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Hot-carrier-mediated impact excitation of Er** ions in SiO, sensitized

by Si Nanocrystals

A. Lesage,' D. Timmerman,' D. M. Lebrun,? Y. Fujiwara,? and T. Gregorkiewicz'?
Wan der Waals-Zeeman I nstitute, University of Amsterdam, Science Park 904, 1098 XH Amsterdam,

The Netherlands

Division of Materials and Manufacturing Science, Graduate School of Engineering, Osaka University,

2-1 Yamadaoka, Suita, Osaka 565-0871, Japan

(Received 29 May 2018; accepted 7 July 2018; published online 20 July 2018)

Past research has shown that indirect excitation of Er’" ions in Si0, solid-state matrix with Si
nanocrystals can be achieved by different pathways. Here, we investigate the impact excitation
mechanisms in detail by means of time-resolved photoluminescence spectroscopy. We explicitly
demonstrate that the free carrier impact excitation mechanism is activated as soon as the carriers
obtain sufficient excess energy. The “hot” carriers with the above-threshold energy can be created
upon optical pumping in two ways: either upon absorption of (i) a single photon with an energy
exceeding a certain threshold hyv > Eth or (ii) following absorption of multiple photons of lower
energy in a single nanocrystal, hv < Eth, followed by an Auger recombination of the generated
multiple e-h pairs. In addition, we show that the impact excitation dynamics by hot carriers are sim-
ilar, regardless of the mode in which they have been created. Published by AIP Publishing.

https://doi.org/10.1063/1.5042013

Featuring 1.5 yum emission coincident with the absorp-
tion minimum of optical fibers, Er-doped materials are
broadly explored for, and applied in, telecommunication net-
works. The emission arises from radiative transitions
between J states of the incomplete 4f electron shell of Er’ ™
ions." Due to the effective screening of the 4f shell by the
complete outer 5s and Sp orbitals, the host has only a very
limited influence on the energy structure of the Er’" ions;
consequently, a narrow emission band with a temperature
invariant wavelength can be observed up to room tempera-
ture. However, transitions between the individual J states are
only weakly allowed, yielding very long radiative lifetimes
(~ms) and very small optical absorption cross-sections for
resonant excitation.” Consequently, excitation of Er-doped
insulating materials can only be achieved by resonant pump-
ing with high-power tunable lasers, which is cumbersome
and energy-inefficient. Past research revealed that the excita-
tion cross-section of Er’" ions in SiO2 can be increased by
up to 3 orders of magnitude by co-doping with Si nanocrys-
tals (NCs). In contrast to Er, Si NCs feature a large absorp-
tion cross section over a wide energy range. Moreover, when
in direct neighborhood of each other, a strong coupling
appears between the Si NC and the Er’" ions, leading to an
effective sensitization of Er’t emission.>® In this case, the
Si NC absorbs a photon and, due to the relatively long exci-
tation life time, it can transfer its energy non-radiatively to
an Er’ " ion promoting it to one of its excited states. The sen-
sitization effect of the 1.5um Er-related emission®’™
opened perspectives for Er-doped SiO, with possible appli-
cation for broad-band flash lamp pumped amplifiers and
lasers for telecommunication networks, but also a wide range
of other applications, such as laboratory-on-a-chip, optoelec-
tronics, all Si lasers,10 and also future photovoltaics,“’12

The sensitization process has been extensively investi-
gated and modeled,'*™'® but a full understanding hereof, and

0003-6951/2018/113(3)/031109/4/$30.00

113, 031109-1

thus optimization, remains challenging. It has been shown
that only Er’" ions in the vicinity of a Si NC can be indi-
rectly excited via Si NCs, and those constitute a minor frac-
tion of the total Er concentration. By dedicated experiments,
it was revealed that in optimized materials only approxi-
mately 1% of the overall concentration of Er*could be indi-
rectly excited via Si NCs. While later attempts slightly
increased that percentage,'® it remained low, thus precluding
realization of population inversion, and optical gain."”

The energy transfer between Si NC and Er’" ions is a
complex, multichannel process.>'® Using a series of time-
resolved PL experiments, PL excitation spectroscopy, and
PL quantum yield determination, it has been shown that the
non-resonant Er excitation processes proceed by two differ-
ent energy transfer mechanisms. A “slow” one, involving the
afore-mentioned non-radiative recombination of an e-h pair
in a Si NC accompanied by energy transfer to a nearby Er>"
ion, is relatively well understood. A second “fast” mecha-
nism takes place within 1 us after a pulsed excitation and has
been related either to an intraband relaxation of a hot carrier
in a Si NC, analogous to impact excitation by hot carriers in
bulk semiconductors,'*'>?* or energy transfer via lumines-
cence centers.” While the luminescence center mediated
transfer can always occur, the impact ionization path
requires enough excess energy of the generated e-h pairs.
Since the efficiency of the “fast” process can be much higher
than that of the “slow” one, it has an interesting application
potential.

