
PHYSICAL REVIEW B 67, 245301 ~2003!
Modeling and perspectives of the Si nanocrystals–Er interaction for optical amplification
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In the present article, a detailed study of the optical properties of the Er-doped Si nanocrystals system,
obtained through ion implantation of Er in samples containing Si nanocrystals formed by plasma enhanced
chemical vapor deposition is reported. In particular, we present a phenomenological model based on an energy
level scheme taking into account the strong coupling between each Si nanocrystal~NC! and the neighboring Er
ions, and considering the interactions between pairs of Er ions too, such as the concentration quenching effect
and the cooperative up-conversion mechanism. Based on this model, we wrote down a system of coupled first
order differential rate equations describing the time evolution of the population of both the Si NC and the Er
related excited levels. By studying the steady state and time resolved luminescence signals at both the 1.54 and
0.98mm Er lines and at the Si nanocrystals emission~at around 0.8mm!, we were able to fit the experimental
data in a wide range of Er concentration~between 331017/cm3 and 1.431021/cm3) and excitation pump
power~in the range 1 – 103 mW), determining a value of 3310215 cm3 s21 for the coupling constant describ-
ing the interaction between Si NC and Er ions, and of 7310217 cm3 s21 for the cooperative up-conversion
coefficient. Moreover, an energy transfer time of;1 ms has been estimated, confirming that Si nanocrystals
can actually play a crucial role as efficient sensitizers for the rare earth. In addition, the role of Si nanocrystals
and of strong gain limiting processes, such as cooperative up-conversion and confined carriers absorption from
an excited NC, in determining positive gain at 1.54mm will be investigated in details. The impact of these
results on the fabrication of optical amplifiers will be finally addressed.

DOI: 10.1103/PhysRevB.67.245301 PACS number~s!: 78.55.2m, 78.66.2w, 78.20.Bh, 81.15.Gh
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I. INTRODUCTION

Among the different approaches developed to overco
the intrinsic low efficiency of silicon as a light emitter, qua
tum confinement and rare earth doping of silicon have do
nated the scientific scenario of silicon-based microphoton
Indeed, due to their promising optical properties, all kind
silicon nanostructures, i.e., porous silicon,1,2 Si nanocrystals
~NC’s! embedded in SiO2 matrix,3–11 and Si/SiO2 super-
lattices12–15 have been widely studied. The efficient, tunab
in the visible, room-temperature light emission of all of the
structures has been ascribed to the recombination of a q
tum confined exciton2,16,17which is self-trapped18,19 in a size
dependent Si5O level20 at the interface between the Si nan
structure and the SiO2 matrix. On the other hand, studies o
Er doped crystalline Si have demonstrated that Er can
efficiently excited in Si through electron-hole pair recom
nation or through impact of energetic carriers21,22 and, de-
spite the equally efficient nonradiative deexcitation proces
such as Auger with free carriers and energy back transf21

Er-doped Si devices operating at room temperature h
been developed22,23. Recently, Er doping of Si nanocrysta
has been recognized as an interesting way of combining
promising features of both the previous methods.24–31 In-
deed, it has been demonstrated that Si NC’s in presence
act as efficient sensitizers for the rare earth.30–34In particular,
the NC, once excited, promptly transfers quasiresonant35
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e

i-
s.
f

e
n-

e

es
,
ve

he

Er

its energy to the nearby Er ion, which then decays emittin
photon at 1.54mm. The effective excitation cross section fo
Er in presence of Si NC’s is more than two orders of ma
nitude higher with respect to the resonant absorption o
photon in a silica matrix.30 Moreover the nonradiative deex
citation processes are strongly suppressed, the Er lifet
being almost constant in the temperature range betwee
and 300 K~Ref. 36!. The recent determination of net optic
gain at 1.54mm in Er-doped Si nanocluster sensitized wav
guides40–42 and the demonstration of efficient room
temperature electroluminescence from Er-Si NC device37

opened the route towards the future fabrication of electrica
driven optical amplifiers based on this system. Several b
issues remain, however, to be addressed first, namely,
role and strength of the competitive nonradiative proces
the coupling strength between Si NC’s and Er ions and
microscopic details of the interaction.

In the present work, a rate equation model describing
time evolution of the coupled Er and Si NC level populatio
will be presented and an estimate of the efficiency of
energy transfer will be reported. In particular, the occurren
of cooperative up-conversion among interacting Er ions
presence of Si NC’s will be demonstrated for the first time
our knowledge. Through a comparison of simulated a
measured photoluminescence data in a wide range of Er
centrations and pump powers, both the coupling and the
conversion coefficients will be determined. Important issu
©2003 The American Physical Society01-1
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such as the maximum number of excitable Er ions per N
and the role of up-conversion and carrier absorption from
excited nanocrystal in limiting the possibility of obtainin
positive gain at the 1.54mm Er related emission will be
addressed. These data will be reported, a comparison
recent results38–42 will be made and future perspective to
wards the achievement of optical amplifiers will be d
cussed.

II. EXPERIMENT

Si nanocrystals were produced by high temperature
nealing of a 0.2mm thick substoichiometric SiOx film ~with
42 at. % Si! grown by plasma enhanced chemical vap
deposition~PECVD! on top of a Si substrate. Thermal trea
ments were performed at 1250 °C for 1 h in ultrapure nitro-
gen atmosphere. The annealing process induces the se
tion of the Si and SiO2 phases, leading to the formation o
uniformly distributed Si NC’s with a mean radius of 1.7 nm
as evidenced by plan view transmission electron microsc
~TEM!. The estimated Si NC density in the sample ha
value of;131019/cm3. After the Si NC formation, Er ions
were then implanted at different energies~in the range be-
tween 170–500 keV! and doses in order to produce an a
most constant Er concentration~in the range 33101721.4
31021/cm3) all over the film thickness. Correspondingly, th
mean number of Er ions per NC varies in the range 0.0
140. The very same Er implants were also performed in S2
layers not containing Si NC’s in order to have referen
samples. All of the samples were eventually annealed
900 °C for 1 h inultrapure nitrogen atmosphere in order
remove the residual damage left over by the implantat
process43 and to activate Er, preventing it from clustering.

Photoluminescence~PL! measurements were performe
by pumping with the 488 nm line of an Ar laser. The pum
power was varied in a wide range, between 1 – 103 mW, and
focused over a circular area of;0.3 mm in radius. The lase
beam was chopped through an acousto-optic modulator
frequency of 11 Hz. The luminescence signal was analy
by a single grating monochromator and detected by a ph
multiplier tube for the visible range~0.4–0.9mm! or by a Ge
detector for the infrared~0.8–1.7mm spectral region!. Spec-
tra were recorded with a lock-in amplifier using the chopp
frequency as a reference. All the spectra have been meas
at room temperature and corrected for the spectral sys
response. Time resolved PL measurements were perfor
by first detecting the modulated luminescence signal wit
Hamamatsu photomultiplier tube~model R5509-72! having
an almost constant spectral response in the range 0.4
mm. The signal was hence analyzed with a photon coun
multichannel scaler, triggered by the acousto-optic modu
tor. The overall time resolution of our system is of;5 ns.

