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We report a spectroscopic study about the energy transfer mechanism among silicon nanoparticles
�Si-np�, both amorphous and crystalline, and Er ions in a silicon dioxide matrix. From infrared
spectroscopic analysis, we have determined that the physics of the transfer mechanism does not
depend on the Si-np nature, finding a fast ��200 ns� energy transfer in both cases, while the
amorphous nanoclusters reveal a larger transfer efficiency than the nanocrystals. Moreover, the
detailed spectroscopic results in the visible range here reported are essential to understand the
physics behind the sensitization effect, whose knowledge assumes a crucial role to enhance the
transfer rate and possibly employing the material in optical amplifier devices. Joining the
experimental data, performed with pulsed and continuous-wave excitation, we develop a model in
which the internal intraband recombination within Si-np is competitive with the transfer process via
an Auger electron-“recycling” effect. Posing a different light on some detrimental mechanism such
as Auger processes, our findings clearly recast the role of Si-np in the sensitization scheme, where
they are able to excite very efficiently ions in close proximity to their surface. © 2010 American
Institute of Physics. �doi:10.1063/1.3476286�

I. INTRODUCTION

The rare earth erbium oxides have played an important
role as active material for optical amplification in the last
decades;1 the sharp, long-lifetime emission ��5–10 ms� in
the third telecom window makes it the perfect candidate to
be employed in all-optical amplifier. In fact, erbium doped
fiber amplifier has reached a leading position in optical am-
plification technology. For these reasons, any improvements
of the system are quite appealing and have developed an
intensive research toward the use of sensitizers in Er-doped
materials.2 Indeed, the use of suitable sensitizers relaxes the
expensive pumping condition of sharp-line and powerful la-
ser diode, allows miniaturizing the system into photonic
lightwave circuits and even leads to the realization of elec-
trical injected Er doped amplifiers. Among the other sensitiz-
ers, an energy transfer mechanism has been demonstrated
among Si-nanoparticles �Si-np� and Er ions.3 Si-np present
various interesting properties as sensitizers: the most impor-
tant is the increase in the Er3+ effective excitation cross sec-
tion from 10−20–10−21 to 10−16–10−17 cm2 when the ions are
placed in close proximity to the sensitizer.4 This results from
the the large and spectrally broad absorption cross section of
the nanoparticles in the visible. Moreover, indirect excitation
of Er ions by energy transfer from Si-np which, in turn, were
excited by electrical injection, has been demonstrated.5 All

these appealing properties open the route to the realization of
compact Er-doped sensitized waveguide amplifiers and la-
sers, which could be either optically or electrically pumped.

After the first encouraging results of internal optical gain
in Si-nc:Er codoped SiO2 waveguides,6 several reports in the
last years have defined intrinsic material limits to the popu-
lation inversion condition, mainly imposed by an Auger
back-transfer mechanism.7,8 A widely spread believe is that
this kind of mechanism is the main cause for the low fraction
��3–5%� of optically active Er ions population effectively
coupled to Si-np reported so far in the literature.9–12

In this study, we report spectroscopic experiments per-
formed in samples where the coupled Er content is about
52% of the optically active ions �i.e., 13.5% of total Er3+

concentration� �Ref. 13� and the measured internal optical
gain in active waveguides is as large as 1 dB/cm.14 The aim
of this work is to investigate the energy transfer process be-
tween Si nanocrystals or Si amorphous nanoclusters and Er
ions in a silicon dioxide matrix. This work complements the
brief report we published recently15 where we demonstrated
the existence of a very fast and effective transfer process and
the total absence of Auger back transfer. Here we provide
new data where we show that the different nature of Si-np
�crystalline or amorphous�, while changing the transfer pro-
cess efficiency, does not change the physics behind the trans-
fer mechanism itself. Based on these experimental findings,
we develop a coupled rate equation model where intraband
recombinations in the Si-np play a fundamental role in thea�Electronic mail: pitanti@science.unitn.it.
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transfer process. In addition, we identified the transfer
mechanism as a Dexter-like process.16 In particular, a
“carrier-recycling” effect due to Auger recombination within
the Si-np is proposed. We used the term “recycling” since the
excited carriers which are involved in the Auger process are
at the same time rehabilitated to participate to the transfer
process. In this perspective, the main and, possibly, only det-
rimental issue in achieving a complete inversion of Er3+

population for amplification purposes is given by the effec-
tive interaction distance between sensitizers and ions, as re-
cently reported in literature.11,12,17,18

