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Sensitization of Er luminescence by Si nanoclusters
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Sensitization of Er emission by Si nanoclusters (Si-nc) is investigated with pulsed and continuous optical
pumping, in and off resonance with excited states of Er3+ ion. We show that under high-power pulsed pumping,
the excitation process is limited by the finite energy transfer time from Si-nc to Er3+ ions. By comparison
between pulsed and steady-state excitation, the concentration of sensitizers and average number of Er3+ ions
coupled to a single nanocluster are independently determined in an experiment. The results clarify conditions
needed for efficient sensitization of SiO2 : Er by Si-nc.
DOI: 10.1103/PhysRevB.69.233315

PACS number(s): 78.55.⫺m, 31.70.Hq, 78.67.Bf, 81.07.Bc

Due to a spectroscopically sharp and temperature-stable
radiative transition at  ⬇ 1.54 m which coincides with a
minimum loss in optical fibers, the Er3+ ion is the optical
dopant of choice for optoelectronic applications.1 Semiconductor hosts are especially attractive for optical doping. The
photoluminescence (PL) excitation cross section is in this
case very high due to an efficient band-to-band absorption.
Unfortunately, for Er-doped crystalline Si nonradiative deexcitation processes lead to thermal quenching of Er3+
emission.2 On the other hand, in a dielectric like SiO2, which
provides good thermal stability of Er3+ PL, its excitation efficiency is low, as only resonant energy absorption by the
Er3+ 4f electron core is possible. To combine the advantages
of both hosts, a different type of Si-based Er-doped optical
medium was recently explored. It is comprised of an Erdoped SiO2 matrix in which a high concentration of silicon
nanoclusters (Si-nc) is dispersed.3 Nanocrystalline materials
are currently investigated for the realization of optical gain.4
The Si-nc mediated energy transfer offers an effective excitation cross section of ~10−16 cm2,5,6 much higher than the
10−21 − 10−19 cm2 cross section of resonant excitation for Er3+
in SiO2.5,7
In this heterogeneous medium 共SiO2 : Si-nc, Er兲 the incoming photons are captured in Si-nc due to efficient bandto-band absorption,8 and subsequently, the excitation energy
is transferred to Er3+ ions located preferably outside
Si-nc.9,10 In this way, an efficient channel for nonresonant
excitation leading to temperature-stable Er3+ emission is realized. Moreover, electrical excitation can also be achieved
and efficient electroluminescent devices have recently been
demonstrated.11 In the current study, we investigate in detail
the sequential excitation mechanism of Er3+ ions in
SiO2 : Si-nc: Er. In particular, we show that under certain excitation conditions, the emission is limited by the concentration of Si-nc coupled to Er3+ ions.
The experiments were performed on two Er-doped silica
samples 共SiO2:Er兲 of which one also contained Si nanoclusters 共SiO2 : Si-nc: Er兲. The Si-nc were fabricated by annealing
0163-1829/2004/69(23)/233315(4)/$22.50

