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Symbols and Abbreviations

Latin symbols

n refractive index
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α absorption coefficient
β Auger pre-factor
ε reflection correction factor
η extraction efficiency
θ angle
λ wavelength
µ micro-
ν frequency, speed of sound
π number pi
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τ lifetime
φ flux
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ω angular frequency

Abbreviations
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Introduction 1

Introduction

...che sa vivere nella contingenza al pari dei fiori.

Ardengo Soffici

Search for silicon (Si) based light sources continues to be spurred by the
enormous growth of communication technology and by its demand for effective
and low cost optoelectronics function. This impressive and constant drive for
more information at higher data rate is pushing Si microelectronics to its fun-
damental limits. In particular, the bottleneck caused by propagation delays,
limited bandwidth and capacitance effects due to increasing miniaturization
are the major limitation that electronics is facing today [1, 2]. Photonics has
received an enormous amount of interest in the last years. In fact, using pho-
tons instead of electrons to transfer information between logic devices could
increase dramatically the data rate, offering a large bandwidth, low power
consumption, low noise, and minimum cross talk. The use of optical inter-
connections in CMOS devices would be possible only if all components of the
optical transmission circuit (source, detector, waveguide, modulator) are inte-
grated with the electrical components of the chip. Silicon is the natural choice
since it would allow for monolithical integration with electronic components
on the Si platform and because of its low manufacturing costs, in respect to,
e.g., III/V semiconductors. Despite the great advantages Si seems to bring to
the field, major drawbacks have to be overcome. It is well known that Si is
a poor light emitter [3]. This comes from the fact that it is an indirect band
semiconductor and radiative recombination of electron-hole pairs cannot take
place without involving a third particle, in order to comply with the momen-
tum conservation law. Usually phonons are the third particles involved in the
process [4,5,6]. This three particle process has to compete with non-radiative
processes simultaneously occurring in the system. The probability of the radia-
tive emission is much lower than the concurrent non-radiative recombination,
making the radiative process unlikely to happen [7].
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0.1 Optical control

0.1.1 Doping: Er

Doping with rare earth ions is a possible way to engineer Si for photonic
purposes [8,9]. In particular, doping with erbium (Er) is one the most promis-
ing and pursued pathway since the early eighties (first electroluminescence by
Er in silicon was shown by Ennen et al. [10] in 1985), due to the attractive
emission wavelength of Er3+ ions at 1.54 µm. Also silicon dioxide (SiO2) has
been doped with Er. The advantage of Er doped SiO2 comes from the fact
that emission occurs at room temperature due to the absence of non-radiative
processes, and from the high optical activity (100 % in optimized sample) of
the Er included. Nevertheless Er3+ ions can only be excited by directly pro-
moting electrons from the ground state (4I15/2) to one of the excited states.
The absorption cross section for this process is quite low, on the order of 10−20

cm2 [11], making excitation not efficient. Incorporation of Er in bulk silicon
enhances by several orders of magnitude its excitation cross section since ab-
sorption of light happens in silicon with a cross section of 10−15 cm2. The
major disadvantage of using crystalline silicon is that at high temperature
(>100 K) luminescence is completely quenched due to thermally activated
processes that compete with Er radiative recombination.

Another fact that hinders Er-related PL in Si is the not efficient excitation
of Er3+ ions. In fact, excitons created by laser illumination have to diffuse
in the material before encountering an Er3+ ion and eventually exciting it.
Due to defects and distortions, mainly related to the presence of Er itself,
the diffusion length of excitons is really short due to the short lifetime. This
fact hampers dramatically the possibility of energy transfer to Er3+ ions, since
excitons recombine mostly before having reached the Er3+ ions.

0.1.2 Structure manipulation: (multi)nanolayers

Multinanolayers represent a possible solution to such limitation by isolating
in different regions the processes of excitons creation and Er excitation.

Excitons, generated in the undoped region, will not suffer anymore from this
fast defect-related quench, and will be able to diffuse, eventually reaching the
doped regions and exciting the Er3+ ions. Besides that, multinanolayers have
been shown to possess peculiar features, making them particularly interesting
to study; Er-related emission presents few and narrow lines after the material
undergoes an annealing treatment. The linewidth of the lines is of the order
of 10 µeV with this number being only a higher limit due to the resolution of
the PL detection system [12, 13, 14]. The narrow linewidth of emission gives
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hopes for applications of the system as an efficient light emitter both in the
1.5 µm and in the THz ranges.

Combining silicon and germanium is another manner to enhance the optical
properties of the Si. In fact, incorporating a layer of Er-doped Si:Ge between
two layers of Si can lead to confinement of light in the Si:Ge layer due to
the different refractive indexes of the materials that can be tuned at will by
controlling the content of Ge [15].

0.1.3 Structure manipulation: Si nanocrystals

A way to increase the rate of radiative transitions with respect to the non-
radiative ones is to shrink the dimensions of Si crystal to nanometer scale [16].
Electronic properties of Si nanocrystals (Si-nc’s) change with respect to the
bulk system due to quantum confinement. This is a general effect in semicon-
ductors, producing discretization of levels both in the valence and conduction
bands and increasing the energy distance between the two bands (i.e. en-
hancement of the band gap value, inversely proportional to the dimension of
the structure) [17, 18, 19]. This results from the fact that the shrinking of
spatial dimensions leads to localization of the wavefunctions of the particles
(electrons and holes) inside the nanostructure. Then from Heisenberg prin-
ciple follows uncertainty in k space, which makes the conservation of the k
momentum possible without involving a third particle [20]. This quantum
effect enables radiative transitions, enhancing their rate with respect to non-
radiative ones. This takes place even at room temperature in contrast with
bulk Si in which radiative decay is completely quenched already at 100 K.

The wavelength of emission from Si-nc’s depends on their dimensions (since
it depends on the bandgap energy) and for usual nc’s with a few nanometers
diameter the emission peak lays in the range of 700 - 900 nm. This range is not
particularly suitable for telecom applications since optical (inter)connections
have a minimum of absorption for higher wavelengths (λ >1100 nm). Another
drawback that such a systems present is the distribution of nc’s size in the
same sample, since control of their exact dimensions is not easy. The size
distribution produces a spread in the emission wavelength, a major problem
to overcome in order to attain optical gain. A way to move around those
limitations is to incorporate in the same matrix (SiO2 for instance) Er3+ and
Si nc. The presence of nc’s assures a high absorption cross section and the
efficient transfer to Er3+ ions leads to an intense luminescence at 1.54 µm
[21]. The large band gap of the insulator matrix assures that temperature
quenching does not occur due to the high energy mismatch between the Er-
related emission energy and the bandgap of the host material.
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0.2 This thesis

This thesis deals with optical properties of a variety of silicon based media.
As suggested by the title, the common threads of this work are silicon and
erbium, the first as the fundamental material in modern electronics and the
latter as the preferential optical dopant.

Besides the investigations of different structures, research has been carried
out employing many optical techniques, either using “compact” setups or big
facilities such as the FELIX in Rijnhuizen. Samples characteristics and prepa-
ration methods as well as some details of experimental techniques are given in
Chapt. 1.

Chapt. 2 focuses on the issue of optical activity of Er3+ ions in two kinds
of nanolayers: Si/Si:Er and Si/Si1−xGex:Er. By comparison with a reference
SiO2 sample, similar values, of the order of few percent, for the number of
optically active Er3+ ions is determined in both structures.

Si/Si:Er is again the subject of investigation in Chapts. 3 and 4. In the
first one, the relation between the emission of Er3+ ions (and therefore their
optical activity) and O atoms is studied. The link between the two dopants
is established by looking how the luminescence of Er3+ ions is affected by
the concomitant excitation of vibrational modes of the Si-O-Si “molecule”. A
mutual influence of the two phenomena is indeed found and explained.

In the second of the two chapters, transitions in the THz range within the
ground state of Er3+ ions are predicted and further explored. Only one of the
those transitions is actually identified and a value for its lifetime is determined
and confirmed by the employment of two distinct pump-probe techniques.

Optical activity of Er3+ ions is again topic of research in Chapt. 5. In this
case, the host matrix for Er3+ ions is silicon-rich silicon-dioxide. After heat
treatment, the excess silicon segregates, resulting in a dispersion of silicon
nanoclusters in a SiO2 matrix. The percentage of Er3+ ions, either excited
via direct absorption of the laser light by the ions themselves or indirectly,
sensitized through Si nanoclusters, is addressed in detail.

The last chapter (Chapt. 6) concentrates on the characterization of an Er-
doped hydrogenated amorphous silicon sputtered structure. Some peculiar
features concerning luminescence have been found in this material and an
explanation of their puzzling dynamics has been pursued. However, due to
the complex nature of the material, the drawn interpretations can not be
considered as conclusive.

At last, section 7.1 provides a complete and general treatment to determine
optical activity of emitting species in a certain matrix. Subsequently, section
7.2 gives a detailed account of calculations of the extraction factor of light in
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different materials. Particular attention is given to multilayer structures that
are investigated in this thesis.
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1 Experimental

1.1 Sample details and preparation

The following section will give an overview of the materials on which exper-
iments have been carried out in my doctoral research.

Both structural description and preparation methods will be addressed.

1.1.1 Si/Si:Er multinanolayers and reference samples

A great part of the work described in this thesis has been performed in
Si/Si:Er multinanolayers. They have been grown by sublimation molecular
beam epitaxy (SMBE) on Si(100) p-type substrate (ρ ≈ 10 - 20 Ωcm) under
a pressure of 2 × 10−7 mbar [22]. These structures comprise interchanged Si
and Si:Er layers stacked along the 〈100〉 growth direction (Fig. 1.1).

Many samples, with different thickness of both doped and undoped Si lay-
ers and different number of repetitions of the structure (Si/Si:Er) have been
produced and two of them have been used in the measurements reported in
this thesis. The first of the two, called NLA (S51 in Ref. [12]), is composed of
400 periods with a thickness of the doped (dact) and undoped (dSi) layer of,
respectively, 2.7 and 1.7 nm. Following the growth procedure, the structure
was annealed at 800 oC for 30 minutes.

The second one, named NLB (or S56, Ref. [12]) comprised 19 periods with
thickness of 5 and 100 nm for the doped and undoped layers, respectively. The
Er concentration in the doped regions was determined by SIMS as 3.5× 1018

cm−3 in both samples. The total Er areal density was 2 × 1014 and 2 × 1013

cm−2 for structures NLA and NLB, respectively.
For comparison purposes, two references have been used:

1. A SiO2:Er “standard” sample (labelled STD), prepared by a triple
Er-implantation (1.5 × 1014 cm−2 at 200 keV; 2.8 × 1014 cm−2 at 500
keV and 5.6 × 1014 cm−2 at 1000 keV) to the total dose of 9.9 × 1014
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Si
Si:Er

Si Substrate

periods

dSi

dact

Figure 1.1: The Si/Si:Er multinanolayers structure.

cm−2, and subsequent 30 min. annealed in nitrogen at 1000 ◦C.

2. An implanted Si:Er sample (labelled IMP, Er dose of 3 × 1012 cm−2).
It has been prepared by Er implantation (3× 1012 cm−2, 300 keV) and
oxygen (3× 1013 cm−2, 40 keV) co-implantation followed by 30 min 900
◦C annealing with these preparation conditions being optimized for the
maximum emission intensity [23].

1.1.2 Si/Si1−xGex:Er nanolayers

Also another type of nanolayers has been investigated. In this case the
active medium, an Er-doped Si1−xGex layer, is placed in between two layers
of undoped Si [24]. Si/Si1−xGex:Er/Si (only one period of repetition) structure
is grown on a Si substrate. The Er concentration, for all the samples, is of the
order of 2×1018cm−3. They have been fabricated by SMBE as for the Si/Si:Er
nanolayers at growth temperature of 500 ◦C, while Ge doping occurred through
the pyrolysis reaction of GeH4 gas close to the heated substrate.

Three samples with different thickness dact of the active layer and different
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Si

Si1-xGex:Er
Si

Si Substrate

dact

Figure 1.2: The Si/Si1−xGex:Er/Si nanolayers structure.

Ge content xGe have been produced, as summarized in the following table:

Sample dSiGe:Er(nm) xGe(%) RES(%)
168III 2300 27.1 3
185II 150 24 46
142II 150 12 100

Table 1.1: Si/Si1−xGex:Er nanolayers structure paremeters: thickness of the active
layer dSiGe:Er, Ge content xGe and residual elastic stress (RES).