II. MATERIAL AND METHODS

The samples under study have been fabricated by a
novel rf reactive magnetron cosputtering under argon–
hydrogen mixture of 2 in. confocal pure SiO2 and Er2O3

targets.19 To form nanoparticles, a substochiometric silicon
rich silicon oxide �SRSO� is deposited followed by an an-
nealing treatment to ensure phase separation between silicon
and its oxide. In order to perform comparative spectroscopic
characterization, the deposition parameters20 employed to
obtain the best sample in terms of photoluminescence �PL�
intensity �under nonresonant pumping—476 nm� and life-
time of the 4I13/2→ 4I15/2 Er3+ transition, have been used to
fabricate a set of different samples with and without Er3+ and
with different annealing treatments, �Table I�. Samples A and
B likely contain Si amorphous nanocluster due to the low
annealing temperature used which does not allow a complete
phase separation and recrystallization of Si from the
matrix.21,22 This is confirmed by their broad luminescence
spectra �see more later�. Pieces of these samples, named A-re
and B-re, respectively, have been annealed a second time at
an higher temperature of 1100 °C. It is well known that for
annealing temperature of 1100 °C crystalline nanoparticles
form. All samples have the same layered structure, composed
of a 5 �m SiO2 cladding layer above a Si substrate, on
which is further deposited the 1.2 �m thick active material.
As reference for Er3+ emission, we have used an Er-doped
soda-lime glass fabricated by Corning �sample C�.

The spectroscopic experiments have been performed
both in visible �VIS� and near-infrared �IR� range, with
continuous-wave �CW� and pulsed laser excitation sources.
The CW source was an Ar+ laser of which we have em-
ployed lines which were resonant �488 nm� or nonresonant
�476 nm� with Er3+ internal transitions.1 The average photon

fluxes on the sample was about 1�1018 ph / �cm2 s�. The
pulsed source was the third harmonic �355 nm� of a Nd:YAG
laser with 10 ns pulse width, a repetition rate of 10 Hz and a
photon flux of 1�1025 ph / �cm2 s� during the pulse. For de-
tection in the visible we have used a charge coupled device
streak camera coupled to a spectrometer, with an overall
time-resolution of the order of few picoseconds, and a mono-
chromator coupled with a GaAs-photomultiplier �PMT�, re-
spectively, for time resolved �TR� and cw measurements. In
the infrared, the signal was spectrally resolved with a mono-
chromator and subsequently detected with a InGaAs IR-
PMT. All measurements have been performed at room tem-
perature.

A typical PL spectrum of our samples, measured with an
excitation wavelength nonresonant with any Er3+ internal
transition �476 nm�, is shown in Fig. 1. It is possible to
recognize several spectral features: around 980 and 1535 nm,
the characteristic transitions of Er3+ in SiO2 appear, related,
respectively, to the first and second excited to the fundamen-
tal state optical transitions. The wide band centered at 700
nm is related to Si-np emission,23 while the emission band at
about 1100 nm is due to the Si substrate. When the sample is
excited at 355 nm, the peak of Si-np PL band top is blue-
shifted due to a different absorption cross section. This is
reported as additional information in Fig. 1. However, the
recombination dynamic is similar to the one investigated at
476 nm �more on this in Sec. III�.

To get some insights about how the energy transfer is
related to the nature of Si-np, whether they are amorphous15

or crystalline, we have performed experiments in the IR
range on reannealed samples A-re and B-re. It is worth to
note that these measurements can be compared with litera-
ture reports where different time-scales for the transfer have
been reported �fast—to the first excited state and slow—to
higher Er3+ levels�.7,8

Figure 2 summarizes the normalized TR-IR and cw-PL
measurements for the samples A-re and B-re. The possibility
of Er3+ clusterization during the annealed procedure has been
discarded by analyzing the ions first excited state decay at

TABLE I. Set of samples under study. Si excess �Si exc� and Er3+ concen-
tration have been measured, respectively, by x-ray photoelectron spectros-
copy �XPS� and secondary ion mass spectrometry �SIMS� technique. The
annealing time was of one hour at the annealing temperature reported �Tann�.