III. EXPERIMENTAL EVIDENCES

In Fig. 1, the room temperature PL spectra of three diff
ent samples consisting of Er in presence of Si NC’s~continu-
ous lines!, Er in SiO2 ~dashed line!, and Si NC’s before Er
implantation~short-dashed line! are shown. The Er concen
24530
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tration in the two implanted samples is 6.531020/cm3 and,
due to the multiple implants, is constant all over the fi
thickness. It is worth noticing that all of the spectra ha
been obtained in the very same conditions, i.e., exciting
systems with the 488 nm Ar-laser line at a pump power
100 mW and at a chopper frequency of 11 Hz. Moreover
of the spectra have been corrected for the spectral sys
response, as obtained through a calibrated lamp. Hence
ratio of the intensities at the various wavelengths is an ab
lute value.

A lot of information can be gained from Fig. 1. First o
all, it is worth noticing that the efficient luminescence
around 0.8mm due to Si NC’s alone completely disappea
when introducing Er in the sample. Indeed, an intense p
at 1.54mm from Er31 ions appears at the expenses of the
NC related emission, thus suggesting that the energy is
redistributed in the sample, being preferentially transfer
from Si NC’s to the rare earth. Moreover, the 1.54mm PL
intensity due to Er ions in presence of Si NC’s is over o
order of magnitude higher with respect to the sample with
in SiO2. It has been demonstrated that this intensity incre
is due to the sensitizing action made by Si NC’s for the
ion.30 In fact, each Si NC absorbs an incident photon a
once excited, promptly transfers its energy to a nearby Er
which will return to its ground state emitting a photon at 1.
mm, corresponding to the transition from the first excit
level 4I 13/2 to the ground state4I 15/2 of Er31. The measured
effective excitation cross section for the Si NC mediated
citation process of Er is;2310216 cm2, comparable to the
value found for isolated Si NC’s, and three orders of mag
tude higher than the value of;1310219 cm2 for the exci-
tation of Er through the direct absorption of an incident ph
ton ~which is typical for Er in an insulating host!. Moreover,
since it has been demonstrated that the high resolution
related spectra in the two matrices have similar shapes,31 and
since the shapes are closely related to the local environm
it has been concluded that the emitting Er ions in presenc
Si NC are surrounded, at least in a first neighbors appro

FIG. 1. Room temperature photoluminescence~PL! spectra of Si
nanocrystals~short-dashed line!, Er in SiO2 ~dashed line! and Er in
presence of Si NC’s~continuous lines!. The Er concentration in the
two implanted samples is 6.531020/cm3.
1-2
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mation, by oxide.31 In addition we have shown that the no
radiative decay processes are quite reduced.28,31,36Therefore,
thanks to the strong sensitizing action of Si NC’s and to
reduced nonradiative decay channels, the Er-doped Si
system is a quite promising light emitter candidate.

As can also be seen in Fig. 1, the 1.54mm luminescence
intensity coming from Er in presence of Si NC’s is ev
more intense than the 0.8mm luminescence signal due to S
NC’s without Er. Another important feature shown in Fig.
is the presence of the 0.98mm line in the spectrum related t
the Er-doped Si NC sample, due to the radiative transit
from the second excited state4I 11/2 to the ground state4I 15/2
of Er. This is a clear evidence of the energy transfer betw
Si NC’s and Er ions, since it has been postulated28 and re-
cently demonstrated35 that a quasiresonant energy trans
can occur between the Si NC’s emitting at 0.8 and 0.98mm
and the two manifold Er-related levels4I 9/2 and 4I 11/2, re-
spectively. Thus the appearance of the efficient 0.98mm Er
line can again be attributed to the sensitizing action of
NC’s which are strongly coupled with the Er-related leve
Indeed this line is still visible at room temperature even
laser pump powers as low as a few mW, being in that ra
totally undetectable for the Er-doped silicon dioxide samp

The experimental facts can be summarized as follows
~i! In presence of Si NC, Er ions are excited through

NC’s themselves which act as the absorbing system.
~ii ! The energy transfer occurs quasiresonantly35 from the

Si NC’s to the4I 9/2 Er manifold for Si NC’s emitting at;0.8
mm.

~iii ! The effective excitation cross section for Er is e
hanced by;3 orders of magnitude by the sensitizing acti
of Si NC’s,30 with respect to Er in insulating hosts.

~iv! The effective excitation cross section for Er in pre
ence of Si NC is comparable to the absorption cross sec
of isolated Si NC’s, thus attesting the strong coupling b
tween Si NC’s and Er.

~v! Er is surrounded by O and it is very likely within th
oxide matrix or at the Si NC/oxide interface.31

~vi! The decay channels, typically limiting the efficienc
of Er emission in crystalline Si~Ref. 21!, are absent in this
case.28,31,36

IV. MODELING THE Si-NANOCRYSTAL –Er
INTERACTION

In order to explain the overall experimental picture, w
developed a model for the Si-NC–Er interaction, based
the schematic energy levels diagram reported in Fig. 2
this scheme a Si NC is represented by a three level sys
consisting of two band edge levels and of an interfacial lev
which acts as a trap for the exciton.18–20Since the trapping is
assumed to be a very fast process if compared to the typ
decay times, we commit a small error for our purposes
considering the Si NC as an effective two levels syste
where the ground state is represented by levela and the
excited state by levelb. Thussab is the effective excitation
cross section describing the creation of an exciton and
subsequent fast trapping at the interfacial level, following
absorption of a 488 nm photon.wb is the total recombination
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rate of an exciton for the isolated Si NC, comprising bo
radiative and nonradiative recombination rates. Er31 is sche-
matized as a five levels system, where the fifth level is
sum of 4S3/2, 2H11/2, and 4F7/2, which are strongly over-
lapping, due to the Stark splitting caused by the matrix fi
on each multiplet, and can therefore be treated as a si
level. Withwi j we indicate the total transition rate from lev
i to level j, wherei , j 51,2, . . . ,5 andi . j .

