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2 Sensitization of Er3+ with silicon
nanocrystals in a SiO2 matrix

Einmal ist keinmal

German saying

SiO2 matrix doped with Er3+ ions and Si nanocrystals (Si NCs) is inten-
sively investigated as an interesting system where room temperature 1.5 μm
Er-related emission can efficiently be induced by non-resonant excitation; some
time ago it has been noted that photo- and electroluminescence of Er3+ ions
in SiO2 can be effectively sensitized with Si quantum dots [49–51]. In photolu-
minescence, upon illumination, incoming photons are predominantly absorbed
by band-to-band transitions in Si NCs. Since the indirect band structure of
Si is preserved also in the nanocrystalline form [52], electron-hole pairs gen-
erated in this way are characterized by a relatively long lifetime. This allows
energy transfer to Er3+ ions located in vicinity of Si NCs. In that way an
indirect channel of excitation of Er dispersed in SiO2 is created and the 1.5
μm Er-related emission appears. Its temporal characteristics is given by a
microsecond rise time, corresponding to Si NC-to-Er energy transfer, followed
by predominantly radiative and temperature independent decay in the mil-
lisecond range, characteristic for Er3+ ions in SiO2. In particular, it has been
concluded that dispersion of Si nanocrystals in Er-doped SiO2 matrix SiO2:(Er,
Si NCs) combines to a certain extent positive features of Er-doped crystalline
Si with those of Er-doped SiO2:

• In contrast to the situation for SiO2:Er, introduction of Si NCs en-
ables indirect excitation of Er3+ ions. This process is non-resonant
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28 2. Sensitization of Er3+ with silicon nanocrystals in a SiO2 matrix

and relatively efficient, with an (effective) excitation cross-section of
σ ≈ 10−17−10−16 cm−2, which represents an increase by a factor 103 [50]
in comparison to SiO2:Er.

• In contrast to the situation in crystalline Si:Er, emission from Er3+ ions
does not suffer from thermal quenching and is readily observed at room
temperature, similar to SiO2:Er3+ [50, 51].

These promising characteristics raised considerable hopes on possible ap-
plications of the SiO2:(Er, Si NCs) for Si photonics and specific devices have
been proposed [35,53,54]. Particularly attractive is the potential application of
SiO2:(Er, Si NCs) for development of flash-lamp pumped optical amplifier—a
much welcome replacement for the currently used fiber amplifier which re-
quires resonant and high power laser pumps for its operation. In order to
achieve that, the Si NC-induced sensitization process of Er emission in SiO2

has to be thoroughly understood.
In the past, Förster (dipole-dipole) mechanism has been proposed in order

to explain the energy transfer from Si NCs to Er3+ [55, 56] and different lo-
cations of Er in respect to Si NC have been considered [57, 58]. However, in
spite of a considerable progress by both modelling and experiment [50, 59],
many issues still lack sufficient explanation. In this field, while preliminary re-
ports on optical gain have been published [60], detailed investigations revealed
important drawbacks of the SiO2:(Er, Si NCs) system: it has been realized
that (i) only a relatively small part of all the Er3+ ions is susceptible to the
indirect excitation via Si NCs [61,62], and (ii) upon introduction of Si NCs, a
considerable portion of Er dopants do not contribute photons regardless of the
excitation mode (via Si NCs or direct by resonant pumping) [61]. Therefore
it has become clear that dispersion of Si NCs in SiO2:Er is a challenging and
complex physical system, which has to be understood, and possibly engineered
at a microscopic level, before device applications can be considered.

Following from the above, it is the objective of this chapter to advance
the understanding of the sensitization of Er3+ PL by Si NCs. In Section 2.1,
we report on an observation of a fast, sub-microsecond, Er-related 1.5 μm
PL; since the radiative decay of Er3+ in SiO2 takes place on a milliseconds
time scale, this “fast” contribution is easily overlooked when the appropriate
experimental techniques are not applied. Taking into account the relative
intensity of the reported “fast” component, we show that about 50% of the
total Er content in the studied sample is excited by the Si NCs—two orders of
magnitude increase with respect to previous reports—, but does not contribute
significantly to the radiative emission. In order to account for this “fast” PL,
we propose a new excitation channel, comprising Auger-like excitation of the
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Er3+ ions via intra-band transitions of (hot) carriers in the Si NCs.
The following section of the chapter, Sec. 2.2, works out further details

of the suggested excitation mechanism, featuring a series of detailed high-
resolution PL and PL kinetics experiments. Based on these measurements, we
develop a model for energy transfer between Si NCs and Er3+ ions, yielding
microscopic information on the sensitization by Si NCs and on its limitations.
Following our investigations, the existence of two different mechanisms of exci-
tation taking place between Si NCs and Er dispersed in SiO2 is confirmed: due
to band-to-band recombination of carriers in the NC, and to intra-band tran-
sitions of carriers in the NC, giving rise to the “slow” and “fast” Er-related
PL, respectively. In order to verify our model, experiments concerning the
effective excitation cross section of Er- and NC-related PL, and the optical
absorption of Si NCs are also presented in Sec. 2.2.

Not only the model is confirmed by the excitation cross section measure-
ments, showing the proposed mechanism for Er3+ excitation, but also energy
transfer involving a similar mechanism taking place between Si NCs is demon-
strated. This is the core of the last section of this chapter, Sec. 2.3, where
the occurrence of double excitation by a single incoming photon absorbed by
a Si NC is demonstrated. There, following the experiments involving exci-
tation cross section and absorption measurements, the relative quantum effi-
ciency of the systems under consideration was studied. This effect—termed
space-separated quantum cutting—is shown to take place not only for Er3+

excitation, but also to increase the excitation efficiency of Si NCs, in an Er-
free sample. The implications of this effect in photovoltaic applications is
discussed, opening the door to overcome the Shockley-Queisser limit [63] of
the solar cell efficiency.

Samples

A series of Si NC- and Er-doped SiO2 2 μm layers were prepared by radio
frequency (RF) co-sputtering on a SiO2 substrate, and kindly provided by Dr.
M. Fujii, from Kobe University. The samples were characterized by different
concentration of Er dopants and size and concentration of Si NCs. Details
of sample preparation procedure can be found in Ref. [64]. Following pre-
liminary selection, the detailed investigation of recombination dynamics have
been conducted on a particular sample with the most intense 1.5 μm Er-related
emission. It was characterized by atomic concentrations of 0.11% of Er, 41.8%
of Si, and 12.6% of excess Si. After the sputtering procedure, the sample un-
derwent annealing at 1100 ◦C which resulted in formation of Si NCs with the
average diameter of 3.1 nm with a size dispersion of ∼ 14%, and a density of
[NC] ≈ 4.1×1018 cm−3.
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For the evaluation of the concentration of optically active Er3+ reported in
Sec. 2.1, the PL intensity has been compared with that of a SiO2:Er sample
prepared by multiple Er3+ implantations and carefully annealed for full Er3+

activation.
In Sections 2.2 and 2.3, a twin sample without Er dopant and the same

concentration and size of Si NCs was chosen for the absorption measurements.

Experiments

The photoluminescence experiments were performed under pulsed excitation
in the visible provided by a tuneable optical parametric oscillator pumped
by the third harmonic of a Nd:YAG laser, with pulse duration of 5 ns and
repetition rate of 10 Hz. In the UV range experiments in Sections 2.2 and
2.3, the excitation was provided by the third harmonic of a Nd:YAG or a dye
laser pumped by a XeCl (308 nm) excimer laser. The samples were placed
on a cold finger of closed-cycle cryostat and the measurements were taken at
10 K and room temperature (RT). PL spectra were resolved with a TRIAX
320 spectrometer and detected with an InGaAs photomultiplier tube (PMT)
with flat response in the visible to near-infrared range or a Ge photodiode
(Edinburgh Instruments EI-A) connected to a digital oscilloscope where signal
integration was done. For time-resolved measurements of PL dynamics, the
PMT was working in time-correlated photon counting mode with temporal
resolution up to 2 ns.

The absorption measurements were performed in two experimental config-
urations: Direct transmission measurements under OPO pulsed illumination,
and in a UV flash lamp absorption photo-spectrometer.
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2.1 Nanoseconds dynamics of the 1.5 μm Er-related
photoluminescence

We report on an observation of a fast 1.5 μm photoluminescence band from
Er3+ ions embedded in SiO2 matrix doped with Si nanocrystals, which ap-
pears and decays within the first microsecond after the laser excitation pulse.
We argue that the fast excitation and quenching are facilitated by Auger pro-
cesses related to transitions of confined electrons or holes between the space-
quantized levels of Si nanocrystals dispersed in SiO2. We show that a great
part—about 50%—of all Er dopants is involved in these fast processes and
contribute to the sub-microsecond emission.

2.1.1 Introduction

In this section we address and clarify important issues concerning the optical
activity of Er3+ susceptible to sensitization by Si NCs. In contrast to earlier
findings, we show that the majority of Er3+ ions in the Si NC-sensitized SiO2

matrix is excited by a fast Auger process involving hot carriers generated in Si
NCs by a laser pulse. This process, which proceeds directly into the first 4I13/2

excited state, occurs on nanosecond scale and is paralleled by a reverse non-
radiative de-excitation, in which energy from an excited Er3+ ion is transferred
to a carrier inside a Si NC. As a result, intense Er-related emission appears
and quenches within the first microsecond after the laser pulse. This feature
has been easily overlooked in experiments, leading to the underestimation of
the optical activity of Er3+ ions.

