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Chapter 7

Tracking the ultra-fast Er3+ ion

excitation process

Under pulsed laser excitation, a substantial part of Er dopants in SiO2 sensitized

with silicon quantum dots is excited by an ultrafast energy transfer process. In the

past, microscopic models for this excitation mechanism have been proposed, but its

dynamics are not known. Here we present the �rst �ngerprint of this process ob-

tained by femtosecond optical spectroscopy. Using the transient induced absorption

to monitor dynamics of free carriers generated by the pump laser pulse in Si quan-

tum dots, we observe spectral features which can be related to transfer of energy into

speci�c higher excited states of Er3+ ions. These appear on the timescale of several

picosecond, consistent with the ultra-fast character of the excitation process. The

results are compared with dynamics of Er-related photoluminescence bands observed

in the same material.

7.1 Introduction

Solid-state dispersions of silicon quantum dots (SiQDs) in an Er-doped SiO2 matrix
- SiO2:(Er,SiQDs) - combine to a certain extent positive features of Er-doped crys-
talline Si with those of Er-doped SiO2. Speci�cally, this concerns the high cross-
section of the indirect excitation mechanism and thermal stability of the 1.5 µm

emission. However, despite the continuous developments in the preparation of the
SiO2:(Er,SiQDs) material, only a relatively small proportion of all the introduced
Er dopants contribute to the emission [79]. Detailed investigations by fast time-
resolved photoluminescence (PL) spectroscopy revealed that much more Er3+ ions
are actually excited by a rapid energy transfer process but undergo fast nonradia-
tive recombination [82, 83]. This fast excitation channel directly into the �rst 4I13/2
emitting state of Er3+ ion appears in parallel to the much slower Förster energy
transfer mechanism responsible for Er excitation on a microsecond time-scale. The
microscopic details of the fast SiQD-to-Er energy transfer are still under dispute. In
particular, we have recently demonstrated a very speci�c energy �ow path, in which
two Er3+ ions are excited simultaneously by a single photon of su�ciently high en-
ergy, absorbed in a SiQD [157]. The excitation process proceeds by a Coulombic
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interaction of an exciton in the ground state and a higher excited state of a near-
by Er3+ ion. This process bears some similarity to quantum cutting taking place
between closely spaced Er3+ ions [155]. In this paper we investigate dynamics of
this novel excitation route in the same SiO2:(Er,SiQDs) material by attempting to
correlate it with temporal characteristics of free carrier population generated SiQDs
by the pump laser pulse.

7.2 Experimental

The SiO2:(Er,SiQDs) samples discussed in the previous chapter have been used in
this study. Sample preparation can be read also in the previous chapter or found else-
where [151, 152]. Radio-frequency magnetron co-sputtering on hot (500 ◦C) quartz
substrates was used. During the growth process a thin �lm of SiO2:(Er,SiQDs) with
the thickness of 1-2 µm was formed. A Si-excess of ≃ 8.5 at. % and an Er concentra-
tion of [Er] ≈ 1-2 × 1020 cm−3 were estimated via EDX. Subsequently, the samples
were annealed at temperatures ranging from 600 to 1100 ◦C. Small Si nanoclusters
of the average size of ≃ 2 nm diameter form in the epitaxial layer.

The time-resolved PL experiments were performed with an InGaAs photomul-
tiplier tube (Hamamatsu R5509-72) in the time-correlated single-photon counting
mode. A 5 ns pulsed laser at a λex = 355 nm with the repetition rate of 20 Hz
was used as the pumping source. This is provided by a tunable optical parametric
oscillator pumped by the third harmonic of a neodymium yttrium aluminum garnet
(Nd:YAG) laser. Detection PL wavelength were resolved with a 1 m F/8 monochro-
mator (Jobin-Yvon THR-1000; 900 grooves/mm; grating blazed at 1.5 µm). Overall
temporal resolution of the experiments was limited by the laser pulse.

Femtosecond transient induced absorption (TIA) spectroscopy was carried out
at room temperature on a conventional pump-probe setup. The excitation pulse is
provided by a chirped-pulse ampli�ed Ti:Sapphire laser in combination with an opti-
cal parametric ampli�er (OPA), tuned to 345 nm with a repetition rate of f = 1 kHz
and ∼ 200 fs resolution. The secondary pulse, used as the probe beam, is guided
through a white light converter (approximately 400 to 800 nm) and delayed via a
white light retro-re�ector. Dimensions of the pump spot size were chosen to be con-
siderably larger than those of the secondary pulse, to assure complete pump-probe
overlap during the entire experiment. The transmission of the probe is recorded by
a multichannel CCD camera and registered by the computer in the following way:
the signal of the probe under in�uence of the pump is detected, after which the
linear absorption, i.e. the probe signal without the pump is subtracted and then
normalized for the linear absorption. In this way we only detect the change of the
probe signal under in�uence of the pump. All experiments were performed at room
temperature.
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7.3 Results and discussion