Many of the parameters shown in Fig. 2 are well know
experimentally or theoretically, others deserve a deta
study in order to be determined. One of the most import
coefficients isCb1, since it describes the coupling betwee
the excited Si NC level and the ground state of Er, and i
therefore responsible for the energy transfer between th
NC’s and the rare earths surrounding it. This energy tran
is indeed represented by the two white arrows, depicting
nonradiative deexcitation of an excited Si NC~down arrow!
and the following Er31 excitation to the4I 9/2 level ~up ar-
row!. Cbi ( i>2) describes the excited state excitation~ESE!
from level i. This process is very similar to the excited sta
absorption of a photon from an excited level of Er in ins
lating matrices. In this case, ESE describes the reexcita
of an excited Er level through the energy transfer from
excited Si NC. After Er is excited to the4I 9/2 level, an energy
back transfer from this level back to the first excited level
a NC could occur and the strength of this process is given
Cbt . However, the back transfer mechanism is quite ineff
tive, since level4I 9/2 is efficiently depleted by a very fas
relaxation to level4I 11/2, being therefore almost empty.

Another effect which we should take into account is ve
similar to the Auger effect occurring in Er-doped crystallin
Si ~Ref. 21!, where the energy of an excited level of Er ca
be given up to a carrier~electron or hole! which is free in the
conduction or valence band of bulk Si, promoting it to
higher lying level. In the Er-Si NC system, it could happ
that the energy can be transferred from an excited Er le
back to a confined exciton, thus promoting it to a high
energy level. This process is represented by the constantCA ,
taking into account the Auger process with both the elect

FIG. 2. Energy level scheme for the system of interacting
NC’s and Er ions. The Si NC can be represented by a two-effec
energy level diagram. Er31 ions can be thought of as a five-energ
level system. Si NC’s having different sizes can be coupled w
both the4I 9/2 and 4I 11/2 levels.
1-3
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or the hole forming the exciton. Clearly, this Auger proce
in order to occur, requires that a new exciton is formed in
NC while an excited Er level is still filled. Therefore it be
comes effective only at high pump powers and it main
involves the long lived4I 13/2 level. Moreover, due to the
quantized nature of both the excitonic and the Er rela
levels, the Auger effect with the nanostructure should be
efficient than in bulk Si, where a continuum of dense
spaced energy levels in both the valence and the conduc
bands exists.

We also take into account the concentration quench
effect, which is due to the energy migration all over t
sample caused by the energy transfer between two nearb
ions, one in the first excited level and the other in the grou
state. Concentration quenching has been well character
in a previous work,30 and therefore the value of the total ra
of deexcitation from the first excited Er level, i.e.,w21
1wEr , where wEr takes into account the concentratio
quenching effect, is well known. Indeed,w2154.2
3102 s21 and wEr58pCErNqN0, whereNq is the concen-
tration of quenching centers~probably2OH groups!, CEr is
the coupling coefficient describing the interaction betwe
the first excited and the ground levels of Er, andN0 is the
total Er cocentration. From experiments30 we get CErNq
53.2310220 cm3 s21.

Eventually, the constantsCup andC3 are the cooperative
up-conversion coefficients describing the interaction of t
nearby Er ions which are both in the first or in the seco
excited states, respectively. In the first case one of the
ions will return to the ground state giving its energy to t
other which will be excited to the4I 9/2 level. In the second
case the interaction will bring one ion to the2H11/2 level and
the other to the ground state. In the model we take also
account the possibility of a direct absorption of a 488 n
photon by Er leading to a transition from the ground state
the 4F7/2 level. This process is characterized by an excitat
cross section of;1310219 cm2, as determined in an oxid
reference sample.

Thanks to this scheme, we are able to write down the
of first order rate equations describing the time evolution
the concentration of Si NC’s and Er ions in each level:

dnb

dt
5sabfna2wbnb2(

i 51

3

CbinbNi ,

dna

dt
52sabfna1wbnb1(

i 51

3

CbinbNi ,

dN5

dt
5sfN11(

i 52

3

CbinbNi1C3N3
22~w511w54!N5 ,

dN4

dt
5Cb1nbN11CupN2

21w54N52w43N4 , ~1!

dN3

dt
5w43N42~w321w31!N32Cb3nbN322C3N3

2 ,
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dN2

dt
5w32N32~w211wEr!N222CupN2

2

2Cb2nbN22CAnbN2 ,

dN1

dt
5~w211wEr!N21CupN2

21CAnbN21w31N3

1C3N3
21w51N52sfN12Cb1nbN1 ,

wheref is the flux of photons incident onto the sample,na,b
and Ni , with i>1, are the density level populations of S
nanocrystals and of Er ions, as represented in Fig. 2. In
ticular, we can definena1nb5n0 and ( iNi5N0, wheren0
andN0 are the total concentrations of excitable Si NC’s a
Er ions, respectively. Here we assume that each NC cont
at maximum one exciton at a time, since the Auger eff
between two excitons would lead to a quick~,ns! recombi-
nation of one of them, thus leaving only one exciton insi
the NC in times much smaller than the typical times char
terizing the Er system. Therefore talking about an exci
nanocrystal we are simply referring to a NC with an excit
in it. A NC with no excitons, i.e., not excited, will be referre
to as a NC in the ground levela. It is worth noticing that the
interaction between two levels is represented in Eq.~1!
through terms involving the product of the concentrations
the centers which are actually lying in those levels. Theref
the interaction probability will be described by rates whi
are inversely proportional to the square of the mean inte
tion volumes. In such a way we are introducing a short-ran
~dipole-dipole-like! interaction whose strength inversely d
pends on the sixth power of the mean distance between
two centers. On the other hand, we notice that the nonra
tive deexcitation rates in Er31 from higher lying levels to
closely spaced lower levels are quite high. In particu
w54,w43@w32@w21.

A few comments need to be made at this stage. Inde
through Eq.~1! we are taking into account many phenome
which could in principle occur in the Er-doped Si nanocry
tal system. Actually, among the various processes, we
distinguish between first and second order mechanisms,
pending on the weight of the terms in the rate equation s
tem ~1!. As far as the Er ion is concerned, it is evident, f
example, that the most important mechanisms are the
mary excitation due to the presence of Si nc, described b
term containingCb1, and all the processes involving th
long-lived level 4I 13/2, such as cooperative upconversion b
tween two neighboring Er ions excited in that level, excit
state excitation, concentration quenching, and eventually
ger processes with a nearby exciton. Indeed, mechan
involving the interaction between two levels, bring in Eq.~1!
a term which is proportional to the product of the populati
densities of the two levels. Therefore, the more a leve
populated the stronger is its influence in the system of r
equations~1!. Since the longer is the lifetime of a level th
more that level is populated, we gain the result that exci
Er levels other than the first one are much less importan
the kinetics of the system, since they are almost empty, be
characterized by lifetimes&1 ms, i.e., very small if com-
1-4
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pared to the value of;1 ms related to the4I 13/2 level.
Therefore, Eq.~1! will be solved at first considering only th
most important processes, thus fixing the main physical
rameters. Successively, all of the other parameters will
adjusted in order to obtain a better agreement with exp
ments. Indeed, from Eq.~1! both the time resolved and th
steady state excited level populations (Ni) can be obtained
The simulated luminescence intensitiesI s,i coming from the
correspondingi th level are simply proportional to the densi
level population times the radiative ratewR,i of that level,
through the following equation:

I s,i}wR,iNi . ~2!