2.1.2 Results

Fig. 2.1 shows a RT PL spectrum of the investigated sample measured with
the excitation wavelength set to λexc = 450 nm, i.e. not in resonance with in-
ternal transitions of Er3+. Both Er- and Si NC-related bands can be observed.
The amplitude ratio of these bands is well-known to be determined by Er3+

concentration [50]. In the inset to Fig. 2.1, we show intensity of the 1.5 μm
Er3+ PL band as function of photon flux for two excitation wavelengths of 512
and 522 nm, corresponding to non-resonant and resonant (4I15/2 → 4S3/2)
excitation modes, respectively. On the upper horizontal axis, the estimated
average number of excitons generated per Si NC is indicated. Also the inten-
sity of the 1.5 μm PL band observed under resonant excitation (522 nm) in the
SiO2:Er standard sample is depicted. Using calibration procedure described in
detail elsewhere [61], the implanted SiO2:Er sample serves to ascribe a partic-
ular concentration of Er3+ emitters contributing to the PL intensity measured
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Figure 2.1: RT PL spectrum of the investigated sample, λexc = 450 nm. In the inset:
flux dependence of the PL intensity at λ = 1.5 μm for non-resonant (λexc = 512 nm,
open circles) and resonant (λexc = 522 nm, solid squares) excitation. Open stars
represent the difference between the two curves. Right hand scale has been calibrated
using the data obtained for the SiO2:Er reference sample (solid triangles).

in the investigated sputtered layer. The appropriately corrected Er3+ density
is given by the right hand scale of the inset. Using these data, we conclude
that the Si NCs sensitized 1.5 μm PL saturates for Er3+ areal density of [Er3+]
≈ 3.1 ×1013 cm−2, i.e., at ∼ 0.55% of the total Er3+ content. While it is possi-
ble that the saturation level can slightly increase by excitation diffusion under
continuous pumping [61], this represents a marginal part of the total Er3+

doping. At the same time, the difference between the two experimental curves
(for resonant and non-resonant excitation, also shown) indicates that only ∼
25% of Er3+ dopants can contribute to photon emission upon resonant pump-
ing. This result illustrates the main problem of Si NC induced sensitization
of SiO2:Er: the apparent loss of optical activity of Er3+ dopants.
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Since the signal intensity depicted in Fig. 2.1 represents the time-integrated
PL response of the sample, therefore in order to address this problem, we
have examined in detail PL decay dynamics. The result is shown in a double-
logarithmic representation in Fig. 2.2. Three different temporal regimes can
be distinguished:

I (t � 1 μs): An intense emission appears shortly after the laser pulse and
rapidly decays toward a (temporary) minimum. This indicates an almost
instantaneous (∼ ns) excitation directly into the first 4I13/2 excited state
of Er3+, followed by fast relaxation.

II (1 μs� t � 10 μs): The PL intensity rises again, at a slower rate, and at-
tains a maximum. This regime corresponds to the Si NC - to - Er energy
transfer, as revealed in the inset to Fig. 2.2, where dynamics of Er emis-
sion band is compared with that of Si NCs at λSiNC = 860 nm, for the
first 10 μs after the laser pulse. As can be seen, the decay of Si NCs,
characterized by a (stretched) exponential behavior with a time constant
of τSiNC ≈ 1.2 μs, is paralleled by an increase of the Er-related emission
on a similar time scale, τ rise

Er ≈ 3.5 μs.

III (t � 10 μs): The final decay. The time constant of this process, τD
Er ≈ 2.4

ms, is characteristic for the (predominantly) radiative recombination of
4I13/2 excited state of Er3+ ion in SiO2.

From inspection of Fig. 2.2, it is clear that the time-integral of the Er-related
PL signal is determined by the “slow” emission in regimes II and III. Therefore,
it is this “slow” Er3+ PL, with the ∼ μs rise time and ∼ ms decay, that has
been represented in the inset to Fig. 2.1, and which, as discussed before,
represents a contribution of ∼ 0.5% of the total Er3+ content. We remark that
while sub-μs PL related to Si NCs has been reported [65], all previous studies
of Er-related PL dynamics in SiO2:(Er+Si NCs) concentrated on the “slow”
emission, overlooking the initial fast component (regime I) whose amplitude is
much higher, but whose contribution to the integrated PL signal is negligible.

2.1.3 Discussion

We will now discuss the microscopic origin of the different kinetics identified in
Fig. 2.2. Electronic structure of Si NCs has been investigated before [66, 67].
We have considered a theoretical model of carriers confined in spherical Si
quantum dots inside SiO2 with finite energy barriers for electrons (3.2 eV) and
holes (4.3 eV) in the framework of the multiband effective mass approximation
[68]. Outside the NC, electrons are considered to have an isotropic mass equal
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Figure 2.2: Double logarithmic representation of the Er-related 1.5 μm PL decay,
showing three different temporal regimes (RT, λexc = 450 nm). In the inset: RT PL
temporal evolution for the first 10 μs after the excitation pulse, measured at λ = 1.5
μm for Er3+ (open circles) and at λ = 860 nm for Si NCs (solid squares). Stretched
exponential decay formula has been used to fit the Si NCs decay (τ = 1.2 μs, β = 0.5)
and single exponential rise for Er3+ (τ = 3.5 μs).

to the free electron mass m0 and for holes we assume the same Hamiltonian
as inside the NC but with parameters corresponding to a single isotropic mass
equal to 5m0, which is in accordance to band structure calculations of SiO2.
In contrast to Ref. [68], we do not use the approach of infinitely high barriers
but calculate the carrier states exactly. The carrier quantization energies up
to 1.5 eV have been calculated for electron levels C1 to C7 as 0.33, 0.52, 0.76,
0.79, 1.05, 1.06, and 1.36 eV above the conduction band of bulk-Si, and for
hole levels V1 to V9 as 0.19, 0.33, 0.43, 0.59, 0.71, 0.75, 0.92, 1.01, and 1.17
eV below the valence band of bulk-Si—see Fig. 2.3—for Si NCs with diameter
D = 3.1 nm.

Under optical pumping with photon energy of 2.75 or 2.42 eV, as used in
the experiment, “hot” electron-hole pairs (electrons in up to the fifth excited
state and holes up to the seventh) can be generated. In view of the large
level separation, especially pronounced for electrons, these hot carriers can
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Figure 2.3: Schematic illustration of different excitation mechanisms proposed to be
responsible for the “fast”—regime I—, and the “slow”—regimes II and III—Er PL.

relax to the ground exciton state only by multiphonon processes, which are
considerably slower than those assisted by a single phonon. A faster cooling of
hot excitons can be facilitated by an Auger process of energy transfer to Er3+

ions, which are then excited directly to the first 4I13/2 excited state—see Fig.
2.3. Such a process is similar to impact excitation by hot carriers in bulk Si, but
should also be multiphonon assisted. The probability of the phonon-assisted
Auger process has been calculated by the generalized Fermi rule. We use the
Born-Oppenheimer approximation decomposing the probability amplitude for
the transition into the matrix element of Coulomb interaction between confined
carriers states and Er electron states and the Franck-Condon phonon part.
The phonon part is calculated in the model of two equivalent shifted parabolic
potentials. The result is averaged over the nanocrystal size distribution. Our
estimations show that this process is effective for Er3+ dopants located within
a distance comparable with the radius of a Si NC, i.e. in our case ∼ 1.55 nm.

Depending on the actual distance, the effective transfer time is found to
change within the 1 - 100 ns range. This Auger process is then responsible
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for appearance of the ultrafast Er3+ PL within nanoseconds after the laser
pulse. We note that under strong pumping, when several electron-hole (e-h)
pairs per Si NC are created, more than one Er3+ can be excited by a sin-
gle Si NC. However, parallel to the excitation process, fast Er luminescence
quenching should take place by a reverse process, in which a carrier confined
in a Si NC acquires energy bringing the excited Er3+ ion back to its ground
state. This process (similar to Auger de-excitation by free carriers in bulk
Si) induces fast decay of the initial Er PL. Therefore it is the Auger process
of energy exchange between Er3+ ions and carriers confined in Si NCs which
gives rise to the ultrafast Er3+ excitation and Er-related PL band depicted in
Fig. 2.2. A small part of the rapidly excited ions will escape Auger quench-
ing giving rise to the long-living component overlapping with the “slow” PL
band and responsible for its initial amplitude—see the inset to Fig. 2.2. It is
necessary to remark that in Si NCs, the Auger recombination rate controlling
the lifetime of confined e-h pairs at high pumping levels is influenced by the
discrete character of the energy structure. Previous investigations, both theo-
retical [69] and experimental [70] have found these to be in the 1-100 ns range,
which is comparable with the time constant of “impact” Auger excitation and
quenching considered above.

Both fast processes of Auger excitation and quenching will continue as long
as hot carriers are available in Si NCs. At a final stage, with only one e-h
pair in a Si NC, another possible Er3+ excitation process will appear due to a
multiphonon assisted Auger recombination of the last e-h pair—see Fig. 2.3.
We note that previous studies almost exclusively concentrated on this type
of energy transfer. In accordance with our calculations and confirmed by the
existing experimental data [66], the ground state energy of an exciton in our
sample is in the 1.4 - 1.7 eV range. Recombination of such excitons (as well as
“hot” excitons) can excite Er3+ ions exclusively into higher excited states: the
second 4I11/2, transition energy 1.24 eV, or the third 4I9/2, transition energy
1.55 eV. In contrast to the excitation by hot carriers, this process requires
transfer of a large momentum from the recombining carriers to the Er ion and,
therefore, the interaction is dominated by the short range contributions [68].
Our calculation has shown that the excitation of Er3+ to the second or third
excited states is very effective for Er3+ inside Si NCs or very close to their
surface (at a distance of 0.2 - 0.4 nm). In this case, excitation time (τ1) is
smaller than 100 ns, and increases exponentially with distance. Following an
energy transfer from Si NC, relaxation of Er3+ ions to the first excited state
takes place, resulting in 1.5 μm emission. We have experimentally determined
this relaxation time as τ2 � 2.6 μs, by measuring the rise of the 1.5 μm PL
in SiO2:Er under resonant pumping to the 4S3/2 level. Thus, excitation of
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the 4I13/2 level is in this case a two-step process with a characteristic time
τeff = τ1+τ2. It will manifest itself as a (relatively) slow rise of the 1.5 μm
PL correlated with the simultaneous intensity decrease of the excitonic band,
in agreement with the measurement depicted in the inset to Fig. 2.2. Er3+

ions excited in this way will then decay predominantly radiatively with a long
time constant in the ms range—regime III in Fig. 2.2. As evidenced by the
experimental data in the inset to Fig. 2.1, only a small part of Er3+ ions (of the
order of 0.5%) can participate in this “slow” PL. Since exclusively this type of
Er PL was considered in previous studies, this explains why only contribution
from a minor part of all the dopants has been accounted for.

