofnc-Si is varied from 2.7 to 5.5 nm and the Er concentr
tion is fixed at 0.11 at. %.
Downloaded 10 Jun 2002 to 133.30.106.15. Redistribution subject to A
d

-
n

n-
ge,

-

t
ld
is
t

er
s-
he
is
r
ve

e

process.23 In the following discussion, to simplify the prob
lem and to extract important parameters from the obser
decay curves, we will make the following assumptions:~i!
excitation pulse is so short that no energy transfer occ
during the pulsed excitation,~ii ! excitation pulse is so weak
that most of the Er atoms are not directly excited,~iii ! that
nonlinear effects do not occur innc-Si, and~iv! there is no
energy back transfer process. The first assumption is v
because the pulse width~5 ns! is apparently much shorte
than the observed PL delay. The second assumption is
valid because in the same experimental condition Er31 PL
was not observed for the sample not containingnc-Si. Fur-
thermore, the intensity ofnc-Si PL was in proportion to the
excitation power. The last assumption is also possible,
cause we observed almost no temperature quenching of31

PL.
In the present samples,nc-Si are isolated from the oth

ers by SiO2 barriers 4–5 nm in thickness.24 Thus, diffusion
of carriers betweennc-Si does not occur. In this situation
nc-Si can be classified into two categories, i.e.,nc-Si with
no nonradiative centers and those with at least one such
ter. The PL lifetime of the formernc-Si is equal to the ra-
diative recombination time (tR) of excitons innc-Si, while
that of the latter one is expressed as 1/(1/tR11/tNR), where
tNR is the lifetime of nonradiative recombination of exciton
in nc-Si and is generally much smaller thantR . The number
of excitednc-Si having no nonradiative recombination ce
ters @NSi2R(t)# and that having nonradiative recombinatio
centers@NSi2NR(t)# can be expressed as

NSi2R~ t !5NSi2R
0 expH 2S 1

tR
D tJ , ~1!

NSi2NR~ t !5NSi2NR
0 expH 2S 1

tR
1

1

tNR
D tJ , ~2!

whereNSi2R
0 andNSi2NR

0 are the number of excitednc-Si at
t50. Thenc-Si PL intensity is

I Si~ t !}2
d

dt FNSi2R~ t !1
1/tR

1/tR11/tNR
NSi2NR~ t !G , ~3!

}
1

NSi2R
0 1S 1/tR

1/tR11/tNR
DNSi2NR

0
FNSi2R

0 exp

H 2S 1

tR
D tJ 1NSi2NR

0 expH 2S 1

tR
1

1

tNR
D tJ G . ~4!

In Er-doped samples, a new nonradiative recombinat
process, i.e., the energy transfer process, should be ad
The energy transfer time (tTr) is considered to be much
larger thantNR, because the sum of the intensities of the tw
PL peaks~nc-Si PL and Er31 PL! is almost independent o
Er concentration; iftTr<tNR, the total intensity should in-
crease with Er concentration. Furthermore,tTr is smaller
than tR , because the energy transfer is the preferential
combination channel for excitons in Si nanocrystals. The
fore, the following relation holds between the three para
eters:
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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tNR!tTr,tR . ~5!

Equation~5! indicates thatnc-Si which originally do not
have nonradiative recombination centers can transfer en
to Er, and those having nonradiative recombination cen
do not participate in the energy transfer process. Under
simple approximation, the number of excitednc-Si which
shows exciton recombination PL@NSi2R(t)# and which can
transfer energy to Er31 @NSi2Er(t)# can be expressed as
on
, r

on

r

e
n
-

a
le

e

.
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NSi2R~ t !5~NSi2R
0 2NSi2Er

0 !expH 2S 1

tR
D tJ , ~6!