By fitting the experimental intensity data through t
simulated intensities given by Eq.~2!, fixing the already
known constants, we are able to find the unknown phys
parameters, such as the coupling costantCb1, describing the
Si-NC–Er interaction, or the cooperative up-conversion
efficient Cup. A summary of the main physical paramete
used in the simulations, which give the best agreement w
experimental data, can be found in Table I.

V. THEORY VS EXPERIMENT

In Fig. 3 the total number of photons emitted in stea
state conditions at around 1.54mm ~solid triangles! and at
around 0.8mm ~solid circles!, as deduced from experiment
spectra, are reported as a function of Er concentration, f
fixed Si NC concentration of 131019/cm3. In the same fig-
ure, the simulated numbers of excited Er ions~open tri-
angles! and Si NC ~open circles! calculated from Eq.~1!,
which are proportional to the numbers of emitted photons

TABLE I. Physical parameters taken from Ref. 30 or as de
mined by a best fit of the overall experimental data, by using
~1!.

Symbol Value Reference

lexc 488 nm
sab 2310216 cm2 Ref. 30
s 1310219 cm2 Ref. 30
wb 23104 s21 Ref. 30
w21 4.23102 s21 Ref. 30

wEr58pCErNqN0 8.1310219N0s21 Ref. 30a

w32 4.23105 s21 this workb

w43 ;13107 s21 this work
w54 ,13107 s21 this workc

Cb1 3310215 cm3 s21 this work
Cup 7310217 cm3 s21 this work
Cb2 ,3310219 cm3 s21 this workc

Cb3 ,3310219 cm3 s21 this workc

Cbt ,3310219 cm3 s21 this workc

CA ,3310219 cm3 s21 this workc

C3 ;7310217 cm3 s21 this work

aN0 is the total Er concentration expressed in cm23.
bw32;33102w31.
cUpper limit determined within the present experimental data s
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1.54 and 0.8mm, respectively, are also plotted for compa
son. The continuous lines are just a guide to the eye. I
worth noticing that the agreement between the experime
and the simulated behavior is quite impressive, since we
covering several orders of magnitude by using fixed para
eters in the calculations, as reported in Table I. By increas
the Er concentration, the mean number of Er ions per Si
increases too. When the Er concentration is lower than
NC one, only a few NC’s have a nearby Er ion they c
couple with. Since the coupling is strong, those NC’s, on
excited, will preferentially transfer nonradiatively their e
ergy to the neighboring Er ions. Hence for each Er i
coupled to a NC, a photon in the Si NC related spectrum w
be lost, and a photon in the Er related spectrum will
gained. The Si NC’s which are not coupled to any Er i
continue to emit light at around 0.8mm with the same life-
time, almost independent of the Er concentration.28 When the
Er concentration equals the Si NC one, every Si NC
coupled with an Er ion, and the Si NC emission is almo
completely quenched with respect to the unimplan
sample.28,31 For Er concentrations greater than the Si N
one, each NC will be surrounded by several Er ions. In pr
ciple, due to the strong coupling, each NC is able to exc
several Er ions in the typical deexcitation time of the fi
excited Er level~a few ms!, the maximum number being
only determined by the excitation rate of the NC, i.e., by t
cross section times the incident photon flux, multiplied
the lifetime of the first excited Er level. Since at Er conce
trations greater than 231020/cm3 the concentration quench
ing effect also becomes effective,30 the Er lifetime will
strongly decrease thus producing a reduction of the m
mum number of excitable Er ions per NC. This will produ
an additional saturation in the high Er concentration side
the 1.54mm curve in Fig. 3.

In Fig. 4, the Er-related 1.54 and 0.98mm luminescence
intensities, corrected for the system response, are reporte
a function of the pump power, varied in the range betwee
and 103 mW, for a sample containing 6.531020 Er/cm3 in
presence of Si NC’s. In this wide range, the 1.54mm inten-

-
.

FIG. 3. Comparison between the measured and the simul
integrated numbers of emitted photons at around 1.54mm ~Er-
related emission! and 0.8mm ~Si-NC-related emission! as a func-
tion of Er concentration. Continuous lines are for guiding the e
1-5
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sity is seen to strongly saturate, while the 0.98mm has a
linear trend up to 10 mW and then it starts to saturate
higher powers. It is worth noticing that while at low powe
the ratio between the 1.54 and 0.98mm intensities is;102,
at the highest observed powers this ratio strongly reduce
a factor of 10. The continuous lines are fits to the experim
tal data obtained by solving the rate equations given in
~1! and by using Eq.~2!.

To investigate the correlation between the two obser
lines, we plotted in Fig. 5 the 0.98mm luminescence inten
sity as a function of the 1.54mm one, for each of the pump

FIG. 4. PL intensities of the 1.54 and 0.98mm lines as a func-
tion of pump power. Continuous lines are the simulated pho
emissions as obtained by dividing the density population of the
and second excited Er levels by their respective radiative lifet
~right axis!.

FIG. 5. Correlation graph reporting a quadratic dependenc
the 0.98mm intensity with respect to the 1.54mm one for the
sample containing 6.531020 Er/cm3 in presence of Si NC’s. Solid
circles represent experimental data as extracted from Fig. 4. O
triangles refer to simulated photon emission~top-right axes! as ob-
tained by solving Eq.~1!. Inset: schematic diagram showing th
cooperative up-conversion mechanism between two interactin
ions, which determines the emission of a 0.98mm photon at the
expenses of two 1.54mm photons.
24530
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powers used. While the 1.54mm intensity varies in a range
spanning two orders of magnitude, the 0.98mm line intensity
is seen to increase in a three orders of magnitude-wide in
val, with a quadratic power law dependence, as attested
the linear fit ~continuous line!. Once more, the open dat
represent simulations obtained within the same model. S
the intensity at a certain wavelength is proportional to
number of emitted photons, which is moreover proportio
to the number of excited centers emitting at that waveleng
it is possible to conclude that the number of Er ions exci
in the 4I 11/2 level, which is responsible for the 0.98mm
emission, is proportional to the square of the number of
ions which are excited in the4I 13/2 level, i.e.,N3}N2

2. That
is to say, in order to have an Er ion excited in the4I 11/2 level
we need two Er ions excited in the4I 13/2 level. This is the
result of a typical cooperative up-conversion mechanis
well known for Er in Al2O3 ~Ref. 44! and in silica
glasses,44,45 which, to our knowledge, had not yet been o
served in the Er-doped Si nanocrystals system. As reporte
the inset of Fig. 5, in a cooperative up-conversion proce
one of two nearby interacting Er ions, both in the first e
cited state, gives up resonantly and nonradiatively its ene
to the other, collapsing to the ground state and bringing
other in the4I 9/2 level. Then a nonradiative deexcitation o
curs from this level to the lower lying4I 11/2 level. Hence, the
subsequent radiative recombination from this level produ
a 0.98mm photon. We get a 0.98mm photon at the expense
of two 1.54mm photons which can no more be emitted. Th
is the physical meaning of the quadratic power law behav
observed in Fig. 5.

