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Chapter 4

Luminescence saturation and

quantum cutting by silicon

nanocrystals

The first part of this chapter presents a photoluminescence excitation study of
silicon nanocrystals in an SiO2 matrix. It is shown that although the excitation
cross-section is wavelength-dependent and increases for shorter wavelengths, the
maximum time-integrated photoluminescence signal for a given sample saturates
at the same level independent of the excitation wavelength or amount of electron-
hole pairs generated per nanocrystal after a laser pulse. An explicit demonstration
that saturation is achieved when every nanocrystal has absorbed at least one pho-
ton is given. In nanocrystals where several electron-hole pairs have been created
during the excitation pulse, fast non-radiative recombinations reduce their num-
ber, leading to the situation that only a single electron-hole pair per nanocrystal
can recombine radiatively, producing one photon and contributing to the photo-
luminescence. In this way a natural limit is set for photoluminescence intensity
from an ensemble of Si nanocrystals excited by a laser pulse of duration much
shorter than the radiative lifetime of electron-hole pairs.
The second part of this chapter demonstrates results of a study on the relative
quantum yield of photoluminescence for different excitation wavelengths. From
these it is concluded that for excitation photon energies above a certain thresh-
old, there arises a additional mechanism increasing the excitation efficiency. This
is explained by the redistribution of the absorbed photon energy over multiple
proximal nanocrystals, generating electron-hole pairs that are separated in space.
Effectively, this mechanism cuts the energy of the incoming photon. This effect
is then very similar as the multiple exciton generation process, where multiple
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electron-hole pairs are generated in one nanocrystal upon absorption of a sin-
gle photon. Different mechanisms are discussed that might underly the cutting
process, and also the beneficial properties for applications are considered.

4.1 Luminescence saturation

4.1.1 Introduction

In case of PL from Si NCs, the generation of an e-h pair arises due to photon
absorption and therefore depends on the absorption cross-section, which is de-
pendent on the size of NCs (see section 2.3) and generally increases for shorter
wavelengths [46]. Consequently, it is frequently inferred that short excitation
wavelengths are necessary for effective PL from Si NCs. In this section we show
that the maximum PL intensity which can be obtained from a Si NC layer af-
ter a pulsed excitation is independent of the excitation wavelength. We argue
that this is caused by an efficient exciton-exciton non-radiative recombination re-
sulting in a maximum of one radiative e-h recombination per NC per excitation
pulse. Therefore, under the condition that the duration of the laser pulse is much
shorter than the radiative lifetime of e-h pairs in NCs, the PL intensity limit is
set by the density of NCs and the radiative lifetime of excitons in Si NCs only.

4.1.2 Experimental details

The photoluminescence excitation (PLE) study has been performed on thin films
of Si NCs embedded in a matrix of SiO2 which had been produced by a radio-
frequency co-sputtering method followed by annealing in N2 atmosphere. In this
study, Si NC layers with different parameters (size and concentration of NCs
and layer thickness) have been investigated and similar conclusions have been
reached for all of them. Here we present results obtained for two specific samples:
Sample #1 is characterized by an average NC diameter D1 = 3.5 ± 0.5 nm and
concentration of NCs [NC]1 = 4.1 × 1018 cm3; for Sample #2 these values are
D2 = 2.5± 0.4 nm and [NC]2 = 1.3× 1018 cm3. - see Chapter 2 for more details
on sample preparation and characterization. The PLE has been investigated in
the range of 420 - 650 nm using a tunable OPO, which was pumped by the
third harmonic of a pulsed Nd:YAG laser with a pulse duration of 5 ns and a
repetition rate of 10 Hz. In this excitation range all the NCs in the ensemble
can absorb light and contribute to the PL. The emerging PL was resolved with a
Jobin-Yvon TRIAX 320 monochromator and detected with a Hamamatsu R5509-
72 near-IR photomultiplier tube connected to a digital scope where the “slow”
microsecond PL signal could be visualized and integrated over a few hundred µs.
Variations of PL intensity and kinetics were investigated at a wavelength set to
the peak intensity of PL spectrum. For absorption measurements, a Varian Cary-
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50 UV-VIS spectrophotometer was used. All measurements have been performed
at room temperature and the illuminated area of the sample during the PLE
measurements was kept constant by using a pinhole.