In the investigated SiO2:(Er,SiQDs) material, SiQDs play the role of photon sen-
sitizers. The excitation of Er3+ ions proceeds via non-radiative recombination of
electron-hole pairs in the SiQDs generated under laser illumination. SiQDs in the
SiO2:(Er,SiQDs) material used in this study are relatively small, with diameters in
the d ≈ 2−2.5 nm range and are characterized by relatively large bandgaps with the
average excitonic emission energies of E ≈ 1.9 eV. Consequently, the Förster energy
transfer between SiQD and Er can proceed exclusively to the higher excited states
of Er3+ ions. In that case, the 1.5 µm emission due the to 4I13/2 →4 I15/2 radiative
transition will appear upon internal relaxation of Er3+ ions into the 4I13/2 state.
This is in deed con�rmed in the experiment. The top panel in Fig. 7.1 presents PL
dynamics of two Er-related emission bands from the �rst (4I13/2) and the second
(4I11/2) excited states to the ground state, at 1.5 and 0.98 µm, respectively. As can
be seen, the microsecond time scale rise of the 1.5 µm PL intensity is governed by
the decay of the 0.98 µm band. We conclude that the population of the emitting
4I13/2 state proceeds via the higher 4I11/2 excited state. At the same time however
a more detailed look at the initial part of the development of the 1.5 µm PL - lower
panel of Fig. 1 - reveals a prominent presence of an initial rapidly decaying emission,
appearing directly upon excitation. This "fast" PL component was reported before
for similar materials [87, 82, 83, 158, 159, 160, 161]. As can be seen, in the present
case it is responsible for approximately 50% of the total amplitude of the radiatively
decaying population of the 4I13/2 state. When originally reported [82], the "fast"
PL band was postulated to arise due to rapid excitation and quenching of Er3+,
facilitated by Auger processes related to intra-band transitions of con�ned electrons
and/or holes in SiQDs. While part of the intensity could be due to defect emission
[160, 161], a more detailed investigation of the dynamics [162], a�rmed that the ma-
jor part of the fast PL at 1.5 µm is in deed Er-related and could originate from the
radiative relaxation of Er3+ ions located inside SiQDs or at the SiO2/SiQD interface,
where excitation and de-excitation processes become very e�cient. In addition, for
the particular material investigated in this study, we have recently identi�ed another
Er excitation route [157]. Based on the spectral dependence of the quantum yield
of Er-related PL bands, we have concluded that nonradiative recombination of an
exciton (in the ground state) can lead to a simultaneous excitation of two Er3+ ions.

Regardless of the particular microscopic details of the ultra-fast excitation route
of Er3+ in the SiO2:(Er,SiQDs) material, it is clear that its dynamics are not well
revealed by PL spectroscopy, which does not o�er su�cient temporal resolution.
However, in principle it should be possible to follow the energy transfer process
not only on the side of the energy �acceptor� (Er3+ ion) but also for the energy
�donor� (SiQD). The presence of free carriers, and so the excitation of SiQDs, can
be conveniently monitored by transient induced absorption (TIA). In general, the
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Figure 7.1: (The upper panel) Dynamics of both PL bands from the �rst (4I13/2) and

the second (4I11/2) excited states of Er
3+ ions, at 1.54 and 0.98 µmum, respectively.

The rise of PL intensity by the �rst excited state of Er3+ ions is governed by the

decay of the second excited state. (The lower panel) A fast decay component in

nanosecond scale. A considerable part of about 50% of PL intensity at 1.54 µm left

in about 100 ns, when compared with the PL crete after few microsecond.
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Figure 7.2: The transient induced absorption (TIA) dynamics recorded at three avail-

able di�erent probing photon energy at 1.9, 2.5, and 3 eV under pumping photon

energy at 3.5 eV (355 nm). Two decay components of sub-picosecond and nanosec-

ond can be seen.

energy of free carriers generated in SiQDs by a laser pulse is redistributed and
dissipated by electron/hole and phonon scattering, but also by cooperative processes
like carrier multiplication (CM) [163] and space separated quantum cutting (SSQC)
[128]. These processes are known to be very fast, operating on a picosecond time
scale. The existence of e�cient energy transfers to the well de�ned energy levels
of the Er3+ ions will introduce additional relaxation paths at predictable energies.
Therefore, TIA spectrometry could be used for tracking of the ultra-fast Er3+ ion
excitation process. Even more so, since the TIA experiments can be conducted in
the pump-probe con�guration, with the high-precision time scale being provided by
a delay line and temporal resolution limited by the laser pulse itself.