NSi2Er~ t !5NSi2Er
0 expH 2S 1

tR
1

1

tTr
D tJ , ~7!

where NSi2Er
0 is the number of excitednc-Si which will

transfer energy to Er31. Thenc-Si PL intensity is
I Si~ t !}
1

~NSi2R
0 2NSi2Er

0 !1S 1/tR

1/tR11/tTr
DNSi2Er

0 1S 1/tR

1/tTr11/tNR
DNSi2NR

0

3F ~NSi2R
0 2NSi2Er

0 !expH 2S 1

tR
D tJ 1NSi2Er

0 expH 2S 1

tR
1

1

tTr
D tJ

1NSi2NR
0 expH 2S 1

tR
1

1

tNR
D tJ G . ~8!
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In this equation, we can see that, with increasing Er c
centration, the contribution of the second term increases
sulting in the shortening of thenc-Si PL lifetime. This is
consistent with the experimental results shown in Fig. 3~b!.
In Eq. ~8!, only the second term is related to the excitati
process of Er31. If one nc-Si excites one Er31, the number
of excited Er31 will be

NEr~ t !5@NSi2Er
0 2NSi2Er~ t !#expH 2S 1

tEr
D tJ , ~9!

wheretEr is the lifetime of the lowest excited state of Er31.
The derivative of this equation gives the decay curve of E31

PL

I Er~ t !}NSi2Er
0 H 2

1

1

tR
1

1

tTr
1

1

tEr

3expH 2S 1

tR
1

1

tTr
1

1

tEr
D tJ

1
1

tEr
expH 2S 1

tEr
D tJ J . ~10!

The first term of Eq.~10! expresses the increase in th
intensity of the PL after pulsed excitation with the time co
stant 1/t rise51/tR11/tTr11/tEr , and the second term ex
presses the intensity decrease with the time constanttEr . The
term tTr can thus be estimated fromt rise, tR andtEr .

As discussed in the previous subsection, the rising p
of the decay curves could not be fitted by a sing
exponential function. In this respect, Eq.~10! does not prop-
erly express the experimental data. This discrepancy se
to arise from size distributions ofnc-Si.24 Since the rise time
depends on the size ofnc-Si as clearly demonstrated in Fig
-
e-

-

rt
-

ms

5, the observed data are the superposition of the data f
different sizes ofnc-Si. Therefore, even if each process
expressed by a single-exponential function, the actual d
should deviate from a single-exponential function.

To roughly estimatetTr , we adoptt rise in Table I. The
values oftR are obtained from the slopes in the tail region
the decay curves in Fig. 3~a!, because the first term of Eq.~8!
decays very slowly. The values oftEr can easily be estimate
from decay curves. The estimated values oft rise, tR , tEr and
tTr are listed in Table I. We can see thattTr becomes smaller
with decreasing the size. Furthermore,tTr is always much
smaller thantR .

Although not shown here, the energy transfer time w
almost independent of temperature. On the other hand, ra
tive recombination time of excitons innc-Si increased with
decreasing the temperature.24,25Therefore, in the whole tem
perature range studied in this work, energy transfer is
preferential process for excitons innc-Si.

It is noted here thattTr is the sum of the energy transfe
time and the time necessary to relax from the higher exc
states (4I 11/2 or 4I 9/2! of Er31 to the lowest excited state
(4I 13/2). We tried to extract the relaxation time by direct
exciting the third excited state (4I 9/2). However, the time was
shorter than our instrumental limit. Therefore,tTr estimated
in the above purely reflects the energy transfer time.

IV. DISCUSSION

Before discussing the observed PL properties, we su
marize PL properties of bulk Si crystal andnc-Si not con-
taining Er. Bulk Si crystal is an indirect gap semiconduc
with the conduction band minima in the vicinity of theX
points of the Brillouin zone~D minima!. Momentum-
conserving phonons thus participate in the optical transiti
In general, TO phonon-assisted transition is the most do
nant in the PL, and the nonphonon~NP! transition probabil-
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ity is negligibly small. This fundamental property of Si
preserved even for particles smaller than 10 nm.
nanometer-sized crystals, excitons are confined in a sp
compatible or smaller than the Bohr radius of free excito
in bulk Si crystal. This confinement increases the uncerta
of their quasimomentum, thus allowing NP optical tran
tions. The ratio of the NP to phonon-assisted transition
studied as a function of a confinement energy.26 The ratio is
estimated to be around several % for the sample withdSi

55.5 nm, and around several tens of % fordSi52.7 nm. The
increase in the NP transition rate with respect to the phon
assisted one results in the shortening the radiative lifetim
nc-Si.24,26,27