4.1.3 Results and discussion

The time-integrated PL spectrum of Sample #1 is depicted in the inset A of
Fig. 4.1 The spectrum is independent of excitation wavelength, as long as there
is no saturation effect (see Chapt. 6), consistent with earlier findings [47]. In
the first experiment, the PL intensity related to Si NC exciton recombination
was monitored at a wavelength of 914 nm, the peak value of the PL spectrum
(indicated in inset A with an arrow), as a function of excitation pump pulse
fluence (Jpump, the number of photons per cm2 per pulse). Results hereof are
depicted in Fig. 4.1, where the excitation power dependence of the PL intensity
for five different pump wavelengths is given. All curves show an initial linear rise
followed by a saturation at an identical PL intensity level. Taken together with
the notion that the decay time of PL does not change with excitation wavelength
(τ ≈ 100 µs, see inset B of Fig. 4.1), this result indicates that the maximum
attainable PL signal is independent of excitation wavelength. In contrast, the
growth rate of the PL intensity in the initial “linear” regime clearly increases
with photon energy. To describe the PL intensity dependence on the pump pulse
fluence, we use a simple two-level model of Si NC excitation [48]. We assume
that every emitted photon originates from a single e-h pair. Further, in view of
the observed saturation of PL intensity, we introduce N ; the maximum number
of e-h pairs which can recombine radiatively in our system. In that case, the
number of e-h pairs capable of radiative recombination that have been induced
during the laser pulse N∗ can be described by the following differential equation:

dN∗

dt
= σexφ(N −N∗)− N∗

τ
, (4.1)

with τ being the effective lifetime of the e-h pairs, σex an excitation cross-section
and φ the excitation photon flux. Since the duration of the laser pulse (∆t ≈ 5 ns)
is much shorter than the lifetime of e-h pairs in the NCs (τ ≈ 100 µs) we assume
that no recombination takes place during the laser pulse and we ignore the last
term. At the end of the pulse the number of e-h pairs capable of recombining
radiatively is thus given by:

N∗ = N(1− e−σexφ∆t). (4.2)

In this relation, the number of photons per cm2 per pulse, given by φ∆t, can
be denoted by Jpump. For low pump pulse fluence, i.e., in the initial “linear”
regime of the PL intensity dependence, we can expand Eq. (4.2) in Jpump and
get the relation: N∗ = NJpumpσex. Since the time-integrated PL signal SPL is
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Figure 4.1: Dependence of the NC-related PL on the pump pulse fluence for
different excitation wavelengths. For shorter excitation wavelengths, the slope of
the initial part, related to the excitation cross-section σex, increases, while the
saturation level is identical for all excitation wavelengths. The solid lines are fits
to the data using Eq. 4.2 Inset A: Room-temperature PL spectrum of Sample #1.
Inset B: RT transients of the NC PL for Sample #1 for three different excitation
wavelengths. For easy comparison the transients have been shifted vertically
relative to each other. All transients show a similar decay time of τ ≈ 100 µs.

proportional to the number of radiatively recombining e-h pairs N∗, we get for
the derivative of the integrated PL signal with respect to the pump pulse fluence
in the low power region:

dSPL

dJpump
∝ σex. (4.3)

Therefore from the data in Fig. 4.1 we conclude that the excitation cross-section
σex is wavelength-dependent and increases for shorter wavelengths. The mech-
anism behind the linear dependence between the number of the incoming and
emitted photons is indeed expected since emission of a photon follows from ra-
diative recombination of an e-h pair generated by an absorbed photon - the effi-
ciency of this process is generally of a few percent for ensembles of NCs, but can
be as high as 60% [49]. (We note that in view of the excitation photon energies
used in this study, we disregard a possibility of creating two e-h pairs per photon
by multiple exciton generation [50, 51, 52]). It is clear from this mechanism that
the intensity of exciton-related PL should be correlated with the absorption of
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I0
I1

l
Figure 4.2: Linear absorption through a sample.

