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3 Microscopic aspects of emission
quenching of Si:Er by oxygen

...Of what is past, or passing, or to come.

William Butler Yeats

As seen in Chapt. 2, the issue of optical activity of Er3+ ions is crucial
in order to obtain efficient light emitters. The level of optical activity (i.e.
percentage of dopants contributing to photon emission) and thermal stability
of Er related emission in c-Si can be considerably enhanced by co-doping with
oxygen [1, 56, 57]. While the microscopic origin of this oxygen influence is
not understood in detail, an experimentally developed “rule of thumb” states
that the best properties are obtained for a material where the concentration
of oxygen is an order of magnitude higher than that of Er. Microscopic mod-
els of optically active Er-related centers in Si postulate multiple O atoms in
the close surrounding of an Er3+ ion [14, 58]. However, evidence to support
this comes only from indirect measurements. In particular, the model pre-
sented in Ref. [14] featured up to 8 oxygen atoms in the usual puckered bond-
centered sites surrounding an Er3+ ion occupying a high-symmetry interstitial
position. In that case participation of O was concluded from SIMS measure-
ments [59] which revealed oxygen concentration in the Er-doped layer to be
almost an order of magnitude higher than the 1018 cm−3 level characteristic
for Czochralski-grown Si. Also EXAFS experiments reported that in oxygen-
rich Si, O atoms are located in the immediate vicinity of Er with, on average,
6 oxygens per Er3+ ion [60]. However, it is only fair to point out that EXAFS
measurement cannot distinguish between optically-active and non-active Er
dopants. Since only a minor part, of an order of 2%, of Er content contributes
to photon emission, EXAFS results cannot provide conclusive evidence on the
role of oxygen in the optical properties of Er.
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Such information is described in this chapter, where we show a direct rela-
tion between the 1.5 µm emission due to 4I13/2 →4I15/2 radiative recombina-
tion of Er3+ ions and the 9 µm vibrational mode of interstitial oxygen atoms
in Si. In that way we convincingly establish a microscopic link between optical
activity of Er and the presence of O. Moreover, taking into account the local
character of the 9 µm vibrational mode and its very short lifetime (of an order
of 10 ps [61]), we conclude that O atoms must indeed be located in the direct
neighborhood of Er3+ ions.

3.1 Samples and experiments

The investigated sample is an Er-doped Si multi-nanolayer, as described in
Chapt. 1. Absorption measurements have been performed with a Fourier-
Transform Infrared (FT-IR) spectrometer, at a resolution of 0.12 cm−1. Two-
color (2C) experiments and pump-probe measurements have been performed
at the FELIX free-electron laser (FEL) users facility in Nieuwegein.

The luminescence was resolved with a TRIAX 320 spectrometer equipped
with a 900 grooves/mm grating blazed at 2 µm and detected by an infrared
photomultiplier with a 30 µs response time. Lifetimes of the vibrational modes
of oxygen were estimated by pump-probe experiments with FEL (see Sec. 1.2.5
for details). In all experiments, the sample was kept at a constant temperature
of 4 K in a helium cryostat.

3.2 Experimental results and discussion

In the first experiment we looked at 2C excitation of the investigated struc-
ture. Following the goal of the project - the microscopic relation between
optically active Er3+ and oxygen, we investigated the behavior of the 1.5 µm
Er-related emission band upon activation of the vibrational mode of interstitial
oxygen. In this case, the investigated structure is excited by a band-to-band
pump pulse from a Nd:YAG laser, and then, with a tunable delay, by a mid-
infrared FEL pulse, whose wavelength is scanned across the 9 µm vibrational
band of oxygen. This characteristic absorption band (1136 cm−1) is due to
Si-O-Si vibrational modes and is induced by interstitial oxygen atoms present
in the sample - in the Er-doped multinanolayer structure, but also in the sub-
strate. Fig. 3.1 shows temporal characteristics of the resonant quenching of
Er PL induced by activation of the Si-O-Si vibrational mode. It shows the
magnitude of the resonant quench of Er PL, with FEL set to λ = 8.84 µm,
as a function of delay time ∆t between the pump (Nd:YAG) and the probe
(FEL) pulses. For comparison, Er PL without application of FEL excitation is
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shown. The picture can be used as an illustration of the procedure employed
to obtain the data on Fig. 3.2, where Er PL kinetics under FEL excitation
is integrated in time and subtracted from the unperturbed Er PL (namely
without application of FEL) kinetics, at the delay at which quench effect is
maximal and as function of the FEL wavelength.
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Figure 3.1: Er PL transients for different pump-probe delay times (FEL at 8.84 µm).
The inset shows the pulse sequence for ∆t = 0.

