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The sequential nature of the Si-nanocluster–Er interaction is investigated by studying the time evolution of
the Er luminescence intensity at 1.54 �m, after exciting the system through high-power optical pulses with
different time duration, in the range between 200 ns and 55 ms. It is shown that while Si nanocrystals and Er
ions separately embedded in the SiO2 matrix can be approximated by an effective two level model, the
Er-doped Si nanocluster system behaves differently under short pulse excitation. Indeed, for time durations
shorter than the mean time between two successive excitations of a Si nanocluster, the number of excitable Er
ions is shown to be limited by the total number of sensitizing centers and by the finite energy transfer time.
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I. INTRODUCTION

Er doping of Si nanoclusters has been recognized as a
promising way to obtain efficient light emitters for silicon-
based microphotonics.1–16 Indeed, it is well known that, due
to the sensitizing effect of the Si nanoclusters, which effi-
ciently absorb the incoming visible light and then transfer the
energy to the nearby Er ions, the 1.54 �m luminescence
emission from Er is enhanced by almost two orders of mag-
nitude, with respect to direct photon absorption.5–9 The de-
termination of net optical gain at 1.54 �m in Er-doped Si
nanocluster sensitized waveguides10,11 and the demonstration
of efficient room temperature electroluminescence from Er-
doped Si nanocluster devices12 opened the route towards the
future fabrication of electrically driven optical amplifiers
based on this system. Many important parameters such as the
coupling constant, the upconversion coefficient, the energy
transfer time, and the number of excitable Er ions per nano-
cluster have been determined within a phenomenological
model able to describe the dynamics of the interacting
system.13,14 Recently, it has been demonstrated that amor-
phous Si nanoclusters can efficiently transfer the energy to
the rare earth as well15 and the actual concentration of sen-
sitizing centers has been determined by using high-power
pulsed excitation with 5 ns pulse duration.16

This paper is an attempt to fill the gap between the pulsed
�5 ns� and continuous wavelength excitation regimes which
are usually exploited to investigate the optical properties of
the Si-nanocluster–Er interacting system. By monitoring the
behavior of the photoluminescence intensity as a function of
pulse duration, in the range between 200 ns and 55 ms, the
sequential nature of the Si-nanocluster–Er interaction is
clearly revealed and the implications of the finite transfer
time and of the finite number of sensitizing centers on the
luminescence efficiency are clarified.

II. EXPERIMENTAL DETAILS

Three different kinds of samples have been used in the
experiment: �i� a film containing Si nanocrystals �Si nc� dis-

persed in SiO2, obtained by annealing at 1250 °C for 1 h in
N2 atmosphere a 0.2 �m thick SiOx film �42 at. %Si� depos-
ited by plasma enhanced chemical vapor deposition
�PECVD�, �ii� two samples obtained by multiple implanta-
tion of Er in the film containing the previously formed Si
nanocrystals �Er-doped Si nc�, with two different Er concen-
trations of 2.2�1020 and 6.5�1020 cm−3, uniform all over
the film thickness, and �iii� a quartz substrate implanted in
the very same conditions and containing an Er concentration
of 6.5�1020 cm−3 �Er in SiO2�. More details for sample
preparation can be found elsewhere.13,14

The samples were excited by using the 488 or 476.5 nm
line of a cw Ar laser, for the resonant or nonresonant excita-
tion of Er3+, respectively. The pump powers �1.5 W at
488 nm and 0.56 W at 476.5 nm� were high enough to allow
the excitation of almost all the optically active centers under
steady-state conditions. In order to study the dynamics of the
photoluminescence emission, an acousto-optic modulator
was used together with a rf �80 MHz� modulator driver, trig-
gered by a fast pulse generator. By varying the duty cycle of
the generator, while keeping fixed the frequency of the
square driving pulse �9 Hz�, it was possible to obtain laser
pulses with variable time duration in the range between 200
ns and 55 ms. The laser beam was then focused on the
sample over a circular area of about 0.3 mm in diameter. The
photoluminescence was collected by two lenses, dispersed in
wavelengths by a single grating monochromator and detected
by a Hamamatsu near-infrared extended photomultiplier
tube. The signal was sent to a preamplifier and revealed by a
multichannel scaler, using the TTL signal coming from the
pulse generator as the trigger of the experiment. The overall
time resolution was 30 ns.

