
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Optical spectroscopy of carrier multiplication by silicon nanocrystals

Timmerman, D.

Publication date
2012

Link to publication

Citation for published version (APA):
Timmerman, D. (2012). Optical spectroscopy of carrier multiplication by silicon nanocrystals.
[Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/optical-spectroscopy-of-carrier-multiplication-by-silicon-nanocrystals(a04822bc-6896-4829-8ce7-454e7e64948a).html


Chapter 7

dynamics of Er3+emission

sensitized by silicon nanocrystals

The system of erbium and silicon nanocrystals doped in SiO2 is studied in this
chapter. Silicon nanocrystals can function as efficient broadband sensitizers of er-
bium luminescence in SiO2. Different temporal aspects of luminescence bands as-
sociated to silicon nanocrystals and Er3+ ions reveal energy exchange between the
two species. Furthermore, a temperature-dependent study of the luminescence
characteristics shows the occurrence of a defect band, which overlaps with erbium
emission complicating the interpretation of photoluminescence characteristics.
With this knowledge we show that thermally activated luminescence quenching
processes with different activation energies are responsible for de-excitation of
emitting centers, either Er3+ (60 meV) or defects (90 meV). Similarly as for sil-
icon nanocrystals, the quantum yield of erbium-related luminescence shows an
increase at photon energies above a certain threshold. The value of this threshold
is found to be lower than for a system with exclusively silicon nanocrystals. This
is interpreted as a quantum cutting process, where the down-converted energy is
in this case received by Er3+ ions.

7.1 Introduction

Optical communication is at the foundation of modern day global interaction.
The internet and other broadband services are increasingly demanding an ex-
pansion of the current silica-based fiber and optoelectronic technologies. An
important goal is to achieve cheap and compact optical components which can
be implemented on a large scale, for example, for fiber-to-home solutions. For
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this purpose there is an enormous research effort for finding optical materials
that can be integrated with silicon chip technology. Optical fibers have a strong
wavelength-dependent transmission spectrum and it turns out that around 1.5
µm there is a minimum in attenuation of signal traveling through a silica fiber.
Erbium is a rare earth atom for which the energy of the first excited state of the
Er3+charge state coincides with this wavelength (1.5 µm or 0.8 eV). Since the
energy levels of rare earth ions, related to transitions within the 4f-manifold, are
stable and not much influenced by the host material, they are interesting as light
emitters in a wide variety of matrices. The simplest idea for a CMOS compatible
Er based emitter is by incorporating Er3+ ions in a Si host. In this structure
it turned out that Er3+ can be effectively excited, but the long lifetime of the
Er3+ excited state promotes an efficient Auger-like de-excitation mechanism,
quenching the emission strongly at temperatures above 150 K [114]. Another
“easy” solution is by incorporating Er3+ ions in an SiO2 host. In this case there
is no thermal quenching of Er3+ related emission and it is readily observed at
room temperature. However, since intra 4f transitions of the Er3+ ions are only
weakly-allowed, excitation is severely limited and typical excitation cross sections
are of the order of 10−20 cm2. The system of SiO2 doped with Er3+ ions and Si
NCs combines to a certain extent the high thermal stability of the Er3+ doped
SiO2 with the possibility of inducing emission non-resonantly. This system is
studied widely ever since it was found that room temperature photo- and elec-
troluminescence of Er3+ ions could be effectively sensitized with Si quantum dots
[35, 115, 116, 117, 118]. Upon optical excitation, photons are predominately ab-
sorbed by Si NCs by promoting an electron to the conduction band. The carrier
lifetime in Si NCs is relatively long, as the indirect bandstructure intrinsic of Si
is preserved [119], making it possible for a non-radiative recombination of e-h
pair to transfer its energy to an Er3+ ion (See Fig. 7.1). In this way it is pos-
sible to achieve excitation of Er3+ ions by a non-resonant absorption, allowing
for pumping with broadband excitation source, but also increase the (effective)
excitation cross-section by approximately 3 orders of magnitude when compared
to the resonant excitation [120]. However, limitations, such as a relatively small
part of Er3+ ions being susceptible to this indirect excitations and loss of optical
activity have been reported [48], severely hampering the usability of this system.