The result of the 2C experiment is depicted in Fig. 3.2. In the vertical axis
we plot the Er-related (left-hand side) and exciton (right-hand side) percent-
age of PL intensities left after the quenching provoked by the FEL pulse: Q
= IFEL/I0. IOn and IOff are the PL intensities induced by the YAG pulse
respectively with and without the subsequent FEL excitation. The intensi-
ties are measured at λ = 1543 nm, at the most intense line of the Er-related
emission spectrum, and at λ = 1162 nm, for excitons. We note that while
application of FEL reduces the Er emission in the whole depicted spectral
range, a clear resonance is observed for FEL wavelengths around 8.8 µm. The
additional quenching clearly coincides with the oxygen-related vibrational ab-
sorption band - for easy comparison the absorption spectrum of the sample
recorded in a separate experiment is also given (grey curve). The coincidence
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between the absorption and 2C spectra becomes quite striking if we consider
temperature dependence of the 9 µm vibrational band of interstitial oxygen
(see Fig. 3.2). It is well known that there exist three vibrational modes of
interstitial oxygen in silicon: symmetric ν1, transverse ν2 and antisymmetric
ν3 [62, 63, 64]. The 9 µm band presents three main peaks at 1136 cm−1 (an-
tisymmetric mode ν3), 1128 and 1121.5 cm−1 (combination of transverse ν2

and antisymmetric ν3 modes), with their mutual intensity ratio being strongly
temperature dependent. At T = 4 K, the 1136 cm−1 band dominates the
spectrum, with very small amplitude of the 1128 cm−1 band, and the 1121.5
cm−1 being practically absent. The FTIR spectrum depicted in Fig. 3.2 has
been taken at T ≈ 4 K; consequently the 1128 cm−1 band has a very small
intensity.

The relative intensities of the low energy bands with respect to the 1136
cm−1 band increase with temperature, and for T > 20 K, all three bands are
present. When we take into account that the linewidth of the FEL used in
the 2C experiment is much larger than the resolution of the FTIR spectrum,
we conclude that the spectral dependence of Er-PL quenching obtained from
the 2C experiment reflects indeed the 9 µm vibrational mode at a higher
temperature. This implies that the actual temperature of the sample in the
2C experiment is in the 20 - 40 K range. This significant rise of the temperature
of the sample when the FEL beam is employed, is independently confirmed
in the 2C experiment on PL band of excitons (see the diamond points in Fig.
3.2). In this case, the result differs from that obtained for Er PL: while PL
intensity due to exciton recombination is also reduced upon FEL illumination,
this effect is independent of FEL wavelength in the investigated range. We
therefore conclude that illumination with FEL rises temperature of the sample,
which leads to reduction of the PL bands related to Er and excitons.

This background effect has a really long dissipation time. In fact, even when
the FEL is fired long before the YAG, PL intensities of both Er and excitons
are strongly quenched. Quenching of both PL signals is displayed in Fig. 3.4
as function of delay time between the two excitations. Reductions of PL inten-
sities get stronger as the FEL pulse approaches in time the YAG excitation,
as can be expected. Fitting the growth of the quench with an exponential
behavior, it is possible to determine a time constant for the dissipation of the
heat in the sample. In both cases (Er and exciton PL), the fitting curves give
the same time constant of about 6 ms, a really long time in comparison with
the fast processes simultaneously taking place.

