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5
Optically active Er3+ ions in

silicon-rich silicon-oxide
waveguides

...a moth who just wants to share your light...

Radiohead

The previous chapters focused on the investigation of various optical prop-
erties of multinanolayers of Er-doped Si. Despite their many interesting and
appealing features, a major drawback is that emission in those samples is se-
riously hampered at high temperatures [44]; in fact, Er-related luminescence
is almost totally quenched at 100 K.

Currently, the most promising way to avoid temperature quenching of Er
emission (and also limitations in doping concentrations) seems to be offered
by a combination of SiO2 and c-Si: i.e. solid dispersions of Si nanocrystals
or nanoclusters in an Er-doped SiO2 matrix [93] - SiO2:(Er + Si-nc). In this
case, the mechanism of Er excitation is somehow similar to that in c-Si:Er,
i.e., it is mediated by electron-hole generation which, in this case, takes place
inside Si-nc’s. Si-nc’s efficiently absorb the incoming photons and generate
carriers by band-to-band transitions. Subsequently, these carriers recombine
non-radiatively transferring energy to excite Er3+ ions. Since the ions are
(mostly) incorporated within the SiO2 (insulating) matrix, their relaxation
proceeds radiatively and is thermally stable. The Si-nc - mediated excitation
of Er3+ is characterized by an effective cross-section of σeff ≈ 10−17 cm2.
Therefore this excitation mode is less efficient than for Er in c-Si but still
superior to that of direct pumping into one of the higher excited states.

An important question concerns the percentage of Er dopants that can be
indirectly excited via Si-nc’s. Recent reports [48,94] suggest that this number
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is quite small, of the order of a few percent. Yet this parameter is essential
in order to estimate if net optical gain can be achieved in structures based on
SiO2:Er sensitized with Si-nc’s. Results published on this issue are controver-
sial, with observations of optical gain at 1.54 µm [95] being counterbalanced
by reports where only net losses are observed [96, 26]. In particular, different
absorption bands have been reported and related to Si-nc’s and implantation
damage [26]. An equally important issue is the total level of optical activity
of Er dopants, that is the percentage of “excitable” Er3+ ions which can at-
tain their excited state by direct or indirect pumping, and emit photons by
radiative recombination. The optical activity in moderately doped SiO2:Er
is 100% but is known to be notoriously low in c-Si - of the order of 1% [47].
The level of Er optical activity in the SiO2:(Er+Si-nc) medium was shown
to be lower than in SiO2 [48], but this depends on particularities of sample
preparation. In order to realize net optical gain, losses and the non-radiative
recombination of Er3+ ions have to be minimized and optical activity max-
imized. Also, the efficiency of the Si-nc - to - Er energy transfer has to be
optimized. The controversial issue of a possible enhancement of Er absorption
at 1.5 µm, allegedly induced by the local anisotropy of Si-rich SiO2 [97], seems
to be currently resolved [98,99]. In contrast, the level of optical activity of Er
which can be realized in the SiO2:(Er+Si-nc) medium is not known, and it is
not clear whether 100% activity can be achieved.

5.1 Samples and experiments

In the current study, we use photoluminescence and photoluminescence ex-
citation spectroscopy to investigate Er optical activity in a series of differ-
ently prepared waveguides based on SiO2:(Er+Si-nc) material, characterized
by various levels of Si-nc and Er doping, and annealing temperature, which
implies different conditions of Si-nc aggregation and therefore different size
and structure of Si-nc’s. Slab waveguides were fabricated by multiple-energy
co-implantation of Si and Er into a 10 µm thick thermal oxide layer grown on
a (100) silicon substrate. Details of the implantation procedure can be found
elsewhere [26]. Description of samples is provided in Chapt. 1.

An Optical Parametric Oscillator (OPO) was used as a tunable excitation
source. It produced pulses of 5 ns duration with a 10 Hz repetition rate.
500 nm and 522 nm wavelengths were selected for nonresonant and resonant
Er3+ excitation, respectively. Light emission at 1.5 µm was collected with two
lenses and resolved with a 1 m F/8 monochromator (Jobin-Yvon THR-1000)
equipped with a 900 grooves/mm grating blazed at 1.5 µm. Light detection
was done with a visible/infrared photomultiplier tube (R5509-72 Hamamatsu
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Corp.). The overall response time of the detection system was set to 30 µs.

5.2 Experimental results and discussion

Fig. 5.1 shows PL results for the waveguides prepared with the lower Er
implantation dose and annealed at 1150 ◦C.
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Figure 5.1: On the main panel, PL intensity as function of excitation flux is shown
for three different samples with different Si excess and same Er concentration and
annealing temperature of 1150 ◦C. For comparison, power dependence of the reference
sample (SiO2:Er) with the same Er concentration is shown. In the inset, PL spectra
for the same samples taken at a low excitation flux.