Finally, we address a specific case of a number of Er3+ ions which might be
located inside Si NCs. Here one may expect that an Er-related donor state
is formed, in analogy with the situation of crystalline Si:Er, with ionization
energy of ∼ 0.2 eV [71], as discussed in the first section of the previous chapter
1.1. Therefore, in equilibrium conditions, an electron will be localized at a level
in the band gap of a Si NC. Upon exciton recombination, this electron can
compensate the energy difference and enable fast Auger excitation of Er3+

into the first excited state. However, the same electron will also induce fast
Auger recombination of Er3+ (10 - 100 ns time scale). Therefore Er3+ ions
inside Si NCs will contribute to the ultrafast Er PL band discussed before.

In conclusion, this section shows that there appears an efficient Auger pro-
cess of energy exchange between carriers inside Si NCs and Er3+ ions. This
process is responsible for both rapid generation of the 4I13/2 excited state of
Er3+ and its non-radiative quenching. In result, an ultrafast 1.5 μm PL band
appears and quenches within the first microsecond after the laser pulse. The
proposed energy transfer model has been confirmed by additional experiments
which have shown that the relative intensity of this ultrafast band decreases
upon lowering of hot carrier concentration as realized under (i) excitation at a
longer wavelength, when “hot” excitons are not created, and (ii) lower excita-
tion flux, when generation of hot carriers due to two-photon absorption and/or
Auger processes (of energy relaxation or recombination) involving multiple ex-
citons confined in the same Si NC is suppressed. As can be judged from Fig.
2.2, the amplitude of the non-radiatively decaying fast Er PL band is about
two orders of magnitude higher than that of the “slow” one. Since we have
established that the “slow” PL represents a contribution of ∼ 0.5% of the
total Er content, this result implies that about 100 times more dopants can
also be excited but decay non-radiatively, contributing to the “ultrafast” PL
band identified in this study. Our estimations show that about 50% of all
Er is involved in this fast energy exchange process. It is therefore clear that
investigations of optical gain in SiO2 sensitized with Si NCs should concen-
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trate on the time domain of the first microsecond after the laser pulse, when
population inversion can be possibly realized.

As a side remark, we note that the efficient non-radiative quenching, induced
by Si NCs, rendering PL decay up to 2 orders of magnitude faster than ever
reported for Si:Er [72], enables GHz modulation of Er-related 1.5 μm emission
and therefore opens new application horizons for light emitting devices based
on Si:Er.
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2.2 Energy transfer processes between Si NCs and Er3+

We present a high-resolution photoluminescence study of Er-doped SiO2 sen-
sitized with Si nanocrystals (Si NCs). Emission bands originating from re-
combination of excitons confined in Si NCs, internal transitions within the
4f-electron core of Er3+ ions and a band centered at λ ≈ 1200 nm have been
identified. Their kinetics have been investigated in detail. Based on these
measurements, we present a comprehensive model for energy transfer mech-
anisms responsible for light generation in this system. The key problem of
this section is energy transfer between silicon nanocrystals and Er3+ ions in a
SiO2 matrix. A unique picture of energy flow between these two subsystems
is developed, yielding a truly microscopic information on the sensitization ef-
fect and its limitations. In particular, we show that most of the Er3+ ions
available in the system are participating in the energy exchange. The long
standing problem of apparent loss of optical activity of majority of Er dopants
upon sensitization with Si NCs is clarified and assigned to appearance of a
very efficient energy exchange mechanism between Si NCs and Er3+ ions. Ap-
plication potential of SiO2:Er sensitized by Si NCs is discussed in view of the
newly acquired comprehensive description.

2.2.1 Introduction

In section 2.1 and [73], sub-μs Er-related luminescence in the SiO2:(Er, Si NCs)
system was reported, and an Auger-facilitated energy transfer process between
carriers within the quantized levels of the NCs and Er3+ was proposed as the
excitation and de-excitation mechanism. It was also shown that up to ∼ 50%
of the total Er content is involved in this process and contributes to the sub-μs
emission. In this section, we study in depth temporal details of emission bands
from SiO2:(Er, Si NCs). Using optical excitation with nanosecond pulses and
time-correlated photon counting detection mode, we resolve true kinetics of
emissions related to Si NCs and Er3+ ions present in the investigated mate-
rial. Based on this information, we propose a complete microscopic scenario
of energy transfer processes in the SiO2:(Er, Si NCs) system. The chosen ap-
proach allows us to identify emissions from most of the Er dopants available
in the material. Using a theoretical model, we discuss microscopic aspects of
energy transfer processes between Si NCs and Er3+ ions and comment on their
(mutual) location in the SiO2 matrix.
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2.2.2 Results

Photoluminescence spectra

Figure 2.4 shows the PL spectra of the investigated sample at RT and at
10 K. The measurements have been performed under pulsed excitation, with
the pump laser at λ = 450 nm (2.75 eV), i.e. not in resonance with any
internal transition of Er. The total time-integrated PL response of the sample
is given, which reflects the number of photons emitted. Both, Er- and Si NC-
related PL bands are observed simultaneously, with their mutual intensity
ratio determined by the Er concentration, in agreement with earlier studies
[64]. In addition, at low temperature, a weaker band centered at λ ≈ 1200
nm can be seen; it has a short decay time constant and therefore its time-
integrated intensity is small compared to the other two bands.
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Figure 2.4: Time-integrated PL spectra at T = 10 and 300 K, and excitation wave-
length λexc = 450 nm. Si NCs, Er-related, and a third (at low T) PL bands can be
observed. The Si NC-related band is blown up for clarity. The arrows show PL peaks
related to emission from higher excited states of the Er3+ ion, superimposed to the
NCs excitonic PL.

We note that the Er-related emission band broadens at RT, keeping its
wavelength integrated intensity practically constant, also in concordance with
previous reports. The broadening at RT is produced mainly in the higher
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energy side of the spectrum, and the full width at half maximum (FWHM)
increases from ∼ 6.7 meV to ∼ 20 meV at 10 K and RT, respectively. This
could be due to thermal population of upper states of the multiplet 4I13/2 at
RTc.

The Si NCs show a broad excitonic-related PL band. If we take into account
the NCs size (RNC = 1.55 nm) and dispersion (∼ 14%), the position and
width of the excitonic-related PL band can be estimated on the basis of the
calculated band gap of the NCs as a function of their size [74]. The emission
energy is given by E = ESi

g + E1e + E1h - Eexcit - �ω ≈ 1.46 eV (with ESi
g ,

E1e, E1h, Eexcit, and �ω corresponding to the energy band gap of crystalline
silicon, the electron and hole levels quantization corrections, the excitonic
correction, and the phonon value, respectively—the value for Eexcit is taken
from reference [74]—, and �ω = 60 meV), i.e. a band centered at 850 nm,
ranging from ∼ 820 nm to ∼ 870 nm taking into account their size dispersion.
Comparison with experiment shows that the center of the band is in very good
agreement with the expected value but the experimentally recorded band is
broader than expected from the calculations, with the higher energy side of
the band suffering from strong temperature quenching. Optical excitation was
provided by short wavelength photons of 450 nm (2.75 eV), thus creating hot
carriers in the higher energy states of the Si NCs, then it is reasonable to
consider the origin of the higher energy side of the NC-related PL band as
arising from “hot” carriers in the upper electron (and/or hole) levels of the Si
NCs.

Superimposed on the Si NCs PL band recorded at 10 K, peaks with positions
at 1.26 eV and 1.57 eV are observed. These correspond to emissions from the
second and the third excited states of Er and disappear at room temperature.
We note that in view of the exclusively non-resonant excitation mode, the
observation of these peaks indicates that the Er3+ excitation proceeds, at
least partly, via higher excited states.

The effective lifetime of the excited state of Er in SiO2 with Si NCs lies
within 2-3 ms. Decay of excitons in Si NCs is governed by a stretched expo-
nential function, with a long final tail, with decay time constant of 20 μs to 50
μs as will be shown later. The decay of the band centered at λ ≈ 1200 nm is
clearly faster, being predominantly non-radiative; the lifetime shortens further
at a higher temperature, leading to a strong reduction of the time-integrated
PL intensity of this band at RT.

High-resolution photoluminescence kinetics

Using the time-correlated photon-counting technique to resolve the time evolu-
tion of the PL transient revealed new insight into excitation and de-excitation
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a b

Figure 2.5: Time-resolved contour plot of the PL spectrum of the Si NCs excitonic-
related band, in the microseconds (a) and in the sub-microsecond (b) time ranges.
The PL intensity (color contour plots) is represented as a function of time (X axis)
and detection wavelength (Y axis). Panel a also shows the spectrum recorded at t =
100 μs, and the PL decay at λ = 850 nm (sections from the contour plot). Drift of the
band maximum toward longer wavelength is observed for longer time delay in panel
a. Note the difference between the center of the bands in both figures (≈ 200 meV).

dynamics in the SiO2:(Er, Si NCs) system [73]. This experimental technique
allows for simultaneous recording of very different dynamical ranges without
suffering from signal distortion.

Panel a in Fig. 2.5 presents a time-resolved PL spectrum of the excitonic
PL band from Si NCs. The contour plot shows how the peak of maximum
intensity of luminescence drifts to longer wavelengths—i.e. lower energy—
at longer delays. Consequently, the PL decay constant of the luminescence
increases for longer wavelengths. This is understandable when we consider the
NCs size distribution: excitonic PL dynamics in smaller NCs is faster than in
larger quantum dots, as a result of the enhanced electron/hole wavefunctions
overlap due to stronger confinement. In the panel b of the figure, the time-
resolved PL spectrum of Si NCs is shown in the sub-microseconds time range;
we can observe the center of the band at λ = 775 nm (1.6 eV), in contrast to
the previous figure. If we compare the spectra measured at 100 ns and at 100
μs after the excitation pulse, a difference of ≈ 200 meV separates the centers
of the two bands. We can assign the sub-microsecond PL to recombination of
carriers from the higher Si NC states.