7.2 Temporal aspects

7.2.1 Microsecond PL dynamics

Investigations of time-resolved (TR) PL in these systems have revealed a lot of
information concerning the different excitation, de-excitation and energy transfer
processes taking place on different time scales [58, 121, 122]. The PL dynamics
of Er3+ ions and NCs showed that there is a decay component in the NC-related
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Figure 7.1: Schematic illustration of excitation mechanism in a system of Er3+

and Si NCs doped SiO2. An e-h pair induced in Si NC recombines and energy is
transferred to an Er3+ ion in the vicinity, putting it in an excited state. Subse-
quently Er3+ ion relaxes to 1st excited state (4I13/2) and from there it can emit
a photon with a wavelength of 1.5 µm.

PL with a characteristic time of τNC1 ≈ 1.2µs, which is paralleled with a rise
of 1.5 µm emission from Er3+ ions. This is a footprint of the energy transfer
process taking place between Si NCs and Er3+ ions. It turned out that an even
better agreement between these characteristic times could be found when also the
relaxation time from higher excited states of Er3+ is included. The characteristic
rise time of 1.5 µm emission is then determined by a two-step process, where
energy transfer from Si NCs excites Er3+ into one of the higher excited states
and subsequent relaxation takes it to 4I13/2 state, τrise = τtr + τrel (see Fig. 7.1).
Förster (dipole-dipole) mechanism has been proposed to be responsible for this
energy transfer [123]. For longer timescales there are still the “normal” decay
dynamics found for Si NCs, due to emission from those NCs that do not transfer
energy (τNC2 ≈ 10− 100 µs) and for the radiatively decaying Er3+ ions (τEr ≈ 2
ms).
Next to these time characteristics, there are also mechanisms active on shorter
timescales. Typical room temperature 1.5 µm decay shows a time-resolution
limited (typically < 10 ns) increase of intensity followed by a fast (< 100 ns) decay
[121, 122, 124, 125, 126]. Different mechanisms have been put forward as the
physical origin of this process, which are also dependent on sample preparation
procedures.

1. For low temperature annealed erbium doped Si-rich SiO2, it was argued that
luminescence centers associated with excess-silicon related defects are re-
sponsible for the indirect excitation of Er3+ on nanosecond timescale [126].
In this case there is no fast decay observed.

2. For high temperature annealed samples, it was suggested that fast cooling
of hot e-h pairs created in Si NCs is facilitated by an Auger process of
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energy transfer to Er3+ ions, which are then directly excited to the 4I13/2

state. This is paralleled by a quenching process, where the excited Er3+

ions relax to the ground state by transferring energy to carriers inside Si
NCs. As a result intense Er-related emission appears and quenches within
the first microsecond after laser pulse [58].

The 2nd explanation has been challenged based on observations of a similar fast
PL at 1.5 µm in Er-free SiO2 samples [122, 124, 127]. Therefore it has been
postulated that fast PL at 1.5 µm arises from deep trap centers emitting in the
visible and IR region [122] or, similarly, from defect centers either in the SiO2

matrix or at the interface with Si NCs [124, 127]. The purpose of this chapter is
to address above mentioned issues and answer two important questions:

1. Is the nanosecond emission at 1.5 µm Er-related?

2. What is the microscopic mechanism responsible for it?

For this goal we have investigated time and temperature dependence of fast emis-
sion for different systems containing Si NCs in SiO2 of which some were Er-doped.