Figure 1�a� reports the waveforms of the driving signals
coming from the pulse generator, captured by a digital
FLUKE oscilloscope. The period T was fixed at 110 ms. In
Fig. 1�b� the laser intensity scattered by the sample surface
and recorded by the multichannel scaler is reported, for dif-
ferent pulse durations. The modulated laser beam perfectly
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follows the driving signal, and the ratio between the laser
intensity, integrated over the period T, and the pulse duration
Td is constant within the range of time durations used in the
experiments, as shown in the inset to Fig. 1�b�. This guaran-
tees that the excitation photon flux remains constant as a
function of pulse duration.

III. THEORETICAL FRAMEWORK

In the inset to Fig. 2 �left�, a scheme of an effective two
level system is represented. The incoming photons, with a
flux �, are absorbed by a generic higher lying level with a
cross section �. The system rapidly relaxes to the first ex-
cited level, in times much shorter than the lifetime �. In Fig.
2, the simulated time response of the concentration of ex-
cited centers N*�t� normalized to the saturation value is re-
ported in a semi-logarithmic plot for different pulse durations
Td. A cross section �=2�10−16 cm2 and a lifetime �=1 ms
were used, which are typical values measured for Er in pres-
ence of Si nc. The flux of incoming photons has been fixed to

�=5�1020 cm−2 s−1. By solving the rate equations within
the two-level model, we obtain for the number of excited
centers N*�t� the following equations:

N*�t�
NSAT

= 1 − exp�− t/�on� for 0 � t � Td �1�

and

N*�t�
N*�Td�

= exp�− �t − Td�/�� for Td � t � T , �2�

Td being the time duration of the optical pulse. NSAT is the
saturation value for the number of excited centers in steady-
state conditions, i.e., for Td��, and is given by

NSAT = ���onN �3�

while �on is the risetime of the system and is given by

1

�on
= �� +

1

�
. �4�

By using Eqs. �1� and �2�, the total number of excited cen-
ters, integrated over the period T, is

NINT
* = �

0

T

N*�t�dt � NSAT�Td + �� − �on�„1 − exp�− Td/�on�…� ,

�5�

where we assumed that the period T is much greater than
both the lifetime and the risetime of the emitting centers.
Equation �5� is plotted in the inset of Fig. 2, as a function of
pulse duration Td. Two linear regimes are evident. It can be
easily shown that for pulse durations much smaller than the
risetime, �on=10 �s by using Eq. �4�, the total number of
excited centers integrated over the period T is given by the
simple expression:

NINT,1
* � ����N�Td for Td 	 �on, �6�

i.e., the integrated number of excited centers varies linearly
with pulse duration. When the time duration is comparable to
the risetime of the system, the pulse has enough time to
excite already 63% of the centers, and a plateau is observed
for pulse durations in between the risetime �on and the life-
time � since, due to the high photon flux, we are exciting
almost all of the active centers. On the other hand, for pulse
duration greater than the lifetime, the system reaches the
steady-state condition, i.e., the number of excited centers per
unit time is constant, hence the integral number increases
linearly with Td, as can be easily found by expanding Eq. �5�
in Taylor series:

NINT,2
* � NSATTd for Td � � . �7�

Let us define the efficiency 
 of a system as the ratio be-
tween the number of photons emitted during the period T,
i.e., wRNINT

* , where wR is the radiative recombination rate,
divided by the total number of exciting photons, which is
equal to the flux � times the area of the beam A, times the
pulse duration Td; hence the efficiency 
 is given by the
following expression:

FIG. 1. Pulse waveforms for the driving signal applied to the
acousto-optic modulator �a� and for the modulated laser intensity
�b�, for different pulse durations. Inset: ratio between the measured
laser intensity, integrated over the period T, and the pulse duration
Td.