On top of this wavelength independent background effect, strong reduction
of Er-related PL appears upon activation of local vibrational modes of in-
terstitial oxygen. In that way, “resonant” reduction of the 1.5 µm Er-related
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Figure 3.2: IR-induced quenching of Er and exciton PL in Er-doped multi-nanolayers
as revealed in two-color experiments. Two vertical scales are given because of the huge
difference in the absolute value and the range of the quench effect. For comparison, a
FTIR spectrum taken at T = 4 K is displayed. The data points reflect change of PL
amplitudes.

emission band occurs, whose spectral dependence reflects the vibrational band
of interstitial oxygen. Confirmation of this fact is given by comparing Er PL
recorded at different experimental temperatures, namely 20 K and 30 K with
Er PL recorded at 4 K but with the FEL beam on the sample. Figure 3.5
illustrates clearly that when the FEL excitation is set at the wavelength of 7
µm (out of vibrational modes resonance) the Er PL kinetics (at experimental
temperature T = 4 K) perfectly matches the one recorded at 20 K with FEL
switched off. The same Er PL kinetics (T = 4 K) with the exciting FEL beam
at 8.84 µm is similar to the transients recorded at T = 30 K, with FEL off).
As previously mentioned, the application of FEL, regardless of its wavelength,
produces a background quenching of the photoluminescence, due to heating of
the sample. The quench effect gets stronger at the resonant FEL wavelength,
8.84 µm, as a consequence of the excitation of the vibrational oxygen modes,



42 3. Microscopic aspects of emission quenching of Si:Er by oxygen

1105 1110 1115 1120 1125 1130 1135 1140 1145

 

A
bs

or
pt

io
n 

(a
rb

. u
ni

ts
)

Wavenumber (cm-1)

 Si, T=4 K
 Si, T=55 K
 Si:Er, 4 K<T<20 K

    Silicon
   Isotopes

nonlinear combination of transverse
  ν

2
 and antisymmetric ν

3
 modes

Main peak ν
3
 mode

Figure 3.3: FTIR absorption spectra for oxygen-rich Er-free (T = 4 K and T = 55
K) and Er-doped (4 K < T <20 K) Si samples.

that introduce a new de-excitation path for the Er3+ ions.
Further insight into the mechanism of this resonant quenching is provided by

investigating its dependence on the photon flux. Fig. 3.6 shows the magnitude
of the resonant quenching effect QFEL revealed in 2C experiment as a function
of FEL photon flux φ, with the wavelength of the mid-IR beam set to two
different values, in resonance with the oxygen band (λFEL = 8.84 µm) and
out of the resonance (λFEL = 7.5 µm). As can be seen, the quenching effect
QFEL shows a saturating behavior which can be described as:

QFEL = A(1− exp(−Bφ)) + Cφ, (3.1)

where fitting parameters A, B and C correspond to the maximum quenching
level, the effective quenching rate for the relevant process and a linear pre-
factor, respectively. While the linear contribution can be attributed to the
background heating effect, the saturating character of the flux dependence
is due to the limited number/density of available phonon modes, as will be
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Figure 3.4: Quench dependence of Er and exciton PL on the delay time between
pump (Nd:YAG) and probe (FEL) pulses. The bold curves are fittings to the data.
(The data points have been obtained by integrating Pl transients, in contrast to the
ones in 3.2.

further confirmed by the pump-probe measurements discussed later. This
saturation is actually reached at a really low power of the FEL, as shown
by the grey curve (difference between the FEL power dependencies at the
two wavelengths), reflecting the high absorption cross section of the oxygen
vibrational modes.