7.2.2 Nanosecond PL dynamics

The cooling rate of “hot” carriers inside Si NCs is expected to be dependent on
the size of NCs, as phonon bottleneck effect could alter electron-phonon interac-
tion efficiency (see Section 1.3.2). Since the excitation mechanism of Er3+ ions
inferred by intraband transition of confined carriers inside Si NC is in compe-
tition with “standard” cooling by phonon emission, it should also be influenced
by size changes. The fast PL characteristics of 1.5 µm emission and its possible
dependence on NC size would be a fingerprint of this mechanism. For this rea-
son a series of Er-doped SiO2 co-doped with Si NCs of different sizes has been
prepared and studied for their optical response at room temperature (RT) and
at 7 K. All samples in this study have been annealed at 1150 or 1200 ℃ and the
average size of NCs, as determined by the relation between PL peak energy and
average NC diameter from Ref. [16], was 3.3, 3.8 and 4.7 nm.
Results of PL decay at 1.5 µm for these series can be found in Fig. 7.2. From
the left panel we can see at a first glance that the PL decay is quite similar for
different sizes of Si NCs. The initial fast peak, occuring with the same temporal
structure as the excitation pulse, is followed by a slightly slower decay. From sin-
gle exponential decay fits of region between 20-200 ns, we get a decay time for all
samples of approximately 36 ns, so no differences in fast temporal characteristics
are found. This leads to the preliminary conclusion that the initial fast decay is
not related to the cooling time of carriers inside NCs, which is not unexpected,
since carrier cooling times are predicted to be much shorter than the nanosecond
timescale observed here [79]. In the right panel of Fig. 7.2 results are shown for
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Figure 7.2: 1.5 µm decay for the first 500 ns after pulsed excitation with excitation
wavelength λex = 450 nm. left panel: Decay for 3 samples with different size of
Si NCs and the same Er3+ concentration. right panel: Decay for 2 samples with
similar Si NC size and different Er3+ concentration.
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Figure 7.3: Time-resolved spectral dependence of PL for Si NCs doped SiO2

annealed at 1150 ℃ for sample A (Er-doped) and sample B (Er-free). The results
show the normalized PL decay for the first 1000 ns after laser excitation and have
been obtained at RT with λex = 450 nm. The broad band for shorter wavelengths
originating from Si NCs is observed over the entire time window. The weaker
band around 1500 nm observed for sample A for longer times is due to Er3+ ions.

samples with two different concentrations of Er3+ ions. The larger concentration
gives a much more pronounced peak in the first moment of excitation, so during
the laser pulse, and after that it decays strongly below the intensity of the lower
Er sample (the traces are normalized for longer times). Although the difference
in this behavior can have many origins, it offers a strong indication that the fast
1.5 µm emission is somehow related to Er3+, and is not only originating from the
matrix. Whether this is emission from the Er3+ ions or, for example, from defect
states introduced by the doping procedure is not determined here.
Additional information about the origin of the emission comes from the spectral
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Figure 7.4: Time-resolved spectral dependence of PL for Si NCs doped SiO2

annealed at 1200 ℃ for sample C (Er-doped) and sample D (Er-free). The results
show the normalized PL decay for the first 1000 ns after laser excitation and have
been obtained at RT with λex = 450 nm. The broad band for shorter wavelengths
originating from Si NCs is observed over the entire time window. The weaker
band around 1500 nm observed for sample C for longer times is due to Er3+ ions.

dependence of time resolved emission in the visible and the IR regions in the
first µs after an excitation pulse. 4 different samples have been studied, A and
B (both Si4T1150, B co-doped with Er3+ with 0.11 at.%) and C and D (both
Si64T1200, D co-doped with Er3+ with 0.11 at.%), more details of fabrication
procedure and composition can be found in section 2.2.1. Results of this study
are summarized in Fig. 7.3 for samples A and B and in Fig. 7.4 for samples C and
D. For all samples a broad band around 900 nm can be observed, which is related
to the emission of Si NCs. With the introduction of Er3+ ions i.e. samples A
and C, a number of changes can be observed when compared with their Er-free
counterparts. There appears a luminescence band around 1.5 µm that is quite
stable in intensity in the 200-1000 ns time window. This band can be related
to radiative recombination from the 4I13/2 state of Er3+, which has a long decay
time (typically ms) and is thus not reducing much in the depicted time-frame.
Another observation is that with the introduction of Er3+ ions the emission of Si
NCs is clearly suppressed (not observable for the normalized data), which illus-
trates the efficient energy transfer from SiNCs to Er3+ ions. For the first 200 ns
there is a fast decaying broad PL band overlapping with the spectrum around 1.5
µm, which is particularly clear in Fig. 7.4 for both Er-doped and Er-free samples.
The built-up time of this luminescence cannot be resolved and so has to be very
fast τ < 5 ns. Other (relatively small) differences between results obtained for the
two sets of samples are of lesser significance and can be attributed to variations
of sizes and concentration of Si NCs in these materials.
In order to deduce information about the microscopic origin of the fast 1.5 µm
emission and allow for a direct comparison with Ref. [122, 124], the spectral de-
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Figure 7.5: Spectral PL intensity integrated over the first 200 ns after laser
excitation. The upper panel compares spectra of samples A and B, and the lower
panel C and D.