Residual elastic stress (RES) is an important parameter because it gives
an indication of the amount of defects in the structures. The difference in
lattice parameter between Si and Ge causes biaxial compressive strain [25]
within the Si1−xGex layer that is linearly proportional to the Ge content.
The biaxial compression of the SiGe layer on Si results in an elastic energy
proportional to the square of the strain. This elastic energy increases linearly
with the thickness of the layer and drives to relaxation of the strain, through
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formation and gliding of misfits dislocations, and undulation and roughening
of the surface. Therefore, samples with a low percentage of residual stress have
been relaxed and produced a concentration of defects inversely proportional
to the RES factor. In particular, XRD analysis was employed to determine
the Ge content xGe and the value of the RES factor.

1.1.3 Er-doped Si-rich SiO2 waveguides

A series of differently prepared waveguides based on SiO2:(Er+Si-nc) ma-
terial, characterized by various levels of Si-nc and Er doping, and annealing
temperature, which implies different conditions of Si-nc aggregation and there-
fore different size and structure of Si-nc’s have been produced. Slab waveguides
were fabricated by multiple-energy co-implantation of Si and Er into a 10 µm
thick thermal oxide layer grown on a (100) silicon substrate [26,27].

Sets of samples with three different silicon excess levels of 10%, 20% and
30%, and two different Er concentrations of 1018 cm−3 and 1020 cm−3 were
prepared. Subsequently, each set of samples was annealed at 600 ◦C, 900 ◦C,
or 1150 ◦C for 1 hour in N2 gas. The annealing was applied in order to form
Si-nc’s and to optically activate Er3+ dopants. From numerical calculations
we have estimated that the 10% excess Si corresponds to a Si-nc concentration
similar to the lower Er concentration, approximately 4×1018 cm−3, while the
30% excess Si results in Si-nc’s concentration somewhat lower than the higher
Er concentration, approximately 1019 cm−3.

Samples have been labelled as ErXSiY, where X=1,2 for lower and higher
Er concentration, respectively, and Y=1,2,3 specifies the Si excess of 10%,
20%, and 30%, respectively. For reference, SiO2 samples implanted only with
erbium, with no Si excess, were prepared under identical conditions.

1.1.4 Er-doped amorphous Si:H

Chapter 6 is dedicated to the characterization of Er-doped hydrogenated
amorphous Si samples. The samples present interesting and unexpected prop-
erties that will be discussed in detail.

The films of a-Si:H (600 - 700 nm thick) were obtained by dc-magnetron
sputtering of metal erbium in an atmosphere of silane, argon and oxygen onto
a quartz substrate. The substrate temperature during the sputtering process
was maintained at 265 ◦C. The growth rate was 111 Angstrom/h. After the
completion of the sputtering, the films were slowly cooled in the chamber.
The concentration of hydrogen and oxygen in the films was, according to the
IR spectroscopy data, 8 - 10 at% and 6 - 8 at%, respectively [28]. The Er
concentration was of the order of 1020 cm−3.
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1.2 Experimental Techniques

Numerous techniques have been employed in the measurements that are the
object of this thesis. All of them are optical techniques, namely, using optical
excitation of the samples and detecting the consequent optical de-excitation
as a function of different parameters.

1.2.1 Photoluminescence experiments

Photoluminescence is a widely employed technique that allows to character-
ize different materials. The idea is quite simple: a sample is excited with a laser
at a certain wavelength λexc and luminescence (from the sample) at different
wavelengths λdet is detected. Luminescence can be collected, as mentioned be-
fore, as a function of different parameters, for instance, scanning continuously
the detection wavelength or fixing the detected wavelength and varying the
power of the excitation. Different lasers have been used to provide the optical
excitation, continuous wave lasers: Millennia (active medium: Nd:YVO4) at
532 nm and an argon laser tunable at different wavelengths (350, 488, 514,
521 nm). Pulsed excitation was provided by the 3rd harmonic of a Nd:YAG
laser at 354 nm pumping an OPO (Optical Parametric Oscillator) with a BBO
crystal (allowing continuous excitation from 430 - 650 nm and 780 - 2000 nm).
The laser gives pulses of 5 ns duration time with a frequency of 10 Hz. OPO,
because of its wide and continuous range of excitation wavelengths, permits
to perform photoluminescence excitation (PLE) measurements [29]. In these
kind of experiments the detection wavelength is fixed and the excitation wave-
length is varied. Samples have been measured at different temperatures from 4
K up to room temperature. Two cryostats have been utilized: a flow cryostat,
in which the sample is placed in a chamber with a helium gas atmosphere,
and a cold finger one, that cools down the sample by means of contact heat
exchange. Both cryostats can be nominally cooled down to 4 K, however the
determination of the temperature in the cold finger is not really accurate since
the contact between the sample and its holder is not always perfect and the
heat exchange is not efficient. Two spectrometers were used: a high resolu-
tion one (Jobin-Yvon THR 1500), allowing a maximum spectral resolution of
few Angstroms, and a second one (TRIAX 320) with a resolution of 2 nm. A
photomultiplier tube (Hamamatsu instruments, 0.16 - 09 µm) with a temporal
response of ∼30 µs and a GE photodiode (Edinburgh Instruments, EI-A, 0.9 -
1.7 µm) with a slower response time of 300 µs have been employed for detec-
tion respectively in the visible and in the infrared range. The PL signal was
collected by lock-in technique with a good signal-to-noise ratio and eventually
processed by a computer, equipped with a home made software. PL transients
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were instead captured with a TDS 3032 Tektronix oscilloscope.

1.2.2 Time-correlated single photon counting

PL kinetics taken by directly feeding the signal from detector to the os-
cilloscope do not offer really good time resolution. In fact, the resolution is
limited by the response time of the detector which is of the order of 30 µs.
The time-correlated single photon counting (TC/SPC) technique allows much
better time resolution (in our case, with a maximum resolution of 0.25 ns).
TC/SCP consists of many components as briefly described in the paragraph
(Fig. 1.3 illustrates schematically the photon counting setup).

PMT
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Figure 1.3: Schematic view of the TC/SPC experimental setup.

A light source provides the excitation energy required for luminescence (In
our experiment, the same pulsed excitation as in common PL measurements
has been used). A “Start” signal is taken from the light source (detected by a
diode or directly by the pulse generator of the laser) and sent to an instrument
called Time to Amplitude Converter (TAC). After the sample is excited, the
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system relaxes back to the ground state emitting photons. When a photon hits
the photocatode of a Photomultiplier Tube (PMT), it generates an electrical
signal that adds up to the inherent noise of the PMT, sending the resulting
“signal plus noise” to the Stop Discriminator (SD). The latter is a crucial
component of the system, since it makes the system basically insensitive to
the noise. A discriminator differentiates between levels of electrical signal: if
the signal level is below a certain threshold is ignored, otherwise is recorded.
In fact, reality is more complicate than this. One of the strong assumption
behind the validity of TC/SPC is the fact that we detect and record single
photon events. It is common that multiple photon are detected and processed
as they were single photon events.

Disc/LLD

ULD

Noise

Single Photon Events

Multi-Photon Events

12345

Time

V
oltage

Figure 1.4: Pulse sequences in the PMT.

The occurrence of such event is detrimental for the reliability of the data,
since the intensity levels displayed in the decay curve are lower than the ones
actually emitted by photoluminescence. A way to eliminate such a problem
is to set an upper value to the discriminator, in order to ignore signal levels
higher than a ceratin threshold. Summarizing, events with a signal level lower
than a threshold, called LLD or Lower Level Threshold (this level is set to a
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value higher than the noise one,) and higher than a second upper threshold,
ULD or Upper Level Threshold (with a value lower than the sum of the signal
coming from two photons or from a photon plus noise), are recorded. Fig. 1.4
shows schematically how the discriminator works.

1.2.3 Free electron laser

Many of the measurements discussed have been performed with the free
electron laser (FEL), at the Dutch Free Electron Laser facility for Infrared
eXperiments (FELIX) in the FOM Institute for Plasma Physics “Rijnhuizen”
[30]. A FEL is a light source that produces coherent electromagnetic radiation
by the acceleration of electron bunches. In fact, electrons are accelerated
to a relativistic speed and sent to an undulator, an array of magnets with
alternating poles, forcing the electron beam to follow a sinusoidal path. The
deflection of the electron beam from a straight path induces the emission of
synchrotron radiation and the matching of the phase between the motion of the
beam and the emitted light produces coherent radiation. The wavelength of
the emitted radiation can be easily tuned by changing either the energy of the
electron beam or the magnetic field strength of the undulator. The wavelength
range of the Felix is 4.5 - 250 µm with a spectral width between 0.4 and 7 %.
The beam consists of micropulses with a duration of 7 ps separated by intervals
of zero intensity of either 1 or 40 ns. The micropulses form a macropulse with
a duration up to 10 µs with frequency repetition of 5 Hz [30,31].

1.2.4 Two-color experiments

Two-color experiment consist of simultaneously excitation of the sample
with two lasers at different wavelengths. In particular a primary band-to-
band excitation is provided by a frequency doubled pulsed Nd:YAG laser (532
nm) with duration of 100 ps and repetition rate of 5 Hz. PL is collected by
the usual configuration already described in Sec. 1.2.1.

The second beam from the free electron laser is spatially overlapped to the
band-to-band excitation but fired with an adjustable delay time between the
two beams. The wavelength of the second beam can be tuned at will in all its
range.

In such configuration, we can monitor the influence on amplitude, spectra
and kinetics of PL bands from the IR radiation as a function of its wavelength,
power and temporal delay in respect to the Nd:YAG excitation.
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1.2.5 Pump-Probe and Transient Grating spectroscopy

Two techniques that make use of the FEL excitation have been employed
(Chapters 3 and 4) in this thesis. The first of them, pump-probe, is a well
known technique to measure relaxation time constants of atomic or vibrational
transitions.

A really intense beam (pump) excites the sample under investigation bring-
ing the system from the ground state to the excited state. A second beam
(a much less intense one, called probe), delayed in time respect to the first,
probes the population of the ground state that is relaxing back from the ex-
cited state with its own characteristic time constant. The intensity of the
transmitted probe beam is monitored as a function of the delay time between
the two beams and compared to the intensity of a third beam probing the
system much later with respect to both pump and probe. This third beam,
called the reference, is always much more absorbed by the system since the
effect of the pump has already gone away and the system is completely relaxed
back to its ground state (Fig. 1.5 illustrates the process).

The recorded signal, for each delay time t between pump and probe, gives
a value corresponding to the following equation:

IS(t) =
Iprobe(t)− Ireference(t)

Ireference(t)
(1.1)

The schematic of the experimental pump-probe setup is shown in Fig. 1.6.
The FEL beam is divided by a beam splitter, with the two new created

beams carrying 90 % and 10 % of the original intensity. The less intense
beam is further divided in two beams of equal intensity, the probe and the
reference, with a fixed mutual delay of 2 ns. The intense beam is directed
to a moving stage in order to vary its delay in respect to the probe (and the
reference). The stage can be moved continuously and provide a maximum
time delay of 2 ns. After being reflected by different mirrors, the pump and
probe beam (and reference too), are focused on the sample by a parabolic
mirror. This point is really crucial. The spatial overlap of the beams has to
be perfect for the experiment to work. In order to have a reliable overlap,
collimation has to be tested first by focusing the beams into a pinhole (100
- 400 µm radius, in our case). Subsequently, the sample has to be placed in
the same longitudinal position as the pinhole with respect to the direction of
the beams. The orientation of the sample with respect to the incoming beams
has to be carefully chosen. In fact, perpendicular orientation with respect to
the axis connecting the two parabolic mirrors has to be avoided in order to
prevent reflections of the beams back and forth between the mirrors. After the
sample, the beams are collected by a second parabolic mirror, symmetrically
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Figure 1.5: Pulse sequences in a pump-probe experiment: a) Pump beam brings the
system to the excited state. b-e) Transmitted probe beam, coming with a time delay in
respect to pump, is detected. Absorption of the probe beam depends on the relaxation
of the system back to the ground state, with a characteristic time. f) 2 ns after the
excitation of the pump the system has relaxed back to the ground state. A reference
beam, identical to the probe beam, is detected after being partly absorbed by the system,
giving a reference for the maximum absorption of the probe.

placed with respect to the first mirror (with the sample in the focal point of
the two), and eventually probe and reference are detected by a GeGa detector,
after being reflected by a mirror and one more parabolic mirror.