In the inset, low resolution PL spectra for samples with different Si excess
are compared with the reference implanted only with Er3+ ions. The measure-
ment has been performed under low-power excitation set to the wavelength
of λexc = 522 nm, i.e. resonant with the 4I15/2 →2H11/2 internal transition
of Er3+ (shown in Fig. 5.2, in which other transition of Er3+ are present).
As can be seen, under these conditions the PL intensity in samples sensitized
with nanocrystals (Si-nc’s are known to be formed at annealing temperatures
above 1100 ◦C) clearly exceeds that of SiO2:Er.
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Figure 5.2: PLE spectrum for one of the studied sample. Only small changes are
expected for distinct samples.

This situation changes, however, at higher pumping fluxes. The main panel
of Fig. 5.1 shows the PL intensity for the same 4 samples as a function of pho-
ton flux. (The highest pump power used in the experiment was 3 mJ/pulse).
As can be seen, while emission from samples containing Si-nc’s tends to sat-
urate at a level which changes with Si excess, the PL intensity from the ref-
erence SiO2:Er sample grows linearly with pumping power. A comparison of
the power dependence of PL intensity obtained under resonant and nonres-
onant pumping yields important information. In particular, the excitation
cross-section and the percentage of optically active Er3+ ions contributing to
the PL under indirect and direct pumping can be determined [48]. In this
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way the effect of different sample preparation conditions can be assessed, and
structures for the realization of optical gain can be optimized. With that in
mind, the power dependence of the PL intensity was measured for all sam-
ples. In Figs. 5.3 and 5.4 we show the 1.54 µm PL intensity for material with
the highest Er concentration and 30% excess Si at two different annealing
temperatures.
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Figure 5.3: PL intensity as function of excitation flux for sample with maximum Si
excess and Er concentration taken at two excitation wavelengths, 522 nm (resonant
with Er transition) and 500 nm (not in resonance), and for reference SiO2, both an-
nealed at 1150 ◦C. The difference of the two previous curves is also shown to visualize
the amount of Er excited directly.

Significantly different behavior is observed for samples annealed at 1150 ◦C,
having well defined nanocrystals, and a sample annealed at 600 ◦C, i.e., at a
temperature well below the formation of Si-nc’s. Crystallinity of nanoclusters
is known to influence the energy transfer processes. Previous works [100] re-
ported that the maximum intensity of Er photoluminescence has been obtained
for an intermediate annealing temperature of 800 ◦C, at which the nanoclus-
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Figure 5.4: PL intensity as function of excitation flux for sample with maximum Si
excess and Er concentration taken at two excitation wavelengths, 522 nm (resonant
with Er transition) and 500 nm (not in resonance), and for the reference SiO2, both
annealed at 600 ◦C. The difference of the two previous curves is also shown to visualize
the amount of Er excited directly.

ters are not yet completely crystallized. The data in both figures were taken
under resonant (522 nm) and nonresonant (500 nm) pumping. Results are
compared to those from the SiO2 sample with the lower Er concentration and
annealed at 1150 ◦C which was selected as a reference. If we assume that
all Er ions are optically active in the reference sample, then using the known
cross-section for resonant excitation 4I15/2 →2H11/2 of Er3+ ions in SiO2 we
can quantify PL intensity and relate it to a particular concentration of emit-
ting Er3+ ions [48]. The reference has been chosen based on the comparison
between all the SiO2 samples with different Er concentration and annealing
temperature. If the maximum of collected PL for each sample is divided by
the Er concentration, assuming that all the factors that have to be taken in
account to calculate the optical activity of Er ions (see Chapt. 2) are the same
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for the different samples, a value for the fraction of active Er ions is obtained.
The upper panel of Fig. 5.5 summarizes such numbers; it is clear that the

absolute maximum of optically active centers is reached in the sample with
low Er concentration and with the highest annealing temperature, while for
both Er concentrations the relative maximum optical activity is reached at
the highest annealing temperature.

In the lower panel, power dependence of PL for samples with low and high Er
concentration and both annealed at 1150 0C are compared. We conclude that
optical activity of Er ions is 30 times higher for low Er concentration in respect
to the high one. This result indicates that incorporation of high concentration
of Er ions leads to their clustering, with consequent loss of optical activity.
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Figure 5.5: On the upper panel, PL intensity divided by Er concentration as function
of annealing temperature. The lower panel shows the power dependencies for the two
SiO2 samples with the maximum PL intensity (the ones annealed at 1150 ◦C).