Sample
Si exc

�%�
�Er3+�
�cm−3�

Tann

�°C�

A 5�2 3.38�0.2�1020 900
B 6.3�2 ¯ 900
A-re 5�2 3.38�0.2�1020 900+1100
B-re 6.3�2 ¯ 900+1100
C ¯ 0.5�0.1�1020
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FIG. 1. �Color online� 4cw-PL spectrum of a typical SRO:Er sample under
nondirect excitation �476 nm�. The schematic structure of Er3+ electronic
levels is reported. The red curve refers to the visible Si-np PL band obtained
under 355 nm pulsed excitation �not in scale�.
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different pump fluxes, �as done in Ref. 24 for the prean-
nealed samples�. The results are very similar to those re-
ported in Ref. 15, where samples A and B were investigated.
In particular a fast decaying lineshape is observed in all the
samples, with or without Er3+ and with or without the extra-
annealing treatment. Inspecting the normalized decay kinet-
ics �Fig. 2�a��, we observe a similar behavior for samples A
and A-re. The fast emission looks independent from the
Si-np nature �amorphous or crystalline�. This suggests that
this fast emission is due to matrix-related recombination cen-
ters, which are not affected by the reannealing process. This
further confirms that this fast decay is not related to Auger
back-transfer mechanism between excited Er3+ ions and Si-
np. The transfer dynamics looks like it is not affected by the
second annealing, since all the features presented in Ref. 15
are well reproduced even in the spectroscopic data obtained
with these samples. From a more quantitative point-of-view,
Figs. 2�b� and 2�c�, reports a comparison between cw-PL of
preannealed and reannealed samples. We can observe that an
increase in the visible emission of Si-np and a decrease in the
infrared emission of Er3+ are obtained by increasing the crys-
tallinity degree of the samples. Particularly important is the
more than one order of magnitude decrease in the Er3+ emis-
sion in sample A-re with respect to sample A: since this
experiment has been performed with a cw excitation wave-
length which is nonresonant with any Er internal transitions,
we correlate this result with a less efficient energy transfer
process in the reannealed sample. This will be confirmed in
the model that will be detailed afterwards, where a faster
transfer time for amorphous Si-np ��40 ns� has been found
with respect to the reannealed samples ��120 ns�.

III. VISIBLE PL SPECTROSCOPY

Samples A and B have been annealed for 1 h at 900 °C
and likely contain amorphous nanoclusters with partial
crystallization.22 Nevertheless when excited with a cw laser,
both emit a strong PL band centered at about 750 nm as
shown, for example, in Fig. 1. On the other hand, once re-
annealed at 1100 °C, the phase separation between silicon
and silicon oxide is improved and nanoparticles with high

crystalline quality are formed. As suggested, for example by
Fujii et al.,25 the degree of sample crystallinity can be in-
spected analyzing the decays of the PL band in the visible.
Figure 3 reports the VIS-TR-PL for different collection
wavelengths for sample B before and after the extra-
annealing process. The long decay curves in Fig. 3 are well
fitted by a stretched exponential decay function, which takes
into account distribution of lifetimes due to excitonic trans-

0.0 0.8

0.1

1 A (1300nm)

A-re (1300nm)

A (1535nm)

A-re (1535nm)

N
o
rm

a
liz

e
d

In
te

n
s
it
y

time ( s)

700 800 900 1000 1100 1200 1300 1400 1500 1600
10

3

10
4

10
5

10
6

10
7

Sample B

Sample B-reIn
te

n
s
it
y

(a
.u

.)