Figure 2.6 shows measurements related to the broad PL band appearing in
the spectral range between the NC- and Er-related emissions. In the inset, the
spectrum recorded at 200 ns (with a time window of 2 ns) after the excitation
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Figure 2.6: Room temperature PL decay kinetics recorded at λ = 1200 nm (maximum
of the PL broad band shown in Fig. 2.4) and λ = 1535 nm. In the inset, the spectrum
recorded at t = 200 ns (with a time window of 2 ns) after the laser excitation pulse,
at T = 10 K, is shown.

pulse, at T = 10 K, shows the broad band centered at λ ≈ 1200 nm. The
lifetime of this PL band, as mentioned before, shortens at higher temperatures,
becoming practically negligible at RT. This can be seen in the main panel,
where the RT PL transient kinetics recorded at the maximum of the band
(1200 nm) is compared to the Er-related PL at 1535 nm. The origin of the
band centered at λ ≈ 1200 nm is usually identified as recombination at defects,
but its broadness and fast kinetics seem to contradict this identification; future
investigations—outside of the scope of this thesis—may elucidate this point.

In Figure 2.7, the high-resolution kinetics of the excitonic luminescence from
Si NCs can be followed in the panel a. An intense PL signal with a fast decay,
also characterized in the sub-μs time domain, is observed after the excitation
pulse. This is stretched until the final slower tail—in the order of 30 to 50
μs—is achieved, as shown in Figure 2.5. Panel b of the same figure shows the
Er-related PL kinetics for the first microsecond after the excitation pulse, at T
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Figure 2.7: In panel a: Si NCs PL kinetics, recorded at λ = 860 nm, and room
temperature; time resolution of the system was 2 ns. Excitation was provided with a
5 ns pulse, at λexc = 450 nm. Initial nanoseconds decay is stretched and followed by
a final decay with characteristic lifetime of thick microseconds. In panel b: Er-related
1.5 μm PL kinetics for the first microsecond after the excitation pulse is shown, at T
= 10 K and RT.

= 10 K and RT; this time regime corresponds to the region labelled as Region
I in Fig. 1.2, discussed in the previous section 2.1.

As shown previously in section 2.1 and reference [73], the microsecond rise of
the Er-related PL transient, τ rise

Er ≈ 3.5 μs, is paralleled by the decay of Si NCs
PL, characterized by a stretched exponential with a time constant of τNC ≈
1.2 μs, on that time scale. We note that the indicated relatively fast decay of Si
NCs luminescence slows down once Er emission attains its maximum. At this
stage the nanocrystals-mediated excitation of Er is completed or saturated [61]
and its further decay at the NC-related PL is decoupled from Er. Careful
inspection of Fig. 2.2 reveals that this is not originating from zero: the rise
of the Er-related PL characterized by τ rise

Er ≈ 3.5 μs begins at about 50% of
the maximum achieved intensity, as also observed in previous works [75].We
conclude that the “residual concentration” of Er3+ ions involved in this process
amounts to ∼ 0.2% of the total Er content.
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Figure 2.8: Er-related PL kinetics, in double logarithmic scale for different excitation
conditions, at RT. Intensity has been normalized to the maximum of the ‘slow’ com-
ponent, in order to compare the fast-to-slow intensity ratio. In panels (a) and (b) the
excitation wavelength (450 nm) has been kept constant, and flux has been decreased
about one order of magnitude. In panels (b) and (c), flux has been kept in the same
order of magnitude, and wavelength excitation has been increased to 650 nm.

To validate the idea of hot carriers in the Si NCs being responsible of the sub-
microsecond Er-related luminescence—postulated in Sec. 2.1—, we investigate
the intensity ratio between the fast and the slow components of Er PL for
different excitation wavelengths and fluxes. Both, fast (nanoseconds) and slow
(micro- and milliseconds) components of the Er-related transient PL must be
governed by different excitation and de-excitation mechanisms. The intensity
ratio of these components is thus likely to depend on the excitation conditions.
Figure 2.8 shows full, high-resolution kinetics of Er3+ PL, under different
excitation wavelengths and powers, normalized for the maximum intensity of
the slow component. One can observe a higher fast-to-slow intensity ratio
when higher power or larger photon energy quantum are used for excitation.
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Figure 2.9: In panel a, flux dependence of Er3+ and Si NCs PL for several excitation
wavelengths is shown, recorded at RT. Equation 2.1 was used to fit the curves in the
left side of the figure—a—to obtain the PL excitation cross section of Er3+ and Si
NCs PL, depicted as a function of excitation wavelength in the panel b of the figure.

Excitation cross section measurements

The excitation cross section of Si NCs and Er PL, σNC and σEr, respectively, is
of crucial importance to understand the excitation processes and energy trans-
fer between Si NCs and Er3+ ions. In order to gain insight into this aspect,
flux dependencies of Si NCs- and Er-related PL signals were recorded; a refer-
ence sample without Er doping was used for the NC-related PL measurements.
In Figure 2.9, PL flux dependencies for different excitation wavelengths are
shown, recorded at 1535 nm and 940 nm, for the Er-doped and Er-free samples,
respectively. The curves have been fitted to the excitation dependence of PL
intensity, derived from the rate equations for pulsed excitation—see equations
B.8 and B.9 in Appendix B—,

IPL ∝ N∗ = N(1 − e−σφΔt) (2.1)

where IPL is the time-integrated PL intensity, in arbitrary units; N∗ is the
number (concentration) of excited emitters (Er3+ ions or Si NCs, considering a
limit of one radiative exciton per Si NC); N is the total number (concentration)
of excitable Er3+ ions or NCs; σ is the effective excitation cross section; φ is
the photon flux of excitation; and Δt the laser pulse duration. The effective
excitation cross section, σ, is determined from the linear growth at low flux
excitation. This is depicted for both, Si NCs and Er luminescence (σNC and
σEr), as a function of the excitation wavelength in the panel b of the figure.

Directly related to the effective PL excitation cross section σPL, we studied
the optical absorption coefficient α in our SiO2:Si NCs reference sample. In the
inset to Figure 2.10, the measured αNC values are compared to those reported
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Figure 2.10: Er- and Si NC-related effective excitation cross section σPL as a func-
tion of the optical absorption coefficient α measured for Si NCs, for each given exci-
tation wavelength. In the inset, optical absorption coefficient is shown, measured in
the investigated Si NCs, as a function of the wavelength, compared to values for bulk
and microporous Si, previously published by Kovalev et. al [70].

for microporous and bulk Si [70]. As can be seen, a considerable difference
appears for shorter wavelengths.

The effective (Er- and NCs-related) PL excitation cross section values—Fig.
2.9—are plotted in the main panel of Fig. 2.10 as a function of the measured
Si NCs’ absorption coefficient α, as a function of excitation wavelength λexc.
A linear relation between absorption and excitation can be observed in all the
investigated range for Si NCs; in the case of Er-related luminescence, a change
of the linear relation is observed at an energy threshold of Eth ≈ 2.6 - 2.7 eV
(≈ 460 - 470 nm), energy above which the excitation cross section grows faster
with the absorption.

2.2.3 Theory

In order to analyze the experimental results gathered in this section, we con-
sider the possible processes of energy exchange between carriers confined in Si
NCs and Er3+ ions in SiO2 (outside NC).
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Energy transfer between electrons and holes in NCs and f -electrons of Er3+

ion is implemented as an Auger process (i.e. via the Coulomb interaction).
The energy can be transferred to an erbium ion either when a confined electron-
hole pair recombines, or when an intra-band transition of confined carrier
occurs. Both processes can be accompanied by multiphonon transitions to
fulfill the energy conservation law, as the energy spectra of both electron
systems are discrete. The momentum conservation law plays an important
role in the Auger recombination processes as the large momentum should
be transferred by the electron-hole recombination due to the indirect band
structure of silicon.

Confined electrons and holes energy levels as well as their wave functions
calculated in the multiband effective mass approximation [76] are used in this
consideration. Details can be followed in the Appendix A.
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Figure 2.11: Electrons (a) and holes (b) energy levels in Si NCs in SiO2, as a func-
tion of NC diameter. The red stripe indicates the target energy range for transition
from the ground level.

The calculated lower energy levels of electrons and holes confined in Si NC
of diameter in the range 2.5 nm – 3.3 nm are shown in Fig. 2.11. The energy
range is limited to the one of optical pumping used in experiments (2.75 eV).
Due to the large energy difference between neighboring space quantization
levels energy relaxation of “hot” confined carriers is suppressed. Thus, the
Auger excitation of erbium ions in silicon dioxide is possible, similar to impact
ionization by hot carriers in bulk silicon, where it plays a significant role
in electroluminescence, but just negligibly affects the excitation of erbium
photoluminescence due to the fast energy relaxation of hot carriers in the bulk
material.
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Excitation due to intra-band transition

The transitions yielding the energy required to get the Er3+ ion into the first
excited state 4I15/2 (0.81 meV) with reasonable excess or shortage of energy,
which can be covered by emission or absorption of phonons are summarized
in Table 2.1.

Transition Ii′i(R)
1hl0 → 1hm2 1.6 × 10−2

1hl0 → 1hm1 1.8 × 10−1

1hm4 → 1hm1 3.4 × 10−5

1hm4 → 1hh1 2.4 × 10−1

1hh3 → 1hm1 1.7 × 10−3

3e1 → 2e0 1.6 × 10−2

3e1 → 3e0 4.0 × 10−2

3e1 → 1e1 5.3 × 10−3

5e0 → 2e0 3.7 × 10−3

1e2 → 2e0 4.1 × 10−3

2e1 → 2e0 4.4 × 10−2

2e1 → 1e0 1.1 × 10−2

4e0 → 1e0 2.1 × 10−3

Table 2.1: Intra-band transitions suitable for 1.55 μm erbium luminescence excita-
tion.