(1250° C, 1 h) of a 0.1 m thick film of SiOx with 42 at.
% Si, grown on a quartz substrate by plasma enhanced
chemical vapor deposition.5 By using a transmission electron
microscope coupled with an electron energy loss spectrometer tuned to the energy of the plasmon in Si 共16.7 eV兲, the
total concentration of Si-nc was found to be 5 ⫻ 1017 − 1
⫻ 1018 cm−3 with a mean diameter of d ⬇ 3.5 nm. The uniform Er concentration of 2.2⫻ 1020 cm−3 over the whole
thickness of the films was obtained by multiple Er implantations at different doses and energies, followed by 1 h annealing at 900° C. We will refer to the SiO2 : Er and SiO2 :
Si-nc: Er films as Sample Nos. 1 and 2, respectively.
The PL measurements were carried out at room temperature under pulsed and continuous (cw) pumping. As a pulsed
source, a tunable optical parametric oscillator (OPO) was
used, producing pulses of 5 ns duration at a 20 Hz repetition
rate. By scanning the OPO wavelength, a PL excitation
(PLE) study was performed. For cw pumping, the 
= 514.5 nm and 476.5 nm lines of an Ar+ laser were used.
The PL spectra were resolved with a single grating spectrometer and recorded with a germanium detector. The PL dynamics were measured with a near-infrared photomultiplier having a response time of 300 ns.
PL experiments showed that the Er3+ related emission,
originating from the 4I 13/2 → 4I 15/2 transition, has the same
spectral shape for Samples Nos. 1 and 2 (not shown). The
Er3+ ions in Sample No. 1 were excited resonantly with the
OPO set to exc = 520 nm, while for Sample No. 2, an identical emission spectrum was obtained for a broad range of
excitation wavelengths. We conclude that the Er3+ PL spectrum is not affected by the presence of Si-nc. In contrast to
that, the introduction of nanoclusters reduces the lifetime of
SiO2
Si-nc
the 4I 13/2 state from  Er
⬇ 11 ms to about  Er
⬇ 3 ms.
The observed shortening of the decay time can be due to the
reduction in radiative lifetime of the 4I 13/2 excited state, induced by the change of refractive index in the heterogeneous
medium.12 By measuring the refractive index change upon
introduction of Si-nc and assuming that the lifetime of Er3+
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FIG. 1. Room-temperature photoluminescence excitation spectra for Sample No. 1 共SiO2:Er兲 (a) and Sample No. 2 共SiO2 :
Si-nc, Er兲 (b). Inset presents details of PLE spectra at exc
⬇ 520 nm, measured with maximum OPO power 共⌽ ⬇ 3
⫻ 1025 cm−2 s−1兲.

in silica is purely radiative, we have estimated the radiative
lifetime of Er3+ in Sample No. 2 as ⬃9 ms. Therefore, any
further decrease in the measured lifetime has to be ascribed
to nonradiative de-excitation channels available in the matrix
containing Si-nc. This leads to a reduction of the Er-related
PL intensity by a factor of ⬃3, with respect to Er in SiO2.
Figure 1 shows room-temperature excitation spectra of
Er-related PL at  = 1.53 m for Sample Nos. 1 and 2. As
can be seen, for Er3+ ions in SiO2 only resonant excitation is
allowed with emission peaks corresponding to internal transitions within the 4f electron core. The introduction of Si-nc
(Sample No. 2) allows indirect excitation over a broad wavelength range.
The right panel of Fig. 1 shows details of PLE spectra
around exc ⬇ 520 nm measured with the maximum available
OPO power. It should be noted that the spectral width of the
OPO is about 0.5 nm and therefore the measured broadening
is not instrumental, but reflects the physical width of this
PLE line.
Figure 2 presents the dependence of PL intensity (at 
= 1.53 m) as a function of excitation density. Displayed sets
of points correspond to: (a) Sample No. 1 共SiO2:Er兲 excited
at exc = 520 nm, (b) Sample No. 2 共SiO2 : Si-nc, Er兲 excited
at exc = 520 nm, where indirect and direct excitation channels are possible, and (c) Sample No. 2 excited at exc
= 510 nm (indirect excitation only). Trace (d) represents the
difference between the last two measurements and corresponds to the contribution of direct excitation in presence of
Si-nc. The measurements were performed with the same experimental settings, thus the PL intensity scale is common
for all the data points. As can be seen, the indirectly excited
Er3+ emission from SiO2 : Si-nc, Er (c) saturates. This saturation level can be exceeded when also the direct excitation
channel of Er3+ ions is enabled, by setting the OPO to exc
= 520 nm (b). Apparently, when the indirect excitation channel saturates, direct excitation, despite its much smaller cross