Wavelength (nm)

10
5

10
6

10
7

Sample A

Sample A-re
(a)

(c)

(b)

�

FIG. 2. �Color online� �a�. TR-PL at different wavelengths for Sample A and B before and after the extra-annealing procedure. It is worth to note the presence
of the same fast decay in the whole sample set. �b� Nonresonant cw broad-range PL spectra ��exc=476 nm� for the whole sample set. The extra-annealing
induces an increase in the Si-np related emission together with a decrease in Er-related emission.
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FIG. 3. �Color online� TR-PL decays for the sample without Er3+ �sample B
�a� and B-re �b�� in logarithmic scale, in the 400 �s temporal window. The
lifetimes obtained from the stretched exponential fits at various wavelengths
are reported in the insets. When erbium is placed inside the sample, Si-np
radiative recombination lifetime shortens significantly, as shown by compar-
ing the decays at 750 nm for sample A ��a�—white circles� and B.
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port phenomena, like interparticle hopping.26,27 By fitting the
data, the average PL lifetime �PL is extracted as the first-
order moment of the stretched exponential distribution28

f�t� = e�−��t − t0/�����, �PL =
�

�
		 1

�

 , �1�

where 	 is the Gamma-function. We clearly observe in the
insets in Fig. 3 that while in sample B the lifetime is almost
independent of the observation wavelength, in the extra-
annealed sample B-re it shows a net trend, shortening at
higher observation energies. The latter behavior is typical of
exciton recombination in crystalline Si-np.25,26 This is a con-
firmation of the different crystalline quality of the samples
due to the different annealing temperatures.

Inspecting Fig. 3, a very fast decay �first few microsec-
onds� is observed which is attributed to Auger recombination
within the nanoparticle.29 To check this hypothesis, we have
measured the visible PL intensity of samples A and B as a
function of excitation photon flux 
. The results are reported
in Fig. 4�a�. The measurements have been fitted with a
power-law function I�
�=a ·
b. For sample B the power
coefficient b is found to be very close to 2/3 �b
=0.72�0.01�, which is the signature of a three particle Au-
ger recombination mechanism.29 Although emission from
sample B is more intense �triangle-dotted line in Fig. 4�a��,
the power coefficient is higher for sample A �b
=0.83�0.05�. We explain these different exponents by the
existence of a different mechanism in sample A that has re-
duced the population of the emitting level to values where

Auger processes are weaker than in sample B and, thus, the
exponent is closer to unity. The exciton population in sample
A is lower than in sample B. We correlate this population
depletion mechanism to the transfer process that competes
with the intraband Auger recombination mechanism �more in
Sec. IV�.

Further proofs of energy transfer mechanism can be ob-
served in the VIS-PL of Er3+ codoped samples.

• The whole luminescence band is quenched by a factor
�3.3 �900 °C annealed samples, Fig. 4�b�� and of a
factor �2.8 �extra-annealed samples, not shown�;

• The PL lifetime shortens �shown, for sample A, as
white circles in Fig. 3�a��. This means that the transfer
mechanism and radiative recombination are at least in-
directly competitive processes, as will be carefully dis-
cussed in Sec. IV.

It is worth to note that in addition to the Si-np emission band
in the visible, we have detected a broad weak emission that
extends to the near IR, reaching almost 1600 nm, under cw
excitation �see Fig. 2�b��. Even if the origin of this emission
is still unknown, we observe the following interesting as-
pects.

• This emission is quenched when Er3+ is inserted by
about the same factor as the visible emission related to
Si-np;

• the spectral lineshape of this band seems to be coinci-
dent with those of the fast decay reported in Ref. 15.

Based on these facts we hypothesize that the emission
could be related to the presence of Si-np inside the matrix,
even if the nanoparticles could be not directly responsible for
the emission itself. Tentatively, it can be assigned to the cen-
ters reported in Ref. 30.

IV. RATE EQUATION SEMIEMPIRICAL MODELING

While the optical properties of Er ions in different ma-
trices are well known, a careful study of the optical proper-
ties of Si-np can be performed only with extreme difficulty.
The current fabrication processes do not allow a precise con-
trol of the particles geometry at the nanoscale, producing an
ensemble of nanoparticles with different sizes and geom-
etries. Moreover a long debate exists about the origin of the
luminescence in Si-np: it can originate from intrinsic prop-
erties of the nanoparticles �quantum-confinement PL� or
from localized recombination at the Si-np surface.31 All these
effects make the modeling of electronic and optical proper-
ties of Si-np a very difficult challenge, which can be success-
fully performed only for an ideal system. For this reason, we
have chosen to follow a more empirical approach, in which
the optical properties of the system are theoretically de-
scribed by phenomenological rate equations. The kinetic of
the populations is determined by a set of coupled rate equa-
tion which we have numerically solved to model the experi-
mental data. Since the main recombination paths of Si-np are
identified as Auger recombination within the nanoparticle
and transfer to nearby Er ions, the fast dynamics of these two
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FIG. 4. �Color online� �a� Visible cw-PL intensity as a function of pumping
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clarity. �b� visible cw-PL spectra for sample A and B.
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processes make necessary a careful investigation of the ex-
perimental PL decay in the first few nanoseconds.