FIG. 2. Number of excited centers as a function of time, simu-
lated within the two-level scheme, for different pulse durations Td

and normalized to the saturation value obtained at Td=55 ms. In-
sets: �left� effective two-level scheme and �right� number of excited
centers, integrated over the period T, as a function of Td.
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�Td� =
wRNINT

* �Td�
�ATd

�
IPL�Td�

Td
, �8�

where we used the relation for the integrated photolumines-
cence intensity: IPL�Td��wRNINT

* .
By using Eqs. �6� and �7�, together with Eqs. �3� and �4�,

the ratio between the efficiencies of the system in the short
and long time duration regimes is


�Td 	 �on�

�Td � ��

=
NINT,1

*

NINT,2
* =

IPL�Td 	 �on�
IPL�Td � ��

= ��� + 1, �9�

which indeed states that a two-level system can be more
efficient when excited by optical pulses whose time duration
is much shorter than the typical lifetime of the system than
when a very long pulse is used. This can be easily under-
stood if one considers that under high photon flux excitation
and for pulse duration much longer than the lifetime, all of
the centers are in their excited state, and the system becomes
transparent to the laser beam. Hence, the photons we are
sending are no more absorbed and cannot be converted in
spontaneously emitted photons, causing a decrease in the ef-
ficiency defined by Eq. �8�. Another interesting result that
can be evinced from Eq. �9� is that for a given photon flux,
the ratio between the short and the long time duration effi-
ciencies is directly proportional to two important physical
parameters, i.e., the excitation cross section and the lifetime
of the luminescent center.

IV. RESULTS AND DISCUSSION

The ratio given in Eq. �9� can be determined experimen-
tally by measuring the photoluminescence intensity, inte-
grated over the period T, in the two different regimes. As an
example, in the inset to Fig. 3, an energy level scheme for
Er3+ in SiO2 is shown. The excitation source is the 488 nm
line of the Ar laser, which is resonant with the 4F7/2 excited
level of Er3+. Following the direct absorption of the 488 nm
photon, a fast nonradiative deexcitation from the higher lying
levels to the metastable ground state 4I13/2 of Er3+ occurs.

From this level, a radiative recombination determines the
emission of a 1.54 �m photon. In Fig. 3 we report the PL
intensity, measured at 1.54 �m for the sample of Er in SiO2,
integrated over the period T, divided by the pulse duration
Td, and normalized for the steady-state value measured at
Td=55 ms, as a function of Td. Two saturation regions are
observed, one for very small time durations, the other for
time durations greater than the lifetime of the system, which
is of the order of 10 ms, as determined by decay time mea-
surements �shown in the inset�. By using Eq. �9�, we obtain
����+1�=6.2. Since the photon flux is 1.3�1021 cm−2 s−1,
and the lifetime is 10 ms, we can directly determine the
value of the absorption cross section for Er3+, which results
in ��4�10−19 cm2, in good agreement with the value
found by risetime measurements. The solid line in Fig. 3
represents a fit to the experimental data within the effective
two-level model using the effective cross section and the
measured lifetimes. The agreement with the experimental
data is excellent.

A similar exercise can be made for Si nanocrystals. The
energy level diagram of a Si nanocrystal is schematized in
the inset to Fig. 4. Due to quantum confinement effects, the
energy band gap is enlarged with respect to bulk Si, and a
series of discrete levels appears. After the direct absorption
of a 476.5 nm photon, an energetic exciton is created. How-
ever, a quick �	1 ns� thermalization occurs and the exciton
falls in its ground state. The following radiative recombina-
tion of the electron-hole pair forming the exciton determines
the emission of a photon whose energy depends on the Si
nanocrystal size. The solid circles in Fig. 4 represent the PL
intensity measured at 0.8 �m for the sample containing Si
nanocrystals alone, integrated over the period T and divided
by the pulse duration, as a function of Td. The data can be
fitted by using the effective two-level model, through Eq. �5�.
The pump power used is 0.56 W, corresponding to a photon
flux of 4.75�1020 cm−2 s−1. The fitting procedure allows us
to obtain an important physical parameter, i.e., the excitation
cross section �=6�10−16 cm2, which is in good agreement
with risetime measurements reported in previous works.7

The lifetime of the Si nanocrystals at 0.8 �m, as determined
from decay-time measurements, is 38 �s, and it does not

FIG. 3. 1.54 �m luminescence intensity integrated over the pe-
riod T and divided by the pulse duration Td, as a function of Td, for
Er doped SiO2. The solid line is a fit within an effective two-level
model. Insets: �left� energy level scheme and �right� measured life-
time as a function of Td.