Transient grating spectroscopy is, to some extent, an analogous technique to
the pump-probe, described before. Here, two pumps with the same intensities,
are focused on the sample by a parabolic mirror, reaching it at the same time
and with their mutual directions forming an angle θ. The interference of the
two pump beams creates a modulation of the electromagnetic field on the
sample leading to the modulation of the concentration of excited species in
the sample and, consequently, of the refractive index of the medium. In order
to probe the interference pattern, a third beam is necessary. The probe beam,
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Figure 1.6: Pump-probe setup schematic.

reaching the sample with a variable delay time with respect to the pump
beams, is diffracted by the interference pattern. The diffracted beam is then
detected and recorded as a function of the delay time between the probe and
the pump beams, monitoring in such away the change in population of the
ground state with time. Although this techniques, as mentioned before, is
quite akin to the pump probe, the lack of background makes it more sensitive.
In addition, the interference pattern is created close to the surface, therefore
the substrate plays a minor role in the measurement. A scheme of the setup
is presented in Fig. 1.7.

The felix beam is separated in two by a first beam splitter, the transmitted
one being the intense pump beam and the weak reflected one, the probe beam.
The pump beam (red in the figure) is reflected by a mirror on a moving stage,
as for pump-probe, in order to delay the pump and probe with respect to
each other. The pump beam is then directed to a second beam splitter and
divided in two new beams, called pump 1 and 2. Small adjustments have to
be made in order to make the two pumps parallel to each other before being
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Figure 1.7: Transient grating setup schematic.

reflected from the parabolic mirror and focused on the sample. They travel
at the same height and with a distance of 5 cm to each other. The probe
beam, instead, is directed to a polarizer, that make its polarization different
from the pumps beam, and it travels parallel to one of the two pump but at
different height with respect to the plane of the two pumps. The polarizer has
a double function: the different polarization of the probe with respect to the
pumps prevents the interference of the three beams with each other, provoking
undesired effects, and makes easier the detection of the signal beam (with the
same polarization as the probe). It is then reflected by the parabolic mirror
and directed to the sample as for the other beams. On the other side of the
sample, instead of the three incident beams, more beams emerge with the new
ones being the diffracted signal.

The new beams coming out have directions given by the combination of the
k vectors of the incoming beam, satisfying the following equation [32,33]:

−→
k D(t) =

−→
k 1(t) +

−→
k 2(t)±

−→
k 3(t) (1.2)
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Figure 1.8: Incoming pump beams interfere on the sample, creating a modulation of
the electromagnetic field. Outcoming beam represents one of the two beams generated
by the diffraction of the probe beam.

where kD, k1, k2 and k3 are the diffracted, the two pumps and the probe
beams, respectively. k4 in Fig. 1.8 represents one of the two diffracted beams
kD, given by the linear combination of the the three incoming beams in eq.
1.2.

All the beams are reflected by the second parabolic mirror with their image
position specular in respect to the incident points on the first mirror. The
signal goes through an analyzer (that let beams with the same polarization as
the probe go through) and is eventually detected.

Fig. 1.8 displays the incident beams, the pattern created by them on the
sample and the outcoming beams. Λ represents the size of the fringe and it
depends on the wavelength (λ) of the incident beams and on their angle (θ)
of incidence on the sample with the following relation [34,35]:

Λ =
λ

2 sin(θ/2)
. (1.3)
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2 Optical activity of Er3+ ions in
Si/Si:Er nanolayers

Yes, that is the artist’s job: takes
mineral rock from dark silent earth,
transforms it into shining light-
reflecting form from sky.

Philip K. Dick

While crystalline silicon (c-Si) continues to dominate the mainstream in-
tegrated circuit device manufacturing, applications of this most important
semiconductor material remain electronic rather than photonic. Due to the
relatively small and indirect bandgap, silicon is a poor light emitter. Never-
theless, as the result of continued research effort, optical gain (Si nanocrys-
tals) [36] and Raman lasing (Si) [37,38] have recently been demonstrated, and
even intense room temperature emission [39] from Si structures seems to be
possible. The optical properties of silicon can be enhanced by Er doping but
here the situation is still not settled. While room-temperature luminescence
has been realized [40], population inversion and optical gain have not been ob-
tained and fundamental problems remain. Due to the long radiative lifetime
of Er3+ in Si, a high doping concentration, in the range of 1019 − 1020 cm−3,
is necessary for intense emission. Such high impurity levels exceed by far the
solubility limit, and can only be realized by nonequilibrium methods. This
readily leads to segregation of Er to the surface and in a form of metallic clus-
ters. Although this effect can be suppressed by oxygen co-doping, only a minor
part (∼ 0.1 % - 1 %) of the Er ions incorporated in the material take part in
photon emission [41,42]. This low percentage of Er3+ ions which participate in
the radiative recombination process practically precludes realization of optical
gain in Si:Er.



22 2. Optical activity of Er3+ ions in Si/Si:Er nanolayers

It is generally recognized that for an efficient optical excitation of Er in Si,
a high exciton concentration is necessary. This can be obtained in intrinsic
material of high purity. Therefore the requirements of high Er concentration
and efficient exciton generation cannot be met simultaneously. This leads to
a situation that for heavily Er-doped layers excitons develop in the substrate
rather than in the layer itself. Consequently, the intensity of Er-related pho-
toluminescence (PL) does not increase above a certain thickness of the Si:Er
layer. This limitation can be overcome when a “spacer” layer of undoped Si is
inserted into the Si:Er layer. Whilst thermal stability of Er-related PL is not
improved, it turns out that at cryogenic temperatures a sandwich structure of
interchanged Si/Si:Er nanolayers features more intense emission at 1.5 µm [43].
In addition, as evidenced by our previous studies, Si/Si:Er nanolayer struc-
tures offer a unique possibility of preferential formation of a particular type
of optically active Er-related center, labelled Er-1 [13, 14]. Since the homoge-
neous emission bands of the Er-1 center are characterized at low temperature
by ultra-small width of a few µeV, this indicates a potential increase of the
gain coefficient by a factor of 103 − 104 when compared to Si:Er materials
used so far. Therefore Si/Si:Er nanolayers emerge as a promising medium for
achieving population inversion and stimulated emission in a Si-based mate-
rial; while in view of thermal quenching of PL emission this could possibly be
obtained at cryogenic temperatures only (at this point), it would nevertheless
represent a major advance, as realization of population inversion and optical
gain is a long sought after goal of silicon science and technology. A necessary
(although by itself insufficient) condition for that is a very high percentage of
dopants which can participate in radiative recombination. In this chapter, we
investigate the limits of optical activity of Er in Si/Si:Er nanolayer structures,
i.e., the maximum concentration of Er dopants which contribute photons upon
optical excitation.

2.1 Samples preparation and experiment

All the measurements presented in this chapter have been performed at cryo-
genic temperatures (4 - 15 K) on the samples described described in Chapt. 1,
specifically: the differently optimized Si/Si:Er nanolayer structures grown by
SMBE at 560 ◦C and the three Si/Si1−xGex:Er nanolayers grown by SMBE
at 500 ◦C. For reference, a SiO2 sample, has been used and in order to vali-
date the experimental method for determination of the percentage of optically
active Er, an implanted Si:Er sample, called IMP, was used. The latter is
representative for state-of-the-art Si:Er material which can be obtained by
implantation.
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The PL experiments were carried out in a continuous-flow cryostat (Oxford
Instruments Optistat CF). The samples were excited using an Ar+-ion laser or
a tunable Optical Parametric Oscillator (OPO) producing pulses of 5 ns dura-
tion at 20 Hz repetition rate. The luminescence was resolved with a 1 m F/8
monochromator (Jobin-Yvon THR-1000) equipped with a 900 grooves/mm
grating blazed at 1.5 µm and detected by an infrared photomultiplier with a
30 µs response time.

2.2 Experimental results and discussion

2.2.1 Si/Si:Er multinanolayers

Fig. 2.1 shows (normalized) PL spectra of the 4 samples used in the present
study. These were obtained at T = 4.2 K, outside the saturation range under
continuous wave (cw) excitation with an Ar+-ion laser operating at 488 nm.
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Figure 2.1: PL spectra of the four investigated samples.

For sample NLA the characteristic ultra narrow lines of the Er-1 center can
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easily be distinguished [14]. Some sharp lines can also be found in the broad
spectrum of sample NLB. The integrated PL spectrum intensity ratio for all
the samples, normalized to the same signal maximum, and thus reflecting only
different spectral characteristics, is:

INLA : INLB : IIMP : ISTD = 1 : 5.6 : 2.5 : 4 (2.1)

The excitation power dependence of the PL intensity for samples NLA and
NLB under cw excitation at λexc = 514.5 nm was measured at 4.2 K. The
emission wavelengths selected for this experiment are indicated by arrows in
Fig. 2.1 shows the power dependence of the PL intensity for the main line at λ
= 1537.8 nm and at a wavelength of λ = 1525 nm for the “background” feature
for sample NLA, and λ = 1536.3 nm for sample NLB.
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Figure 2.2: PL recorded at the maximum of emission, as function of the excitation
power for the two multilayer samples NLA and NLB. The curve labelled “NLA back-
ground” refers to PL recorded away from the luminescence peaks, at the wavelength
indicated by the left arrow in the “NLA” spectrum of Fig. 2.1.

As has been discussed previously [44, 45], under cw excitation conditions,
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power dependence of Si:Er PL intensity is well described with the formula:

IPL =
AστΦ

1 + β
√
στΦ + στΦ

, (2.2)

where σ is an effective excitation cross-section of Er3+, τ is the effective lifetime
of Er3+ in the excited state, and Φ is the flux of photons. The appearance
of the β

√
στΦ term, with an adjustable parameter β, is a fingerprint of the

Auger effect hindering the luminescence. The solid curves in Fig. 2.2 represent
the best fits to the experimental data using Eq. 2.2. For sample NLA we get
σNLA

cw = 5±2×10−15 cm2 for the Er-1 related lines and an order of magnitude
smaller value of σbkg

cw = 7.5 ± 2 × 10−16 cm2 for the “background” emission,
with the Auger process related parameter β = 2 ± 0.1. For sample NLB the
best fit is obtained for σNLB

cw = 2± 1× 10−15 cm2 and β = 2± 0.1. The values
of σ are similar to those reported for Er-implanted silicon [46] and indicate a
similar Er excitation mechanism.

Fig. 2.3 shows decay characteristics of Er-related PL at T = 4.2 K under
pulsed excitation with a wavelength of λexc = 520 nm. As can be seen, the
decay kinetics is composed of a fast and a slow components. Fitting the profiles
measured for sample NLA, we obtained two decay times of τF = 0.16 ms and
τS = 0.83 ms contributing to the relaxation. The intensity ratio of the fast
and slow components is found to be 3:2, the same for all the emission lines of
this sample. For sample NLB, we have τF = 0.19 ms and τS = 0.90 ms. These
values are again similar to those commonly found in Si:Er structures prepared
by implantation [46]. For IMP we get τIMP = 1.9 ms, not shown, which is
indicative for the dominance of radiative recombination.

As mentioned before, the percentage of Er dopants that can emit photons
upon excitation is known to be notoriously low in Si [47], dispersions of Si
nanocrystals in SiO2 [48] and also in other semiconductors matrices, like, e.g.,
GaN. Yet this parameter is crucially important for the application potential of
Er-doped semiconductors and, in particular for Si:Er, since it determines the
PL intensity and is decisive for (a possibility of achieving) population inversion.
An estimate of the number of excitable centers can be made by comparing the
intensity of the observed PL with that of the SiO2:Er “standard” STD sample
measured under the same conditions. This is presented in Fig. 2.4, where flux
dependencies of Er-related PL intensities are shown for samples NLA, NLB
and STD.

The experiment has been performed under pulsed excitation with the OPO
set to λexc = 520 nm. This particular wavelength corresponds to the 4I15/2

→ 2H11/2 internal transition of Er3+ ion and therefore can be used for both
indirect (Si) and direct (SiO2) excitation of Er3+ ions. Since, in the experi-
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Figure 2.3: Decay kinetics for the two samples NLA and NLB. Solid curves are
exponential fits to the experimental data with two decay time constants.

ment, the PL signal is effectively integrated over time, and the PL intensity is
proportional to N∗

Er/τrad, the result of the experiment is given by N∗
Erτ/τrad.