PL spectra under the nonresonant excitation are v
broad and featureless. This inhomogeneous broadenin
the PL band is mainly caused by the nanocrystal size
shape variation. The inhomogeneous broadening can
lifted by resonant PL spectroscopy; only the particles hav
the excitation threshold at the near-infrared laser energy
selectively excited. In purenc-Si, resonant PL spectroscop
has been widely used to study the nearly homogeneous s
tral shape, and some features corresponding to TO and
momentum-conserving phonons are observed.25 Similarly,
by a hole burning technique, only the particles having
excitation threshold larger than the pump laser energy
selectively suppressed. The suppressed spectrum is de
strated to coincide with the resonant PL spectrum.28

The features observed in Fig. 2 can be regarded as a
of hole burning spectroscopy. PL fromnc-Si with some par-
ticular sizes are suppressed by exciting Er31 by the energy
transfer. First we analyze the features around 1.3 eV.
positions of the features are close to the energy separa
between the second excited state (4I 11/2) and the ground state
(4I 15/2) of Er31 (DE11/2– 15/251.26 eV). This suggests tha
the energy transfer is made to the second excited state. H
ever, the value ofDE11/2– 15/2is slightly larger than the onse
of the lowest energy PL feature, i.e., the lowest energy ne
tive peak in the derivative spectra~1.2 eV, see Fig. 2!. This
discrepancy can be explained by considering the indi
band gap nature ofnc-Si. As mentioned in the above, th
dominant radiative recombination process ofnc-Si as large
as 5 nm in diameter is the TO phonon emission one. Si
TO phonon energy atD minima @ED(TO)# is 57 meV, the
feature at 1.20 eV corresponds to the exciton with the rec
bination energy of 1.257 eV. This value agrees well with t
of DE11/2– 15/2. Therefore, the appearance of the dip at 1
eV implies that the exciton with the recombination energy
1.257 eV recombines and resonantly excites the4I 11/2 state.

The PL features appear periodically with a period
about 64 meV, which corresponds to the optical phonon
ergy of Si at theG point @EG(O)#. This indicates that exciton
with the recombination energies of 1.26 eV1EG(O)3n (n
50,1,2) can also resonantly excite Er31 with the assistance
of the G point optical phonons@G(O)# to satisfy the energy
conservation rule. Therefore, periodic features appear a
energies of

1.26 eV1EG~O!3n2ED~TO! . ~11!

The fact that the suppression of the spectra starts at 1.2
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~not at 1.26 eV! implies that, in contrast to the radiativ
recombination of excitons, momentum conserving phon
do not participate in the energy transfer process. In ot
words, photoexcited excitons recombine without emitting
momentum conserving phonon and transfer the recomb
tion energy to Er31. Only phonons in the center of the Bril
louin zone can participate in the process to satisfy the ene
conservation rule.

Similar to the excitation to the second excited state, t
to the third excited state (4I 9/2) is possible. In that case, th
PL features appear at

DE9/2– 15/21EG~O!3n2ED~TO! , ~12!

whereDE9/2– 15/2 is the energy separation between the th
excited state and the ground state. The energy position o
periodic features in Fig. 2 can be reproduced by the form
if DE9/2– 15/2 is 1.53 eV, which is close to the value reporte
for Er-doped glasses.29–31Compared to the energy transfer
the second excited state, the PL features are ill defined.
size of particles emitting light in this region is smaller tha
those around 1.26 eV. The smaller size leads to the la
probability of NP recombination of excitons. This mea
that, in addition to the spectral positions that satisfy Eq.~12!,
features would appear atDE9/2– 15/21EG(O)3n. The overlap
of these features and the broadening of the phonon struct
by the size effects~phonon confinement effects! are consid-
ered to be responsible for the ill-defined structures.

It is worth noting that the PL spectra ofnc-Si become
weak in a whole spectral range with increasing Er conc
tration, i.e., not only the spectral positions that satisfy E
~11! and ~12! but also other regions in broad PL bands
nc-Si are quenched.12,13 Furthermore, the area of the ob
served dips was less than;1% of that of Er PL at 5 K. These
indicate that there is a dominant nonresonant energy tran
process in addition to the resonant one. The energy con
vation rule during the energy transfer is satisfied not only
emitting G(O) but also by emitting various combinations o
optical and acoustic phonons with the total momentum
zero. However, the observation of clearG(O)-related dips
indicates that, among various processes,G(O) emission one
is the most dominant in the energy transfer process.