pendence of the PL intensity integrated over the 0-200 ns time window for both
sets of samples is shown in Fig. 7.5. The upper panel compares PL signal from
Er-doped and Er-free samples annealed at 1150 ℃, while the lower panel shows
results for the samples annealed at 1200 ℃. In both sets the Si NCs-related emis-
sion around 900 nm is visible in both samples, while a 1.5 µm emission peak is
only seen in samples A and C, i.e. doped with Er3+ ions. This peak has features
characteristic for emission from the first excited state of Er3+ ions in such ma-
terials, which indicates that a part of the fast signal observed around 1.5 µm in
our materials is Er-related. This behavior is in contrast with results reported in
Refs. [122, 124], where no Er-related signal has been found in the first 200 ns.
Now we turn our attention to the broad band observed particularly in samples C
and D (Fig. 7.4) at wavelengths longer than 1100 nm, but outside of the range
where emission from Er3+ could take place. This band has a short decay time
constant (τdec < 100 ns) and therefore its time-integrated intensity is small com-
pared to the other two bands. Similar structures have been observed in the past
and were usually identified as recombination at defects [128, 129, 130]. It is likely
that the intensity of this band is sample-dependent and that it overlaps with the
1.5 µm Er-related emission. Therefore we have to conclude that there is also a
contribution to the fast emission at 1.5 µm, which has a different origin than the
intrashell transition of Er3+ ions. A natural explanation for the different results
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found in this study when compared to other reports can be found in different
sample preparation, with the most important distinction being the annealing
temperature. In our case high temperature annealing ensured formation of Si
NCs, while the lower temperature annealed systems of Refs. [122, 124] contain
most likely amorphous nanoparticles. A large difference of corresponding Er3+

ions and defect-related emission and their relative intensity can be expected.

7.2.3 PL dynamics for low temperatures

More information about dynamics and their origin can be obtained by going to
lower temperatures. This section will discuss results of a study on fast emission
of these systems occurring at 1.5 µm for lower temperatures. Fig. 7.6 shows
time-resolved PL intensities detected at 1.5 µm over a large time window for
temperatures in the range of 7-300 K. A few observations are imminent:

• The PL intensity at long times increases when going to lower tempera-
tures. This effect can be seen in time-integrated PL intensity as well, and
results from a combination of removal of thermal quenching effects and the
narrowing of Er3+ PL line, leading to the enhanced collection efficiency.

• The fast decaying component slows down considerably, having a time con-
stant of 36 ns at room temperature and > 1 µs at 7 K. In result, observation
of the rise of intensity with time constant due to the slow transfer by Förster
mechanism τrise (see section 7.2) is obscured at lower temperatures.

• PL intensity of the initial fast component increases approximately 4 times
when going from RT to 7 K. This is stronger than the mentioned increase
at long times, which is only about 1.8 times.

As explained above, the first effect is well understood, but the other effects require
closer inspection in order to make conclusions concerning their origin. PL decay
kinetics at 1.5 µm obtained for different excitation wavelengths are depicted in
the left panel of Fig. 7.7. The results are normalized for the initial intensity.
While the fast decay kinetics do not change for different excitation photon en-
ergies, the slower µs component shows an increase for shorter wavelengths. The
right panel depicts PL decay for an excitation wavelength of 490 nm for dif-
ferent pump fluencies. In this case also fast decay kinetics do not change, but
the slow component increases for harder pumping. In Chapter 4 it was shown
that emission from Si NCs saturates for larger pump fluencies as strong Auger
non-radiative mechanism removes multiple e-h pairs in a single NC and limits
in this way the PL intensity. Since the excitation of Er3+ ions in this system is
mediated by Si NCs, saturation effects can also be expected to limit the energy
transfer to these species. In the second column of Table 7.1 the average number
of photons absorbed per NC, 〈NC∗〉, is determined by 〈NC∗〉 = σex × Jpump,



7.2. TEMPORAL ASPECTS 83

0.1 1 10 100

1

10

 

 

P
L 

in
te

ns
ity

 (a
rb

. u
n.