Therefore, the ratio of the number of photons emitted from the two investi-
gated samples after an excitation pulse is given by:

ISi:Er

ISiO2:Er
=

ηSi
out

ηSiO2
out

N∗
Er(Si:Er) × (τ1/τ rad

1 )

N∗
Er(SiO2:Er) × (τ2/τ rad

2 )
, (2.3)

where τ1, τ2, τ rad
1 ,τ rad

2 , NEr(Si:Er), N
∗
Er(SiO2:Er), η

Si
out, η

SiO2
out correspond to the ef-

fective and radiative decay times, density of excited Er3+ ions, and the fraction
of emitted photons that leave the sample (extraction efficiency), respectively,
for the Si:Er and SiO2:Er materials. The ratio of the extraction efficiencies
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Figure 2.4: Integrated PL intensity as function of the excitation power, for the sam-
ples NLA, NLB and STD. On the right axis, PL intensity has been re-scaled to obtain
the density of activated Er ions in the samples.

can be calculated from the refractive indexes of Si and SiO2:

ηSi
out

ηSiO2
out

' 0.175, (2.4)

where n1, n2 are the reflective indexes of 3.49 and 1.46 at 1.5 µm emission for
Si and SiO2, respectively [12] (see Chapt. 7 for details).

In the present experiment, the duration of the OPO pulse (∆t = 5 ns) is
much shorter than the characteristic lifetime τ of Er3+ in the excited state:
∆t� τ . Consequently, we can assume that recombination does not take place
during illumination, and the population N∗

Er reaches the level of:

N∗
Er(t = ∆t) = Nact

Er [1− exp(−σΦ∆t)]. (2.5)

In this equation, Nact
Er is the total concentration of excitable Er3+ ions

present in the sample. For low excitation density, when σΦ∆t � 1, this for-
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mula gives a linear dependence on flux: N∗
Er = σΦNact

Er ∆t. When σΦ∆t� 1,
the saturation regime can be obtained: N∗

Er = Nact
Er . From Fig. 2.4 we conclude

that the intensity of emission from SiO2:Er sample shows a linear dependence
over the whole investigated flux range. For the SiO2:Er system, the values of
all parameters are known: σ520 nm

SiO2:Er = 2×10−20 cm2 [11], and Nact
Er = 9.9×1014

cm−2, i.e., we assume that all the implanted ions participate in emission. We
also take τ/τrad = 1. In that way, the well-characterized SiO2:Er system can
be used to attribute the measured PL intensity to a particular areal density
(cm−2) of excited Er3+ ions, as given by the right hand scale in Fig. 2.4.

For Si, the Er3+ excited state population should be corrected due to non-
radiative contribution to the effective lifetime [49]. If we assume the slow
component in the decay kinetic to represent radiative recombination (which
seems very reasonable in view of the published data on the radiative decay of
Er in c-Si [46]), the correction to the integrated PL intensities is given by:

ISi:Er

ISi:Er (total)
=

N∗
Erτ/τrad

N∗
Erτrad/τrad

=
τ

τrad
=

=
AFτF +ASτS
(AF +AS)τS

=
AF/ASτF + τS
(AF/AS + 1)τS

, (2.6)

where AF, AS, τF, τS correspond to amplitudes and decay times of the fast
and the slow components of the signal, respectively. At the saturation level
of the sample NLA, AF/AS = 1.5, τF = 0.16 ms, τS = 0.83 ms, and we get
ISi:Er/Itotal = τ/τrad ≈ 0.5. Therefore, under the same excitation conditions,
the excited state population in this sample has to be 2 times higher in order to
give PL intensity equal to that of sample SiO2:Er. This is similar for the sample
NLB, for which we get τ/τrad ≈ 0.45. Using data of Fig. 2.4, the maximum
number of Er3+ ions emitting photons in the Si:Er samples can be derived
from the saturation level of PL intensity, and taking into account the different
spectral shape of the 1.5 µm band (Eq. 2.1), effective lifetime, and extraction
loss. For sample NLA, we have Nact

Er ≈ 1.4 × 1012 × (1/0.175) × 2 × (1/4) =
4.0× 1012 cm−2. This implies that at saturation the percentage of Er dopants
contributing to photon emission is PNLA ≈ 2± 0.5 %. For sample NLB, with
a lower signal-to-noise ratio, we arrive at Nact

Er ≈ 0.17 × 1012 × (1/0.175) ×
(1/0.45)× (5.6/4) = 3.0× 1012 cm−2, and PNLB ≈ 15± 5 %.

To cross-check the methodology, we performed a comparative measurement
using the implanted sample IMP. In Fig. 2.5, the power dependence of PL
intensity is shown for samples NLA and IMP.

The experiment has been performed at low temperature under cw Ar laser
excitation. As can be seen, the PL saturation intensity of sample NLA is about
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Figure 2.5: Power dependence of PL for the samples NLA and the reference IMP.

25-30 times larger than that of IMP. Based on that, and taking into account
the difference in effective decay time (×2) and spectral shape, we obtain in this
case the percentage of radiatively recombining Er dopants as PIMP ≈ 6.6±1%.
This value is in reasonable agreement with the optical activation limit of state-
of-the-art c-Si:Er co-doped with oxygen [50], and provides verification of the
method and approximations used in this work.

We note that the percentage of photon-emitting Er dopants obtained for the
Si/Si:Er multinanolayer structure NLA from PL saturation level is comparable
to that achieved in the best Si:Er materials prepared by ion implantation. We
point out, that in view of the relatively long radiative lifetime of Er in Si τrad
used here for concentration evaluation, the estimated percentage should be
seen as the lower limit.

Alternatively, the amount of Er3+ ions participating in the radiative re-
combination can be estimated from the linear part of the excitation power
dependence under pulsed excitation. Such an approach seems more appropri-
ate, since the simple excitation model used here does not take into account
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various cooperative processes which are important in the saturation regime.
The linear part of integrated PL intensity, determined as the number of pho-
tons emitted after each laser pulse, is given by:

ISi:Er = σSi:ErεΦNact
Si:Er∆t

τ

τrad
, and

ISiO2:Er = σ520 nm
SiO2:ErΦN

act
SiO2:Er∆t

τ

τrad
(2.7)

for the Si:Er and SiO2:Er samples, respectively. The correction factor ε in-
dicates photon loss due to surface reflection of Si. For a Si-air interface at
normal incidence, this can be estimated as ε = 70% [12]. Reflection loss for
SiO2 is negligible. The linear component for samples NLA and NLB is derived
fitting the data depicted in Fig. 2.6.
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Figure 2.6: Linear part of the PL dependence on the excitation power. The curves
are taken from Fig. 2.4, but focusing on the linear region.

Those curves are the same as in Fig. 2.4, but taking into account only the
initial linear part. The values are scaled with the linear dependence found
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for the SiO2:Er “standard” sample STD. When corrected for the shape of
individual spectra, the lifetime, and with the average excitation cross-section
as determined earlier and now scaled for Si absorption at 520 nm, we can
estimate the upper limit of the total concentration of excitable Er3+ ions
[N ex

Er]MAX. In that way, we get the [N ex
Er]MAX values of 25± 10% and 48± 20%

for samples NLA and NLB, respectively.

Method\Sample NLA NLB IMP

Saturation 2±0.5 15±5 6.6±1
Linear 25±10 48±20

Table 2.1: Percentage of optically active Er ions in the investigated set of samples.

It is important to point out that these values correspond to an idealization
when no effects related to the increased concentration of Er in the excited state
are taken into account. Nevertheless, they are of importance, indicating the
upper limit of Er activation. The obtained optical activity of multinanolyer
samples is summarized in Table 2.1. Also the saturation value for the IMP
sample is shown for comparison.

2.2.2 Si/Si1−xGex:Er nanolayers

Following the same procedure as for Si/Si:Er multinanolayers, optical ac-
tivity has been determined for the Si/Si1−xGex:Er structures described in
Sec.1.1.2.

PL spectra of the three samples (see Fig. 2.7) do not present significant
differences in shape, only intensity of PL changes and it reaches maximum in
the sample 168III, the one with the greatest concentration of defects. Er3+

ions form similar centers in the samples as confirmed by the identity of spectral
shapes. Intensity of PL, however, increases with the concentration of defects.

Also decay curves do not show any difference, therefore only the one ob-
tained for sample 168II has been shown in Fig. 2.8 for sake of clarity. The
fact that effective lifetime is the same for all samples means that non-radiative
processes are similar, regardless on the concentration of defects. For all sam-
ples two lifetime components are obtained by a double exponential fit. Since
they are very close to each other, ∼ 0.73 and ∼ 1.3 ms, and have comparable
amplitudes, the decay dynamics can be well approximated by an average of 1
ms.

Fig. 2.9 shows the PLE spectrum of the sample 168III. In a PLE spectrum,
PL is recorded in function of the excitation energy and Er3+ ions are indirectly
excited, therefore PLE is proportional to absorption of light in the medium; the
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Figure 2.7: PL spectra for the three Si/Si1−xGex:Er nanolayers. The spectra of
structures 185II and 142II are multiplied by a factor 4.

dependence in Fig. 2.9 can be interpreted as the absorption spectrum of the
sample. Again, similar spectra have been obtained for all three investigated
samples.

Usually, for Si, absorption is higher at high excitation energy, and decreases
monotonically with decreasing photon energy approaching zero at the energy
of the bandgap. The experimental dependence shown in Fig. 2.9 does not
follow that behavior. In fact, absorption is lower at higher energy and a peak
is detected when excitation energy is slightly above the band gap. We note
that a similar feature (although much less intense and with a different shape)
has been also reported in the Si:Er multinanolayers [51,52].

In that case, the appearance of this peak has been related to a resonant
excitation mechanism of the Er3+ ions. Er excitation proceeds, in case of over
bandgap illumination, via four steps: creation of electron-hole pairs, formation
of excitons, binding of excitons to the Er-related donor level, energy transfer
to Er. The first two steps can be skipped by direct creation of excitons bound
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Figure 2.8: Decay curve of PL for one the samples, 168III. Two decay components
have been identified. Curves for the other two samples are omitted since no substantial
difference have been recorded.

to the Er-related donor center. In order to do that, the right amount of energy
has to be provided to the system. The energy necessary for this direct creation
of bound excitons is [52]:

ER = EG − EFEX + ELO − EBE , (2.8)

where ER is the required energy for the process, EG the band gap, EFEX the
exciton formation energy, ELO the energy of the lattice phonon (necessary
because of the indirect nature of the bandgap) and EBE the exciton-donor
binding energy∗. Taking values of these parameters for Si, namely EG = 1.17
eV, EFEX = 0.015 eV, ELO = 0.063 eV and EBE = 0.0218 eV, ER assumes the
value of 1.19 eV, exactly as measured in the PLE spectrum. This is strange
since energies of the bandgap EG and of the optical phonon ELO actually

∗For effective-mass donors, EBE ≈ 10% ED commonly. For Si, the Er-related donor level
ED was determined to be equal to 218 meV.
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Figure 2.9: PL intensity at 1.54 µm as function of the excitation energy. The arrows
points at the excitation energies used to determine the optical activity.

depend in Si1−xGex alloy on the Ge content x with in the following way (at 4
K and for x < 0.85 [25,53,54]):

EG = 1.17− 0.43x+ 0.206x2 eV, and
ELO = 63− 8.7x meV, (2.9)

Therefore for the material used we get the values of ∼ 1.07 eV and ∼ 60,6
meV for EG and ELO respectively, and consequently the direct Er excitation
should be obtained for ER ≈ 1.09 eV. Moreover, the energy of the peak in
the PLE spectra does not change for samples with different Ge contents. It
follows that the energies of both band gap and optical phonons are not modified
according to Eq. 2.9. This may be attributed to the fact that Er3+ ions are
positioned in Si rather than in the SiGe alloy, but, a final conclusions can not
be made at this point.

In order to evaluate the optical activity of Er3+ ions in SiGe alloy, Fig. 2.10
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Figure 2.10: Power dependence of Er PL in sample 168III for the three different
excitation energies marked in Fig. 2.9. For comparison, power dependence of the
reference sample is shown (linear curve).

compares power dependencies of Er-related emission from the sample 168III
for the three different excitation wavelengths indicated in Fig. 2.9 and from
the SiO2 reference sample. Analog as for Si:Er multinanolayers, a scale for
the density of excited state is obtained and after the necessary corrections a
value for the percentage of optical activity is determined for the three samples
under investigation. For each sample, this percentage is calculated at the three
excitation wavelengths as summarized by Table 2.2.