FIG. 4. 0.8 �m luminescence intensity integrated over the pe-
riod T and divided by the pulse duration Td, as a function of Td, for
a Si nc sample. The solid line is a simulation within an effective
two-level model. Insets: �left� energy level scheme and �right� mea-
sured lifetime as a function of Td.
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depend on pulse duration, as shown in the inset to Fig. 4.
Moreover, the ratio between the short and long pulse dura-
tion efficiencies is ����+1�=11.8, which is in good agree-
ment with the value found experimentally in Fig. 4. A ques-
tion could arise on why a Si nanocrystal can be
approximated by an effective two-level system, despite the
high excitation power we are using. Indeed, at the pump
power used in our experiments, a Si nanocrystal is excited
once every 10 �s, on average. In the sample without Er ions,
the measured lifetime of a nanocrystal is 38 �s, therefore,
for time duration much longer than 10 �s, it is possible to
generate more than one exciton inside each nanocrystal, and
a strong Auger effect should occur. The typical lifetime for
the Auger process is of the order of 1 ns, i.e., much faster
than the typical time duration and time resolution we used,
which is why the Si nanocrystals can be approximated as an
effective two-level system, at least all over the time duration
range used in our experiment.

A quite unexpected result appears once we look at the
data relative to the 1.54 �m luminescence from Er in the
presence of Si nanoclusters, reported in Fig. 5 for two differ-
ent Er concentrations. An energy level scheme of the system
is reported in the inset to Fig. 5. The Si nanocrystal is rep-
resented as an effective two-level system, while only three
excited levels are reported for Er, for clarity. A detailed en-
ergy level scheme of the Si-nanocluster–Er ion coupled sys-
tem can be found in Ref. 13. It is worth noticing that the
476.5 nm excitation wavelength cannot be directly absorbed
by the Er3+ ions, since no resonant levels exist at that energy.
Indeed, the incoming photon is absorbed by the Si nanoclus-
ter, which then transfers its energy to the nearby Er ions,
promoting them to the third �or second, depending on the
nanocluster size� excited level. From this level a fast relax-
ation to the ground state occurs, and the following radiative
recombination determines the emission of a 1.54 �m photon.
In the inset to Fig. 5, the lifetimes measured at 1.54 �m are
reported as a function of time duration Td for the two Er

concentrations. As can be observed, the sample with a
greater Er content is characterized by a smaller lifetime, as a
consequence of the concentration quenching effect, which is
known to be active in this system for Er concentrations
�2.2�1020 cm−3, as described in Ref. 7. The difference in
lifetime determines the relative shift of the experimental data
reported in Fig. 5. Indeed, the smaller the lifetime, the
shorter is the time duration needed to reach the plateau in the
integrated intensity �see inset to Fig. 2�. For time duration
much longer than the typical Er lifetime, the population of
excited Er ions reaches its saturation value, and a plateau is
observed in the efficiency of the system, for both the Er-
doped Si nc samples. A plateau occurs also for time durations
much shorter than the typical risetimes, and interestingly the
value of this plateau is the same for the two samples. This
could be understood within the two-level approximation by
considering Eq. �9�. Indeed, we have since long demon-
strated that the effective Er excitation cross section in the
presence of Si nanocrystals increases as a function of Er
concentration.7 In particular, it turns out that the sample with
6.5�1020 Er cm−3 has an excitation cross section which is
roughly a factor of 2 greater with respect to the sample with
a lower Er content, i.e., 2.2�1020 Er cm−3, while the lifetime
is reduced by the same amount, as shown in the inset to Fig.
5. Therefore, as an overall effect, the ratio between the short
and long time duration efficiencies of the system, as defined
by Eq. �9�, is expected to be the same in the two samples,
and this is indeed experimentally observed in Fig. 5. How-
ever, given the experimental saturation values measured at
short Td �200 ns�, and knowing the photon flux �4.75
�1020 cm−2 s−1� and the measured lifetimes �0.82 and
1.85 ms�, we can use Eq. �9� to estimate the effective cross
sections for the high and low concentration samples, and we
found a value of 1.1�10−16 cm2 for an Er concentration of
6.5�1020 cm−3 and 4.1�10−17 cm2 for the sample with
2.2�1020 cm−3. These values are a factor of 3 smaller than
the effective cross sections derived by risetime measure-
ments, where the time durations are much longer. This sug-
gests that for time duration much shorter than the typical
risetime, the efficiency of the Er-doped Si nc system is re-
duced with respect to an effective two-level system. Indeed,
the experimental data shown in Fig. 5 lay systematically be-
low the two solid lines which represent the simulations
within a two effective level model, obtained by using Eq. �5�
and considering the measured values for the excitation cross
sections and lifetimes of Er, as determined by rise- and
decay-time measurements.13,14 This means that the effective
two-level approximation is no more able to describe the be-
havior of the coupled Er-Si nanocluster system, at least for
pulse duration shorter than the Er lifetime. In the following
we try to identify the physical origin of this phenomenon.