FIG. 2. Time-integrated PL intensity at  = 1.53 m as function
of the pulsed excitation density: (a) Sample No. 1 共SiO2:Er兲 excited
at exc = 520 nm, (b) Sample No. 2 共SiO2 : Si-nc: Er兲 excited at
exc = 520 nm, (c) Sample No. 2 excited at exc = 510 nm; (d) the
difference between (b) and (c). The right-hand scale shows the concentration of Er3+ ions in the excited state in Sample No. 1 (upper
part) and Sample No. 2 (lower part). The inset presents a detail for
the low flux regime.

section, gives a sizeable PL contribution that increases linearly with the flux — trace (d). For small flux regime, far
from saturation, both samples show an approximately linear
dependence with the stronger emission from the Si-nc-doped
sample, as shown in the inset to Fig. 2. We note that the
enhancement due to Si-nc is only by a factor of ⬃3, and not
102 as usually reported from cw experiments.
For interpretation of these results, we use a simple twostage model of Er3+ excitation. Since the duration of the
OPO pulse 共⌬t = 5 ns兲 is much shorter than the characteristic
lifetime of Er3+ in the excited state , we assume that recombination does not take place during illumination, and by the
*
reaches the level of:
end of the pulse population NEr
*
ex
共t = ⌬t兲 = NEr
关1 − exp共− ⌽⌬t兲兴,
NEr

共1兲

ex
is the total concentration of excitable Er3+ ions
where NEr
*
is the concentration of the ions in
present in the sample, NEr
the excited state,  is the effective excitation cross section,
and ⌽ is the photon flux. For low excitation density, when
 ⌽⌬t Ⰶ 1, this formula gives a linear dependence on flux:
*
ex
共t兲 =  ⌽NEr
⌬t. On the other hand, when  ⌽⌬t Ⰷ 1, we
NEr
obtain saturation, as all the Er3+ ions participating in the
*
ex
= NEr
. In this measurement, the
process become excited: NEr
PL pulse is integrated in time; since PL emission is propor*
/ rad, the result of the experiment is given by
tional to NEr
*
 / rad, where  and rad are effective and radiative lifeNEr
times, respectively.
From Fig. 2, we conclude that the SiO2:Er emission
shows a linear dependence over the whole investigated flux
range. In this case, the integrated PL intensity is proportional
ex
⌬t⌽共 / rad兲, and the values of these parameters are
to NEr
520 nm
ex
known: SiO
= 2 ⫻ 10−20 cm2,7 NEr
= 2.2⫻ 1020 cm−3 (all
2:Er
implanted ions are optically active), and  / rad = 1 (we assume that nonradiative recombination of Er does not take
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place). Therefore, the well-characterized SiO2:Er system can
be used to attribute the PL intensity to a particular concentration of excited Er3+ ions, as given by the upper right-hand
scale in Fig. 2. Although the PL intensity scale is common
for all data points in Fig. 2, the Er3+ excited state population
should be corrected for the Si-nc-induced change in radiative
effective total lifetimes, which reduces the  / rad ratio by a
factor of 3. Consequently, the excited state population in
Sample No. 2 has to be three times higher in order to give PL
intensity equal to that of Sample No. 1, in the same excitation conditions. This correction is included in the lower part
of the right-hand scale in Fig. 2. We now conclude that the
PL saturation observed for Sample No. 2 under indirect excitation corresponds to an excited Er3+ concentration of
ex
⬇ 3.6⫻ 1017 cm−3, which is only a minor part of
about NEr
the total Er3+ amount present in the sample. By fitting dataset
(c) with Eq. (1), we determine the effective cross section of
the Si-nc mediated excitation as  = 8.7± 0.3⫻ 10−17 cm2,
close to previous reports.5,6 We note, that a similar value of 
can also be estimated from the general formula for excitation
cross section of Er3+ in crystalline Si.13
The contribution from the Er3+ ions directly excited in
Sample No. 2 is represented in Fig. 2 by points (d). The flux
dependence of this emission is linear, similar to that for
SiO2:Er — trace (a), but with a smaller slope. If the direct
excitation cross section is assumed to be the same in both
samples, the slope difference implies a reduction of the concentration of optically active ions. From this, we conclude
that in SiO2:Er with Si-nc a sizeable percentage of Er3+ ions
can be optically nonactive. In the present case, in Sample
No. 2 only ⬃30% of the total amount of Er3+ contributes to
the PL regardless of the excitation mode. Recent measurements indeed show that the active fraction of Er3+ in presence of Si-nc varies upon thermal treatments.14
In the linear regime, the PL intensity ratio of Sample Nos.
2 and 1, I2 / I1 is given by
I2 2 ⫻ N2共2/rad
2 兲
=
rad ,
I 1  1 ⫻ N 1共  1/  1 兲