We note two important characteristics of the quenching effect:

1. The reduction of the PL intensity commences simultaneously with the
onset of the FEL pulse. The experimentally recorded decrease time
(τQ ≈ 60 µs) is clearly longer than the detector response time of
τPMT ≈ 30 µs and reflects the non-radiative decay of excited Er in-
duced upon FEL illumination. It is interesting to notice that the rate
of decrease of luminescence after FEL excitation changes when differ-
ent FEL wavelengths are applied. Fig. 3.7 shows three different PL
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Figure 3.5: Er PL kinetics recorded at 4 K for two different applied FEL wavelengths
(7 µm and 8.84 µm) and at 20 K and 30 K, but in both cases with FEL switched off.

transients for FEL at different wavelengths (all fired at t = 100 µs after
the YAG excitation), namely 8.84, 7.5 and 7 µm. It is clear that two
different components are present in the decay, a fast one changing with
FEL wavelength and a slow one, equal for all 3 wavelengths. The fast
decay time increases to τQ ∼ 100 µs for 7.5 and 7 µm with respect to
the 60 µs measured for 8.84 µm. The decrease of decay rate (1/τQ) for
FEL wavelengths away from resonance confirms that a faster process is
induced resonantly by activation of the vibrational modes of oxygen.

2. The quenching level is independent of the delay time, being determined
exclusively by the number of IR photons in the FEL pulse. This confirms
that FEL introduces a PL quenching process with the specific rate, and
therefore the quench magnitude is directly proportional to the number
(concentration) of excited Er3+ ions available at that particular moment.
The “positive” part (FEL fired after YAG) of Fig. 3.4 shows it quite
clearly: quenches of both Er and exciton PL, in fact, diminish in time
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Figure 3.6: Quenching of Er-related PL intensity as function of FEL power. Stars
and grey circles refer, respectively, to 8.84 µm and 7.5 µm FEL excitation wavelengths.
Light grey pentagons display the difference between the quenches induced at the two
FEL wavelenghts. For all the pictures, continuous lines represent guides to the eye.

with the decay time constant of the respective luminescence. For exciton
PL, the recorded quench goes immediately to zero, since the lifetime of
exciton PL is shorter than the experimental resolution (in this case the
delay between the two beams).

Now we consider the mechanism for erbium luminescence quenching. As
discussed in the past [45], reduction of Er luminescence can be accomplished
in two ways - by promoting non-radiative recombination of excited Er (e.g.
Auger energy transfer to carriers) and/or by reducing the efficiency of Er
excitation (e.g. Auger recombination at the intermediate excitation stage). In
the current situation, the FEL “quenching” pulse is applied with the delay
time ∆t ≥ 0, and, as mentioned in the previous paragraph, identical reduction
of Er excitation is observed. Therefore we conclude that only one of the two
possible quenching mechanisms is realized, namely by inducing non-radiative
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Figure 3.7: Normalized Er PL transients showing the PL quenching effect. FEL at
three different wavelengths (8.84, 7.5 and 7 µm) is fired at ∆t = 100 µs.

recombination of excited Er. Moreover, since in case of the smallest delay
∆t = 0 both pulses are fired at the same moment - see inset to Fig. 3.1
for schematic illustration of the ∆t = 0 pulse sequence, this implies that Er
excitation proceeds rapidly and is completed before the FEL flux reaches a
substantial level, i.e. on a time scale considerably shorter than ∼ 1 µs. In
that way the current experiment provides the upper limit for the excitation
time of Er in Si.

In order to describe the quenching process, we note that the timescale of the
luminescence decay is significantly larger than the duration of a FEL pulse;
therefore we can regard this pulse as a δ-shaped source of quenching. In result,
the PL decay will be described by the expression:

IPL ∼ exp(−t/τ)[1−AΘ(t− t0)], (3.2)

where Θ(t − t0) is the step function, switched on at the moment t0, and τ is
the lifetime of Er in the excited state. A resonance absorption of FEL power
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occurs due to generation of oxygen-related vibrations. If we treat it in the two-
level model, considering only the ground and the first excited state of oxygen
vibrations, we will get the following expression for the number of phonons in
the excited state:

Np = N0
p +

αN0IFEL

2αIFEL + τ−1
p
, (3.3)

where Np is the population number of oxygen phonons, N0
p its equilibrium

value at the temperature of experiment T0, N0 is the number of erbium-oxygen
clusters, τp is the lifetime of an oxygen phonon, α is the resonance excitation
cross-section bu light at the frequency of oxygen vibrations, and IFEL is the
intensity of the FEL emission. (The factor 2 takes account of stimulated emis-
sion of phonons from the upper level [65]). Excitation by terahertz radiation
leads to strongly non-equilibrium distribution of oxygen phonons. At a suffi-
ciently high FEL power, the populations of upper and lower vibrational levels
become equal, which one can see from Eq. 3.3 (Np → N0/2 if 2αIFELτp � 0).
Remark that it is similar to the case of optical pumping of two-level sys-
tem. Though, in general the phonon distribution should not be necessarily
described by phonon temperature, we can introduce here an “effective” tem-
perature Teff , by using the relation Np = N0exp(~ω/kTeff ), to simplify the
further treatment of the quenching process. Using Eq. 3.3, we obtain for Teff

the following expression:

Teff ≈ T0 +
~ω
k

1
ln[(2αIFELτp + 1)/(αIFELτp)]

, (3.4)

where ω is the frequency of the oxygen phonon and k is the Boltzmann con-
stant. In Ref. [66] temperature quenching as a result of back-transfer process
was quantitatively studied. Using the data from [66], we conclude that Er PL
in the current situation, as described by Eq. 3.4, should be totally quenched.
However, at a low temperature the lifetime τ of excited Er3+ ions is deter-
mined primarily by reverse Auger process (de-excitation of Er3+ ions by free
electrons) and the real quenching ratio should be significantly less: it can be
estimated from the temperature dependence of erbium luminescence inten-
sity [67]. Therefore, the quenching of ∼ 20%, as observed in this study upon
activation of Si-O-Si vibrational mode, is a quite reasonable value.

Consequently, we postulate to attribute the observed reduction of Er-related
PL to “thermal quenching”(being a combination of thermally induced back-
transfer process [66] and optically induced dissociation of excitons when pump
and probe pulses overlap in time) appearing due to the heating effect induced
very locally, in direct vicinity of Er emitters. We also point out that contribu-
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tion of other mechanisms, and in particular of optically induced back-transfer
and optical ionization of Er-related donor level, can be excluded on the basis
of experimental evidence at hand. For clarity, this is shortly discussed below.

1. The optically induced excitation reversal “the back-transfer” process:
Some time ago we have demonstrated that the back-transfer process can
be observed in Yb-doped InP upon mid-IR illumination with FEL [51].
In that case the effect could be induced for photon energies higher than a
threshold value of 140 meV, implying that there is a certain minimal en-
ergy necessary to transfer the energy from a RE ion back to the matrix.
Therefore the observed wavelength dependence of the optically-induced
PL quenching had a step-like character. This is clearly different from
the “resonant” quenching process reported in the current study.

2. Direct optical ionization of the Er-related donor: Ionization of the Er
donor level can lower the Er-related emission in two ways - (i) by disrupt-
ing the excitation channel and (ii) by providing free carriers and inducing
energy transfer to them. The first of these possibilities has already been
dismissed in the earlier discussion due to the fact that the coincidence
of pump and probe pulses is not a necessary condition for the observed
PL quenching. In addition, we note here that also the latter possibility
- the Auger quenching due to optical ionization of Er-donors - can be
ruled out. This is because (i) in the Si/Si:Er multinanolayer sample the
Er-related donor level has been established as ED = 218 meV [52,68,69],
and (ii) ionization of an electrical level into the bandgap should have the
characteristic spectral dependence, with a sharp onset at hν = ED, and
long tail extending to higher photon energies, again in contrast with the
experimental data.

The thermal origin of the observed PL intensity reduction finds further
confirmation in the dependence of the quench magnitude on the delay between
pump (Nd:YAG) and probe (FEL) pulses. This is illustrated in Fig. 3.8 for
three wavelengths of FEL: λFEL = 8.8 µm, “on resonance”, and λFEL =
7.5 µm and 7 µm, both “off resonance” with the oxygen vibrational band.
As can be seen, although the quenching magnitude clearly increases for the
probe wavelength resonant with the oxygen vibrational mode, its delay time
dependence is similar for “on” and “off” resonance wavelengths: it appears
already for the FEL pulse applied long before the pump ∆t < 0 (up to ∼
ms range, not shown), then grows as the two pulses approach each other for
0 < ∆t . 10 µs, shows additional increase when both pulses overlap, and then
remains constant for the situation when the band-to-band excitation precedes
the FEL pulse ∆t > 0 (i.e. disappears with the decay constant equal to the
lifetime of Er in the excited state). The fact that a FEL pulse applied before
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Er excitation can reduce Er PL intensity provides a clear indication for the
thermal origin of this effect.
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Figure 3.8: Quench dependence of Er PL on the delay time between FEL and YAG
pulses for three different FEL wavelengths.