photons in the NCs. This is indeed the case for low excitation fluence, as evi-
denced by the linear dependence observed for this regime in Fig. 4.1. For larger
fluences, the dependence of the PL intensity deviates from linearity, indicating
there is a maximum to the amount of radiative e-h pair recombinations in the
system; saturation effects set in. Fig. 4.1 displays this saturation of the PL in-
tensity; solid lines represent fits of the experimental data with Eq. (4.2) for each
excitation wavelength.
For the linear regime of the PL intensity dependence on pump pulse fluence it
can also be shown that this proportionality between the number of absorbed and
emitted photons is independent of excitation wavelength. In order to demon-
strate this behavior, we compared the results of linear absorption measurements
with the PLE data of Fig. 4.1. The absorption spectrum of Sample #1 is shown
in the inset to Fig. 4.3. In this case, the fraction of photons that are absorbed
per pump pulse Sabs, is given by (I0− I1)/I0, where I0 is the incident and I1 the
transmitted pump beam intensity, respectively (see Fig. 4.2). The total number
of absorbed photons Nabs can be calculated by the product of the pump pulse
fluence Jpump, the illuminated area of the sample A and the absorbed fraction
Sabs:

Nabs = JpumpASabs. (4.4)

Each absorbed photon can contribute to the PL signal with an efficiency µ, giving
a total amount of emitted photons

NPL = µNabs = µJpumpASabs. (4.5)

The emitted photons are subsequently detected and give rise to the luminescence
signal SPL, which is proportional to the number of photons emitted:

SPL = χNPL = χµJpumpASabs. (4.6)

Here χ is a function of the geometry of the setup, the efficiency of the photo-
detector and other experimental factors. We define now the PL yield as the
derivative of the PL intensity with respect to pump pulse fluence

YPL =
dSPL

dJpump
= χµASabs, (4.7)
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Figure 4.3: Dependence of the excitation cross-section σex on the absorbed frac-
tion Sabs = (I0−I1)/I0 determined for different wavelengths for Sample #1. The
solid gray line represents a linear fit. Inset: Absorption spectrum of Sample #1.

where χ is constant and µ could possibly be wavelength-dependent. This equation
can be compared to Eq. (4.3) and it follows that

χµASabs ∝ σex. (4.8)

Note that the above mathematical treatment is only valid in the linear regime.
In Fig. 4.3 the values of σex, as determined from the experimental data with
Eq. (4.2), are plotted versus the independently measured Sabs for different exci-
tation wavelengths. A linear dependence between Sabs and σex is observed for the
whole investigated wavelength range. We conclude that although the absorption
of photons is dependent on the excitation wavelength, the mechanism leading to
radiative recombinations of e-h pairs after absorption of a photon is wavelength-
independent.
We will now address the PL saturation observed for large fluence in Fig. 4.1. In
order to investigate this effect in detail we apply simple statistical analysis of
the absorption. This was realized in Sample #2, which shows similar saturation
behavior as Sample #1 - see Fig. 4.4. The absorption of Sample #2 is however
much smaller (<1% over the whole investigated photon energy range), so we can
assume a constant photon flux throughout the layer, which justifies the use of our
analysis. (see Section 6.2 for modeling for the case where absorption is consid-
erable and nonlinear effects become important). The number of NCs that have
absorbed x photons after an excitation pulse, Nx, is determined by the Poisson
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distribution function:
Nx = PxNNC (4.9)

with

Px = 〈NC∗〉x e−〈NC∗〉

x!
, (4.10)

where 〈NC∗〉 is the average number of photons absorbed per NC and NNC is the
number of NCs in the illuminated volume; NNC = Al[NC] = 1.0 × 1012, where
l is the thickness of the NC layer. The average number of photons absorbed per
NC will be given by the ratio of absorbed photons and the number of NCs under
illumuination:

〈NC∗〉 =
Nabs

NNC
=

JpumpASabs

1.0× 1012
. (4.11)