In order to explain the deviation from the two-level ap-
proximation one might be tempted to consider the interaction
of Er and Si nanocrystals in their excited states. However,
the excited state excitation between an excited Si nanocluster
and a nearby excited Er ion has been shown to be a second-
order process under cw excitation.13 Indeed, the probability
for an excited Si nanocluster to transfer its energy to a
nearby Er ion in any of its excited states is directly propor-
tional to the concentration of excited Er ions in that level,

FIG. 5. 1.54 �m luminescence intensities integrated over the
period T and divided by the pulse duration Td, as a function of Td,
for two Er doped Si nc samples, with different Er concentrations
and normalized to the respective saturation values obtained at Td

=55 ms. The solid lines are simulations within an effective two-
level model. The dotted lines have been obtained taking into ac-
count the coupling between the Si nc and the Er ions levels �Refs.
13 and 14�. Insets: �bottom� energy level scheme and �top� mea-
sured lifetimes as a function of Td.
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and since the excited population is strongly reduced by de-
creasing the time duration of the excitation pulse, the devia-
tion from the two-level approximation cannot be caused by
such a process. Another possible explanation of the deviation
from the two-level approximation could be the back-transfer
process from an excited Er ion to a Si nanocrystal. This
process can occur in two different ways: �i� the first possi-
bility is that an Er ion in its first excited level transfers its
energy back to a Si nanocrystal which is in its ground state.
However, due to the high-energy mismatch between the first
excited energy level of Er and the ground state of a Si nano-
cluster this process can occur only if phonons are involved,
and this should determine a thermal quenching of both the
lifetime and photoluminescence intensity measured at
1.54 �m. Since we do not observe any remarkable tempera-
ture variation of the optical properties of the Er-doped Si
nanocluster system, we can state that the energy back-
transfer process is not active in our samples; �ii� another
possibility is that the excited Er ion transfers its energy back
to an excited Si nanocluster. This process determines the
deexcitation of Er, and the following excitation of a Si nano-
cluster in one of its higher lying states. However, a fast ther-
malization �
1 ns� occurs, and the Si nc is ready to transfer
its energy to a nearby ground state Er ion. As a result, no net
change in the excited Er population can be observed if the
experiment is performed over time durations much bigger
than the relaxation time �which is 
1 ns� or the energy
transfer time itself �which has been demonstrated to be

1 �s�. In our experiment, we observe a deviation from the
two-level model even at time durations of 100 �s, suggest-
ing that the energy back transfer can be ruled out as a pos-
sible explanation.

In order to better understand the physical origin of the
deviation from the two-level approximation, we focused our
attention on the finite excitation rate of the Si nanocrystals
and on their finite concentration in the sample. Indeed, by
considering the effective cross section for an isolated nano-
cluster, and the laser photon flux, we find that each nanoclus-
ter is excited once every 10 �s. Therefore, if the pulse dura-
tion is smaller than 10 �s, each nanocluster can be excited
only once within each pulse. If we now assume that all of the
nanoclusters excited during each pulse transfer their energy
to a nearby Er ion, we would be able to excite, at maximum,
a number of Er ions equal to the total number of sensitizers,
i.e., much smaller than the total number of optically active Er
ions. Therefore, the efficiency of the sensitizing action of Si
nanoclusters is strongly reduced under pulsed excitation if
the time duration is much smaller than the typical excitation
time of a nanocluster. This is a direct consequence of the
sequential nature of the excitation mechanism. To prove that
this is the case, we wrote down a system of rate equations
which take into account the coupling between the Si nano-
cluster and the Er3+ energy levels. In this model, each Si
nanocluster is represented by an effective two-level model,
while the Er ions are described by using a five-level energy
scheme. The strength of the energy transfer mechanism is
determined by the coupling coefficient, describing the inter-
action between the excited Si nanocluster level and the Er
ion ground state. This coefficient has a value of 3
�10−15 cm3 s−1, as determined in Ref. 13. Other important