The gradual decrease of the quench, as the mid-IR pulse is applied longer
before the Er excitation, illustrates cooling of the sample to the original bath
temperature. The resonant effect, appearing for the FEL wavelength corre-
sponding to oxygen vibrational band translates then into a higher amplitude of
the heating effect, due to enhanced absorption of photons at that wavelength.
At the same time, the fact that the “resonant” quenching effect appears for
Er-related PL and not for exciton PL, indicates the very local character of
this optically-induced heating, which apparently takes place only in the close
vicinity of Er centers. Based on the above discussed evidence and reasoning,
we propose that the FEL pulse applied to the sample gives rise to a rapid (∼
ps, [70]) increase of its temperature. This could arise due to absorption in the
sample itself but, most probably, in view of the negligible absorption in that
range (see the IR spectrum in Fig. 3.2) in the sample holder. In any case, the
increased temperature leads to thermal changes (quenching) of emission from
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all the centers present in the volume excited with the YAG pulse - specifically,
excitons and Er ions. When the FEL wavelength is in resonance with the
oxygen vibrational mode, additional energy is absorbed in the sample. This
increases the local temperature on Er ions, resulting in an additional quench
of Er PL, but negligibly increases the temperature of the whole layer, thus
leaving the exciton-related PL practically unaltered - see Fig. 3.2. In that
way, the resonant quenching of Er PL upon activation of oxygen vibrational
modes evidences the spatial correlation of both dopants.

Interestingly, we point out that the thermally induced quenching of Er PL
with the activation energy of ∼ 150 meV (∼ 9 µm), as observed in this study,
is well discussed in the literature and commonly assigned to the back-transfer.
This process of excitation reversal has been originally proposed and further
confirmed for InP:Yb [51] where it has been shown to appear also upon optical
activation with a photon of sufficiently large energy hν > EBT , where EBT

denotes the energy mismatch between excited state of Yb3+ and the bound
exciton state mediating the InP-to-Yb energy transfer. In the present case of
Si/Si:Er multinanolayer structure, Er ions were shown to introduce a donor
level at an energy of 218 meV below the conduction band [52]. In the back-
transfer process [66], de-excitation of an Er3+ ion promotes an electron from
the valence band to the Er-related donor level. The energy needed to com-
plete this process is ∆E = Eg − εD −EEr ' 150 meV, where Eg, εD, and EEr

correspond to the Si bandgap, donor ionization, and Er excitation energies,
respectively (a scheme of the process is shown in Fig. 3.9). While at high
temperatures this energy is provided by multi-phonon absorption, the direct
activation of the antisymmetric vibrational mode of Si-O-Si at a low tempera-
ture could provide exactly the right amount of energy needed for that process.
A simple argument seems to rule out the direct transfer of energy from Si-O-Si
vibrational modes to Er3+ ions: the characteristic time of the back-transfer
process is of the order of µs [66] while the decay of the Si-O-Si vibrational
modes into lattice modes proceeds on ps time scale. The back-transfer is
then unlikely to take place in view of the difference by orders of magnitude
in the probabilities of the two processes. However, the back-transfer process
is strongly temperature dependent and its probability enhances dramatically
at high temperature. As stated before, generation of vibrational modes in the
surrounding of Er ions increases the effective temperature around Er. This
could shorten the time of back transfer process down to the same order of
magnitude as the decay of vibrational modes into lattice modes, making the
two processes competitive.