Here, we examined the dynamics of Er emission sensi-
tized by Si NCs under different excitation conditions. Two
excitation photon energies were used, one below the thresh-
old Ey;,, defined by the sum of the Si NC bandgap energy and
that of the first excited state of Er”, and a second one larger
than E;, For both excitation photon energies, a wide range
of pump fluences was employed. For the lowest pump

Published by AIP Publishing.
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FIG. 1. Log-log plot of the typical PL dynamics measured at 1535nm.
There are 3 distinct stages: an initial fast decay with a time constant of a few
tens of ns. This is followed by a slower rise and finally a slow decay with a
time constant of 4 ms. The emission intensity is normalized at T,, the maxi-
mum of the concentration of excited Er*" ions. The intensity at the mini-
mum, I, indicates the excited Er’" concentration obtained by fast
processes. The inset depicts the normalized emission spectra of the sample
with the Si NC emission spectra around 920 nm (blue) and Er** emission
around 1535 nm (red).

fluence, it was ensured that the average amount of absorbed
photons per NC during a pulse*? was much smaller than 1, to
ensure there are no multiple photon absorption events in a
single NC during a pulse.

The samples used in this work consisted of a series of Er-
doped SiO, with Si NCs layers prepared by radio-frequency
co-sputtering. After deposition of a 2 um thick SiO, layer
enriched with Si on a quartz substrate, they were annealed at
1200 °C in N, atmosphere for 30 min to form Si NCs. The Er
concentration was maintained at 2.7 x 10" cm ™. The concen-
tration of Si NCs was determined to be 2.1 x 10"® cm ™ with
an average diameter of 3 nm. More details on the fabrication
process and material characterization can be found in Ref. 7.

Time-dependent PL excitation spectroscopy was per-
formed with an Optical Paramatric Oscillator (OPO) system
(Solar LS). The 3rd harmonic of a Nd:YAG laser (100 Hz,
Sns pulsewidth) was used to pump a tunable OPO for
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generation of the different photon energies. Detection was
performed with a NIR photomultiplier tube (Hamamatsu
R5509-73), combined with a multiscaler card to register
events.

Figure 1 shows the different time regimes in the decay
dynamics of 1.5 um emission sensitized by Si NCs, observed
in time resolved PL over 5 orders of magnitude from ns to
ms. In the first region (), a fast decay can be observed and
has a typical time constant of a few tens of ns. It has been
suggested to be due to a combination of defect-related emis-
sion and a fast direct excitation of Er’" ions competing with
efficient non-radiative processes of energy back transfer
from Er’" to the NC core.’’"**** The second region (f)
shows a slower rise, indicating the energy transfer from Si
NCs to Er by non-radiative recombination of the e-h pair.
The time constant of this rise is determined by the combina-
tion of the energy transfer time and the relaxation time from
the higher excited states to the st excited state of Er. The
most important contribution to the latter process is that of
the *I,; » to 4 132 excited state transition, with a time con-
stant of ~2.4 pus.>' Using this value and fitting the rise with
rate equations describing the transfer, we find a value of
~10us for the energy transfer time. The last region ()
depicts the normal decay of Er’" jons and has a time con-
stant of ~4 ms. As there are no energy transfer processes tak-
ing place after all the NCs have transferred their energy, for
the remainder of the manuscript, we focus on the first 35 us
after the pump pulse. In order to make quantitative compari-
sons between the different decay kinetics, we set the maxi-
mum of the emission intensity around t =30 us (I;) to 1 and
determine the value of the lowest part of the emission inten-
sity at t=1 us to be Iy, indicative for the Er concentration
that is excited by processes faster than that by “slow” energy
transfer, due to the non-radiative recombination of e-h pairs.

We have probed the PL dynamics by two excitation pho-
ton energies. The first one being Ej,=2eV, below the
threshold value, Eg,, of ~2.2¢eV, determined by the sum of
Er’" Ist excited state and the NC bandgap energy. The sec-
ond one above the threshold with a photon energy of
E;,, =2.8¢eV. In both cases, the excitation power was varied
to probe the decay kinetics for different excited NCs concen-
tration after the pulse. In Fig. 2(a), the values of I, are

FIG. 2. (a) Values of It as a function
of pump fluence for the two excitation
photon energies used in this study. The
dashed lines serve as guide to the eyes.
(b) Time-resolved PL intensity for 3

Pump fluence] different values of the pump fluence
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determined as function of average number of absorbed pho-
tons per NC, as determined following the procedure
described in Ref. 23. We note that It is proportional to the
population of Er ions that are excited via fast processes. We
observe that for the case of E;, =2.8 eV, there is no change
of I, for different excitation powers. The contribution of
Er’" ions excited by the fast process is about 70% of the
total population of excited Er’ " ions, over the whole range
from very low excitation flux up to very high. In contrast, for
a photon energy of E;, =2¢eV, the “fast” contribution goes
down for small fluxes, and even completely disappears for
the smallest excitation density. We note that the decay kinet-
ics still show a fast ns component, but this does not give rise
to any excited Er’ " ions which could be observed for longer
times, and thus can be completely designated to “defect-
related” emission. At larger values of the pump fluence at
Ep, =2¢eV, the value of Iy, stabilizes at approximately 45%
of the total excited Er’ " population.