Highest percentage of optically active centers is achieved in all cases when
excitation energy is set at 1.18 eV, namely at the peak in Fig. 2.9. The
absolute maximum, found for sample 185II, of 4.2%, is comparable with the
one determined in Si/Si:Er. We conclude that for Er in Si multinanolayer
structures and in SiGe optical activity shows an intrinsic limit of a few percent.
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Sample\Excitation Energy 1.18eV 1.38eV 2.42eV
168III 2.4% 0.74% 0.56%
185II 4.2% 1.9% 0.97%
142II 1.6% 0.83% 0.83%

Table 2.2: Optical activity of the three investigated Si/Si1−xGex:Er nanolayers struc-
ture. The percentage of optical active centers has been determined for three excitation
wavelengths to distinguish among different excitation mechanisms.

2.3 Conclusions

Based on the presented results, we conclude that the percentage of Er
dopants undergoing radiative recombination and contributing to the 1.5 µm
emission in SMBE-grown Si nanolayers is similar to that realized in the best
Si:Er structures prepared by ion implantation. But, in contrast to the im-
planted material, all the Er emitters in the NLA structure are incorporated
in a single type of optical center, resulting in the ultra narrow homogeneous
linewidth of PL bands. Moreover, the already relatively high percentage of
emitting Er3+ ions as found for the Si/Si:Er nanolayer structure NLA can
possibly be further improved. This prospect is justified by results obtained
for sample NLB, for which our estimate gives the active Er fraction in excess
of 10%, with the upper limit being comparable with the total Er contents.
Future research will tell whether also for such a structure an appropriate ther-
mal treatment can preferentially convert emitting centers into the Er-1, as
was the case for NLA. We point out that the calculated high percentage of
Er dopants which contribute to the 1.5 µm emission in Si/Si:Er nanostruc-
tures corresponds to the absolute concentration which is similar to the solid
solubility limit of Er in crystalline Si [55]. The high percentage of emitting
dopants combined with the ultra-narrow emission lines makes the Si/Si:Er
multinanolayers materials interesting for silicon photonics. In particular, the
Si/Si:Er nanolayer structures appear promising for realization of population
inversion and, consequently, optical amplification at low temperature. The sit-
uation is similar in Si/Si1−xGex:Er nanolayers where also Er optical activity
of a few percentage has been recorded.
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3 Microscopic aspects of emission
quenching of Si:Er by oxygen

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

William Butler Yeats

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

3.1 Samples and experiments

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

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

3.2 Experimental results and discussion

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

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

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

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

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

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

emission band occurs, whose spectral dependence reflects the vibrational band
of interstitial oxygen. Confirmation of this fact is given by comparing Er PL
recorded at different experimental temperatures, namely 20 K and 30 K with
Er PL recorded at 4 K but with the FEL beam on the sample. Figure 3.5
illustrates clearly that when the FEL excitation is set at the wavelength of 7
µm (out of vibrational modes resonance) the Er PL kinetics (at experimental
temperature T = 4 K) perfectly matches the one recorded at 20 K with FEL
switched off. The same Er PL kinetics (T = 4 K) with the exciting FEL beam
at 8.84 µm is similar to the transients recorded at T = 30 K, with FEL off).
As previously mentioned, the application of FEL, regardless of its wavelength,
produces a background quenching of the photoluminescence, due to heating of
the sample. The quench effect gets stronger at the resonant FEL wavelength,
8.84 µm, as a consequence of the excitation of the vibrational oxygen modes,
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Figure 3.3: FTIR absorption spectra for oxygen-rich Er-free (T = 4 K and T = 55
K) and Er-doped (4 K < T <20 K) Si samples.

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

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

QFEL = A(1− exp(−Bφ)) + Cφ, (3.1)

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

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

We note two important characteristics of the quenching effect:

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

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

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

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

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

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

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

IPL ∼ exp(−t/τ)[1−AΘ(t− t0)], (3.2)

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

Np = N0
p +

αN0IFEL

2αIFEL + τ−1
p
, (3.3)

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

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

the following expression:

Teff ≈ T0 +
~ω
k

1
ln[(2αIFELτp + 1)/(αIFELτp)]

, (3.4)

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

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

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

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

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

-50 0 50 100 150 200 250 300 350 400 450 500

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

 

 

Q
ue

nc
h 

1-
(I

F
E

L/I O
F

F
)

FEL-YAG Delay time (µs)

 8.8 µm
 7.5 µm
 7   µm

Figure 3.8: Quench dependence of Er PL on the delay time between FEL and YAG
pulses for three different FEL wavelengths.

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

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

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

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

From the above described research follows that the Er luminescence is
strongly influenced by the presence of oxygen and, in particular, is directly
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Figure 3.9: A possible scheme of the back-transfer process. Eg is the Si energy band
gap, εD is the ionization energy of the Er-related donor level, EEr represents the
energy difference between the first excited state and the ground state of Er3+. The
additional energy could be provided by the Si-O-Si local phonon, as indicated.

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

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

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

3.3 Conclusions

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

We are sitting in a fortress. Outside it
is getting dark.

John R. R. Tolkien

The 30 - 300 µm wavelength range, which separates the predominantly
optical and predominantly electric domains, is frequently referred to as the
“terahertz gap” (1 - 10 THz). This reflects on the fact that the terahertz range
remains poorly explored while almost the entire electro-magnetic spectrum is
exploited for practical applications, such as optical communications and data
storage, spectroscopy, electronics and radio- and telecommunications, radar,
and X-ray diagnostics, among others. The main reason for this situation is that
to date no cheap and practical sources of THz radiation have been developed.
In fundamental research concerning e.g. carrier dynamics, the conveniently
tunable free electron lasers (FELs) remain the most popular radiation source.
These installations are, however, highly impractical in view of their size and
operational costs. Another solution is offered by optically pumped dye-lasers,
but their great disadvantage is the dye-fixed single emission wavelength. At the
same time, many interesting applications for THz range have been identified;
these include remote sensing (molecule identification) and imaging for security
and medical diagnostics, and also communications, where the THz band offers
greater bandwidth and reduced antenna sizes. Therefore research towards
development of a compact, versatile and preferably electrically operated THz
light source continues [72].

In that context, a Si-based THz laser would be particularly welcome in view
of the dominance of Si in contemporary electronics and the unprecedented so-
phistication of the Si CMOS technology. Here the possibility to use transitions



56 4. THz transitions within the ground state of Er3+ ions in Si

between shallow donor and acceptor impurity states has been proposed [73],
and stimulated emission from phosphor [74] and arsenic [75] donors in Si has
been demonstrated. However these solutions require separate and powerful
optical pumping (FEL and CO2 laser in Refs. [74] and [75], respectively), and
cryogenic temperatures. Therefore their projected applications are in space
and atmospheric research rather than for the terrestrial concepts mentioned
earlier. An alternative solution may be offered by quantum cascade lasers
based on III-V compounds, which utilize intraband transitions [76], but op-
erational temperature range of such devices is strongly hampered by polar
optical phonon scattering. This effect should be absent in Si (and Ge), which
are non-polar materials [77]. Consequently concepts of cascade lasers based
on (strained) Si-Ge quantum wells have been put forward [78, 79] and their
realizations are being explored [80,81].

Rare earth (RE) ions are frequently used for tailoring optical properties of
insulating and semiconducting hosts. For semiconductors, special attention
has been given to Er doping of silicon, with that research clearly motivated by
prospect applications in Si photonics and optoelectronics - for a comprehensive
review see, e.g., Ref. [1]. RE-doped materials have also been considered for
generation of THz radiation. At a time, it appeared plausible to use for that
purpose optical transitions between individual levels within a single spin-orbit
multiplet of a RE ion, split by a local crystal field. This approach to THz
generation turned out to be unsuccessful due to large width, and therefore
mutual overlap, of emission lines from individual crystal-field-split levels.

The situation is considerably different in Si/Si:Er multinanolayer structures
grown by sublimation MBE [22], where a single type of Er-related optical
centers is preferentially formed [13,14]. The low temperature PL spectrum of
this material features a set of very sharp lines with linewidth of ∆E < 8 µeV.
In this way, the major obstacle hampering previous attempts of utilizing Si:Er
for development of a THz source has been removed. In this study, we explore
the possibility of optical transitions between the well-defined crystal-field split
sublevels of the 4I15/2 ground state of the Er3+ ion in a Si/Si:Er multinanolayer
structure.

4.1 Samples and experiments

The experiments have been performed on a Si:Er structure comprising 400
alternating Si and Si:Er layers - see Sec. 1.1.1 for sample details. As mentioned
before, Er3+ ions in this sample are preferentially incorporated in a single type
of optically active center, designated Er-1, whose emission is characterized
by ultra-narrow emission lines. The ultrafast (picosecond resolution) pump-
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Figure 4.1: Schematic representation of the energy level scheme for the ground and
the first excited states of the Er-1 center. Gray zones indicate energy range where
additional thus far unidentified levels should be located. Transitions observed in PL
are shown by solid arrows. Dotted arrows indicate possible THz transitions within the
ground state multiplet: in grey, the λ ≈ 43 µm transition investigated in the current
study.

probe measurements in the THz range have been performed at the Dutch
free-electron laser users’ facility FELIX. All the measurements were done at
cryogenic temperatures, with the sample placed in a helium gas flow cryostat.

4.2 Experimental results and discussion

In the past, we have precisely determined the crystal-field induced splitting
between sublevels of the ground state of the Er-1 center [14]. This is illustrated
in Fig. 4.1, where also the most prominent PL transitions used to establish this
energetic scheme are indicated. On this basis, the wavelengths of the possible
THz transitions can be predicted and the λ ≈ 43 µm transition between the
levels of the 4I15/2 ground state of an Er3+ ion can be identified. As the
initial task, we carried out FTIR absorption measurements on our sample in
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Figure 4.2: FTIR measurement in the range of absorption of Er and B. Absorption
peaks of B at λFEL = 35.9 and 40.8 µm are indicated (black arrows). Grey arrows
point the wavelengths at which Er transition should occur, though no peak is present
in the absorption spectrum -see text for discussion of this negative result.

order to demonstrate the presence of a linear absorption band at the λ ≈
43 µm wavelength of the predicted transition. Unfortunately, no absorption
signal has been detected, while the reliability of the experiment was assured
by observation of an absorption signal of ≈ 30% and ≈ 65%, respectively, for
the two boron-related transitions at 40.8 µm and 35.9 µm (Fig. 4.2).

In order to explain this negative result, we note that only ∼ 1 − 1.5 µm
of the total thickness of the sample contains Er, with a concentration of [Er]
= 2 × 1018 cm−3, while B is present with a concentration of [B] = 2.7 × 1015

cm−3 in the ∼ 500 µm thick substrate on which the Si/Si:Er structure is grown.
This implies that the areal density of Er (NEr ≈ 3 × 1014 cm−2) is of the same
order as that of B (NB ≈ 1.3 × 1014 cm−2). At the same time, however, two
further aspects have to be taken into account: (i) the Er transition is forbidden
for parity reasons and its probability is 102 − 103 times lower when compared



4.2 Experimental results and discussion 59

0 200 400 600 800 1000

0 200 400 600 800 1000 1200 1400

τ
1
 = 2 ns

 

D
iff

ra
ct

ed
 B

ea
m

 In
te

ns
ity

Time (ps)

τ
1
 = 52 ps

 43.25 µm
 43.50 µm
 43.75 µm

Time (ps)

 

Figure 4.3: Result of the pump-probe measurement at λFEL = 43.5 µm in transient
grating configuration. A clear absorption band with a time constant of τ1 ≈ 52 ps can
be see, superimposed on slowly decaying (τ2 ≈ 2 ns) background, possibly of thermal
origin. In the inset: signal at λFEL = 43.5 µm is compared with the ones relative to
two wavelengths around it, namely λFEL = 43.25 µm and 43.75 µm .

to that of B, and (ii) not all Er dopants present in the sample will form the
Er-1 center and participate in the predicted absorption (see Chapt. 2).

Combining these facts, we can expect the absorption by B to be considerably
(∼ 2 - 3 orders of magnitude) stronger than by Er. By inspecting the recorded
linear absorption spectrum in Fig. 4.2 , we conclude that any Er-related ab-
sorption, if present, would be below the background noise level and therefore
impossible to detect under conditions of the experiment. Therefore we con-
clude that the lack of Er-related absorption band in the FTIR spectrum cannot
be seen as a decisive argument against existence of the investigated transition.