The following six-coupled equations system has been
considered to model the Si-np/Er interaction32

d

dt
Nexc,1 = − �Si-np
�t�NSi-np + 0.5CA�Nexc,2�3,

d

dt
Nexc,2 = w32Nexc,3 − CA�Nexc,2�3,

d

dt
Nexc,3 = �Si-np
�t�NSi-np − w32Nexc,2 + 0.5CA�Nexc,2�3

− kNexc,3NEr,1,

d

dt
NEr,1 = − kNexc,3NEr,1 + 1/�21NEr,2,

d

dt
NEr,2 = 1/�32NEr,3 − 1/�21NEr,2,

d

dt
NEr,3 = kNexc,1NEr,3 − 1/�32NEr,3. �2�

The Si-np excitonic levels are described by a three effective
levels scheme �Ex1, Ex2, Ex3 of population Nexc,1, Nexc,2,
Nexc,3, respectively�, while for the Er ions we have consid-
ered the electronic population of level 4I15/2 �NEr,1�, 4I13/2
�NEr,2�, and 4I11/2 �NEr,3�. The corresponding energy level
scheme is reported in Fig. 5�a�. The other symbols in Eq. �2�
have the following meaning.

• �Si-np, 
�t�, and CA are, respectively, the Si-np absorp-
tion cross section ��1�1015 cm2,33�, the pump flux at
excitation wavelength �355 nm� and the Auger coeffi-
cient. The pump flux temporal shape is a Gaussian
function with full width half maximum estimated from
the experimental data �10 ns�.

• wij is the probability of the i→ j transitions while �ij is
the inverse of the transition probability.34

• k is the distant dependent coupling constant for the
energy transfer process among Si-np and Er ions.

The geminate and nongeminate recombination terms
��Nexc,2 and �Nexc,2

2 � have been neglected, since the Si-np
excitonic levels population dynamic is dominated by Auger
and energy transfer mechanisms in the first tens of nanosec-
onds after the excitation has been turned off.

Once an exciton has been formed in level Ex3 by ab-
sorbing the 355 nm photons, it can relax either to level Ex2
with a probability w32 or to an internal effective-trap-state by
giving back the energy to an Er ion which gets excited. If
relaxation to level Ex2 occurs, the carrier can be re-excited
back to level Ex3 by an Auger process �which has been mod-
eled with the terms CA�Nexc,2�3� or alternatively can radia-
tively recombine to the level Ex1, emitting photons respon-
sible for the Si-np emission band reported, for example, in
Fig. 2.

The energy transfer process is accompanied by the pro-
motion of one electron from the Er3+ fundamental state 4I15/2
to the second excited state 4I11/2 from which it can relax
through Er3+ internal recombination channels with a time �32,
as reported in Ref. 15.

It is worth to note the importance of Auger process in
“recycling” the electrons to high lying Si-np levels, from
which they can transfer their energy to nearby Er ions. In this
scheme, radiative recombination of population Nexc,2 and en-
ergy transfer can be seen as indirectly competing mecha-
nisms.