As can be seen, the indirectly pumped Er PL clearly saturates at high
excitation powers. From this saturation level, in combination with measure-
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ments of the spontaneous Er lifetime, one can deduce the actual number of Er
dopants which in that case are indirectly excited via Si-nc. At the same time,
we note that under resonant pumping the PL intensity still increases linearly
above this saturation level. From this notion we conclude immediately that
the number or Er3+ ions which can be exited by Si-nc’s constitutes only a
minor part of all Er dopants present in the sample. By subtraction of the PL
intensities under resonant and non-resonant pumping, also shown in Figs. 5.3
and 5.4, we obtain directly the PL contribution from those Er3+ ions which
can only be excited by direct pumping, i.e., most probably are located not in
the direct vicinity of Si-nc’s.
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Figure 5.6: Upper and lower panels show, respectively, the percentage of Er ions only
excitable directly and via Si-nc, for all the samples.

Also these data can now be calibrated against the “reference” sample, so
that we can conclude whether the introduction of excess Si leads to loss of
optical activity, i.e. creates Er3+ ions which can no longer be excited to gen-
erate photons, also under resonant pumping. As can be seen from Figs. 5.3
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and 5.4, in both cases the slopes of the linear dependence obtained by sub-
traction of resonant and non-resonant data sets are clearly lower that that of
the “reference” sample, thus indicating a considerable optical activity loss. In
order to calculate the percentage of Er3+ ions excitable via Si-nc’s and those
optically active (i.e. contributing to the 1.5 µm PL) for each sample we fol-
low a method developed previously [48] (see Appendix for a more complete
outline of the determination procedure). A summary of these procedures is
presented in Fig. 5.6, where we show the percentages of Er dopants which (a)
can be indirectly excited via Si-nc’s and (b) which can be optically excited
only upon direct resonant pumping, for all the samples, as function of anneal-
ing temperature. From these data we conclude that the concentration of Er3+

ions which can be efficiently excited via Si-nc’s in the investigated waveguides
is between 2 and 5 × 1016 cm−3. Therefore a higher percentage of indirectly
excitable Er is obtained for waveguides prepared with the lower Er implanta-
tion dose. In this case, the highest percentage of 2.6% and 2.3% is obtained
for samples with Si excess levels of 20% and 30%, respectively, annealed at
900 ◦C. At the same time, however, we note that in these materials about 95%
and 85%, respectively, of the total amount of Er dopants are optically inactive
and do not emit photons under resonant pumping. The highest percentage of
optically active Er dopants (i.e. capable of emitting photons under resonant
or non-resonant pumping) of ∼50% is obtained for sample Er1Si1, which is
characterized by the lower Er concentration and the lowest Si excess annealed
at 600 ◦C. From Fig. 5.6 we note that for that sample only 2% of Er can be
excited indirectly. The followings tables summarize percentage of Er ions that
can be excited either directly (Table 5.1) or through the nanocrystals (Table
5.2). Bold numbers indicate the maximum of optically activity in the two
cases.

Sample \ Annealing T 6000C 9000C 11500C

Er1Si1 51% 5% 0
Er1Si2 8.7% 0 0
Er1Si3 7.3% 17% 0
Er2Si1 1.7% 0.76% 2.1%
Er2Si2 0.98% 0 1.3%
Er2Si3 0.88% 0.55% 2.1%

Table 5.1: Percentage of directly excitable Er ions.



74 5. Optically active Er3+ ions in silicon-rich silicon-oxide waveguides

Sample \ Annealing T 6000C 9000C 11500C

Er1Si1 5.5% 5.2% 0.9%
Er1Si2 2.5% 8.1% 0.35%
Er1Si3 1.8% 7% 0.36%
Er2Si1 2.2% 3.2% 0.96%
Er2Si2 1.7% 2.1% 0.82%
Er2Si3 1.3% 2.2% 1%

Table 5.2: Percentage of Er ions that are excited through the nanocrystals.

5.3 Conclusions

The percentage of Er3+ ions whose 1.5 µm emission can be sensitized with
Si-nc’s, i.e., indirectly excited with a large excitation cross-section, is relatively
low. In the investigated waveguide structures prepared from thermally grown
SiO2 implanted with Er and Si atoms, it does not exceed 2.6%. Sensitization
by Si-nc’s renders an important fraction of all Er dopants optically inactive,
i.e. not capable of emitting photons under direct, resonant excitation of the
4f-core. While it is possible that other combination of sample preparation
parameters - Er dose, Si excess and annealing conditions - might result in
better optical properties, the present results indicate that realization of optical
gain in Er-doped SiO2 material sensitized with Si-nc’s will require very careful
material engineering [26]. At the same time, it is clear that in the materials for
which gain has been concluded [97,101], the percentage of indirectly excitable
and of optically active Er3+ ions should be cross-checked. Confirmation of the
high level of optical activity would add credibility to these findings, confirming
the feasibility of optical gain for the investigated waveguides.