Fig. 4.4 shows the excitation power dependence of the NC-related PL of Sample
#2 for three different excitation wavelengths. The lower horizontal axis indicates
the number of absorbed photons per pulse, Nabs, and the top axis shows the
accompanying average number of photons absorbed per NC 〈NC∗〉. The green
continuous line depicts the number of NCs which have absorbed at least one pho-
ton x ≥ 1, where Eqs. (4.11) and (4.9) were used and by scaling the total number
of NCs NNC to match the saturation level. A good agreement with the experi-
mental data can be concluded. For comparison, we also show the distribution for
the case x ≥ 2 - which clearly deviates from the experiment. We conclude that
the PL intensity saturates when every NC has absorbed at least one photon, and
therefore has been given an opportunity to emit a photon. This evidences not
only that the number of illuminated NCs determines the maximum PL intensity,
but also that only a single e-h pair per NC might recombine radiatively. The
scenario which can explain our experimental findings has been discussed before
[53], but here we demonstrate this mechanism to occur quantitatively. In the
linear regime of the excitation power dependence, only a small percentage of the
NCs are excited, and therefore these mostly contain only one e-h pair, which can
eventually recombine radiatively. In this range, increasing the excitation flux will
proportionally increase the number of NCs with a single e-h pair and, accordingly,
linearly increase the observed PL intensity. At still higher pump pulse fluences
multiply excited NCs will appear. However, the small volume of NCs results in
high carrier densities and enhanced Coulomb interactions, leading to increased
Auger recombination rates [54]. Elaborate calculations for spherical Si NCs show
Auger recombination times to be in the range of 0.1 to 1 ns for NCs with sizes
investigated in this study [53]. This is much faster than the radiative lifetime
of τ ≈ 100 µs. Therefore, the fast Auger recombination process will remove all
excess carriers and leave only a single e-h pair per NC to recombine radiatively,
contributing to the measured integrated PL signal. The validity of this scenario
finds direct confirmation in the PL dynamics measured for Sample #2 for the
three different excitation levels indicated in Fig. 4.4: in the linear regime, at the
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Figure 4.4: PL-intensity dependence of Sample #2 on the amount of absorbed
photons per pulse Nabs,λ = Jpump,λASabs,λ for three different excitation wave-
lengths. On the top axis the average amount of absorbed photons per NC is
indicated. The cumulative Poisson distribution from Eq. (4.9) for x ≥ 1 and
x ≥ 2 for a NC diameter of 2.5 nm is shown by the two continuous lines, the
value of NNC has been scaled to match the saturation value of the PL. Inset:
RT PL-transients of Sample #2 obtained for 3 different pump pulse fluences as
indicated by color-coded arrows.

onset of saturation, and in the saturation regime. The results have been obtained
by a time-correlated photon counting method and are illustrated in the inset of
Fig. 4.4. As can be seen, identical decay dynamics are observed regardless of the
pumping level. (We note that due to the experimental resolution, the effect of
the fast non-radiative recombination is contained within the bin size of 256 ns).
Finally, we briefly comment on the previous reports of PL saturation from Si
NCs. Studies on porous silicon under continuous excitation revealed saturation
for higher excitation intensities (>2 W/cm2) [55]. In this case, the measured
PL lifetime showed a strong decrease for higher excitation fluxes. This effect has
been related to the Auger process which appears when a second e-h pair is created
in a NC during the lifetime of the first one. On the other hand, measurements
performed on single Si NCs under cw excitation, and also on dilute solutions of
Si NCs under pulsed excitation, showed that the initial linear dependence of PL
intensity on excitation pump pulse fluence was followed by a sublinear increase
for the region where, on average, more than one e-h pair is created per NC per
pulse [56]. The explanation of this behavior has been sought in the blinking of
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NCs and the possible shortening of the “off” periods which might appear under
intense pumping. These effects are clearly not observed in Si NCs investigated in
this study. While blinking could play a role also for our samples, we consider this
effect not to be of importance for the saturation behavior; it could influence only
the maximum PL intensity, since different times of blinking for different NCs will
be averaged out on ensemble of NCs.