Consequently, we performed pump-probe experiments in the λ = 43 µm
range of the expected transition. In these measurements, an additional pa-
rameter appears - the lifetime of the participating excited state. As mentioned
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before, for Er we are dealing with a forbidden transition, while for B the op-
tical transitions are allowed. However in both cases recombination transition
probabilities are likely to be dominated by nonradiative processes, as phonon
scattering will prevail over photon emission. On the other hand, we can expect
a considerable difference of the Huang-Rhys factor for B and Er, resulting in
different coupling to lattice phonons.

The pump-probe experiment has been performed in the “transient grating”
configuration. In this case, the FEL beam is split into three parts by two
polymer beam splitters (PP and Mylar): two “pump” beams (having wave
vectors

−→
k1 and

−→
k2) and a “probe” beam, having wave vector

−→
k3. The two

pump beams are spatially and temporally overlapped on the sample. Using a
small angle of incidence for the two “pump” beams, the grating formation can
select only part of the sample closer to the surface thus reducing the substrate
contribution and giving advantage to the Er-doped top layer. Consequently,
the Er-related contribution relative to that of boron could be more pronounced
for direct absorption. If the FEL is resonant with an absorption transition
available in the sample, then the resulting excitation is spatially modulated
across the overlap region, resulting in a population grating. The weaker beam−→
k3, spatially overlapped but time-delayed, is then Bragg-diffracted off this
grating into a phase-matched signal direction (

−→
kD =

−→
k1 -

−→
k2 ±

−→
k3). By

scanning the time delay ∆t of the probe pulse with respect to the pump pulses,
the amplitude of the population grating can be measured as a function of time.
The grating decays as exp(−2t/τ), where τ corresponds to the time constant
characteristic of the absorption transition generating the grating. In that
way, the lifetime of the excited state can be measured. The transient grating
technique offers the important advantage of being practically background free:
the diffracted signal appears only when the grating is formed due to absorption
in the structure∗. In that way the appearance of any additional signals, not
directly related to the investigated absorption, is avoided.

The pump-probe experiments performed in the transient grating configu-
ration at the FEL wavelength of λ = 43.5 µm revealed a clear absorption
feature, as depicted in Fig. 4.3. From this measurement, the relevant decay
time constant of τ = 50 ± 5 ps was concluded. The slower, τ2 ≈ 2 ns com-
ponent observed simultaneously, represents most probably the heating effect,

∗The transient grating will also appear due to change of the refractive index, as a follow-
up of non-resonant effects involving virtual transitions. These however will exist only when
the electro-magnetic field is present, so will be reflect temporal characteristics of the laser
pulse responsible for generation of transient grating.
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commonly seen in that configuration. In fact, using the following equation [35]:

τheat =
λ

2sin(θ/2)νs
, (4.1)

where λ is the wavelength of the exciting pulse, θ is the angle of incidence
and νs the speed of sound in Si, it is possible to determine the characteristic
releasing time of heat, that is on the order of 5 ns, value really close to the
measured one.

Measurements performed at other wavelengths in that range (at 0.25 µm
steps) yielded no reliable absorption signal thus evidencing the resonant char-
acter of the detected band. In inset of Fig. 4.3, decay curve for the resonant
wavelength 43.5 µm is compared with the ones obtained for two other wave-
lengths around it, 43.25 µm and 43.75 µm. The signal detected in both cases
is very low and noisy in comparison to the one at the resonant wavelength.

The resonant aspect of the identified absorption band was further investi-
gated in detail in a standard pump-probe-reference configuration (see Chapt.
1 for experimental details). The results are shown in Fig. 4.4. In the main
panel, the (normalized) traces for two wavelengths of λ = 43.5 and 42.5 µm,
i.e. “on” and “off” resonance, are compared. For λ = 43.5 µm, the previously
identified absorption band decay time of 50 ± 5 ps can again be seen. In that
case, however, it appears superimposed on a faster decaying signal, character-
ized by a time constant of τF ≈ 10 ps. In the inset to Fig. 4.4, we show the
wavelength dependence of the time constant dominating the absorption. As
can be seen, the slow 52 ps component is indeed resonant, centered around
λ ≈ 43.5 µm. Consequently, we identify it with the expected ground-state
transition of Er3+. The origin of this fast component, which appeared in the
whole investigated wavelength range and which was absent in the transient
grating configuration, is not clear at this point and will not be considered
further.

For comparison, as for the FTIR absorption, we performed a similar exper-
iment for the B-related band at λ = 40.8 µm. A clear absorption with the
characteristic decay time of τ ≈ 70 ps has been observed. The amplitude of
the B-related signal was approximately 50 times larger than that measured for
Er at λ = 43.5 µm. This implies that the 43.5 µm band represents absorption
of approximately 0.5% - too small to be detected in the FTIR scan illustrated
in Fig. 4.2. From the above presented experimental evidence we conclude that
an optical transition within the 4I15/2 ground state of the Er3+ ion involved
in the Er-1 center has been observed.

We will now address the origin of the determined time constant. The theory
of interaction of RE ions with lattice vibrations has been considered in the past
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[82]. The lifetime of the upper (doublet) level is determined by spontaneous
phonon emission

τ−1
p =

1
π~ρν2

Φmm′
ω3

ν3
, (4.2)

where the matrix element of the RE ion-phonon interaction is determined by
the matrix elements of Stevens operators

Φmm′ = 3
∑
n,M

(χnA
M
n )2| < Jm|ÔM

n |Jm′ > |2, (4.3)

and the constants AM
n = gM

n A0
n play the same role as deformation potentials

in the theory of semiconductors - see Ref. [83] for the notation. Using also
the values of the relevant quantities given in this reference, we can estimate
the lifetime of the Er3+ ion in the upper state of the ground multiplet as
τp ≈ 12× 10−12s (where we have used the sound velocity averaged over three
acoustic branches ν ≈ 6× 105 cm/s). We have considered only the transitions
from the upper doublet to the lowest doublet state, since the probabilities of
the transitions to the closer doublets are lower. We see that, in spite of the
very crude treatise, our result is of the same order as the experimental value
of 50 ps.

The radiative lifetime for the transition from the upper to the lower doublet
level is given by:

τ−1
sp =

4n̄3e2d2
12ω

3

3π~c3
, (4.4)

where n̄ is the refractive index and d12 is the dipole matrix element [84]. Since
the non-zero probability values for the f−f ′ radiation transitions are obtained
only due to the admixture of d-states to the f -states of an Er3+ ion, we can
expect that the matrix elements are of the same order of magnitude for 4I13/2

→ 4I15/2 transition and within the 4I15/2 multiplet. Therefore, the difference
in the radiation lifetimes for these transitions should be determined mainly by
the photon density of states, i.e. by the cube of the ratio of the corresponding
energies (equal to ∼ 30). Consequently, the radiative lifetime of the upper-
doublet-to-lower-doublet transition can be estimated as τs ≈ 10−2×2.7×104 =
270 s. These estimates rule out the possibility of the experimentally measured
lifetime being the radiative one; consequently, we identify it as being due to
non-radiative multi-phonon recombination.

It is interesting to compare the current findings with the previously men-
tioned work on impurity level recombination of shallow dopants in silicon. In
that case the relation between nonradiative and radiative recombination time
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Figure 4.4: Comparison of the transmission signal experimentally measured “off” and
“on” resonance - at 42.5 (grey) and 43.5 µm (black), respectively. Solid lines corre-
spond to decay time constants of 10 and 50 ps. In the inset, wavelength dependence
of the time constant dominating the decay of absorption detected in the pump-probe
experiment (standard 3-beam configuration).

constants is important. For Si:P, where realization of stimulated emission has
been reported [74], the nonradiative recombination lifetime of ∼ 200 ps has
recently been measured [85]. This value is in good agreement with the present
finding. As for the radiative recombination, the exact value for P is not known,
and values of up to 10−3 s have been reported [86]. These values are consid-
erably shorter than our estimate for Er, since the 1s → 2p optical transition
of P is allowed. On the other hand, the f- character of electronic functions
involved in the Er transition could bring the advantage of a smaller linewidth;
to this end we note that the width of the 2p0 absorption band for Si:P (in
an isotopically pure 28Si sample) has been established as ∆E = 4.2 µeV [87],
while for the Er transition only the upper limit of ∆E < 8µeV is know at
present, and a much smaller value of the linewidth can be expected.
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4.3 Conclusions

The presented results conclusively identify an optically induced transition
within the 4I15/2 ground state of an Er3+ ion in Si/Si:Er multinanolayer struc-
ture. The transition is observed in absorption at λ ≈ 43.5 µm. To the best of
our knowledge, this is the first observation of an intra-J-multiplet optically-
induced transition for any RE-doped - semiconductor system. At a liquid
helium temperature, the relevant relaxation lifetime is determined as τ ≈ 50
ps. We argue that this value reflects a nonradiative multiphonon recombina-
tion process. While all the past investigations of Si:Er have concerned the
1.5 µm band relevant for telecommunications, the current result demonstrates
that the nano-engineered Si:Er could also be of interest for the THz range.
One attractive possibility could be to develop and explore plasmonic waveg-
uides [88, 89, 90] based on Si/Si:Er multinanolayers and in that way enhance
the radiative intra I15/2 state recombination of Er3+ ions [91,92].



65

5
Optically active Er3+ ions in

silicon-rich silicon-oxide
waveguides

...a moth who just wants to share your light...

Radiohead

The previous chapters focused on the investigation of various optical prop-
erties of multinanolayers of Er-doped Si. Despite their many interesting and
appealing features, a major drawback is that emission in those samples is se-
riously hampered at high temperatures [44]; in fact, Er-related luminescence
is almost totally quenched at 100 K.

Currently, the most promising way to avoid temperature quenching of Er
emission (and also limitations in doping concentrations) seems to be offered
by a combination of SiO2 and c-Si: i.e. solid dispersions of Si nanocrystals
or nanoclusters in an Er-doped SiO2 matrix [93] - SiO2:(Er + Si-nc). In this
case, the mechanism of Er excitation is somehow similar to that in c-Si:Er,
i.e., it is mediated by electron-hole generation which, in this case, takes place
inside Si-nc’s. Si-nc’s efficiently absorb the incoming photons and generate
carriers by band-to-band transitions. Subsequently, these carriers recombine
non-radiatively transferring energy to excite Er3+ ions. Since the ions are
(mostly) incorporated within the SiO2 (insulating) matrix, their relaxation
proceeds radiatively and is thermally stable. The Si-nc - mediated excitation
of Er3+ is characterized by an effective cross-section of σeff ≈ 10−17 cm2.
Therefore this excitation mode is less efficient than for Er in c-Si but still
superior to that of direct pumping into one of the higher excited states.

An important question concerns the percentage of Er dopants that can be
indirectly excited via Si-nc’s. Recent reports [48,94] suggest that this number
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is quite small, of the order of a few percent. Yet this parameter is essential
in order to estimate if net optical gain can be achieved in structures based on
SiO2:Er sensitized with Si-nc’s. Results published on this issue are controver-
sial, with observations of optical gain at 1.54 µm [95] being counterbalanced
by reports where only net losses are observed [96, 26]. In particular, different
absorption bands have been reported and related to Si-nc’s and implantation
damage [26]. An equally important issue is the total level of optical activity
of Er dopants, that is the percentage of “excitable” Er3+ ions which can at-
tain their excited state by direct or indirect pumping, and emit photons by
radiative recombination. The optical activity in moderately doped SiO2:Er
is 100% but is known to be notoriously low in c-Si - of the order of 1% [47].
The level of Er optical activity in the SiO2:(Er+Si-nc) medium was shown
to be lower than in SiO2 [48], but this depends on particularities of sample
preparation. In order to realize net optical gain, losses and the non-radiative
recombination of Er3+ ions have to be minimized and optical activity max-
imized. Also, the efficiency of the Si-nc - to - Er energy transfer has to be
optimized. The controversial issue of a possible enhancement of Er absorption
at 1.5 µm, allegedly induced by the local anisotropy of Si-rich SiO2 [97], seems
to be currently resolved [98,99]. In contrast, the level of optical activity of Er
which can be realized in the SiO2:(Er+Si-nc) medium is not known, and it is
not clear whether 100% activity can be achieved.