Excitons from the effective trap level cannot recombine
radiatively so they are considered totally inactive in terms of
VIS-PL emission �this has been indicated with a dashed ar-
row relaxation term in Fig. 5�a��. The existence of a “trap-
like” state, through which Si-np sensitizes Er3+ ions, has
been a recurring idea in several models of energy exchange
mechanism.35–39 Direct experimental evidences of their exis-
tence have been recently obtained for Er3+ doped bulk Si.40

Actually, there is still some debate about the existence of the
physical origin of this state in Er-doped SRSO material. In
addition, some groups claim the existence of “traplike” states
originating from defects in the SiO2 matrix and not corre-

FIG. 5. �Color online� �a� Energy level scheme on which the rate equation system of Eq. �2� has been built. �b� Er–Si nanoparticle distance dependent coupling
constants ki which fits the experimental decay curve of sample A �Dexter-transfer�. The parameter Rint has been taken from Refs. 12 and 43. �c� Weights in
the average �4� which take into account the different Er ions number in different shell volumes.
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lated with Si-np.41,42 Since it is out of the scope of this paper
the investigation of the nature of this “trap-state,” we limit
ourselves to hypothize its existence. We model it as an effec-
tive level which is strongly correlated with the presence of
Si-np. The effective trap level explains the decrease in the
whole VIS-PL spectra when Er ions are added in the SRO
matrix �see Fig. 4�b��. In fact, a pure resonant transfer model
would imply important differences in the spectral shape of
visible emission comparing samples with and without Er3+,
since depletion of emission should occur at the energy of the
resonant levels. The introduction of the effective trap level
poses the transfer mechanism �resonant process� competing
with the radiative recombination through Auger effects �non-
resonant process�, realizing a broad band quenching of the
whole visible PL emission.

It is worth to note that some other works41,42 support the
existence of a different kind of traplike states �“luminescent
centers” �LCs�� present in the SiO2 matrix, which are related
to the energy transfer mechanism among Si-np and Er ions.
However, the LC derived transfer scheme is different from
the excitonic related one which we propose in this manu-
script. Indeed, our VIS-PL spectroscopic data strongly differ
from the one attributed in literature to LCs. On one side, we
did not measure any luminescent band centered at 550 nm,
which could be attributed to LC mediated PL �Ref. 41� in our
samples; on the other side we always detect long PL recom-
bination lifetimes ��100 �s� at odds with the very fast one
attributed to LC �tens of nanoseconds, as reported in Refs. 41
and 42�. Moreover, both the PL lifetime shortening �Fig.
3�a�� and the reduction in Auger related power-law coeffi-
cient �Fig. 4�a�� when Er is inserted in the samples point
toward a energy transfer process which has to compete, at
least indirectly, with the Si-np excitonic radiative recombina-
tion. So, we attribute the main role of energy transfer to the
Si-np, having no evidences of the presence of LC in our
samples.

The probability that a transfer occurs is proportional to
the coupling constant k, which itself is strongly dependent
from the distance between Er ions and Si-np. As reported in
different works,11,12,18,43 the coupling constant scales with
distance following an exponential decay law: this is a clear
signature of an electronic exchange mechanism between do-
nor and acceptor generating from wave function overlap
�Dexter transfer�.16 The other possible transfer mechanisms,
dipole-dipole interaction �Förster� and indirect radiative ex-
citation do not likely occur in our system: the former being
too slow with respect to the fast transfer time we measured
�tens of nanoseconds�, while the latter does not explain the
enhancement of Er ions effective excitation cross section,
being less efficient than direct excitation itself. Since Dexter
mechanism is strongly dependent from interaction distance,
we have considered a shell-model to reproduce the experi-
mental data with numerical simulations. In this framework,
we have worked under the assumptions of spherical nanopar-
ticles surrounded by an homogeneous distribution of Er ions.
For a fixed distance between the Si-np and Er3+, ri, we have
defined an interaction shell, characterized by a coupling con-
stant ki, which depends on the distance according to

ki = k0e�−�ri−RSi-np�/Rint�, �3�

where k0 represents the maximum coupling constant value,
when Er is placed exactly on the Si-np surface and RSi-np is
the Si-np radius. The value of the constant Rint �characteristic
interaction distance� has been taken from literature and it is
equal to 0.5 nm �2.1 nm� for amorphous Si-nanoclusters12,43

�Si-nanocrystals17�. Clearly, this simple model can be applied
reliably only for Er-Si-np distances smaller than some na-
nometers, where it is possible to consider interaction among
only one single Si-np and many Er ions.