Other experimental evidences for the occurrence of
cooperative up-conversion mechanism in our Er doped
NC samples can be gained by looking at the time evolut
of the 1.54mm emission. Indeed, in Fig. 6 time-decay curv
recorded at 1.54mm are reported for different pump power
normalized to the steady state values. Att50, after the sys-

n
st
e

of

en

Er

FIG. 6. Time-decay curves recorded at 1.54mm and at different
pump powers for the sample with 6.531020 Er/cm3 in presence of
Si NC’s. The apparent reduction in Er lifetime with increasin
pump power is due to the up-conversion mechanism between
excited Er ions which causes the quenching of the 1.54mm related
level in the first instants of the Er deexcitation.
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tem has reached the steady state condition, we switch of
laser beam and measure the time evolution of the lumin
cence signal. At very low pump powers the measured l
time is of the order of 1 ms. Actually this low value is
consequence of the concentration quenching effect ta
place in this system.30 With increasing the pump power,
shortening of the measured lifetime is observed in the fi
instants of the decay, causing a stretching of the decay cu
which recovers its original straight shape only at long
times. Indeed, with increasing the pump power, the conc
tration of Er ions brought in the first excited level in stea
state conditions increases too. Hence it becomes more p
able to find all over the sample pairs of nearby excited
ions. Within each pair of excited Er ions a strong cooperat
up-conversion mechanism sets in, producing a fast que
ing of the first excited level population, i.e., of the 1.54mm
luminescence. This quenching continues until excited Er i
remain only far apart, and, being no more interacting, c
relax in the ground state emitting photons with the lifetim
measured at low pump powers.

In Fig. 7 the experimentale21 lifetime at 1.54mm mea-
sured from Fig. 6~solid circles! is reported as a function o
the pump power used. For comparison, the values simul
by solving the rate equations~1! by using an up-conversion
coefficient of 7310217 cm3 s21 are also shown~open
circles!. The agreement is good, considering the wide ra
of pump powers covered. It is worth noticing that by setti
Cup50 in Eq. ~1! and fixing all of the other parameters, w
are not able to take into account the shortening of the l
time with increasing the pump power~open triangles!, dem-
onstrating once more that this reduction is mainly caused
upconversion.

Actually, another mechanism which could in princip
produce a shortening of the Er lifetime at 1.54mm is the
Auger effect between an Er ion in its first excited level a
an excited NC, represented in Fig. 2 by the coefficientCA .
However, this effect can be ruled out since, in order to ta

FIG. 7. Comparison between the simulated and experime
e21 mean decay times of the 1.54mm emission as a function o
the excitation power. Experimental data have been extra
from Fig. 6. For a cooperative up-conversion coefficient of
310217 cm3 s21 a good agreement between experiments and si
lation can be achieved.
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place, a Si NC should remain in its excited state for times
long as the Er lifetime, in order to explain the lifetime sho
ening at times.100 ms, as shown in Fig. 6. But due to th
strong interaction between a Si NC and the nearby Er io
the lifetime of the exciton in the Si NC has to be much low
than the exciton lifetime in absence of Er, which is;50 ms.
Therefore, once the excitation is switched off, an exciton
presence of Er ions can survive in the NC for times!50 ms,
and it is only in this narrow temporal window that the inte
action leading to an Auger quenching process with the fi
excited level of Er would occur. Therefore, an Auger proce
would have explained a luminescence quenching at 1.54mm
for times!50 ms but cannot explain the quenching report
in Fig. 6, since it can be observed even for times.100 ms,
i.e., much longer than the typical lifetime of an exciton i
teracting with Er.

Another direct evidence for the presence of coopera
up conversion can be envisaged in Fig. 8, where a dec
time measurement at the 0.98mm Er emission is reported
for the very same sample containing 6.531020 Er/cm3 and
by using a pump power of 66 mW. The 0.98mm line coming
from the radiative recombination of level4I 11/2 is character-
ized by a lifetime of;2.5 ms, attesting that most of the
deexcitations from that level are nonradiative. The dec
time curve reported in Fig. 8 is composed by a first strai
part, showing a lifetime of just;2.5 ms, and of a very long
tail extending over 10ms and characterized by a longer life
time. Indeed, this long tail is due to the refilling of the4I 11/2
at the expenses of level4I 13/2 determined by the cooperativ
upconversion involving two Er ions in the first excite
level. Since this level is long-lived, two excited Er ions c
interact through upconversion even at times longer thanms,
as reported in Fig. 6, thus repopulating the level4I 11/2,
which otherwise would have been depleted in a mean tim
2.5 ms.

Since we are eventually interested in the emission o
1.54mm photon, we want to better investigate the real eff
of upconversion in the dynamics of the4I 13/2 level popula-

al

d

u-

FIG. 8. Time-decay curve of the 0.98mm emission for a sample
containing 6.531020 Er/cm3 in presence of Si NC’s. The tail which
extends for times longer than 10ms is due to the refilling of the
4I 11/2 level caused by cooperative upconversion between two
ions excited both in the long lived4I 13/2 level.
1-7
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tion. Figure 9 shows the normalized luminescence intens
recorded at 1.54mm as a function of time after switching o
the laser beam att50, and for different pump powers. A
can be observed, the luminescence signal reaches the sa
tion value in a time which is shorter the higher is the ex
tation power. We define the typical experimental risetimeton
as the time it takes the luminescence signal to reach the 6
~i.e., 12e21) of the saturation value. In Fig. 10, the reci
rocal of the experimental risetime~solid circles! extracted
from Fig. 9 is plotted as a function of the pump power. T
experimental trend is linear up to 1 mW. Indeed, within th
low power regime it is possible to demonstrate that the
ciprocal of the risetimeton follows the law

1

ton
5sefff1

1

t
, ~3!