5.1 Samples and experiments

In the current study, we use photoluminescence and photoluminescence ex-
citation spectroscopy to investigate Er optical activity in a series of differ-
ently prepared waveguides based on SiO2:(Er+Si-nc) material, characterized
by various levels of Si-nc and Er doping, and annealing temperature, which
implies different conditions of Si-nc aggregation and therefore different size
and structure of Si-nc’s. Slab waveguides were fabricated by multiple-energy
co-implantation of Si and Er into a 10 µm thick thermal oxide layer grown on
a (100) silicon substrate. Details of the implantation procedure can be found
elsewhere [26]. Description of samples is provided in Chapt. 1.

An Optical Parametric Oscillator (OPO) was used as a tunable excitation
source. It produced pulses of 5 ns duration with a 10 Hz repetition rate.
500 nm and 522 nm wavelengths were selected for nonresonant and resonant
Er3+ excitation, respectively. Light emission at 1.5 µm was collected with two
lenses and resolved with a 1 m F/8 monochromator (Jobin-Yvon THR-1000)
equipped with a 900 grooves/mm grating blazed at 1.5 µm. Light detection
was done with a visible/infrared photomultiplier tube (R5509-72 Hamamatsu
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Corp.). The overall response time of the detection system was set to 30 µs.

5.2 Experimental results and discussion

Fig. 5.1 shows PL results for the waveguides prepared with the lower Er
implantation dose and annealed at 1150 ◦C.
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Figure 5.1: On the main panel, PL intensity as function of excitation flux is shown
for three different samples with different Si excess and same Er concentration and
annealing temperature of 1150 ◦C. For comparison, power dependence of the reference
sample (SiO2:Er) with the same Er concentration is shown. In the inset, PL spectra
for the same samples taken at a low excitation flux.

In the inset, low resolution PL spectra for samples with different Si excess
are compared with the reference implanted only with Er3+ ions. The measure-
ment has been performed under low-power excitation set to the wavelength
of λexc = 522 nm, i.e. resonant with the 4I15/2 →2H11/2 internal transition
of Er3+ (shown in Fig. 5.2, in which other transition of Er3+ are present).
As can be seen, under these conditions the PL intensity in samples sensitized
with nanocrystals (Si-nc’s are known to be formed at annealing temperatures
above 1100 ◦C) clearly exceeds that of SiO2:Er.
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Figure 5.2: PLE spectrum for one of the studied sample. Only small changes are
expected for distinct samples.

This situation changes, however, at higher pumping fluxes. The main panel
of Fig. 5.1 shows the PL intensity for the same 4 samples as a function of pho-
ton flux. (The highest pump power used in the experiment was 3 mJ/pulse).
As can be seen, while emission from samples containing Si-nc’s tends to sat-
urate at a level which changes with Si excess, the PL intensity from the ref-
erence SiO2:Er sample grows linearly with pumping power. A comparison of
the power dependence of PL intensity obtained under resonant and nonres-
onant pumping yields important information. In particular, the excitation
cross-section and the percentage of optically active Er3+ ions contributing to
the PL under indirect and direct pumping can be determined [48]. In this
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way the effect of different sample preparation conditions can be assessed, and
structures for the realization of optical gain can be optimized. With that in
mind, the power dependence of the PL intensity was measured for all sam-
ples. In Figs. 5.3 and 5.4 we show the 1.54 µm PL intensity for material with
the highest Er concentration and 30% excess Si at two different annealing
temperatures.
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Figure 5.3: PL intensity as function of excitation flux for sample with maximum Si
excess and Er concentration taken at two excitation wavelengths, 522 nm (resonant
with Er transition) and 500 nm (not in resonance), and for reference SiO2, both an-
nealed at 1150 ◦C. The difference of the two previous curves is also shown to visualize
the amount of Er excited directly.

Significantly different behavior is observed for samples annealed at 1150 ◦C,
having well defined nanocrystals, and a sample annealed at 600 ◦C, i.e., at a
temperature well below the formation of Si-nc’s. Crystallinity of nanoclusters
is known to influence the energy transfer processes. Previous works [100] re-
ported that the maximum intensity of Er photoluminescence has been obtained
for an intermediate annealing temperature of 800 ◦C, at which the nanoclus-
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Figure 5.4: PL intensity as function of excitation flux for sample with maximum Si
excess and Er concentration taken at two excitation wavelengths, 522 nm (resonant
with Er transition) and 500 nm (not in resonance), and for the reference SiO2, both
annealed at 600 ◦C. The difference of the two previous curves is also shown to visualize
the amount of Er excited directly.

ters are not yet completely crystallized. The data in both figures were taken
under resonant (522 nm) and nonresonant (500 nm) pumping. Results are
compared to those from the SiO2 sample with the lower Er concentration and
annealed at 1150 ◦C which was selected as a reference. If we assume that
all Er ions are optically active in the reference sample, then using the known
cross-section for resonant excitation 4I15/2 →2H11/2 of Er3+ ions in SiO2 we
can quantify PL intensity and relate it to a particular concentration of emit-
ting Er3+ ions [48]. The reference has been chosen based on the comparison
between all the SiO2 samples with different Er concentration and annealing
temperature. If the maximum of collected PL for each sample is divided by
the Er concentration, assuming that all the factors that have to be taken in
account to calculate the optical activity of Er ions (see Chapt. 2) are the same
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for the different samples, a value for the fraction of active Er ions is obtained.
The upper panel of Fig. 5.5 summarizes such numbers; it is clear that the

absolute maximum of optically active centers is reached in the sample with
low Er concentration and with the highest annealing temperature, while for
both Er concentrations the relative maximum optical activity is reached at
the highest annealing temperature.

In the lower panel, power dependence of PL for samples with low and high Er
concentration and both annealed at 1150 0C are compared. We conclude that
optical activity of Er ions is 30 times higher for low Er concentration in respect
to the high one. This result indicates that incorporation of high concentration
of Er ions leads to their clustering, with consequent loss of optical activity.
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Figure 5.5: On the upper panel, PL intensity divided by Er concentration as function
of annealing temperature. The lower panel shows the power dependencies for the two
SiO2 samples with the maximum PL intensity (the ones annealed at 1150 ◦C).

As can be seen, the indirectly pumped Er PL clearly saturates at high
excitation powers. From this saturation level, in combination with measure-



72 5. Optically active Er3+ ions in silicon-rich silicon-oxide waveguides

ments of the spontaneous Er lifetime, one can deduce the actual number of Er
dopants which in that case are indirectly excited via Si-nc. At the same time,
we note that under resonant pumping the PL intensity still increases linearly
above this saturation level. From this notion we conclude immediately that
the number or Er3+ ions which can be exited by Si-nc’s constitutes only a
minor part of all Er dopants present in the sample. By subtraction of the PL
intensities under resonant and non-resonant pumping, also shown in Figs. 5.3
and 5.4, we obtain directly the PL contribution from those Er3+ ions which
can only be excited by direct pumping, i.e., most probably are located not in
the direct vicinity of Si-nc’s.

0

10

20

30

40

50

600 700 800 900 1000 1100
0.01

0.1

1

 

F
ra

ct
io

n 
of

 E
r 

io
ns

 e
xc

ita
bl

e 
on

ly
 r

es
on

an
tly

 (
%

)

 Er1Si1
 Er1Si2
 Er1Si3
 Er2Si1
 Er2Si2
 Er2Si3

 

F
ra

ct
io

n 
of

  E
r 

io
ns

 e
xc

ita
bl

e 
vi

a 
S

i-n
c 

(%
)

Annealing Temperature (oC)

 

Figure 5.6: Upper and lower panels show, respectively, the percentage of Er ions only
excitable directly and via Si-nc, for all the samples.

Also these data can now be calibrated against the “reference” sample, so
that we can conclude whether the introduction of excess Si leads to loss of
optical activity, i.e. creates Er3+ ions which can no longer be excited to gen-
erate photons, also under resonant pumping. As can be seen from Figs. 5.3
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and 5.4, in both cases the slopes of the linear dependence obtained by sub-
traction of resonant and non-resonant data sets are clearly lower that that of
the “reference” sample, thus indicating a considerable optical activity loss. In
order to calculate the percentage of Er3+ ions excitable via Si-nc’s and those
optically active (i.e. contributing to the 1.5 µm PL) for each sample we fol-
low a method developed previously [48] (see Appendix for a more complete
outline of the determination procedure). A summary of these procedures is
presented in Fig. 5.6, where we show the percentages of Er dopants which (a)
can be indirectly excited via Si-nc’s and (b) which can be optically excited
only upon direct resonant pumping, for all the samples, as function of anneal-
ing temperature. From these data we conclude that the concentration of Er3+

ions which can be efficiently excited via Si-nc’s in the investigated waveguides
is between 2 and 5 × 1016 cm−3. Therefore a higher percentage of indirectly
excitable Er is obtained for waveguides prepared with the lower Er implanta-
tion dose. In this case, the highest percentage of 2.6% and 2.3% is obtained
for samples with Si excess levels of 20% and 30%, respectively, annealed at
900 ◦C. At the same time, however, we note that in these materials about 95%
and 85%, respectively, of the total amount of Er dopants are optically inactive
and do not emit photons under resonant pumping. The highest percentage of
optically active Er dopants (i.e. capable of emitting photons under resonant
or non-resonant pumping) of ∼50% is obtained for sample Er1Si1, which is
characterized by the lower Er concentration and the lowest Si excess annealed
at 600 ◦C. From Fig. 5.6 we note that for that sample only 2% of Er can be
excited indirectly. The followings tables summarize percentage of Er ions that
can be excited either directly (Table 5.1) or through the nanocrystals (Table
5.2). Bold numbers indicate the maximum of optically activity in the two
cases.

Sample \ Annealing T 6000C 9000C 11500C

Er1Si1 51% 5% 0
Er1Si2 8.7% 0 0
Er1Si3 7.3% 17% 0
Er2Si1 1.7% 0.76% 2.1%
Er2Si2 0.98% 0 1.3%
Er2Si3 0.88% 0.55% 2.1%

Table 5.1: Percentage of directly excitable Er ions.
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Sample \ Annealing T 6000C 9000C 11500C

Er1Si1 5.5% 5.2% 0.9%
Er1Si2 2.5% 8.1% 0.35%
Er1Si3 1.8% 7% 0.36%
Er2Si1 2.2% 3.2% 0.96%
Er2Si2 1.7% 2.1% 0.82%
Er2Si3 1.3% 2.2% 1%

Table 5.2: Percentage of Er ions that are excited through the nanocrystals.

5.3 Conclusions

The percentage of Er3+ ions whose 1.5 µm emission can be sensitized with
Si-nc’s, i.e., indirectly excited with a large excitation cross-section, is relatively
low. In the investigated waveguide structures prepared from thermally grown
SiO2 implanted with Er and Si atoms, it does not exceed 2.6%. Sensitization
by Si-nc’s renders an important fraction of all Er dopants optically inactive,
i.e. not capable of emitting photons under direct, resonant excitation of the
4f-core. While it is possible that other combination of sample preparation
parameters - Er dose, Si excess and annealing conditions - might result in
better optical properties, the present results indicate that realization of optical
gain in Er-doped SiO2 material sensitized with Si-nc’s will require very careful
material engineering [26]. At the same time, it is clear that in the materials for
which gain has been concluded [97,101], the percentage of indirectly excitable
and of optically active Er3+ ions should be cross-checked. Confirmation of the
high level of optical activity would add credibility to these findings, confirming
the feasibility of optical gain for the investigated waveguides.
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6 Defect luminescence from
hydrogenated amorphous silicon

...in un accesso di abbagliante delirio...

Gesualdo Bufalino

Amorphous silicon (a-Si) has been thoroughly investigated in the last 20
years. The disordered nature of this material enhances some of the optical
properties with respect to crystalline silicon. a-Si is, in fact, a really interesting
material because of its properties and perspectives for practical applications,
such as multijunction solar cells, liquid crystal displays, image sensors and
detectors [102,103,104].

Amorphous silicon is disordered on the nanometer scale but it has the
same chemical bond as in the crystalline form. In fact, silicon atoms are
4-fold coordinated in a tetrahedral bonding system, although the bond orien-
tations and lengths have a not negligible distribution. The electronic struc-
ture presents valence and conduction band separated by a band gap, close
to the one of c-Si, but with bandtails and localized states extending into the
bandgap [105,106,107,108].