共2兲

rad
correspond to the effective
where 1,2, N1,2, 1,2 and 1,2
excitation cross section, concentration of excitable Er3+ ions,
effective, and radiative decay times, for the Sample Nos. 1
and 2, respectively. If we consider that upon the introduction
of Si-nc, the excitation cross section is increased approximately 4.3⫻ 103 times, the  / rad ratio is reduced by a factor
of 3, and the Er3+ population, which can be excited via Si-nc,
is 3.6⫻ 1017 cm−3, then we obtain I2 / I1 ⬇ 2.3. This is indeed
observed in the linear regime of pulsed excitation, where the
Si-nc sensitized emission is about three times stronger as
shown in the inset in Fig. 2. To compare this with the PL
intensity ratio observed for cw excitation with an Ar+ laser,
we should take into account that the exc = 514.5 nm line is
not exactly resonant with the 4I 15/2 → 2H 11/2 transition at
520 nm. From the broadening of the SiO2:Er PLE line (Fig.
1), we see that the excitation cross section at 514.5 nm is
about ten times smaller than at 520 nm. This fact will influence the PL intensity ratio in favor of Sample No. 2 and we
get I2 / I1 ⬇ 23. For the experiment with exc = 488 nm line of

the Ar+ laser, the direct excitation cross section of Er3+ for
Sample No. 1 is about 30 times lower than at exc = 520 nm
(as shown in Fig. 1), which leads to I2 / I1 ⬇ 70. This rough
estimation of PL intensity increase in Sample No. 2 is in
good agreement with experimental reports on two orders of
magnitude PL enhancement by Si-nc doping.3 Therefore at
this stage, we conclude that the reduced concentration of
Er3+ ions, which can be efficiently excited via Si-nc, can
account for the moderate increase of PL intensity in
SiO2 : Si-nc sample.
However, it should be noted that the obtained saturation
ex
⬇ 3.6⫻ 1017 cm−3 is comparable with the conlevel of NEr
centration of Si-nc in Sample No. 2. While the excitation
proceeds via Si-nc, it is also possible that the emission saturates due to Si-nc rather than Er3+ ions. Indeed, with the
photon flux of ⌽ = 1 ⫻ 1025 cm−2 s−1, we get for the excitation rate of a nanocluster a value of  ⌽ = 109 s−1, where we
have used the measured value  = 1 ⫻ 10−16 cm2 for the excitation cross section of a Si nanocluster. Therefore, during the
5 ns of the laser pulse, each nanocluster is excited five times.
It cannot, however, accumulate generated excitons due to a
strong Auger effect which rapidly 共⬃1 ns兲 reduces their
number. We note, that although the nanocluster can transfer
an exciton to a nearby Er3+ ion, the transfer time is of the
order of a microsecond,15,16 i.e., much longer than the Auger
time constant. This makes the Er3+ excitation process noncompetitive with Auger quenching. At the end of the laser
pulse, only one exciton per nanocluster is left to transfer its
energy to a nearby Er3+ ion. Due to this mechanism, under
pulsed pumping, the concentration of excited Er ions cannot
exceed the concentration of Si-nc. In that way, the present
measurements provide a possibility of direct experimental
determination of the concentration of Si-nc sensitizers.
The above outlined PL saturation mechanism will not occur under cw pumping, where temporal limitations are of no
importance and every nanocluster can undergo multiple excitations during illumination time. We hence performed cw
measurements in and out of resonance using an excitation
wavelength of 514.5 or 476.5 nm of an Ar+ ion laser, respectively. The data reported in Fig. 3 show that, the 1.54 m PL
intensity in Sample No. 2 increases linearly with excitation
density for the flux range up to ⌽ ⬇ 5 ⫻ 1018 cm−2 s−1. For