physical parameters ruling the dynamics of the Er-doped Si
nanocluster system have been determined and their values
are reported in Ref. 13, too. By using the physical parameters
and coupling constant previously determined13,14 and assum-
ing that as many as 15 Er ions are coupled to a single Si
nanocluster,16 we simulated the number of excited Er ions as
a function of time, for different time durations. The simu-
lated data are reported in Fig. 5 as dotted lines, and they
nicely reproduce the trend of the experimental data, for both
the Er concentrations investigated. If we consider that no
adjustable parameters have been used, the agreement be-
tween the simulations and the experimental data over the
wide range of pulse durations is quite impressive and
strongly validates the interaction model we developed. Based
on this model, in order to take full advantage of the sensitiz-
ing action of Si nanoclusters, we should use optical pulses
with time durations much longer than the time between two
successive excitations of a single sensitizer, and longer than
the energy transfer time itself. Indeed, under these condi-
tions, each nanocluster, after being excited, has enough time
to transfer its energy to a nearby Er ion, to be reexcited
within the same optical pulse, to transfer again its energy to
another Er ion, and so on until almost all of the optically
active Er ions that are coupled to it are eventually excited.
Another way to enhance the efficiency of the Er emission in
the short time duration regime would be to increase the num-
ber of sensitizers coupled to the Er ions. Indeed, in Fig. 6 we
report as solid line the simulations obtained by assuming a Si
nanocluster concentration equal to the Er concentration in
the sample with 2.2�1020 Er cm−3, and by using the same
physical constants. As can be clearly seen, the simulated ra-
tio between the short and long time duration efficiencies can
be enhanced by one order of magnitude if we increase the Si
nanocluster concentration in the film, in such a way that
every nanocluster has only one Er ion to sensitize. This can
be easily understood by looking at the two insets to Fig. 6.
Indeed, inset �b� represents a scheme of a sample where
many Er ions are coupled to a single nanocluster. By using
long excitation pulses, each nanocluster is able to sequen-
tially pump all of the Er ions it is coupled to within each
pulse; however, if we now use pulses with time durations
much smaller than the typical time between two successive

FIG. 6. The two lines are simulations within the energy transfer
model for a fixed Er concentration of 2.2�1020 cm−3 and two dif-
ferent Si nanocrystal concentrations, in order to have 1 Er ion �solid
line� or 15 Er ions �dashed line� coupled to each Si nanocluster, as
schematized in the insets �a� and �b�, respectively.
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excitations of the same Si nanocluster, only one Er ion per
nanocluster can be excited, i.e., at maximum a concentration
of Er ions equal to the sensitizer concentration in the sample
can be excited. A very different scenario arises if we increase
the concentration of sensitizers in the sample, given the same
concentration of optically active Er ions. In particular, in
inset �a� of Fig. 6 we represent a system in which on average
every Si nanocluster is coupled to an Er ion. In this case, no
matter how short the time duration of the pulse is, each nano-
cluster, once excited, will transfer its energy to the nearby Er
ion; hence, provided we use sufficiently high photon fluxes,
all of the Er ions can be pumped. The efficiency enhance-
ment for short time durations can be estimated using again
Eq. �9�. Indeed, for 2.2�1020 Er cm−3 we obtain ����+1�
=528, in good agreement with the values obtained by the
simulations.

V. CONCLUSIONS

In conclusion, by using variable pulse-duration excitation,
we have been able to reveal unambiguously the sequential
nature of the Si-nanocluster–Er interaction mechanism and to

evidence parameters which can significantly affect the effi-
ciency of the overall energy transfer process. In particular, it
has been shown that, while the Er ions and the Si nanocrys-
tals separately embedded in silicon dioxide can be approxi-
mated by an effective two-level model, the Er-doped Si
nanocluster system strongly deviates from this approxima-
tion as soon as we use high-power excitation pulses with
time duration much shorter than the typical transfer time or
shorter than the time between two successive excitations of a
Si nanocluster. The physical origin of this deviation resides
on the sequential nature of the Si-nanocluster–Er interaction
and can be accounted for only by an energy transfer model
taking into account the coupling between the Si nanocluster
and Er energy levels, and considering that as many as 15 Er
ions can be excited by a single Si nanocluster.
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