The high pumping fluxes used in the TR-PL experiments
lead to a regime in which multiexcitons have been created
inside the nanoparticles �this is confirmed by the power-law
fits in Fig. 4�. In fact, the maxima of the curves reported in
Fig. 6�a� correspond to a local excitonic density of about
1–2�1020 cm−3 ��4–5 excitons within the nanoparticle,
where an average nanoparticle size of 4 nm diameter has
been assumed�. In this situation, which lasts for tens of nano-
seconds before relaxing to single-exciton regime, we can
correlate the PL intensity with the square of the Si-np elec-
tronic population which we get from numerical solutions of
Eq. �2�.29

The procedure we used for the fit is based on the as-
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FIG. 6. �Color online� �a� Fit of experimental TR-PL data at 750 nm using
the Nexc,2

tot �t� population solution of system �2� in amorphous nanoclusters
samples �A and B� in a 140 ns time window. The inset shows a zoom of the
decay in logarithmic scale. �b� Fit of experimental TR-PL data at 980 nm of
sample A using NEr,3�t� population solution of system �2�. Inset: Si-np to
Er3+ transfer time estimation.
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sumption that apart from the transfer, the recombination dy-
namics of Si-np is not affected by the presence of Er. Thus
we initially fitted the luminescence decay for the sample
without Er �sample B� with the constraint k=0. In this way
we determined the parameters wij and CA. Then, the transfer
process is considered by using these values as starting
guesses for the Si-np recombination dynamics, while we fit-
ted the sample A decay curve to determine the transfer prop-
erties. Er recombination parameters ��32 and �21� and Si-np
PL lifetime �w21

−1� have been taking from experimental data
and are equal, respectively, to 4.2 �s, 5.5 ms, and 21 �s, as
reported in Ref. 15 and Sec. III. To take into account the
distance dependent coupling constant, we sum-up a weighted
average of the solutions at each interaction distance. To this
end, we considered the ith-shell which is distant ri from the
Si-np, and thus characterized by a coupling constant ki. To
take into account the different number of Er ions in shells of
different volume, the solutions Nexc,2

i �t� for each shell i have
been weighted

Nexc,2
tot �t� =

�i=1
Ni · Vi

� Vi

, �4�

to yield the value Nexc,2
tot �t�. The weight Vi represents the dif-

ferent number of Er ions accessible for different Er-Si-np
distances �different shell volumes, proportional to ri+1

3 −ri
3�.

The values of coupling constants ki which fit the experi-
mental decay curve of sample A in a 140 ns time window are
reported in Fig. 5�b� �black circles�, as a function of Er-Si-np
distances ri �ki= �0.1�10−16–0.8�10−10� cm3 /s�. The inter-
action distance corresponding to the lowest ki is equal to
about 7 nm. It is very important to point out that this value is
the distance needed to reproduce the experimental data: in-
deed, the Dexter transfer abruptly decreases with distance
and only the Er3+ ions placed at a distance smaller than 2–3
nm greatly contribute to modify the Si-np recombination dy-
namic. Clearly, the other distant ions have a small or negli-
gible coupling with the Si-np, yet they have to be included to
reproduce the observed decays. Finally, Fig. 5�c� reports the
Vi values estimated for this specific case.

Figure 6 reports the final results of the fits. The intraband
recombination probabilities have been found to be w32

=1�2�1010 and 1�3�1110 s−1, while the Auger coeffi-
cients CA=2�3�10−32 and CA=1�2�10−33 cm6 /s, for
amorphous nanocluster and nanocrystalline samples, respec-
tively. Even with this simple model, the numerical results
reproduce qualitatively the experimental data, being the cor-
relation coefficient of the fitting, R2, of 0.99 for both amor-
phous nanoclusters samples.

This model allows to explain most of the experimental
data such as the reduction in the whole Si-np emission band
or the lifetime shortening of the PL visible emission, when
Er3+ is inserted in the samples. This last phenomenon can be
understood by the role of Auger processes. The energy trans-
fer becomes an indirect competing mechanism with the ra-
diative recombination of the level Ex2, due to Auger carrier
“recycling” from level Ex2 to level Ex3. Excitons in this last
level can eventually relax very fast in the effective trap level,

exciting an Er ion without relaxing again to the level Ex2,
contributing to a fast level depletion mechanism.