)

time ( s)

 7K
 50 K
 100K
 150K
 200K
 250K
 300K

ex
  = 490 nm

det
 = 1535 nm

Temperature

Figure 7.6: PL decay of 1.5 µm emission at temperatures ranging from 7K to
room temperature for the first 100 µs after an excitation pulse at 490 nm.

with accompanying ratios in the third column. In the linear regime of excitation
power dependence there should be a 1-to-1 relation between this ratio and that
of integrated PL intensity (column 4). We see that this is not the case and es-
pecially the largest pump fluence shows a large discrepancy with the expected
intensity. This effect together with the values of 〈NC∗〉, indicate that the “slow”
Er3+ luminescence is saturated for Ppump = 470 µJ. The ratios for the fast and
the slow component (last column) are taken from the right panel of Fig. 7.7. The
“slow” component grows relatively faster, or when we reverse the argument, the
“fast” signal has a smaller increase and thus saturates, or quenches, stronger.
Similarly, this saturation effect might also explain the differences obtained under
pumping with different excitation photon energies (left panel Fig. 7.7). Here the
relative intensity of the “slow” component increases for shorter wavelengths, fol-

Ppump(µJ) 〈NC∗〉 ratio excitation PL intensity fast/slow ratio
85 1.5 1 1 1
225 4.0 2.7 2.5 0.94
470 8.3 5.5 3.2 0.85

Table 7.1: Calculated average number of absorbed photons per NC, 〈NC∗〉, and
accompanying ratios for the different pump powers. PL intensity depicts the ab-
solute ratio of integrated PL intensities. The last column indicates the amplitude
ratio of the fast and slow component, where the first value is set to unity.
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Figure 7.7: PL decay at 1.5 µm for sample Si6Er4T1150 after excitation with a
different wavelength (left) or with different excitation powers at a wavelength of
490 nm (right). Results in both panels are normalized for the initial intensity.

lowing the trend in absorption cross-section and, for constant pump powers, the
increasing excited state population. The above-mentioned difference in charac-
teristics between the two components of the PL decay at 1.5 µm in this system
are difficult to explain by invoking only Er3+ based emission. A more detailed
study of emission properties for this system is necessary to elucidate its origin.