4.1.4 Conclusions

We have performed PLE studies on Si NCs in a SiO2 matrix and found that the
maximum level of time-integrated PL after a pulsed excitation is independent of
excitation wavelength and is reached when each NC has absorbed at least one
photon. This demonstrates that the PL intensity for an ensemble of NCs is limited
by the amount of NCs. We argue that at high excitation intensities the NCs that
are multiply excited undergo a fast non-radiative Auger recombination. Therefore
only the “last” e-h pair in each NC can subsequently recombine radiatively and
contribute to the observed PL. In this way, the maximum intensity of PL from
an ensemble of Si NCs after a pulsed excitation is restricted to a maximum of
one photon per NC.

4.2 Quantum cutting

4.2.1 Relative quantum yield of PL

In Section 4.1 it was shown that there is a maximum of one exciton per nanocrys-
tal which can contribute to photon generation after a short excitation pulse. This
means that the maximum number of e-h pairs which can recombine radiatively
N , (see Eq. 4.1) is equal to NNC , the number of nanocrystals in the illuminated
volume. Non-radiative recombination introduces a proportionality factor η be-
tween these two quantities, which is basically the quantum yield of PL. Since
radiative recombination of a single e-h pair results in a single emitted photon, we
can combine Eq. (4.2) and Eq. (4.6) and get

SPL = χNPL = χN∗ = χηNNC(1− e−σexJpump). (4.12)

In particular, we note that at an infinite pump fluence the above equation gives:

SPL,max = χηNNC , (4.13)

while for small excitation fluence we get

dSPL

dJpump

∣∣∣∣
limJpump→0

= χηNNCσex. (4.14)



48
CHAPTER 4. LUMINESCENCE SATURATION AND QUANTUM CUTTING BY

SILICON NANOCRYSTALS

Comparison of Eq. 4.7 with the last equation tells us that µASabs = ηNNCσex.
In the linear regime for an ensemble of NCs we can see that µ = η. In other
words, the quantum yield is linked to the parameters as

η =
Nσex

ASabs
. (4.15)

Because knowledge of N cannot be obtained (just the product χN can be obtained
by fitting), only the relative quantum yield can be determined experimentally in
this case, and is proportional to the ratio of the fitting parameter σex and the
measured absorbance signal Sabs. However, the saturation SPL,max is indepen-
dent of excitation wavelength λex, showing that N is a constant not depending
on λex. Thus, plotting the ratio of σex and Sabs will give us directly information
about the relative quantum yield ηrel. Applying this analysis to the data col-
lected for Sample #1, and extending the excitation range to 310 nm with a dye
laser pumped by a XeCl excimer laser, gives us the results for a relative quantum
yield shown in Fig.4.5. At the start of a cycle in PL, a NC absorbs a photon and
an e-h pair is created. Subsequently the e-h pair will quickly (∼ 1 ps [57]) relax
toward the bottom of conduction and top of valence bands, respectively. Finally,
recombination leads to emission of an IR photon with an energy determined by
the NC bandgap. From this it is expected that the total numbers of emitted and
absorbed photons are correlated, i.e. η is constant. From Fig. 4.5 it is evident
that this is indeed true in the lower range of excitation energies. However, in the
figure a clear enhancement is seen for energies above a certain threshold, around
∼3 eV (420 nm). This shows that at this energy, η increases due to an additional
excitation process. The relevant process is schematically illustrated in part (b) of
Fig. 4.5; the excess energy ∆E of the “hot” carrier (∆E = hν − ENC , where hν

and ENC are photon and NC bandgap energies, respectively) is large enough to
allow for an Auger process of intra-band relaxation with simultaneous excitation
of a neighboring NC, with the condition that it is located inside of the energy
transfer range [58]. In result, two NCs can be excited per single absorbed pho-
ton. Analyzing the energy diagram in Fig. 4.5, indeed such a process is expected
to be allowed for photon energies exceeding the sum of twice the NC bandgap,
hν > 2ENC ≈ 3eV . Thus, when the energy of the incident photon exceeds
this threshold, relaxation to the ground state can occur through emission of two
photons in the Si NC exciton PL range.