higher flux values, excitation becomes less efficient (sublinear dependence) but no saturation is reached within the investigated range, up to ⌽ = 1021 cm−2 s−1. (The higher PL
intensity at exc = 476.5 nm is ascribed to the larger absorption coefficient of Si-nc at shorter wavelengths.) Comparing
the results obtained for both samples under 514.5 nm pumping in the linear regime, we conclude that the introduction of
Si-nc leads to an increase of the steady-state PL by a factor
of I2 / I1 of ⬃35– 70. Within the experimental error, this is in
reasonable agreement with the results obtained from the
pulsed excitation experiments discussed earlier.
Since PL intensity from Sample No. 1 is practically a
linear function of the photon flux, similarly as for the pulsed
experiment, we can use this dependence to determine the
concentration of the excited Er3+ ions in Sample No. 2. In
that way we conclude that the concentration of the Er3+ ions
which can be excited in Sample No. 2 under cw pumping
exceeds the “saturation” level realized under pulsed pump-
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FIG. 3. PL intensity at  = 1.53 m as a function of the continuous excitation density: (a) Sample No. 1 共SiO2:Er兲 excited at exc
= 514.5 nm, (b) Sample No. 2 共SiO2 : Si-nc: Er兲 excited at exc
= 514.5 nm (in resonance), (c) Sample No. 2 excited at exc
= 476.5 nm (out of resonance), and the right-hand scale shows the
concentration of Er3+ ions in the excited state attributed in Sample
No. 1. Due to the lifetime difference, the concentration scale for
Sample No. 2 should be corrected by 0.82, as indicated.

ing, by more than an order of magnitude. (The very high
concentration of excited Er3+ ions is also confirmed by the
upconversion, which occurs in this case.15)
The striking differences in results obtained for Sample
No. 2 under pulsed and cw excitation can be readily understood when we assume that the saturation behavior observed
in Fig. 2 is due to the limited concentration of sensitizers
(Si-nc) rather than Er3+ ions. The linear regime in Fig. 3
共⌽ ⱗ 5 ⫻ 1018 cm−2 s−1兲 will correspond then to the situation
when one Si nanocluster can transfer energy to a single Er3+
ion only. In that range, the excitation process is characterized
by the very high excitation cross section of  ⬇ 10−16 cm2,
but the number of Er3+ ions “excitable” in this way is equal
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to the concentration of Si-nc acting as sensitizers. As the cw
pumping density increases 共⌽ ⬎ 5 ⫻ 1018 cm−2 s−1兲 we step
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In conclusion, the current findings provide the most direct
illustration of the sequential character of the SiO2:Er PL sensitized by Si-nc. Under high-power pulsed pumping every
sensitizer can transfer energy to one Er3+ ion, and the excited
state population stabilizes at a level equal to the concentration of Si nanoclusters active in the sensitization process.
Such a measurement allows the direct experimental determination of the total concentration of sensitizing nanoclusters.
Under intense cw pumping, the excitation process changes
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(high excitation cross section) to a situation when excitation
of several Er3+ ions originates from photon absorption in the
same Si-nc (excitation cross section gradually decreases). It
is therefore evident that careful simultaneous optimization of
concentrations of both the emitting centers (Er3+ ions) and
sensitizers (Si-nc) is required for realization of efficient
emission and, possibly, optical gain in SiO2 : Si-nc, Er.
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