In Fig. 7.2 we illustrate TIA transients obtained in the pump-probe con�gura-
tion under pumping photon energy at 3.6 eV (345 nm), for three di�erent probing
energies of 1.9, 2.5, and 3 eV. We see that the three dynamics show very similar
characteristics, featuring two decay components. The initial fast decay, taking place
on the sub-picosecond time scale, is superimposed on a slower background of tens
of picoseconds. The sub-picosecond component is commonly interpreted as being
due to a combination of hot carrier cooling and carrier trapping processes. The
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Figure 7.3: Transient induced absorption spectra of the SiO2:(Er,SiQDs) sample

with time at room temperature. The pumping source uses a chirped-pulse ampli�ed

Ti:Sapphire laser at 355 nm, with a repetition rate of f = 1 kHz and ∼100 fs resolu-

tion. The secondary pulse is used to probe the excited carriers and guided through a

white light converter ranging from 400 ± 800 nm (∼ 1.6 ÷ 3.3 eV). The 2.6-ps IA

spectrum shows a possible imprint of the Er3+ ion energy levels, 4F9/2,
4S3/2, and

2H11/2 as indicated.

subsequent slower decay corresponds to channels of fast nonradiative recombina-
tion of excitons. The �nal nanosecond decay should correspond to photon emission
by radiative recombination of excitons in those SiQDs which escape nonradiative
quenching. This stage is however too slow to be revealed under the chosen exper-
imental con�guration. In view of the previous remarks, the processes of ultra-fast
energy transfers to Er should take place on the picosecond time scale, and so their
possible �ngerprints should be searched for only in the early TIA spectra, for the
initial stages of the free carrier decay.

Fig. 7.3 shows TIA spectra for the wide probing range of 1.6 - 3.4 eV for several
delay times shortly after the pump pulse. As can be noted, following the excitation
a structure appears in the induced absorption spectrum - see the spectrum taken
at 2.6 ps - which fades away very quickly, and can no longer be observed for the
delay time of 10 ps. The structure can be readily identi�ed with the characteristic
energies of the 4F9/2, 4S3/2, and 2H11/2 higher excited states of Er3+ ions. We recall
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that participation of these states has been identi�ed for the speci�c Er excitation
mechanism taking place in the investigated material [157]. The reason why the
induced absorption should enhance for these Er-related energies is not clear at this
point, and can only be speculated upon. To this end, we believe that the following
remarks are relevant:

1. The experimentally observed structure cannot be explained by resonant Er
absorption. For these �resonant� energies, direct absorption into Er3+ ions is
much less probable than the band-to-band absorption in SiQDs (4 - 6 orders
of magnitude di�erence).

2. While the excitation mechanism identi�ed in Ref. [157] is in principle non-
resonant, its probability is expected to peak when the exciton energy ap-
proaches the resonance with one of the excited states of Er3+ ions.

3. In case of strong coupling between SiQDs and Er, it is possible that the absorp-
tion cross-section increases for these SiQDs whose bandgap energies coincide
with speci�c transitions of Er3+ ions.

While clearly more investigation - both experimental and theoretical - will be needed
to fully rationalize the striking result obtained in this study and illustrated in
Fig. 7.3, we note that its transient occurrence immediately after the pump pulse
is consistent with the earlier discussed PL data - see Fig. 7.1.

Finally, for sake of completeness, we note that the observed structure of the TIA
spectrum cannot be explained by interference e�ects ("fringing") of the laser beam,
as the peaks do not agree with the interference condition for the thin �lm of the
SiO2:(Er,SiQDs). We can also exclude the possibility of stimulated emission of the
excited Er3+ ions, since this would bring the opposite e�ect of decrease and not
increase of the measured signal. Moreover, it should be independent of the delay
time.

7.4 Conclusion

In conclusion, the current study shows that the indirect excitation of Er3+ ions
in SiO2 via SiQDs is a complex multichannel process. Major part of the Er3+

ions related to the slowly decaying PL undergoes the fast excitation process. In
particular, for the SiO2(Er,SiQDs) system with small SiQDs and a su�ciently large
Er concentration investigated in this study, we show the �rst �ngerprint of the ultra-
fast excitation process which can be observed as enhancement if induced absorption
at resonant excitation energies of Er3+ ions, appearing on the picosecond timescale.