4.2.2 Quantum cuttting and multiple exciton generation

This phenomenon, which we termed space-separated quantum cutting (SSQC)
bears close resemblance to that of multiple exciton generation (MEG) in which
two, or more, e-h are induced in a single NC upon absorption of a photon.
The MEG process for NCs has been proposed theoretically and subsequently
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Figure 4.5: [a] Relative quantum yield of PL for Sample #1 as a function of
excitation photon energy. [b] A diagram showing the involved process: (1) Exci-
tation of Si NC with a high energy photon creating a “hot” e-h pair with excess
energy. (2) Intra-band Auger process exciting a neighboring NC and removing
the excess energy (hν−ENC). (3) NC luminescence. [c] A schematic illustration
of the process in real space: one photon is absorbed by one NC, two photons are
emitted by distinct NCs.
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experimentally verified for different semiconductor materials [59, 60, 61, 62, 63,
64, 65, 66]. Furthermore, it has been demonstrated for colloidal silicon NCs [50]
and more recently also in carbon nanotubes [67]. Lifetimes of multi-excitons in a
NC were found to be very short (<100 ps and shorter, depending on material and
NC size [54] due to the enhanced Auger recombination and subsequent fast carrier
cooling [68]). When compared to bulk semiconductor materials, a much higher
efficiency of the MEG process in nanocrystalline environment has been reported,
as resulting from an enhanced Coulomb interaction. In the most spectacular
case, generation of up to 7 e-h pairs from absorption of a single highly energetic
photon has been found for NCs of PbSe, with a small and direct bandgap [69].

MEG controversy

Detailed investigations of MEG process in NCs of different materials revealed
controversial results. It turned out that some of the early results on efficient CM
could not be reproduced [70] and other were withdrawn [71]. While part of the
controversy could be attributed to material differences and, very specifically, to
surface conditions [72] and photocharging [73], experimental artifacts could con-
tribute as well. This is illustrative for experimental challenges involved in MEG
investigations. In particular, most evidence for the MEG comes from ultrafast
dynamics of induced absorption and emission, where picosecond transients need
to be resolved and deconvoluted. As shown by the detailed study for a particular
case of PbSe NCs [61], great care needs to be taken to eliminate multiphoton
absorption and carrier trapping, as both effects may easily lead to great overesti-
mation of the MEG efficiency. In line with that, the later investigations confirmed
the MEG effect for NCs, but found much more modest values for multiplication
factors and energy thresholds than the earlier reports [61, 71, 74, 75]. In contrast
to these, a recent report concluded that the nanocrystalline environment is not at
all advantageous for the MEG process [76]. Based on the new measurements of
impact ionization in bulk PbS and PbSe, the authors of Ref. [76] argued that effi-
ciency of this process is equal, or even larger, than the corrected results for MEG
in NCs of these materials. The accompanying theoretical model explained that
the advantageous effect of the quantum confinement on MEG efficiency, due to
the increased overlap of electronic wave-functions and enhancement of Coulomb
interaction, is fully counterbalanced by the simultaneous reduction of density of
(two-exciton) states. Contrary to the earlier discussed work, this new report
questioned then the very basis for the interest in MEG in NCs.
While the majority of MEG studies concentrated on NCs of direct bandgap ma-
terials, the effect has also been found for colloidal Si NCs [50]. Based on induced
absorption measurements performed on relatively large Si NCs, a very significant
enhancement of MEG efficiency with respect to bulk Si has been concluded. To
this end it is fair to mention that experimental MEG investigations for Si NCs are
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considerably more difficult than for direct bandgap materials, in view of impor-
tant contributions of nonradiative recombination channels. Since these processes
are usually very fast, they complicate interpretation of induced absorption dy-
namics in terms of carrier multiplicity, as carrier trapping and Auger processes
are difficult to separate in absorption transients.