FIG. 9. Time resolved PL intensity at 1.54mm as a function of
the excitation pump power, normalized to the steady state valu

FIG. 10. The reciprocals of the experimental risetimes measu
at 1.54mm are reported as a function of the pump power, as de
mined from Fig. 9. From a linear fit of the data in the low pumpi
power regime~up to 1 mW! it is possible to estimate an excitatio
cross section of;2310216 cm2 for the Si NC mediated excitation
of Er. At higher powers, a strong saturation is observed, due
cooperative upconversion which limits the excitation rate of Er.
24530
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where f is the photon flux,t the total lifetime of level
4I 13/2, comprising the radiative and all the nonradiative d
excitation processes, andseff is an effective excitation
cross section for Er in presence of Si NC’s. From a line
fit of the experimental data through Eq.~3! a value of
;2310216 cm2 can be estimated for the Er excitatio
cross section, in agreement with recent findings.30 At higher
pump powers, the linear approximation is no more va
and indeed the trend of the experimental data in Fig
shows a strong saturation, which can be attributed to
up-conversion mechanism, as indicated by the good ag
ment of the simulated data~open circles! obtained by solving
Eq. ~1!.

Another mechanism which could in principle limit th
excitation rate of Er is clearly the transfer mechanism its
Indeed, given a certain Er concentration, the total numbe
excitable Er ions depends clearly on the excitation pow
but at very high pump powers the effective energy trans
time between a single Si NC and each Er ion becomes
physical limiting factor. In Fig. 11, the luminescence inte
sity at 0.98mm is reported as a function of time, normalize
for the steady state values, for two very different excitati
powers. The mean risetime is clearly independent of
pump power, being equal to 2.4ms, which is comparable to
the decay time of the4I 11/2 level. Since this level is directly
pumped by a Si NC through a fast decay from level4I 9/2, we
can conclude that the time it takes a Si NC to transfer
energy to a nearby Er ion must have a typical value oft tr
;1 ms. This means that even if the excitation power is su
that more than one exciton is created in each NC in a t
interval of 1 ms, only one of these excitons can transfer
energy to the nearby Er ion in that time interval. Therefo
increasing the excitation power over a critical valuePc
cannot produce a corresponding increase in the excita
rate, thus contributing to the saturation observed in Fig.

.

d
r-

to

FIG. 11. Photoluminescence intensities at 0.98mm as a function
of time, after switching on the laser excitation att50 for the
sample containing 6.531020 Er/cm3 in presence of Si NC’s. The
mean risetime is independent of the pump power excitation, s
gesting that the energy transfer time between Si NC’s and E
actually comparable to the lifetime of level4I 11/2, i.e., of the order
of ;1 ms. The time resolution of our setup is;5 ns.
1-8



-
of

e
e
1

r
on

te
th
th

g

th
E

ib

pe
rd
f E
o
s

ot
gl
n
c

cit
ill
ob
pe
e
al

in
th

-

u

oth
di-

pot
e
inu-
en-

tion
ions
ing

ers
e
C

t all
ies.
mp
t in
. On
mp

en-
NC
be
ry
is

Er
her

me
ns
of

y
al
a-
an
by
t Er

g
the

ons.
the

n one

MODELING AND PERSPECTIVES OF THE Si . . . PHYSICAL REVIEW B 67, 245301 ~2003!
In order to estimate the value of the critical powerPc , we
need to equal the excitation ratesabf of a NC and the trans
fer ratewtr51/t tr . By using an excitation cross section
2310216 cm2 and a transfer time of 1ms, we get for
the critical photon flux a valuefc5(sabt tr)

2155
31021 cm22 s21. From this critical photon flux value, it is
possible to estimate a critical pump power ofPc55.7 W. It
is evident from Fig. 10 that the pump power used is w
below the critical valuePc . Therefore we conclude that th
strong saturation in the excitation rate deduced from Fig.
is mainly due to the upconversion mechanism.

At this stage, a few comments need to be made, as fa
the efficiency of the energy transfer mechanism itself is c
cerned. Indeed we can define the efficiencyh tr of the transfer
mechanism as the ratio between the transfer probabilitywtr ,
i.e., the probability per unit time that an exciton genera
inside a Si NC gives out its energy to a nearby Er ion in
ground state, and the total recombination probability of
same exciton, comprising both the recombination ratewb for
the isolated NC and the transfer probability. Therefore we

h tr5
wtr

wtr1wb
. ~4!

By using the experimentally estimated value of;1 ms for
t tr , and of 23104 s21 for wb we get a value of;98% for
the energy transfer efficiency, which indeed confirms
strong coupling existing between Si nanocrystals and
ions.

VI. OPTICAL GAIN

A. Role of Si NC in the Er induced gain

Many parameters can determine and influence a poss
optical gain measurement at 1.54mm in Er-doped Si nano-
crystals. Among these, the number of excitable Er ions
nanocrystal clearly deserves great attention. Indeed, in o
to reach high material gain values, high concentrations o
need to be inserted in the sample and moreover in their
tically active state. Clearly, if only a small fraction of Er ion
is coupled with NC’s, all the other Er ions which do n
benefit from the sensitizing action of NC’s become stron
absorbing. Under these conditions, measuring a positive
gain could become a quite difficult task to achieve, sin
other processes such as photon absorption from an ex
NC, or excited state absorption from the first level of Er w
dominate. In this section we want to better investigate pr
lems and perspectives related to optical gain in the Er-do
Si NC system simply extending the simulations obtain
through Eq.~1!. Indeed, in the previous section the over
experimental data have been fitted through Eq.~1!, accu-
rately determining all of the main physical parameters
volved. The physical variables that have been varied in
investigation are the Er concentration~ranging between 3
31017/cm3 and 1.431021/cm3) and the excitation pump
power ~in the range 1 – 103 mW). The density of Si nano
crystals in the sample has been fixed to;131019/cm3.

In Fig. 12 a contour plot reports in gray scale the sim
lated number of Er ions excited in the4I 13/2 level per Si
24530
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nanocrystal, in steady state conditions, as a function of b
the Er concentration and the power density, obtained by
viding the pump power by the area of the exciting laser s
(;2.831023 cm2). White color indicates the region wher
less than one Er ion per NC is excited on average. Cont
ous lines represent constant values. Clearly, for Er conc
trations lower than 131019/cm3, the number of excited Er
ions per NC cannot exceed 1. When the Er concentra
equals the Si NC one, the average number of excited Er
per NC increases with increasing the pump power, reach
asymptotically the value of 1 at the highest pump pow
~vertical dashed line!. By increasing the Er concentration, th
pump power trend of the number of excited Er ions per N
is still characterized by a saturation behavior, since almos
of the Er ions are excited at the highest power densit
However, the saturation value obtained at very high pu
powers increases with the total Er concentration presen
the sample, as attested by the brighter tones in the figure
the other hand, from Fig. 12 we can observe that if the pu
power is lower than;3 W/cm2, the number of excited Er
ions per NC is lower than 1, even at the highest Er conc
tration used. Indeed, since the excitation of Er through a
is a sequential process, only one Er ion at a time can
excited by a NC, the typical energy transfer time being ve
fast, i.e.,;1 ms, as shown before. Therefore, once the NC
excited, it transfers very quickly its energy to a nearby
ion, thus relaxing to the ground state and waiting for anot
excitation to occur. If the time inteval (sabf)21 between
two successive excitations of a NC is longer than the lifeti
t of the first excited level of Er, in steady state conditio
only one Er ion is actually excited per NC, even if a lot
Er ions exists. By lettingsabf5t21, where sab52
310216 cm2 and t52.5 ms, a critical pump power densit
value of;1 W/cm2 can be estimated, under which the tot
number of excitable Er ions per NC is limited by the excit
tion rate of the NC itself. For power densities higher th
3 W/cm2, the number of excited Er ions per NC increases
increasing the Er concentration, saturating at the highes