Similar results have been obtained for re-annealed
samples, with a R2 of 0.96 and 0.88 for sample A-re and
B-re, respectively. In this case, the longer interaction dis-
tance �2.1 nm� for Si-nanocrystals than for Si-nanoclusters
makes the model less reliable, since it is necessary to intro-
duce large Er-Si-np distances ��15–20 nm, in comparison
with 6–7 nm for nanoclusters� to reproduce the experimental
data. For these distances the hypothesis of a single nanopar-
ticle interacting with many Er ions cannot be strictly verified.
The range of coupling constant obtained, ki= �5�10−10–1
�10−9� cm3 /s, has to be intended as a guess of the actual
values. Nevertheless, good fit of the decay lineshapes for all
the samples employing the same rate equations validate the
hypothesis of the existence of a single kind of energy transfer
mechanism.

The larger transfer efficiency of nanoclusters with re-
spect to nanocrystals is interpreted considering the different
characteristic interaction distances �Rint�, which translates,
for large shells, in a low transfer probability which can be
eventually overcome by Auger mechanisms. It is also pos-
sible that the annealing process have influenced the spatial
distribution of Si-np inside the matrix, changing the number
of Er ions close to the nanoparticle surface.

Once all the parameters in Eq. �2� have been evaluated,
it is possible to estimate the average transfer time between
Si-np and Er ions inspecting the rise of the population NEr,3.
Figure 6�b�, reports the experimental data for sample B at
980 nm �level 4I11/2�, which is reproduced by correlating the
PL signal with the NEr,3�t� population. The “slow” decay due
to Er3+ internal relaxation is well reproduced, while the rise,
even if experimentally hidden by the fast-decaying peak dis-
cussed in Ref. 15, shows a good compatibility between nu-
merical and experimental results. This means that the char-
acteristic rise time is shorter than 100 ns. The inset of Fig.
6�b�, shows a zoom of the first nanoseconds of the curve,
from which a transfer time of 36�10 ns can be extracted.
This value is characteristic of amorphous clusters. For nano-
crystalline samples, we extracted an average transfer time of
117�30 ns. It was found also that, while the fit parameters
CA and k are strongly dependent from the number of excitons
within the nanocrystal after the laser excitation, the transfer
time itself has revealed to be quite robust with respect to
different initial conditions, such as different Si-np diameters
or average concentrations.

V. CONCLUSIONS

In conclusion, we have presented spectroscopic experi-
mental results on a set of Er-doped silicon-rich-silicon-oxide
samples, with amorphous or crystalline Si-np. These samples
are particularly interesting since they show the highest to
date fraction of Er ions coupled to Si-np ��52%�,13 which
produces an internal gain in waveguide samples of about 1
dB/cm.14 In this study, we have demonstrated that the phys-
ics behind the transfer mechanism does not depend on the
Si-np nature; in particular, we have verified that Auger back
transfer processes are negligible in crystalline Si-nc samples,
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confirming the previous results obtained in amorphous
Si-np.15 The study of the emission from the Si-np has al-
lowed us to suggest a physical model for the energy transfer
mechanism. In this scheme, the main issue to be addressed in
achieving an efficient Si-np—Er3+ coupling is the distance-
dependent transfer. Even if the same model apply to different
Si-np phases �amorphous or crystalline�, the transfer effi-
ciency appears to be larger for amorphous Si-nanoclusters
than for nanocrystals, showing a more than one order of
magnitude increase in the Er3+ emitted PL intensity when
pumped non-resonantly at the same photon flux. This is ex-
plained by a faster transfer rate from amorphous than from
crystalline nanoparticles. The very fast transfer was modeled
with a process which is competitive with the overall recom-
bination dynamics of the Si-np. The model predicts the pres-
ence of an intermediate energy level which we labeled effec-
tive trap and whose origin is still under debate. This level
allows the separation of the internal Si-np dynamics from the
transfer and allows explaining most of our experimental re-
sults. An important finding of this work is the role played by
Auger recombination in the Si-np which allows to recycle a
fraction of the excitons in Si-np to contribute to the energy
transfer.

We believe that our findings allow reconsidering the
whole Er-Si-np system and give a direction for further im-
proving this material system to reach the conditions for com-
plete inversion and thus to realize amplifiers or lasers.
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