Microscopic mechanism of MEG

The microscopic origin of MEG is under debate and several possibilities have
been put forward. These include:

1. Impact ionization by a hot carrier created as a result of photon absorption
[64, 65]

2. Coherent superposition of single and multiexciton states [59] 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.

3. Multiexciton formation via a virtual state [77, 78]. This process can be
described by second order perturbation theory and here two possible sce-
narios, 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 transition into the
final two-exciton state due to Coulomb interaction [77]. In the second sce-
nario, the first step is the transition initiated by the Coulomb interaction
from vacuum to a bi-exciton state, and the second step is optical intraband
transition [78].

4. More recent theoretical modeling [79] suggests that a prominent role could
be played by defects in the bandgap of a NC. While this idea is of general
character and not restricted to a particular material, it could be especially
important for the case of Si NCs embedded in an oxygen-rich environment of
SiO2, for which oxygen-induced defects are known to appear in the bandgap
for sufficiently small NC sizes. In particular, a relation could be sought with
the well known SiO2-related 420 nm (∼ 3 eV) defect band [80].

The processes (2) and (3) can be responsible for MEG without any delay, i.e., in
the moment of the photon absorption, and can be effective for production of mul-
tiple excitons in a single NC. However, extra excitons occurring in the same NC
are recombining on a picosecond time scale [54]. The impact ionization process
(1) and defect mediated process (4) start with some delay after the absorption
and proceed via a real state when the hot electron-hole pair is created by the
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Figure 4.6: Simulation of the distribution of nearest neighbors for the solid-state
dispersion of Si NCs in a SiO2 matrix investigated in this study. It can be seen
that more than 50% of all NCs have a nearest neighbor within 1 nm from their
surface.

absorbed photon with energy exceeding the energy gap.
Process (1) is well known for bulk semiconductors, where it can increase the
number of photo-excited carriers [25]. One may expect that the impact ioniza-
tion rate should rise dramatically in the case of NCs due to the strong Coulomb
interaction of confined carriers and the decreasing rate of phonon emission caused
by the discrete spectrum [64, 65]. Indeed, pseudopotential calculations predict a
higher rate of impact ionization in CdSe dots than in bulk material for electrons
with excess energies just above the band edge [81]. Preliminary theoretical con-
siderations indicate that impact ionization is a suitable candidate to account for
the SSQC phenomenon. The effective dielectric constant governing the Coulomb
interaction between carriers in different NCs embedded in SiO2 matrix is consid-
erably smaller than the dielectric constant of Si. Using the Auger recombination
rate (the reverse process to the impact ionization) inside the silicon NC calcu-
lated before [82], we have got the value of the order of 1010 − 1011s−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 [83]. From the NC-NC distance distribution depicted
in Fig. 4.6 we conclude that more than 50% of all NCs in the samples investi-
gated here 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. For com-
pleteness, we recall that the Förster resonant energy transfer (FRET) which was
shown to be responsible for long-range energy diffusion in a closely packed CdSe
quantum solid [84], has low probability for Si NCs due to the indirect bandgap.
Nevertheless, a phonon assisted Förster mechanism might be more probable.
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4.2.3 Conclusion

We have shown how quantum cutting can take place in a system consisting of Si
NCs in SiO2. In contrast to the earlier work on MEG, the downconverted energy
quanta appear in another NC, from where it can be emitted as a photon. This
adds an additional virtue to the MEG process, it considerably increases the exci-
tonic lifetime - from the picosecond range characteristic for multiexcitonic Auger
processes up to the microsecond range necessary for radiative recombination in
indirect bandgap materials. It also makes the SSQC effect particularly interesting
for PV applications, enhancing the “extraction time-window” of photo-generated
carriers by several orders of magnitude. Furthermore, 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 photo-
voltaic applications. 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 [85, 86]. For solar cells it has been shown theoretically
that multiple exciton generation [87] and photon down-conversion [88] can in-
crease the efficiency beyond the Shockley-Queisser limit. On the more practical
experimental side, the SSQC can be investigated in experiments conducted in mi-
crosecond range, considerably more reliable than the ultrafast (sub-)nanosecond
spectroscopy applied in all the previous MEG investigations. Therefore, in the
light of the aforementioned controversy on the enhancement of MEG in NCs, the
SSQC process provides for a good reference.