The probability of Auger excitation of an erbium ion situated in SiO2 at
the distance a from the center of a Si NC as the result of the transition of a
“hot” confined carrier from the state i into the state i′ is given by the Fermi
golden rule:

Wi′i =
2π

�

1
Nf

∑
ff ′

∣∣〈f ′, i′|eΦ|f, i〉∣∣2 JT (N)δ(Ei − Ei′ − Δff ′ − N�ωph), (2.2)

where Φ is the potential created by the f -electron of the Er3+ ion; f, f ′ enu-
merate the states of f -electrons of the ion; and Nf is the degeneracy degree
of the f state. The integration in the matrix elements of Eq. (2.2) is to be
produced over the carriers confinement space.

Following the Appendix A.1, one finally gets for the probability of excita-
tion:

Wi′i =
π

2
√

ε2

1
τrad

1
R4

(
�c

Δff ′

)3 e2

ε2
2ΔE

Ii′i(a)JT (N), (2.3)
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where ε2 is the dielectric constant in SiO2, τrad the radiative lifetime of the
erbium ion in the first excited state (4I13/2), R the radius of the NC, Δff ′

the transition energy, ΔE the value of the optical phonon in bulk Si, Ii′i is a
dimensionless factor defined in A.28, and JT (N) the phonon factor (A.5).

From (2.3) one gets using values τrad = 2 ms, and RNC = 1.55 nm:

Wi′i = 8.3 × 109

(
1.55nm

R

)4

Ii′i(a)JT (N) s−1. (2.4)

The results of calculations of the factors Ii′i(a) for electrons are shown in
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Figure 2.12: Factors Iii′ for erbium excitation/de-excitation by electron intra-band
transitions.

Fig. 2.12. Corresponding plots for holes can be found in [77]. It has been
shown, that Ii′i are actually functions of the relation a/R only, at least for NC
sizes in the range 2.4–3.3 nm.

Producing the calculations analogous to the ones described in A.1 for the
carriers being inside the NC, one can find that the contribution of confined car-
riers tunnelling to the excitation probability is given by an expression similar
to Eq. 2.3 (A.20). Our calculations have shown that the input is negligible.
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The parameters of the multiphonon transition accompanying the Auger pro-
cesses are not well defined. There is no data on the electron-phonon interac-
tion for Er3+ ions in the state 4I13/2 in SiO2. Thus, the interaction of con-
fined carriers with optical phonons should be considered. The dispersion of
optical phonons in bulk silicon can be neglected and the multimode model
of the phonon transition becomes equivalent to the one-mode Huang-Rhys
model [78]. Phonon factor JT (N) is presented in Table 2.2 calculated with
a reasonable value of Huang-Rhys parameter S = 0.1 at room temperature.
The interaction with optical phonons is forbidden for electrons in silicon, so
one can suppose that the interaction of confined carriers with oxygen vibra-
tion is also responsible for multiphonon assisted Auger processes in the system
under consideration. The values of phonon factor JT (N) at �ωph = 140 meV
corresponding to the oxygen vibrations are shown in Table 2.2 as well.

N −2 −1 0 +1 +2 +3
�ωph = 60 meV 5.2 × 10−5 0.0096 0.87 0.098 0.0054 0.2 × 10−3

�ωph = 140 meV 9.0 × 10−8 0.0004 0.9 0.091 0.0046 0.15 × 10−3

Table 2.2: Phonon factor JT (N) calculated with S = 0.1 for two different phonon
energies �ωph and temperature T = 300 K.

De-excitation of erbium by carriers confined in NCs

When considering erbium de-excitation due to intra-band transitions of con-
fined carriers, one can use the same formulae from Sec. 2.2.3 (Appendix A.1),
but interchanging initial and final states, as well as adjusting the phonon factor
JT (N). If erbium excitation process takes place with carrier transition energy
larger than Δff ′ = 0.81 eV and requires N phonons to be emitted, then the
reverse process will be described by JT (−N) factor, which is much less than
JT (N). That is why most of the processes appear either in excitation or in
de-excitation section.

But not only the phonon factor is of importance here. One should also
take into account that the transitions under consideration take place between
degenerate states. So the total probability is achieved by summation over
the final states and averaging over the initial ones. As the degeneracy degree
can be different for initial and final states, the probability of excitation and
de-excitation processes can be different even for those of them which do not
need phonons. This difference might be considerable for confined carriers,
especially for holes. Since most of upper levels are described by larger values
of the total angular momentum F—see the description of the hole states in
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Appendix A—, having greater degeneracy degree, the probability of erbium
de-excitation should be higher for the processes which do not require any
phonons to be emitted or absorbed.

The transitions of confined carriers which can assist erbium de-excitation
are listed in Table 2.3 (only transitions from the first levels are considered).
The plots of corresponding factors Ii′i(a) have been published in Ref. [77].

Transition Ii′i(R)
1hm1 → 1hh3 9.7 × 10−4

1hm1 → 2hm1 3.6 × 10−3

1hm1 → 1hm3 1.0 × 10−3

1hm1 → 1hm4 1.4 × 10−4

1hh1 → 1hh3 2.3 × 10−3

1hh1 → 1hm4 4.7 × 10−1

1e0 → 2e1 2.0 × 10−2

1e0 → 4e0 1.9 × 10−3

1e0 → 1e1 9.4 × 10−2

1e0 → 3e0 4.0 × 10−3

2e0 → 3e1 3.2 × 10−2

Table 2.3: Intra-band transitions suitable for erbium de-excitation from the first
excited state due to confined carrier transition

Red stripes in Fig. 2.11 mark the energy range of ΔE width corresponding
to the energies of possible transitions from the ground electron and hole levels,
which are responsible for erbium luminescence quenching. One can see that
such transitions are mostly suppressed for NC diameters in the range from
2.8 to 3.3 nm. The scheme in Fig. 2.13 shows electron and hole intra-band
transitions, inducing erbium excitation and de-excitation most effectively for
NC size in the range 2.55–2.85 nm, and 2.8–3.3 nm. (The calculations for
the range 2.55 to 2.85 nm have been performed analogously to the described
for the range 2.8 to 3.3 nm.) The corresponding probabilities are shown in
Fig. 2.14, panels a—averaged over the range of NC diameter 2.55-2.85 nm—
and b, respectively.

Erbium excitation by the recombination of confined carriers

Let us consider the excitation of Er3+ ions by recombination of confined elec-
tron and hole. For the NCs under consideration (d ∼ 3.1 nm) the recombina-
tion energy is larger than 1.5 eV. Therefore the energy transfer to the Er3+
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Figure 2.13: Energy levels in Si nanocrystal of diameter D = 2.7 nm and D =
3.1 nm, with dispersion in size of 14% in SiO2, and the most effective transitions
leading to Er3+ excitation and de-excitation.

ion by an Auger recombination of such an exciton can be effective only if it
causes the direct transition of the ion into the third excited state 4I9/2 (energy
of transition from the ground state 4I15/2 is Δ03 = 1.55 eV), the fourth 4F9/2

(transition energy Δ04 = 1.9 eV) or higher excited states. One should notice
that Er3+ ions can not be excited directly into the state 4I13/2 via such a pro-
cess. In order to calculate the transition probability we can use formula (A.8),
just assuming that initial and final states of confined carriers now belong to
different bands and dividing the probability by the degeneracy of the final
state, since only one final state is empty if there is one electron-hole pair in
the NC. One should also choose appropriate parameters of the phonon system.
The calculations can be followed in the Appendix A.2.

From the data presented in Table A.2, one can see that the electron-hole
recombination can effectively excite an Er3+ ion situated inside the NC or at
a very short distance from its boundary on a nanosecond or even shorter time
scale. However, this ultrafast excitation process does not lead to an immediate
excitation of the first 4I13/2 excited state of the Er3+ ion relevant for the
1.55 μm emission. Transition to this state can occur only via a subsequent
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Figure 2.14: The probability of Er3+ ion excitation and de-excitation by localized
electrons and holes intra-band transitions for NC diameter being in range of 2.55–
2.85 nm (panel a) and 2.8–3.3 nm (panel b).

multiphonon relaxation process which takes place on a microsecond time scale.

Dipole-dipole contribution to the inter-band Auger process

When the erbium ion is situated at a distance a 	 R one can expand the
Coulomb interaction of the electron-hole pair in the NC with the erbium ion
into the series over the coordinate of the confined carrier. In the leading
order such an approximation results into the dipole-dipole interaction being
the reason for the so-called Förster mechanism of excitation [79]. In this case
the large excess momentum of the confined pair is transferred to the boundary
of the NC in the process of recombination or the recombination is accompanied
by emission of a phonon as in the radiative exciton recombination [76].

Calculations in A.3 show that the Förster mechanism does not work effec-
tively for the considered system, especially at some distance from the NC,
because the radiative recombination of confined carriers is a faster process.

2.2.4 Discussion

Before comparing our microscopic model of energy transfer processes in the
SiO2:(Er, Si NCs) system with experiments and drawing conclusions, we sum-
marize briefly the experimental findings which need to be accounted for:
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PL spectrum

i The center of the observed Si NC-related PL band is in good agree-
ment with the expected emission energy from Si NCs under consideration
(main diameter 3.1 nm). The band is, however, broader than expected
from the nanocrystals’ size dispersion (∼ 14%).

ii The higher energy side of the Si NCs spectrum band suffers from tem-
perature quenching.

iii Integrated Er-related PL intensity is temperature independent. By in-
creasing the temperature, the band broadens and the maximum inten-
sity decreases, but the total integrated intensity remains constant. The
broadening at RT is produced at the higher energy side of the spectrum
band, only.

iv At 10 K, emission peaks at 1.26 and 1.57 eV—assigned to higher excited
states of the Er3+ ions—appear, superimposed on the Si NC-related
band.

Er-related PL kinetics

i Immediate rise following the laser pulse, indicating a fast excitation,
completed within ∼ 20 ns.

ii Fast de-excitation: Er-PL decays initially with a time constant of 5-10
ns, followed by a slower decay with τ ≈ 100 ns.

iii A separate channel of microseconds excitation (paralleled by Si NC-
related de-excitation), followed by the final milliseconds radiative decay.

iv The intensity ratio of the fast and slow decay components of Er3+ PL
depends on the excitation conditions; a higher excitation flux or a higher
excitation photon energy, results in an increase of the fast-to-slow PL
intensity ratio.

v The microseconds rise of the Er-related PL dynamics does not originate
from zero. There is a “residual concentration” of Er3+ ions that are
excited in the sub-microseconds time window and decay radiatively.