FIG. 12. Contour plot in a logarithmic gray scale showin
the number of excited Er ions per Si nanocrystal as a function of
Er concentration and power density, as determined by simulati
The contour lines represent constant values. A large region in
phases space exists where a Si nanocrystal can excite more tha
Er ion.
1-9
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concentrations to a value which depends on the pump po
This saturation is produced by concentration quenching
up-conversion mechanisms, which are quite effective in
sample. As can be seen, a single Si NC can excite a num
as high as 30 Er ions, at the highest pump power and
concentration used.

It is now interesting to study the Er concentration and
power dependence of the fraction of inverted Er ions in
sample, defined as (N22N1)/N0, whereN2 , N1 are, respec-
tively, the steady state concentrations of Er ions in the fi
excited level and in the ground state, as determined by s
ing Eq. ~1!, andN0 is the total Er concentration in the film
The results are shown in Fig. 13, where contour lines rep
sent constant values. The white region represents neg
values, i.e., noninverted Er ions. For Er concentrations lo
than 131019/cm3, 90–100 % of Er ions can be excited
very high pump powers. At a fixed high power density,
increasing the Er concentration, the fraction of inverted
ions is seen to decrease, due to nonradiative quenching
cesses, such as concentration quenching and upconve
which become active for Er concentration greater th
;1020/cm3 and tend to deplete the first excited level of E
However, if we look at the gain that can be induced by all
the Er ions present in the matrix, a different scenario appe
Indeed, in Fig. 14 a contour plot showing the Er induc
positive gaing at 1.54 mm as a function of both the E
concentration and the pump power is reported in a gray lo
rithmic scale. The white region is for negative gain. T
border line dividing the white and the gray regions is t
zero-gain line. Actuallyg5se(N22N1), where se is the
emission cross section of level4I 13/2, and (N22N1) is the
total concentration of Er ions inverted in that level. For t
emission cross section of Er, a value of 1310219 cm2 has
been used, as recently determined by both Kiket al.38,39 and
Shin et al.40–42 Figure 14 is quite interesting, since it show
that in order to achieve a positive gain, we need to get ac

FIG. 13. Contour plot showing the fraction of inverted Er io
as a function of both the Er concentration and pump power den
in a linear gray scale. This fraction decreases both by decreasin
excitation pump power and by increasing the Er concentration
the film.
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the marked solid curve, delimiting the two regions of po
tive and negative gain. This is quite similar to a phase tr
sition diagram, where the space coordinates are the Er
centration and the power density, and the two phases
respectively, the absorbing and the amplifying Er sta
Hence the marked line represents the region where both
amplifying and the absorbing phases coexist, i.e., where
material is transparent at 1.54mm. By increasing the Er
concentration, starting from a value of 331017/cm3, the
pump power needed to haveg50 has to be increased too.
is worth noticing that for Er concentrations higher than the
NC one, despite quenching processes are limiting the f
tion of inverted Er ions, as shown in Fig. 13, positive
induced gain can still be achieved. In particular, higher
induced gain can be reached at the highest pump powers
Er concentrations. For example, gain values in betwee
and 10 cm21 can be obtained in a wide region of Er conce
tration, in the range 531019– 631020/cm3, but at a power
density of about 3.53103 W/cm2. Clearly, decreasing the
power density produces a reduction of the Er concen
tion window where these gain values can be achieved. Gi
a certain Er concentration, a critical value of the excitati
power exists under which negative losses can only
observed. For example, when the Er concentration
231020/cm3, a positive Er induced gain could be me
sured only using power densities greater than;250 W/cm2.
In addition, a slight increase of the Er concentrati
produces a strong enhancement, with a quadratic law
the power threshold, as described by the marked line
Fig. 14.

In Fig. 14, a white line showing the simulated zero-ga
curve for Er in SiO2 without Si NC is also reported. In this

ty,
the
in

FIG. 14. Contour plot of the Er induced gain at 1.54mm in
Er-doped Si NC’s as a function of Er concentration and pow
density. The white region is for negative gain. The values have b
obtained by assuming an Er emission cross section of
310219 cm2, as recently determined by both Kiket al. ~Refs.
38,39! and Shinet al. ~Refs. 40–42!. The continuous white line
represents the zero Er-induced gain threshold curve for Er in S2,
without Si NC’s ~only direct absorption considered!.
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case only excitation of Er through the direct absorption o
488 nm photon is considered, i.e., the constantsCbi describ-
ing the coupling between Si NC’s and Er ions have been
to zero, while all of the other parameters have been m
tained fixed to their original values for simplicity. As can b
seen, the power density threshold for observing positive g
is strongly increased, by;3 orders of magnitude. Thus from
Fig. 14 it is evident that Si NC’s play a key positive role f
the Er induced gain in three main ways.~i! First of all the
presence of Si NC’s which can strongly absorb the 488
incident photons and rapidly transfer the energy to Er, de
mines a lowering of the pump power threshold needed
observe Er-induced gain, with respect to Er-doped insula
hosts, where only direct photon absorption, characterized
a much lower excitation cross section can occur.~ii ! More-
over, Er31 ions in presence of Si NC’s can be excited
photons which are not necessarily in resonance with the
sorption spectrum of Er31, since Si NC’s can absorb light in
a broad spectrum and then transfer quasiresonantly and
ciently their energy to the rare earth. This clearly opens
way towards Er-doped Si-NC-based optical amplifie
pumped by broad band light sources.~iii ! Eventually, Si
NC’s dispersed in the oxide matrix determine both an
crease in the mean refractive index and a reduced hom
neity of the material. This produces a greater mixing of
Er related level, and as a consequence, an increase in
radiative transition probability, which reflects in a clear i
crease of the Er emission cross section.39,42 Since optical
gain is directly proportional to the emission cross section,
Er-doped Si NC offers greater changes to have higher
induced gain values at 1.54mm, with respect to insulating
hosts.