Defect band

Prior work showed that PL spectra of Er-doped SiO2 sensitized with Si NCs at
cryogenic temperatures exhibit a broad band that appears around a wavelength
of 1.3 µm [128]. A similar band was also seen in a system where Ge was used
instead of Si [129]. In that case it was suggested that a temperature-dependent
phonon-assisted Förster-type energy-transfer process from luminescence centers
responsible for this band to Er3+ ions, was behind the Er excitation. Lower-
ing the temperature resulted in obscuring the Er-related emission by increasing
intensity of radiative recombination of the luminescence band which had a com-
parably long lifetime.
In the materials used in our study we do not observe any PL in the spectral
window from 800 to 1600 nm with a lifetime in excess of 10 µs, except for the
Er-related peak with the lifetime ∼2 ms. For short timescales however, the broad
band arising around 1.3 µm is very pronounced and overlaps with emission re-
lated to 4I13/2 ⇒ 4I15/2 transitions in the Er3+ 4f-manifold. The overlap suggest
possibility for a Förster resonant energy transfer from these centers responsible
for the broad band, to 1st excited state of Er3+ ions.
Time-resolved spectra for samples without Er3+ doping showed a similar band
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situated around 1.3 µm, which had also strong temperature dependent decay
characteristics. Similar radiative transitions have been observed in different ma-
terials and were usually identified as recombination at defects [127, 129, 131].
The similarity of this band in very different materials, suggests that the defects
are related to a combination of Si and SiO2, and that the high temperature an-
nealing promotes formation of these radiative defects [131].
When PL of Er-doped and non-doped systems of Si NCs in SiO2 matrix are com-
pared it is observed that there is a clear Er-related component in the initial 200
ns after an excitation pulse, both at room temperature and at 7K. A different
conclusion was drawn in studies where a lower annealing temperature was used
[122, 132], possibly resulting from differences in radiative and non-radiative path-
ways in these materials.
Two different approaches can be employed to account for the contribution of
defect-related emission and to get the “clean” Er-related dynamics. One ap-
proach uses PL dynamics at 1.5 µm from an Er-free sample and which is then
subtracted from the PL of an Er-doped sample. A second approach relies on the
assumption that the defect-related emission is modified due to the presence of
Er3+ ions. In this case emission from the defect band close, but not overlapping
with Er emission, is used to characterize it and scaled in intensity with the 1.5
µm emission of the Er-free sample is subtracted from the Er-doped PL dynamics
at 1.5 µm. It is essential that the dynamics for the defect-related emission does
not vary for both wavelengths, which was concluded for the Er-free sample. Both
methods confirm that there exists a “fast” nanosecond component for the entire
7-300K temperature range, which is originating from Er3+ ions. The model pro-
posed in Ref. [121], where interband transitions of carriers in the Si NCs transfer
energy to the Er3+ ions exciting them directly to the 4I13/2 state, followed by fast
de-excitation by the reverse process, could account for such a fast feature. If the
transition involved does not match the energy conservation requirements, this
process must be phonon-assisted, which will manifest itself by a strong temper-
ature dependence of the associated time constants. However, in such a case this
process should be dependent on excitation photon energy, which is not observed
– Fig. 7.7. Another explanation of the fast Er-related emission involves Er3+

ions inside the Si NCs, or trapped at the boundary with the matrix. These are
susceptible to an instantaneous excitation directly into the first excited state via
absorption of photons with sufficient energy leading to simultaneous excitation
of Er3+ ion and creation of an e-h pair in a NC [121], which is a non-resonant
process [133]. These Er3+ ions can also induce a donor center, as a result of which
they will efficiently non-radiatively de-excite, analogous to what happens in bulk
Si:Er [134].
Previous studies have shown that information about the microscopic mechanisms
of Er3+luminescence can be obtained by analysis of the temperature dependent
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quenching of its intensity [135, 136, 137]. Activation energies determined from
fits of PL quenching profiles with an Arrhenius equation are ∼60 meV for the
band at 1.5 µm and approximately 90 meV at 1.4 µm in the Er-doped sample and
correspond to processes responsible for de-excitation of Er3+. We note that in
this case the contribution of defect emission at 1.5 µm emission has been removed
before analysis. This is reasonable, as PL quenching in the Er-free sample has an
activation energy of ∼95 meV, i.e. very similar as that of the defect-related level
in the Er-doped sample. This suggests that different centers are responsible for
the thermal quenching of luminescence of different bands, indicating their differ-
ent origin. An Er-related trap level with ionization energy of ∼60 meV [138, 139]
seems to be responsible for excitation of Er3+ ions to the first excited state, with
the reverse process de-exciting it to the ground state, whereas a defect-related
luminescence band is quenched by a thermally activated process with an energy
of ∼90 meV.
On basis of a comparative time-resolved PL study on Er-free and Er-doped mate-
rials with high quality crystalline Si NCs at different temperatures, we conclude
that there exists an Er-originating fast PL band appearing at a wavelength of 1.5
µm instantaneously after laser excitation and characterized by a temperature de-
pendent sub-µs decay time. The occurrence of a PL band in Er-free sample shows
very similar characteristics as the 1.5 µm of Er3+, but in a much larger spectral
window. This band is generally assigned to defects in the Si NC/SiO2 interface
superimposed on the Er-related emission. Different contributions to the exci-
tation of Er3+ ions have been considered and thermally activated luminescence
quenching shows that processes with different activation energies are responsible
for de-excitation of emitting centers, whether Er3+ (60 meV) or defects (90 meV).