From above results, we can draw the following conclu-
sions: For a low photon fluence at E;, =2e¢V, there is only
one excitation mechanism taking place, which is the slow
non-radiative recombination of excitons in Si NCs exciting
Er’" ions into a higher state, which is then followed by sub-
sequent relaxation to the first excited state. This is distinc-
tively different for the cases where either a high fluence or a
larger photon energy E;,,, =2.8 eV are applied. Under both of
these pumping conditions, the Er-related PL dynamics is
similar and considerably different to that recorded while
pumping at E,, =2¢eV at low flux. In the case of a large pho-
ton energy, there is, next to the slow excitation pathway,
also the fast additional excitation mechanism active. This
takes place on a short timescale and is obscured in the PL
dynamics by the convolution of Er’" emission with a fast
defect-related band at the same detection wavelength. The
proportion of Er’" jons excited by the fast process can be
distinguished by Iy, as the defect related emission does not
contribute after 1 us, and the excited Er’" jons have not
decayed yet. For a larger pump fluence at E;, =2¢eV, a dif-
ferent process can occur giving rise to a similar behavior.
This is likely a result of multiple photon absorption in a sin-
gle NC, followed by an Auger process, in which one e-h pair
recombines and transfers its energy to one of the other car-
riers, effectively creating a “hot” carrier with excess energy,
similar as obtained by large energy photon absorption. A
schematic of the different excitation conditions and energy
transfer processes is depicted in Fig. 3.

When we compare our results with those of Refs. 21 and
23, we can see that for the conditions illustrated in Figs. 3(b)
and 3(c), we can draw similar conclusions about the relative
contribution of the fast and slow process to the excitation of
Er**. However, while in those cases the fast excitation was
determined to be mediated by defects/luminescence centers,
we explicitly show that this process does not occur in high
temperature annealed samples. In this case, it is the excess
carrier energy, either created by large photon energy or large
absorbed photon fluxes followed by an Auger process, which
is the physical mechanism behind the fast excitation process.
We believe that the high temperature annealing creates high
quality Si nanocrystals and removes the defects which can
provide a fast excitation channel for Er’™ ions in matrices of
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FIG. 3. Schematics of the different excitation conditions and energy transfer
processes from Si NCs to Er*" ions. (a) Low pump fluence and small photon
energy, a single low energy e-h pair is created in a Si NC. (b) Absorption of a
high energy photon leads to generation of high energy e-h pair. (c) Absorption
of multiple small photon energy photons at large pump flux leads to genera-
tion of multiple e-h pairs in single NCs. Subsequently, recombination of one
e-h pair transfers its energy in an Auger process (indicated by the dotted
lines), leaving behind a single high energy e-h pair. (d) Energy transfer to Si
NCs to Er ions. The slow process takes place upon recombination of a low
energy e-h pair, with a transfer time of 10 us, exciting Er'" ions to a higher
excited state. A second “fast” process can only occur for the conditions indi-
cated in (b) and (c). Excess energy of a “hot” carrier is transferred by means
of impact ionization, exciting Er* " ions directly into the 4113/2 state.

lesser crystalline quality. Also, because of the longer carrier
lifetimes which accompany the good crystallinity, the Auger
process becomes possible and gives rise to the hot carrier
mediated Er’ " excitation process. Although it is difficult to
pinpoint the exact reason for the difference in the value of
It for both photon energies at high flux, there are some
comments we can make with might be related to this. First,
there might be a difference in the subset of excited NCs due
to the difference in absorption cross-section. Second, in the
case of 2eV excitation, we might not have reached the satu-
ration yet, so a subset of Si NCs is still only singly excited
and not contributing to It, leading to a smaller value. This
effect will be additionally enhanced by the inhomogeneity of
the laser field in the excitation spot.

We have used time-resolved PL to probe the energy
transfer dynamics of Si NCs to Er’" ions in Er-doped Si rich
SiO, films. By using two excitation energies, one below the
threshold value of Si NC bandgap and Ist excited state of
Er3+, and the other one above, we demonstrated that at low
pump fluence, the fast (sub us) excitation process does not
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take place below the threshold pump photon energy. This
explicitly demonstrates that there is no “defect” mediated
direct excitation process active in our materials.
Furthermore, we demonstrate that an additional excita-
tion pathway by hot-carrier-mediated impact becomes acti-
vated as soon as there are carriers available with sufficiently
large excess energy. These can be created by absorption of
above energy threshold photons, or by the absorption of mul-
tiple sub-threshold photons in a single NC followed by an
Auger process. In both cases, the decay kinetics are nearly
identical and the contribution to the total excited Er popula-
tion is for the largest part a result of the hot carrier mediated
pathway, which is responsible for 45%—70% of the total pop-
ulation of excited Er’ ™ ions. These results show the impor-
tance of choosing the right excitation conditions for this
system, and offer a possible pathway for reaching population
inversion.
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