Si NC-related PL kinetics

i Three decay regions: sub-μs decay, followed by a slower stretch expo-
nential with a time constant of the order of a few μs, and final decay
with τ in the 50 - 100 μs.
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ii Time-resolved PL spectrum: The spectral maximum shifts toward lower
energies for longer delays, i.e. the lifetime increases at lower emission
energies. The spectrum measured for the sub-μs time region is blue-
shifted in comparison to the spectrum measured at the “tail” of the PL
decay.

Excitation cross-section and absorption measurements

i Absorption coefficient for Si NCs diverges from those of bulk-Si and
microporous Si at shorter wavelengths.

ii Effective excitation cross-section of Er3+ PL does not scale with the ab-
sorption coefficient for shorter wavelengths than λ � 500 nm, for which
the excitation cross section increases faster than the absorption. In con-
trast, the excitation cross section of Si NCs PL follows a linear relation-
ship with the absorption coefficient, for the investigated range λ ≥ 420
nm.

In what follows, we are going to use the outcome of our theoretical calcu-
lations, in order to describe and explain our experimental results. We have
shown that the quickest excitation processes of the first excited state of the
Er3+ ion proceed via the intra-band cooling of carriers confined in the NC.
Further, we have also established that Er3+ ions in contact with the Si NC can
also acquire excitation due to the recombination of carriers in the NC. The
Auger process with the carriers recombination induced by the dipole-dipole
interaction has been ruled out from the relevant excitation processes—see
Sec. 2.2.3. The excitation and de-excitation rates of the Er3+ ion —shown
in Fig. 2.14 as a function of the distance to the NCs, for the most probable
transitions—are the inverse of the characteristic excitation and de-excitation
times, which have been recorded experimentally.

We begin by quantifying the percentage of Er3+ ions subjected to a par-
ticular excitation/de-excitation processes summarized in Fig. 2.13. We have
generated a simulation of the Er3+ distribution as a function of the distance
from the nearest Si NC—see Fig. 2.15. This is based on the concentration
of Er and NCs, 2.8×1019 cm−3 and 4.13×1018 cm−3, respectively, and mean
volume of Si NCs (VNC = 1.56×10−20 cm3), assuming a random distribution
of both, Si NCs and Er3+ ions in the SiO2 matrix. As can be seen, the major-
ity of the Er3+ content, more than 90%, is positioned outside the NCs, only
6.6% of the Er3+ content would be placed inside the NCs volume. In addition
to this statistical prediction, we note that considering the sample preparation
method [64], during the annealing process a considerable part of the Er3+
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Figure 2.15: Simulation of the distance distribution of Er3+ ions to the center of
their nearest neighboring NC assuming a random distribution of both: 6.6% of the
Er3+ ions are contained inside NCs.

ions inside the NCs will be forced to the outside of a crystalizing NC and
will diffuse to this surface layer. Consequently, it will become trapped at the
Si NC/SiO2 boundary. These Er3+ ions are susceptible of virtually instanta-
neous excitation directly into the first excited state, via direct absorption of
photons. We also note that the Er3+ ions remaining in the NC will induce a
donor center, as a result of which they will de-excite non-radiatively very fast.
This fast-excitation-fast-de-excitation process is independent of temperature.

The observed fast (sub-microsecond) Er-related PL is only possible when
Er3+ is excited directly into the first excited state 4I13/2. When the excitation
proceeds via higher excited states, the intrinsic relaxation time down to the
first excited state, in the order of 1 to 2 μs, prevents appearance of the sub-
microsecond PL. For the Er3+ ions outside the NCs, the ‘fast’ transfer between
Si NCs and Er3+ into the first excited state is governed by an Auger-process
accompanied by an intra-band transition of a confined carrier. In Fig. 2.14,
we have presented the calculated probabilities of the Er3+ excitation, directly
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into the first excited state, as a function of a/R (a is the distance to the NC,
and R is the radius of the NC) for the most effective processes. These processes
are illustrated schematically in Fig. 2.13. In the figure, the probabilities of
de-excitation processes are presented too.

Under our excitation conditions, we estimate an average creation of about
5 electron-hole pairs per Si NC. As can be seen, the most effective process
of excitation is given by the transition 3e1 → 2e0. We note that to create
electrons in the 3e1 state under optical pumping, the photon energy must be
hν ≥ 2.65 eV. Alternatively, under conditions where more than one e-h pair
are created in the Si NC, one carrier can be promoted to the mentioned 3e1

state by an Auger process involving a non-radiative recombination of another
e-h pair (multiple exciton generation).

As we can see from Fig. 2.7, in panel b, the fast excitation of Er3+ ions
is completed 20 ns after the excitation pulse, and we have estimated in the
previous section and in [73] that ∼ 50% of the Er3+ content is involved in
this fast process. From Figs. 2.14 and 2.15, one concludes that, according
to our calculations, after 20 ns (W = (20 ns)−1 = 5×107 s−1), about 10%
of all the Er content in the sample could be excited by the process labelled
as 3e1 → 2e0 (or 1hm4 → 1hh1 in the case of the calculations centered at
a NC diameter of D = 2.7 nm). However, the calculation of probabilities
has been produced for strictly spherical Si quantum dots; in this case, strong
selection rules appear and only matrix elements of some higher multipoles
of the electric field potential lead to considerable non-vanishing contributions,
causing a strong decrease of the probability with increasing distance from Er3+

to Si NCs. E.g., the Auger process accompanied by the 3e1 → 2e0 transition
is dominated by the quadrupole-dipole interaction (the dipole is related to
Er3+). Therefore one expects that the real probabilities might be higher than
the calculated ones, and will decrease less abruptly with distance, due to non-
sphericity of Si NCs. This will improve the agreement with our experimental
results.

In the previous section 2.1 we have estimated that ∼ 0.5% of the total Er3+

ions decay radiatively (τ ∼ 3 ms) after excitation. From these 0.5% of ions, ∼
50% have been excited due to the fast process, but have not been de-excited
by the inverse mechanism: the “residual concentration”. The other ∼ 50% (∼
0.25% of the total Er3+ content in the sample) have been excited due to inter-
band recombination of the carriers in the NC. In our theoretical considerations
we have shown that the excitation via an Auger process, accompanied by the
recombination of an exciton in the Si NC can only take place via contact—
see Sec. 2.2.3. This excitation of Er3+ takes place into the second or higher
excited state of the 4f shell of Er3+. The characteristic excitation of the 1.5
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μm Er3+ PL is, in this case, a two-step process with time constant τ = τ1 + τ2,
where τ1 is the characteristic Er excitation into one of the higher excited states
by the band-to-band recombination of confined carriers, on the nanosecond or
even shorter time scale (see Table A.2), and τ2 ≈ 1.2 μs is the relaxation time
of the excited Er3+ from the higher into the first excited state 4I13/2. This
process is responsible for the μs rise of the Er-related PL signal.

Following the described model, one expects a dependence of the fast-to-slow
Er3+ PL ratio on the number of “hot carriers” confined in the Si NCs: a high
number of “hot” carriers will favor the fast intra-band excitation process and
thus increase the relative importance of the “fast” Er3+ PL. This is indeed
confirmed in Fig. 2.8, where we can see that under excitation conditions when
creation of “hot” carriers is more likely, i.e. excitation with higher energy
photons or high flux pumping and subsequent multiple carrier generation in
the NCs, the fast-to-slow PL intensity ratio of Er PL increases. In the case of
formation of several electron-hole pairs per Si NC, these can undergo a quick
Auger recombination process, and in that way the excess pairs escape from
participating in the “slow” excitation transfer process.

The sequence of excitation and de-excitation processes is therefore as fol-
lows:

i After the laser pulse, an Auger-like process of fast excitation takes place,
by intra-band relaxation of “hot” carriers transferring their excess energy
directly into the first excited state of Er3+ ion. Up to ∼ 50% of all the
Er3+ content is in the effective range of this interaction, before the de-
excitation processes start to decrease the number of excited ions.

ii Fast de-excitation of Er3+ takes place by a reverse process, transferring
energy to carriers confined in the NCs. This process must be phonon
assisted when the involved transitions do not match the energy con-
servation requirements; which will manifest in a slower PL decay and
temperature dependence of the characteristic decay constant. The “hot”
carriers in the NCs undergo a quick intra-band relaxation, which reduces
the number of carriers available for the “quick” excitation process.

A small percentage of the excited Er3+ ions described in (i) will over-
come the fast de-excitation, giving rise to the “residual concentration” of
Er3+ which is excited in the nanoseconds time window, and de-excites
radiatively. This is revealed in the Er3+ PL kinetics as the non-zero
origin of the microsecond rise and subsequent radiative decay of Er3+

PL.

iii Once the confined carriers have cooled down to the bottom (top) of the
conduction (valence) band, there is a probability of Er3+ excitation by
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recombination, to the upper Er excited states, as described above. This
probability exists also on shorter time scales, but the number of Er3+

ions which can be accessed is low, and therefore this inter-band process
is covered by the intra-band excitation process.

Therefore, based on the presented experimental data and theoretical mod-
elling, we conclude that three types of optically active Er3+ ions coexist in the
investigated material:

• Type 1: Er3+ ions that can only be excited resonantly, under direct
excitation. These ions have predominantly radiative decay—like Er3+

in SiO2—and are at large enough distance from the Si NCs to prevent
their interaction.

• Type 2: Er3+ ions that are excited by energy transfer from inter-band
recombination of excitons in Si NCs, at the microseconds time regime
and which decay predominantly radiatively (τ ∼ 2-3 ms), independent
of temperature. This type of Er3+ ions are those accounted for in the
usual estimations of optical activity measurements and constitute about
0.25% to 0.5% of the total Er3+ content.