7.3 PL QY considerations for Er3+

The luminescence from Er3+ ions sensitized by Si NCs originates from single
dopants, where emission of interest takes mainly place from 4I13/2 state. Here
we neglect emission from higher excited states, since relatively quick intra-f shell
relaxation competes with it, reducing its contribution to below 0.1% of the total
number of photons. Effectively this system can then be represented by the two-
level model introduced in Section 4.1.3 and a similar mathematical treatment can
be applied. The rate equation (Eq. 4.1) then will assume the form:

dN∗
Er

dt
= σErφ(NEr −N∗

Er)−
N∗

Er

τEr
, (7.1)

where NEr is the maximum number of Er3+ ions which can be excited, N∗
Er the

number of excited Er3+ ions, σEr the effective excitation cross section of Er3+

ions, φ the laser flux and τEr the radiative lifetime of the 4I13/2 state. Since the
radiative lifetime τEr ≈ 2 ms is much longer than the laser pulse, we can assume
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that no recombination occurs during the laser pulse and at the end of the pulse
the number of excited Er3+ ions is given by:

N∗
Er = NEr(1− e−σErJpump), (7.2)

where Jpump is the number of photons per cm2 per pulse. Following the analysis
of Section 4.1.3, we arrive to a similar expression as Eq. 4.8:

χµASabs ∝ σEr, (7.3)

where χ is a parameter depending on experimental factors, µ the PL efficiency, A

the illuminated area and Sabs the absorbed fraction of excitation light. As noted
in Section 4.2, each emitting species, in this case Er3, can only emit a single
photon after an excitation pulse. This notion allows us to use the treatment of
(Eqs. 4.12-4.15) and finally arrive at:

η =
NErσEr

ASabs
(7.4)

In this way determination of the ratio of σEr and Sabs gives the relative quantum
yield of the Er-related PL.

7.4 Er3+quantum cutting

Following the excitation model illustrated in Fig. 7.1, a constant QY of the Er-
related PL is expected for different excitation photon energies; a single absorbed
photon excites an Er3+ ion via a Si NC with a certain efficiency, similar as in the
case of NCs (Section 4.2).
Fig. 7.8 shows the experimentally determined quantum yield of the Er-related PL.
Each data point in this figure represents the ratio of the effective PL excitation
cross-section to the fraction of absorbed photons for a particular wavelength of
the incoming light. In each case, the PL excitation cross-section was determined
from the slope of the plot of PL intensity versus laser pump fluence, Jpump, in
the linear region. In this way, the effective excitation cross-section of Er3+ emis-
sion at different wavelengths can be compared. The wavelength dependence of
the fraction of the incident light that is absorbed by the sample was measured
in a separate experiment. The correlation between the number of absorbed and
emitted photons expected for the single-photon generation process of Fig. 7.1 is
indeed found for the lower range of excitation energies, where the QY is constant.
However, a clear enhancement is seen for energies above a certain threshold of
∼2.6 eV (480 nm). For these energies, the efficiency of the energy transfer to
Er3+ increases indicating that a different excitation mechanism becomes acti-
vated. The process is schematically illustrated in Fig 7.8b; the excess energy ∆E
of the “hot” carrier (∆E = hν - ENC , where hν and ENC are photon and NC
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Figure 7.8: (a) Relative quantum yield of Er-related PL (1.5 µm) as a function
of excitation energy. The quantum yield is determined here as the ratio of the
effective cross-section of Er PL and the absorbed fraction of incident photons. The
error bars reflect the uncertainty in the value of the power of the laser, (10%),
expressed as the standard deviation (determined separately). (b) Diagram of
the process involved: 1, excitation of the Si NC with a high energy photon; 2,
intraband process exciting an Er3+ ion, and removing excess energy; 3, erbium-
related luminescence. (c) Schematic of the process, showing one photon absorbed
by one NC, and two photons emitted by two distinct Er3+ ions.
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Figure 7.9: Dependence of Er-related PL intensity on the excitation pump pulse
fluence Jpump, for different excitation wavelengths in the range 450-600 nm. Note
that the saturation level is independent of excitation wavelength