B. Role of Si NC in the optical losses

Despite the clear positive effects in the Er induced ga
Si NC’s could, however, introduce loss mechanisms, wh
deserve to be studied in details in order to understand
establishment of a net positive gain at 1.54mm in Er-doped
Si nanocrystals. Among these, the most important is su
the confined carriers absorption~CCA! mechanism describ
ing the absorption of a 1.54mm photon from a confined
exciton in a Si NC. This process is the analog of the w
known free carrier absorption~FCA! occurring in bulk crys-
talline Si, where a 1.54mm photon can be absorbed by a fr
carrier~both an electron in the conduction band or a hole
the valence band! which is then promoted to a higher excite
level. The excitation cross section describing FCA is of
order of 10217 cm2, while no determination of the CCA
cross section is known to our knowledge. In order to stu
the weight of CCA, we simulated the fraction of excited
NC’s in steady state in our Er-doped Si NC system. By so
ing Eq. ~1! using the coefficients in Table I, we determine
the concentrationnb of excited Si NC’s. In Fig. 15, the frac
tion of an excited NC, obtained by dividingnb for the total
NC concentrationn0, is reported as a function of both the E
concentration and the power density, in a gray scale con
plot. This time, increasing values are represented by da
tones of gray. It is worth noticing that when the concent
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tion of Er ions in the film is lower than 1019/cm3, by increas-
ing the pump power, the fraction of an excited Si NC i
creases in a way which is almost independent of
particular Er concentration. At the highest pump power us
almost 100% of Si NC’s can be excited. When the Er co
centration is increased, more than one Er ion can be cou
with a single Si NC, as already reported in Fig. 12. Due
the strong coupling, the contour lines which describe
constant fractions of excited Si NC’s bend towards high
pump powers. Indeed a wide region opens up~represented
by white!, where less than 10% excited NC exists in the fil
This is a region where losses induced by CCA from an
cited Si NC can be so low to allow for a good chance
observing positive gain.

In order to compare the strength of both the Er induc
gain g and the Si-NC-induced lossesaCCA, we define a pa-
rameterr as the ratio

r5
g

aCCA
5

se~N22N1!

sCCAnb
, ~5!

wheresCCA is the confined carriers absorption cross secti
In order to have a positive net gain, we should haver.1. In
Fig. 16 the ratio between the concentration of inverted
ions ~i.e., N22N1) and the concentration of excited Si NC
~i.e., nb) is reported as a function of pump power and
concentration. A wide region in the phase space exists wh
(N22N1)/nb.1. In this region a net positive gain would b
observed only ifse /sCCA>1, since in this caser.1 too.
But this is a quite lucky situation, where we are assum
that the emission process from an excited Er ion has
same~or higher! strength than the carrier absorption from
excited Si NC. Unfortunately, this turns to be untrue to so
extent. For example in bulk Si the free carrier absorpt
cross section is more than two orders of magnitude hig
with respect to the emission cross section of Er. Howev

FIG. 15. Contour plot showing the fraction of excited Si nan
crystals as a function of both the Er concentration and the pu
power, as obtained by simulations.
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recent experiments suggest that carrier absorption from
NC could be somewhat reduced with respect to bulk Si~Ref.
39!, being characterized by an absorption cross section
;10218 cm2. Therefore, assuming this value, we g
se /sCCA51021. Hence a net positive gain could b
achieved only when (N22N1)/nb.10, as reported in
Fig. 16.

In Fig. 17~a!, the Er induced gaing ~up triangles!, the Si
NC induced lossesacca ~down triangles! and the effective
gain gnet5g2aCCA ~closed circles! are shown as a function
of the excitation power, for an Er concentration of 2
31020/cm3. For very high pump powers, the simulated n
gain is 0.24 cm21. This positive gain is a result of the sen
sitizing action played by Si NC’s in exciting Er ions. Indee
since each NC is able to excite more than one Er ion,
material gain can be so high to overcome the Si NC indu
losses. Moreover, due to the strong interaction between
and Er, the energy transfer time can be so fast to stron
reduce the fraction of excited Si NC’s, thus lowering the N
induced losses. Higher gain values could be obtained
creasing the coupling coefficient between NC and Er a
reducing the up-conversion mechanism, by playing both w
the material used and with the preparation conditions. Ho
ever, an accurate determination of the confined carriers
sorption cross section is still necessary, since as reporte
Fig. 17~b! the actual value of this parameter strongly infl
ences the net gain of the Er-Si NC system. Indeed, from
figure it can be noticed that the system can have quite h
gain values (;10 cm21) if sCCA51310219 cm2, while it
turns to be strongly absorbing if the CCA cross section te
towards the bulk-Si value of 1310217 cm2. The recent ex-
perimental observation40–42of net optical gain in the system

FIG. 16. Contour plot for the ratio between the concentration
inverted Er ions and the concentration of excited Si nanocrys
versus the Er concentration and the pump power density. The re
in the phase space where an effective gain can be observed de
on the effective ratio between the emission and the confined car
absorption cross sections.
24530
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is a clear proof that CCA should be quite reduced with
spect to the bulk Si value.

VII. CONCLUSIONS

In conclusion, we have presented a phenomenological
scription of the Er-doped Si nanocrystals system able
quantitatively describe the measured optical properties.
introducing a rate equation based formalism, describing
density populations of interacting Si-NC–Er levels, we we
able to determine both the NC-Er coupling constant and
up-conversion coefficient, through a fit of the overall expe
mental data. Moreover, an energy transfer time of;1 ms has
been experimentally estimated. It has been demonstrated
each Si nanocrystal can be coupled with more than one
ion, the maximum number of excitable Er ions per nanocr
tal being only limited by the Si NC excitation rate, by th
total Er concentration, given a fixed NC concentration, a
eventually by the transfer time. The possibility of observi
positive gain at 1.54mm in such a system has been exte
sively discussed, with a particular attention to gain limitin
effects, such as cooperative upconversion and confined
riers absorption induced by excited nanocrystals. Indeed

f
ls
on
nds
rs

FIG. 17. ~a! Er induced gain~up triangles!, Si nanocrystals in-
duced loss~down triangles! due to absorption from a confined ex
citon, and effective gain~closed circles! for a sample containing
2.431020/cm3 Er ions, as a function of the excitation power de
sity. A positive net gain of 0.24 cm21 can be observed at high pum
powers.~b! Net gain for three different values of the confined ca
riers absorption coefficient.
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have shown that Si NC’s can have positive as well as ne
tive aspects as far as the optical gain at 1.54mm from Er-
doped Si NC is concerned. Nevertheless, under approp
conditions net optical gain can be reached. All of these st
ies, together with our recent demonstration of the feasibi
of electrical pumping,37 open the route towards the possib
ity of fabricating electrically driven optical amplifiers base
on the promising Er-doped Si nanocrystals system.
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