• Type 3: Er3+ ions excited via the intra-band transition of carriers in
the NCs and with very strong non-radiative quenching, responsible for
the sub-μs PL described above, whose properties mirror those of Er3+

in crystalline-Si (∼ 50% of Er3+). A small percentage of these ions, will
overcome the fast non-radiative de-excitation, and will be also accounted
for in optical activity measurements.

Finally, for the sake of completeness we note that in addition to these,
there could also be Er dopants which are not optically active due to, e.g.
precipitation.

An independent confirmation of the proposed excitation model of Er3+ ions
by intra-band transitions of confined carriers in the Si NC is indeed given by
Fig. 2.10. There, for excitation energy higher than Eth ≈ 2.6 - 2.7 eV, a new
excitation mechanism appears, increasing the ratio between absorption and
effective excitation cross section of Er PL. This threshold marks the energy
which is sufficient to create a “hot” carrier that can excite Er3+ directly into
the first excited state by cooling into the bottom of the conduction band (or
the top of the valence band). The consequences of this are further discussed
in the following section of this chapter, Sec. 2.3.
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2.2.5 Conclusions

With the results of this study, an important puzzle concerning the mechanism
of excitation of Er3+ by Si NCs has been solved. We have shown that the
“missing” dopants that were apparently losing optical activity upon doping
with Si NCs, and which did not contribute to PL, are actually very efficiently
excited by the Si NCs, via an intra-band Auger transfer process, but undergo
also a very effective excitation back-transfer process. The back-transferred
carriers can again excite the Er3+ ion or escape from being available for the
intra-band excitation process due to a thermalization and Auger recombination
processes inside a NC. Such a kinetics leads to the effective recombination rate
of Er3+ in the environment of Si NCs exceeding by two orders of magnitude
the fastest quenching rate (due to the Auger process involving free carriers)
reported, to our knowledge, for Er in crystalline Si. Future research will tell
whether the SiO2:(Er, Si NCs) material can be engineered in such a way that
the sensitization of Er emission is realized without the detrimental effect of
reduction of the concentration of Er3+ ions, and with the temperature-stable,
predominantly radiative recombination. On the other hand, the very efficient
PL quenching observed here for Er dopants inside Si NCs might be explored
for GHz modulation of the 1.5μm emission from Er-doped structures.
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2.3 Space-separated quantum cutting

For optimal energy conversion in photovoltaic devices (electricity to and from
light) one important requirement is that the full energy of the photons is
used. However, in solar cells a single electron-hole pair of specific energy
is generated, regardless of the incoming photon energy once it is above a
certain threshold, with the excess energy being lost to heat. In the so-called
quantum cutting process, a high-energy photon can be divided into two, or
more, photons of lower energy. Such manipulation of photon quantum size can
then very effectively increase the overall efficiency of a device. In the current
work, we demonstrate (space-separated) photon cutting by Si nanocrystals;
nearby Er3+ ions and neighboring nanocrystals are used to detect this effect.

2.3.1 Introduction

One of the major problems in photovoltaic devices is the large range of wave-
lengths in which the energy conversion has to take place. As an example, a
solar cell must work well in the visible range, where most energy is available,
but should also be able to convert the ultra-violet (UV) and infrared (IR) parts
of the spectrum, which still contain a substantial fraction of the solar energy.
Effective harvesting of energy from UV and IR photons is a necessary con-
dition for improving efficiency of solar cells and to reduce the cost-per-watt.
On the smaller energy side, conversion is limited by the band gap Eg below
which photon absorption is not possible. On the other side of the spectrum,
for high-energy photons, a substantial part of the incoming photon energy hν
is often wasted in the conversion, as the energy excess hν-Eg is transformed
into kinetic energy of the electron-hole pair, and subsequently lost to heat.
Thus, a band gap-optimized pn-junction (“first generation”) solar cell is a one-
electron-hole-pair-for-one-photon device, whose (external) efficiency is limited
to about 30%—the Shockley-Queisser limit [63]—, for a band gap of 1.1 eV,
close to that of silicon. Even modern (organic) materials [80, 81] and device
designs, such as thin-film devices [82] (“second generation”), or Grätzel cells
of blended hole-transporting and electron-transporting materials [83] (“third
generation”), do not escape from this theoretical limit. Stacked layers (tan-
dem devices, “fourth generation”) with the band gap of each layer optimized
for a specific wavelength can increase the efficiency, at the expense of a higher
complexity and cost of the device.

A similar situation takes place in light-emitting devices. Ideally, these
should generate photons only in the visible range, whereas the existing de-
vices often emit in a much wider spectrum, for instance fluorescent lamps.
By using fluorescence, the energy of the emitted UV photons can be reduced
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to the visible range, but also in this case, in the one-photon-for-one-photon
down-conversion, a large part of the photon energy is lost.

For photovoltaic applications it is therefore very relevant to develop a scheme
that allows using the excess energy otherwise lost in conversion. An elegant
solution is to use quantum cutting. This process entails transformation of a
high-energy photon into two (or more) photons of smaller energy, hence “cut-
ting” the energy quantum. Ideally, the down-converted photons are in the
suitable range of the spectrum and can be further used without loss of energy.
Such a quantum cutting has been demonstrated in rare-earth systems [84]
and found its usage in fluorescent tubes. A similar idea involves generation
of multiple electron-hole pairs by a single high-energy photon absorbed in a
nanocrystal . This process, termed MEG (multiple exciton generation) or CM
(carrier multiplication), has indeed been observed in NCs made from differ-
ent semiconductor materials [85–90], including a remarkable seven excitons
for a single incoming photon [91]. Recently, it has also been demonstrated in
colloidal silicon NCs [92]. Lifetimes of multi-excitons in a nanocrystal were
found to be very short (50 -100 ps and shorter, depending on material and NC
size [93]) due to the enhanced Auger recombination and subsequent fast car-
rier cooling [94]. Therefore, harvesting of this energy—via carrier extraction
or light generation—is difficult, as only the “last” exciton has relatively long
lifetime and is “useable”.

In the present work we report on the observation of quantum cutting in NCs
of silicon, still the most popular material for electronic and photovoltaic appli-
cations, embedded in a SiO2 matrix. In this case we show that in the quantum
cutting process, energy can be transmitted to outside the photo-excited sys-
tem. In the piloting experiment, we employ Er3+ ions outside the nanocrys-
tals as receptors of the down-converted energy and use their characteristic
photoluminescence (PL) for detection of the phenomenon. Subsequently, we
demonstrate that a similar space-separated quantum cutting (SSQC) process
takes place between Si NCs themselves.

2.3.2 Results

In the PL experiments, the signal integration has been performed over the en-
tire PL decay time window (typically from 1 to a few ms for NC- and Er-related
PL, respectively), and the recorded PL intensity value therefore reflects pre-
dominantly contributions of relatively slow radiative processes. In particular,
for the Er-related emission, only the ms component due to Er3+ ions in SiO2

is accounted for, with contribution from fast decaying dopants [73]—see Sec.
2.2—being negligible. A Varian Cary-50 UV-VIS spectrophotometer was used
for absorption measurements in the visible and the UV. All the measurements
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described in this section were performed at room temperature.
In the first experiment the Er-related PL was monitored as a function of

excitation wavelength and compared to the absorption of the sample at that
wavelength. At the start of a cycle, a nanocrystal absorbs a photon and an
electron-hole pair is created. Upon its recombination, one relaxation path will
transfer the energy to a neighboring Er3+ ion, placing it in an excited state.
Subsequently, the Er3+ ion relaxes back to the ground state by emitting a
long-wavelength (IR) photon which can be detected as PL at 1535 nm. From
this scenario it follows that the Er-related PL should be correlated to photon
absorption by Si NCs. (It should be mentioned that under conditions of the
experiment no direct absorption by Er takes place, and therefore any Er-
related emission must originate by photon absorption in Si NCs.) From this it
follows that the total number of photons emitted (by Er) should be correlated
to the total number of photons absorbed (by Si NCs). In order to describe
that we introduce the PL quantum efficiency, which we define as the ratio
of number of photons coming out of the sample to the number of photons
absorbed: η = NPL/Nabs. Because, in our setup, the luminescence intensity is
not calibrated and its absolute value cannot be measured, we cannot determine
the absolute values of this efficiency. Nevertheless, the relative efficiency allows
for direct comparison of different mechanisms leading to emission in the same
system investigated in the same set-up, as reported here. Figure 2.16 shows the
experimentally measured quantum efficiency of Er PL. Each data point in this
figure represents the ratio of the PL excitation cross-section to the fraction of
absorbed photons for a particular wavelength of the incoming light—see the
Appendix B for a detailed derivation of the relative quantum efficiency. In
each case, the PL excitation cross-section was determined from the slope of
the plot of PL intensity vs. laser photon flux in the linear region. In this way,
the effective excitation cross-section of Er emission at different wavelengths
can be compared, and that is what is most relevant for the experiment. The
wavelength dependence of the fraction of the incident light that is absorbed
by the sample is measured in a separate experiment.