In Er-doped bulk Si crystal, the excitation of Er31 is
made to the first excited state (4I 15/2). Since the lifetime of
the state is very long, the relaxation of excited Er31 by the
phonon-assisted re-excitation of host Si~energy back trans-
fer! is possible at relatively high temperatures and is one
the major nonradiative relaxation processes at room temp
ture. In the present samples, excitation of Er31 is made to the
second or third excited states due to the large band gap.31

excited to these higher states is considered to relax prom
to the lowest excited state (4I 13/2) before the energy back
transfer occurs. The probability of the back transfer from
lowest excited state tonc-Si is negligibly small even at room
temperature due to the large energy mismatch. This may
sult in the extremely small temperature quenching of the
observed previously.12

Free excitons in bulk Si crystal cannot recombine wi
out emitting/absorbing momentum-conserving phonons
to its indirect band gap nature. In the case of Er-doped b
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Si crystal, recombination energy of free excions is not
rectly transferred to Er31, but the energy transfer is mediate
by Er-related trap centers.5–8 An exciton generated in Si is
first trapped at an Er-related level about 0.15 eV below
bottom of the conduction band. The localization of an ex
ton in a small space partially breaks the momentum con
vation rule and makes the direct recombination of the exc
possible. The recombination energy of the trapped excito
then transferred to Er31, and the 4f shell is excited.

In contrast to Er-doped bulk Si crystal, the existence
such a trap level is not experimentally shown in the pres
samples and also in Er-doped porous Si. In the pres
samples, Er31 responsible for energy transfer are conside
to be not doped innc-Si, but exist in the vicinity of
nc-Si.17,19 Therefore, it might be possible that energy tran
fer is not mediated by Er-related trap states. Under this
sumption, we propose the following model to explain t
size dependence of the energy transfer rate.

As mentioned in the above, NP recombination of fr
excitons is partially allowed in nanocrystals, although
nc-Si exhibiting PL at around 1.2 eV, the probability of N
transition is much smaller than that of the phonon-assis
one because of the relatively large size and resulting w
confinement. Similarly, the energy transfer is considered
be restricted by the momentum conservation rule and the
is small. As the size decreases, the overlap of the elec
and hole wave functions becomes larger. This may incre
the probability of the NP radiative recombination as well
the energy transfer rate. We believe that the energy tran
rate is mainly determined by the degree of the breakdow
the k-conservation rule during the optical transition innc-Si
induced by the quantum confinement effects.

The probability of the quasidirect recombination of e
citons innc-Si depends not only on the size but also on
crystallinity. A disorder in the translation invariance of th
crystalline lattice brings about a breakdown of t
k-conservation rule, and makes the probability of NP tran
tion large. It seems to be very interesting to study the effe
of disorder on the energy transfer rate.

V. CONCLUSION

The present results demonstrate the first spectrosc
evidence of the strong coupling betweennc-Si and Er31.
The observation of phonon-related periodic features in br
nc-Si PL band is the direct evidence of the existence
resonant energy transfer processes. The observed per
features indicate that excitons innc-Si interact with the sec-
ond or third excited states of Er31. We also observed a dela
of Er31 PL after the pulsed excitation of hostnc-Si. From
the observed size dependence of the delay time, it is fo
that the smaller thenc-Si, the larger the energy transfer rat

The present results strongly suggest that two major
pects of the quantum size effects ofnc-Si, i.e., widening of
the band gap and the increase in the quasidirect recomb
tion of excitons, play crucial roles for the efficient lumine
cence of Er31. The excitation to the higher excited states a
the prompt relaxation to the first excited state make the
Downloaded 10 Jun 2002 to 133.30.106.15. Redistribution subject to A
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ergy back transfer process small, resulting in the small te
perature quenching of the PL. Furthermore, the increas
the uncertainty in the crystal momentum relaxes the mom
tum conservation rule during the energy transfer process
realizes the higher energy transfer rate.
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