bandgap energies, respectively) allows for an Auger process, wherein the carrier
undergoes intraband relaxation by transferring the energy to an Er3+ion, and
putting it in an excited state. In this case two Er3+ ions can be excited upon
absorption of a single photon by a NC, with the second excitation resulting from
the conventional band-to-band recombination process, as indicated in the figure.
The minimum energy necessary for such a “double” process to occur is given by
the sum of the excited state of Er3+ (0.8 eV) and the silicon NC bandgap (∼1.5
eV), thus ∼2.3 eV. Similar as in the case of Si NCs, it is important to note that
the saturation level of Er PL intensity is independent of excitation wavelength
(see Fig. 7.9) and that the decay kinetics are also the same. A change in lifetime
of the luminescence could be camouflaging a possible change in number of emit-
ters, which would undermine the analysis, which was based upon assumption of
a fixed maximum amount of optically active Er3+ ions. Even more, the change of
lifetime could be responsible for a change in quantum yield, since the integrated
PL intensity will also change. To check this possibility, measurements of the tem-
poral development of the Er-related PL for two different excitation wavelengths
have been performed, for photon energies below and above the threshold. From
the results depicted in Fig. 7.10 we conclude that the decay times are identical
for both excitation regimes. Therefore, together with the notion that the PL sat-
uration level is the same for the different excitation wavelengths, we can exclude
that the observed change in quantum yield could appear due to an alteration of
Er3+ lifetime.
The additional excitation mechanism possible for above threshold photon ener-
gies shown in Fig. 7.8b, requires proximity of the energy receiving species, in this
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Figure 7.10: PL transients of Er-related emission measured at room temperature
for excitation below (λex = 600 nm ≈ 2.1 eV) and above (λex = 450 nm ≈ 2.8
eV) the threshold. For easy comparison, the transient obtained with λex= 600
nm has been multiplied by 2. Both transients are obtained in the linear, small
Jpump regime (see Fig. 7.9) and show the same decay time.

case Er3+ ions. For the intraband transitions exciting the Er3+ ions it has been
shown that mostly higher multipole contributions should be important for the
energy transfer [121]. This notion implies that the intraband mechanism is more
strongly dependent on the separation between the energy exchanging species,
than the interband recombination related energy transfer. Changing the average
distance between Si NCs and Er3+ ions would in this case would alter the total
efficiency of the excitation process. For larger distances one can expect the “fast”
process to have a smaller relative contribution to the total PL signal.
In order to provide further insight into the excitation mechanism, we extend
the investigation of PL quantum yield to a material which has similar prop-
erties as the above studied system (size of NCs, bandgap, crystalline quality,
Er-concentration), but a different average distance between the energy receiving
species (Si NCs) and the energy emitting species (Er3+). This is obtained by
fabrication of a similar sample with smaller concentration of Si NCs of [NC] =
2.1 × 1018 cm−3 as opposed to [NC] = 4.1 × 1018 cm−3 of the former one. A
simulation based on an analysis of a system of “point” particles whose centers
are randomly distributed, originally developed by Hertz [140], of the distance
distribution between Si NCs and Er3+ ions in the two samples can be found in
Fig. 7.11a.
The spectral dependence of the relative quantum yield of Er PL for both samples
is depicted in Fig. 7.11b. We note that both dependences show a constant value
for the low photon energy region, characteristic for a single photon generation
process. The value of the relative QY is normalized for small photon energies, to
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Figure 7.11: (a) Distance distribution from the center of a Si-NC to an Er3+

ion for two different Si NC concentrations used in this study, based on analysis
from Ref. [140]. The average distance between Si NCs and Er3+ ions is larger for
the sample with a smaller NC concentration. (b) Quantum yield of Er-related
PL for different excitation energies for two different samples. Both samples have
identical NC size (average 3.1 nm) and Er3+ concentration (2.8×1019 cm−3), but
differ in NC concentration as indicated.

enable direct comparison. It is obvious that the increase in efficiency for larger
energies is much more prominent in the sample where the average distance be-
tween Si NCs and Er3+ ions is smaller, as was anticipated. This observation does
not allow to explain the nature of the underlying mechanism, but it provides di-
rect support for an distance dependent energy transfer process between spatially
separated centers.