For a single-photon generation process, the correlation between the num-
ber of absorbed and emitted photons is linear and the ratio constant: with
certain efficiency a long wavelength photon is emitted by the Er3+ ion for
every short-wavelength photon absorbed by the Si NC. From Fig. 2.16 it is
evident that this scenario is indeed followed for the lower range of excitation
energies. However, in the figure a clear enhancement is seen for energies above
a certain threshold, around 2.6 eV (480 nm). This shows that, at this energy,
the quantum efficiency of the energy transfer to Er increases as here double-
photon generation sets in. The relevant process is schematically illustrated
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Figure 2.16: Space-separated quantum cutting in Er - Si NCs system. (a) Relative
quantum efficiency of Er-related photoluminescence (detected at 1535 nm) as a func-
tion of excitation energy. The quantum efficiency (number of emitted photons per
number photons absorbed in the sample) is determined here as the ratio of the (effec-
tive) excitation cross-section of Er PL and absorbed fraction of incident photons, at a
particular wavelength. For each data point the absorbed photon fraction was measured
and the excitation cross-section was determined from the plot of photoluminescence
intensity vs. excitation photon flux. As can be seen, the quantum efficiency is constant
up to certain photon energy. This indicates a single photon process: one-photon-in,
one-photon-out. The relation deviates from constant for the excitation energy at which
the quantum cutting process sets in, and a possibility of emission of two photons per
one absorbed photon appears. In this case, the energy of the incoming photon is di-
vided by the nanocrystal over two nearby Er3+ ions. The solid line represents a fit to
the data points that are (assumed to be) on a line, whereas the dashed line at higher
energies is a mere guide-to-the-eye. The error bar reflects the uncertainty in the value
of the power of the laser, 10% for OPO and 15% for UV lasers, expressed as the stan-
dard deviation determined in a separate series of measurements. On the right side
(b), a schematic diagram of the space-separated quantum cutting (SSQC) process is
shown: (1) Excitation of the silicon nanocrystal (Si NC) with high energy (UV) light
exciting an electron from the valence band (VB) to the conduction band (CB) creating
a “hot” electron-hole pair with excess energy. (2) Intra-band Auger process exciting
an Er3+ ion and removing the excess energy. (3) Er-related PL. (4) Excitation of a
second Er3+ ion by conventional inter-band Auger process. At the bottom right (c),
a cartoon illustrating the photon cutting process with excitation of two nearby Er3+

ions is shown.
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in the right hand part (b) of Fig. 2.16; the excess energy ΔE of the “hot”
carrier (ΔE = hν - ENC , where hν and ENC are photon and exciton energies,
respectively) is large enough to allow for an Auger process of intra-band re-
laxation with simultaneous Er excitation [73]. As a result, two Er3+ ions can
be excited per single photon absorbed by a NC, with the second one due to a
conventional band-to-band Auger process, as indicated in the schematic. An-
alyzing the energy diagram in Figure 2.16, indeed, such a process is expected
for photon energies exceeding the sum of the Si NC band gap ( 1.5 eV) and
the Er excitation (0.8 eV), thus above 2.3 eV. (We point out that the decay
time and also the saturation level of Er-related PL are identical for below- and
above-threshold pumping.)

Figure 2.17: Space-separated quantum cutting between Si NCs, as observed in Er-
free solid state dispersion of Si NCs in a SiO2 matrix. (a) Quantum efficiency of
the NC-related photoluminescence (detected at 914 nm) as a function of excitation
energy, illustrating that (neighboring) nanocrystals can themselves also be the energy-
receiving systems. Quantum cutting appears now at a larger energy of the incoming
photon because the band gap of Si NCs is larger than the Er excitation energy, and
a larger UV photon excess energy (hν - ENC) is thus needed. On the right side (b),
a diagram for the involved processes is shown: (1) Excitation of the Si NC with high
energy (UV) light creating “hot” electron-hole pair with excess energy. (2) Intra-band
Auger process exciting a neighboring NC removing the excess energy. (3) NC exciton
luminescence. At the bottom right (c), a schematic illustration of the process is given:
one photon is absorbed by one NC, two photons are emitted by distinct NCs.
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While the above-described experiment concerns Er excitation by Si NCs, it
illustrates the SSQC process, with an Er3+ ion serving as a receptor [95] of
the down-sized energy quanta. In a similar way, part of the energy can be
transferred to create an exciton in a neighboring nanocrystal, by converting
a high-energy (UV) photon absorbed in one of them, with the only condition
that these NCs are located within the energy transfer range [73]. In order
to demonstrate this process, we performed a similar experiment for a sample
without Er doping, correlating the Si NC-related exciton PL, monitored at
914 nm, to the absorbed photon fraction. The results are illustrated in Figure
2.17. Again, a constant ratio is concluded which, in this case, extends to a
larger energy range. This was anticipated, as the double-photon generation
is expected only for photons with quantum energy at least twice that of the
NC band gap, hν > 2ENC ≈ 3 eV. In full agreement with this expectation,
we see that the data obtained in the UV range fall clearly outside the de-
pendence determined for low-energy excitation. This result demonstrates that
the nanocrystals themselves can also be the receiving elements in the space-
separated quantum cutting process, albeit at higher energies; a second Si NC
can be excited by a neighboring Si NC containing a “hot” electron-hole pair.
The partly de-excited first Si NC will still produce photoluminescence due to
the “cold” electron-hole pair (exciton). Thus, when the energy of the incident
photon exceeds a certain threshold, relaxation back to the ground state can
occur through emission of two photons in the Si NC exciton PL wavelength
range.

2.3.3 Discussion

We will now comment on a possible physical mechanism behind the SSQC
phenomenon. As pointed out before, the SSQC bears close resemblance to the
multiple exciton generation (MEG) process in which two, or more, electron-
hole pairs are induced in one NC upon absorption of a single photon. The
microscopic origin of MEG is under debate and several possibilities have been
put forward. These include:

i Impact ionization by a hot carrier created as the result of the photon
absorption [87,88],

ii Coherent superposition of single and multiexciton states [96] due to the
strong Coulomb interaction of carriers confined in NCs, which should
take place when the energy relaxation rate of a single electron-hole pair
is lower than both the two-exciton state thermalization rate and the rate
of Coulomb coupling between single and two-exciton states, and
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iii Multiexciton formation via a virtual state [97, 98]. This process can
be described by second order perturbation theory and here two possi-
ble scenarios, with comparable rates, have been proposed. The first one
proceeds via a virtual single exciton state. In this case, the direct optical
transition from vacuum to a single exciton state is followed by the tran-
sition into the final two-exciton state due to Coulomb interaction [97].
In the second channel, the first step is the transition initiated by the
Coulomb interaction from vacuum to a bi-exciton state, and the second
step is optical intra-band transition [98].

The processes (ii) and (iii) can be responsible for MEG without any delay, i.e.
in the moment of the photon absorption, and can be effective for production
of multiple excitons in a single NC. However, extra excitons occurring in the
same NC are recombining on a picosecond time scale [93].

The impact ionization process (i) starts with some delay after the absorp-
tion. It proceeds via a real state, when the hot electron-hole pair is created by
the absorbed photon with energy exceeding the energy gap. This process is
well known for bulk semiconductors, where it increases the number of photo-
excited excitons by less than ∼ 1%. One may expect that the impact ionization
rate should rise dramatically in the case of NCs due to strong Coulomb in-
teraction of confined carriers and the decreasing rate of the phonon emission
due to discrete spectrum [87, 88]. Indeed, pseudopotential calculations pre-
dict a higher rate of impact ionization in CdSe dots than in bulk material for
electrons with excess energies just above the bottom of conduction band [99].

Our preliminary theoretical considerations indicate that the impact ion-
ization is the most suitable process to account for the SSQC phenomenon
reported here. The effective dielectric constant governing the Coulomb inter-
action between carriers in different NCs embedded in SiO2 matrix is consider-
ably smaller than the dielectric constant of Si. Using the Auger recombination
rate (the reverse process to the impact ionization) inside the silicon NC cal-
culated before [100], we have got the value of the order of 1010 - 1011 s−1 for
the rate of the process under consideration for two NCs at a distance of less
than 1 nm. This rate is comparable to the energy relaxation rate determined
by the Auger process between carriers confined in one silicon NC of 3 nm
diameter when there is one exciton per NC [65]. From the NC-NC distance
distribution depicted in Fig. 2.18 we conclude that more than 50% of all NCs
have their closest neighbor at a distance of less than 1 nm from the surface,
i.e. sufficiently close to facilitate the proposed energy transfer.

We point out that the observed linear increase of quantum efficiency of
SSQC for photon energy higher than the threshold value, experimentally ob-
served in this study for Si NCs—see Fig. 2.17—is in agreement with the
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Figure 2.18: A simulation of the nearest-neighbor distance distribution for the solid-
sate dispersion of Si NCs in a SiO2 matrix (Er-free) investigated in this study. As
can be seen, more than 50% of all NCs have a nearest neighbor closer than 1 nm from
their surface.

calculated linear increase of the number of final states [101] and therefore
supports the microscopic mechanism based on impact ionization. Yet addi-
tional support comes from measurements performed in a sample with similar
Er concentration and NC size, but with a smaller NC concentration, i.e. with
a larger Er - NC separation. In this case the observed SSQC process shows the
similar onset energy but lower quantum efficiency, providing an independent
verification of the proposed mechanism.

For completeness’ sake, we recall that the Förster resonant energy transfer
(FRET) which was shown to be responsible for long-range energy transfer in
a closely packed CdSe quantum solid [102], has low probability for Si NCs
due to indirect band gap. It is nevertheless fair to mention that the final
identification of the microscopic mechanism of the SSQC process (as well as
that of MEG) will require further investigation. In particular, kinetics of the
process should be investigated by PL and induced absorption.
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2.3.4 Conclusions

Summarizing, we have shown here how quantum cutting (one photon in, two
photons out) can take place in systems based on Si NCs. In contrast to
the earlier work on multi-exciton generation in semiconductor nanocrystals,
the energy quanta down-converted in the SSQC process are transferred to
external objects—Er3+ ions and neighboring nanocrystals—from where they
can be emitted in the form of photons, or differently harvested. In this way,
true space-separated photon cutting takes place. The demonstration of the
SSQC process for Si is technologically interesting in view of the prominent
role of Si and Si-derived materials in electronic, optoelectronic and especially
in photovoltaic applications. Moreover, the use of nanocrystals provides the
additionally appealing aspect that the energy levels can be tuned to suit the
application by changing the size of the particles [103,104]. On the other side,
efficiency of the SSQC process discussed here can be adjusted by changing the
separation between individual NCs. The ideas and results presented here may
lead the way to a substantial improvement of photovoltaic devices, both solar
cells and light-emitting elements. For solar cells it has been shown theoretically
that multiple exciton generation [105] and photon down-conversion [106] can
increase the efficiency beyond the Shockley-Queisser limit. Interestingly, the
indirect nature of the band gap of Si, which is preserved in Si NCs, and which
is detrimental for photonic applications, turns out to be beneficial here, as
the relatively long exciton lifetime (in comparison to direct band gap NCs)
simplifies energy extraction for photovoltaic applications.