From the above described research follows that the Er luminescence is
strongly influenced by the presence of oxygen and, in particular, is directly
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Figure 3.9: A possible scheme of the back-transfer process. Eg is the Si energy band
gap, εD is the ionization energy of the Er-related donor level, EEr represents the
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additional energy could be provided by the Si-O-Si local phonon, as indicated.

affected by activation of the ∼ 9 µm vibrational mode. In view of the local
character of this mode and its short lifetime one can expect that oxygen atoms
are located in the direct vicinity of Er3+ ions. Therefore it seems plausible
that the presence of Er will also influence the vibrational properties of oxygen.
This could manifest itself as a shift (or more likely broadening) of the ∼ 9 µm
absorption band and/or change of its lifetime. In the past, vibrational modes
of oxygen have been studied and their lifetime accurately determined. In par-
ticular, the lifetime of 11 ps has been found for the 1136 cm−1 band [71]. As
discussed by Kholi et al. [61], the oxygen vibrational lifetime is extremely sen-
sitive to the masses of the vibrating atoms, showing a strong variation with the
isotopic composition of Si. In fact, the energy of the vibrational modes shifts
to lower values as the masses of the atoms involved in the oscillation increase.
In this case, the lifetime of the oxygen vibration modes in the presence of
heavier masses increases because their energies fall outside of the one-phonon
density of states and decay must proceed via multiple phonon emission. Anal-
ogously, we can expect that the presence of “heavy” Er ions in the proximity
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of the Si-O-Si “oscillator” will reduce its vibrational energy, thus affecting also
the vibrational lifetime.

In order to test that we have measured the decay time of the 9 µm vi-
brational mode of oxygen in our sample. We note that the nonlinearity of
absorption due to phonon modes is a required condition to perform pump-
probe measurements. Such saturating behavior has indeed been seen already
for the earlier described 2C experiment - see Fig. 3.6. Fig. 3.10 shows a com-
parison between the lifetime of Si-O-Si modes in two different samples, with
and without Er ions. As can be concluded, a clear difference appears, with
the lifetime of the 1136 cm−1 mode being 19 ps against the 11 ps for the Er-
free material. Further we note that besides the fast component, a “slow” one
is also present. The origin of the fast component is the decay of vibrational
modes of oxygen into bulk phonons. The nature of the slow one is not clear
at the moment. In any case, we note that the Er presence does not effect the
value of the lifetime of this “slow” component.
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Figure 3.10: Decay kinetics of Si-O-Si vibrational modes for an Er-free (grey curve)
oxygen-rich Si sample and the Er-doped (black curve) multinanolayer used in the
present sutdy.
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The vibrational lifetime has been recorded as a function of the FEL wave-
length and a certain trend seems to be present. In fact, comparing the lifetimes
of modes in samples with and without Er a difference can be detected in the
all range.

It is fair to notice that pump-probe experiments carried out thus far are not
really complete due to the fact that the measured lifetime of the vibrational
oxygen modes is influenced by the presence of surrounding Er3+ ions only
in a “static” way. The mass of the vibrating “molecule” might be influenced
because the heavy Er3+ ions exert their influence on the neighbor atoms but at
the same time, Er3+ ions are energetically in their ground level since they have
not been excited previously. Therefore it is necessary to probe the lifetime of
the vibrational modes of oxygen when Er3+ ions are simultaneously excited. A
change in the lifetime of the modes might be a prove that an energy exchange
is taking place between the two species. Experiments aimed at checking that
hypothesis will be undertaken.

3.3 Conclusions

The present research established the direct microscopic link between inten-
sity and thermal stability of emission of Er3+ in Si and oxygen doping. Based
on the combined results obtained in two-color spectroscopy and IR absorp-
tion, we postulate that the ∼ 150 meV activation energy commonly observed
to govern the thermal stability of Er emission, corresponds to the Si-O-Si vi-
brational mode whose activation increases the “effective” temperature of the
excited Er3+ ions, promoting in this way their non-radiative recombination by
the back-transfer process. The close proximity of Er and O dopants in Si ma-
trix is further confirmed by a perturbation of the lifetime of the oxygen-related
9 µm vibrational mode in Si:Er.