Bandgap of a-Si, because of both weakly and strongly localized states be-
tween valence and conduction band, is not a well defined parameter. Therefore,
various definitions of the bandgap have been proposed [109, 110, 111, 112]. A
simple one states that Eg is the energy that corresponds to an absorption coef-
ficient α of 103 cm−1 or 104 cm−1, respectively called iso-absorption gaps E03

and E04. Another approach is given by the extrapolation of the absorption
coefficient to zero absorption in the following empirical law:

(hνα)1/2 = B1/2(hν − ETauc), (6.1)
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Figure 6.1: DOS of a-Si in case of n- and p- type, and undoped material.

where α is on the order of 104 cm−1 and B1/2 is a factor including information
on the convolution of the VB and CB states, and on the matrix elements of
optical transitions.

Electronic density of states (DOS) of a-Si has been computed; on Fig. 6.1,
electronic DOS of p-, n- and undoped a-Si are shown. Besides the bandtails,
localized states for the different condition of doping are present [113,114].

In a-Si, three different kinds of absorption bands are present due to transi-
tions between different electronic states [115,111]:

1. The high energy region, caused by transitions between delocalized states,
analogous to the extended states in c-Si. Absorption coefficient α for this
region is larger than 104 cm−1 and has a parabolic dependence on the
energy.

2. The Urbach region, due to transitions between localized states in one
band tail and extended states in the other band. For such transitions,
α extends over several orders of magnitude below the value of 103 cm−1

and shows an exponential dependence on the energy.

3. The defect region with an absorption coefficient lower than the Urbach
one, characterized by transitions involving deep states in the band gap.
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States in the band tails come from the structural disorder given by the
random (within certain limits) distribution of the lengths and angles of the
Si-Si bonds. Since those represent only minor distortions to the crystalline
structure, they introduce states in the ideal crystalline band gap that are en-
ergetically close to the valence and conduction bands. Deep states are instead
produced by the presence of threefold coordinated silicon and, consequently,
of broken or dangling bonds. They introduce states close to the center of the
band gap and their number increases with the concentration of defects.

6.1 Samples and experiments

The investigated sample is an Er-doped hydrogenated amorphous Si sample,
as described in the Sec. 1.1.4.

The samples were excited using an Millennia laser at 532 nm for cw mea-
surements or a tunable Optical Parametric Oscillator (OPO) producing pulses
of 5 ns duration at 20 Hz repetition rate. The luminescence was resolved
with a 1 m F/8 monochromator (Jobin-Yvon THR-1000) equipped with a
900 grooves/mm grating blazed at 1.5 µm and detected by an infrared pho-
tomultiplier with a 30 µs response time. A flow cryostat permits to perform
measurements at different environmental temperatures.

More details about experimental setup are given in Chapter 1.

6.2 Experimental results and discussion

Characterization of Er-doped a-Si:H samples started with recording PL
spectra in a large range of emission energies at different excitation fluxes.
In Fig. 6.2 four spectra of PL at a different excitation flux are shown. It is
evident that at low pumping flux the spectrum is characterized only by the
Er-related emission around 0.8 eV. Increase of the excitation flux causes the
appearing of a luminescence band extended in a wide range of energies, namely
from 0.7 to 1.2 eV.

If now we fix the detection at two distinct energies, the maximum of Er-
related emission and away from the Er-related region, respectively at 0.8 and
0.92 eV, and record the PL in function of excitation flux, we get the curves
in Fig. 6.3. PL at 0.8 eV shows an initial increasing with saturation at high
fluxes until a certain value at which PL rises again with an exponential behav-
ior. Emission at 0.92 eV, instead, has null intensity until the flux reaches a
threshold value that corresponds to the one at which the exponential increase
of PL at 0.8 eV sets in. Grey curve shows subtraction of the two flux depen-
dencies of PL at 0.8 and 0.92 eV; once the exponential increase at high flux is
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Figure 6.2: PL spectra of a-Si taken at different increasing excitation flux. For low
excitation flux, only PL of Er in the region around 0.8 eV (1540 nm) is recorded.
Increasing the excitation power, a broad and intense PL appears while the Er PL
reaches its saturation value. The right part of the spectrum shows clearly that the
not-Er-related PL at 1 eV (1350 nm), associated with recombination through defect
states, is absent until the excitation flux reaches a threshold value, after which in-
creases exponentially. Er PL at 1540 nm, instead, increases at low excitation flux
until saturation and at the same flux value as for the PL recorded at 1350 nm, it rises
exponentially.

cancelled out only a saturated curve remains. Interpretation of the picture is
unequivocal: at low excitation flux, Er3+ ions are excited and start to emit,
and their PL increases and eventually reaches a saturation value, as usual for
Er-doped Si systems. When excitation flux comes to the “threshold” value
afore mentioned, a new broad luminescence appears with a non-linear flux
dependence. This new luminescence is due to transitions in the amorphous
matrix as described earlier in this chapter, and not to Er.

Luminescence spectra in Fig. 6.4, recorded at high excitation power, show
clearly the occurrence of two PL regions, generated from transitions between
different electronic states. Recombination from the conduction to valence
band, analogous to electron-hole recombination in c-Si, gives rise to the high
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Figure 6.3: Er-related PL at 1350 nm, associated with recombination through defect
states, is absent until the excitation flux reaches a threshold value, after which its
intensity increases exponentially. Er-related PL at 1540 nm increases at low excitation
flux until saturation and then rises exponentially at the same flux value as for the PL
recorded at 1350 nm.

energy band PL (1.5 - 2 eV). The region extending from 0.8 to 1.5 eV is
instead due to the presence of defect states within the band gap of a-Si:H.
The intense emission at 0.8 eV is, as before mentioned, to be attributed to
Er3+ ions, although at high excitation flux it saturates and the defect PL
occurring also at this energy dominates. Further spectra have been recorded
at different moments with unchanged configuration. We note that while the
defect luminescence band changes due to rearrangements and degradation of
the system, the band-to-band PL remains unperturbed. This is consistent
with an interpretation that this luminescence comes from transitions between
extended states in the crystal that are not affected by collateral effects such
as thermal or diffusive phenomena. The second band at low emission energy
is attributed to recombination between the tails of the two bands (or from one
tail to the other band) and to recombination through the defect states in the
band gap. The overlap between the two PL sub-bands is due to the fact that
the defect states, created by the dangling bonds, are extended in the entire
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Figure 6.4: RT Photoluminescence spectra of the a-Si sample. Spectra have been
collected at different moments for identical experimental conditions at high excitation
power. The two indicated regions refer to emissions due to recombination between
different electronic states

band gap. In fact simulations have been performed [105] to reconstruct the
electronic DOS of a-Si and they show that for large system (> 4000 atoms) the
introduction of dangling bonds produces a featureless increase of the density
of states in the gap, rather than localized states in the vicinity of the Fermi
level.

We postulate that superlinear rise of PL originates from the increase of
density of defects in the material. In fact, PL is directly proportional to
the density of defects present in the material. These defects, mainly dangling
bonds, can be formed by light-induced Stabler-Wronski effect (SWE) [116,117]
or thermally [118].

The mechanism of the SWE involves the trapping of a hole at a weak Si-
Si bond followed by recombination of a electron-hole pair that provokes the
breaking of the bond [119, 120]. In case that the Si-Si bond is adjacent to
a Si-H bond, the recombination of e-h pair and breaking of the Si-Si bond
causes the flipping of the Si-H bond towards the Si-Si one, leaving a dangling
bond behind. The result is the formation of two dangling bonds of different
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kind, a normal and a hydrogen related one. The density of dangling bonds
ND depends on illumination time t and on e-h pair generation rate G (directly
proportional to the excitation flux) with the following relation:

ND ∝ t1/3G2/3 (6.2)

The sublinear dependence of PL on defect generation rate is not in accor-
dance with our experimental finding, in which an exponential rise is observed
instead. This obvious experimental fact rules out the SWE as a possible cause
of the increase of defects density and consequently PL.

As mentioned before the increase of density of defects can be caused by the
rise of temperature under laser illumination. Assuming that the temperature
depends on the laser flux Φ in a linear way:

T (Φ) = k × Φ + 300K (6.3)

with k being a constant, the density of defects reaches a thermodynamical
equilibrium at the given temperature according to the following expression:

ND = NSi−Siexp(−UD/kT ), (6.4)

where NSi−Si and UD are, respectively, the density of weak Si-Si bonds and
the energy of dangling bond formation (that is taken as uniform for all Si-Si
bonds, for sake of simplicity). Due to the linear dependence of the sample
temperature on laser excitation flux, the density of defects in Eq. 6.4 has the
same exponential behavior also in function of the laser flux.

Emission regions (related to the afore mentioned absorption bands) show
different behaviors in function of the temperature of the sample (temperature
of the sample is controlled by a cryostat). PL spectra change dramatically their
shape when temperature of the sample is varied (Fig. 6.5). In particular,
at low temperatures, a PL band with a maximum around 1.35 eV is the
main emission. Increasing the temperature, this luminescence decreases and
a second band centered at 1 eV starts to appear and eventually dominates
the emission of the sample. Fig. 6.5 gives a further confirmation of the role
of temperature in formation of dangling bonds. In fact, spectra shift towards
lower energies when temperature is risen, in agreement with the fact that it
is easier to create dangling bonds at higher temperatures. At the same time,
as shown in he inset, threshold of the inset of exponential intensity increase of
defect PL moves to higher excitation flux when temperature is lowered; laser,
in fact, has to supply now more energy to reach the temperature at which
dangling bonds start to form.
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Figure 6.5: PL spectra taken at different temperatures. In the inset, PL recorded at
Edet = 0.8 eV in function of the excitation flux for the different temperatures.

If we look at the decay kinetic of PL at E = 0.8 eV at different excitation
flux, we can determine lifetime of related PL defect states and distinguish it
from that of Er since at low flux only Er-related PL is present and at high
flux defect PL prevails. Photon counting setup allows to have information
of the decay lifetime in the two “states” simultaneously. Grey and black
curves in Fig. 6.6 refer, respectively, to low and high excitation photon flux.
The grey curve can be fitted with a double exponential function (solid grey
line) and the two components have values of hundreds of ns and few µs, as
reported elsewhere [121]. A longer component of hundreds of µs has been also
reported [121], but is not visible here due to the smaller time window (since
only fast processes are investigated in this study). At high excitation flux,
besides the two components detected at weak excitation conditions, a new
fast component with the value of ∼ 15 ns appears.

6.2.1 Optical hysteresis

Among the many peculiar optical characteristics of the investigated a-
Si:H<Er> sample, one revealed itself to be particularly interesting. In this
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Figure 6.6: PL decay dynamics as recorded in a photon-counting measurement. The
two curves are recorded for the maximum of PL occurring at the emission energy of
0.8 eV for low (grey symbols) and high (black symbols) excitation flux.

case, PL has been recorded in function of the excitation flux, in the increasing
and decreasing mode, i.e. going from low to high excitation flux and then re-
turning to low excitation reversing the process. This has been done for several
cycles in order to investigate whether a hysteresis effect was present. Fig. 6.7
shows a set of measurements of such type.

The labels of the curves refer to the path followed to record them, namely
“up” for excitation flux going from low to high and “down” for the reversed
process. The number indicate the temporal position in the cycle. It has to
be mentioned that the curves have been taken without time delay between
them, for instance once arrived at the maximum of curve “up1” the reversed
measurement “down1” has been performed, and so forth.

As can be seen from Fig. 6.7 hysteresis effect is indeed present. Lumi-
nescence grows with its typical exponential trend in function of the flux. At
a certain point in the high flux regime, the path is reversed. The intensity
of PL recorded at the excitation flux immediately before the maximum has
now a lower value with respect to the corresponding point in the “up” curve.
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Figure 6.7: PL recorded at Edet = 0.95 eV in function of the excitation flux. Labels
refer to different direction and chronological order in the cycle, as explained in the
text.

Approaching the low excitation from this reversed perspective, a new curve is
drawn, lower than the one obtained going from low to high flux. Once the zero
excitation is reached, a new cycle begins. The recorded curve (again “up”)
overlaps with the previous one.

Hysteresis, in the present case, can be explained with the help of an ad-
ditional measurement. PL, in fact, has a peculiar temporal behavior; when
excitation is switched on and instantaneous PL is detected with a certain
intensity, after some time, leaving the excitation on and unchanged, lumines-
cence starts to decrease slowly towards a certain constant value. This fact is
unequivocally displayed in Fig. 6.8. In particular, the left panel shows that
the effect is independent of the emission energy and the intensity of PL reaches
its constant equilibrium value in about 20 s. Right panel, in which PL at 0.81
eV and for a large time range is drawn, confirms that once the steady state is
approached PL stays at this level without further decrease.

The experiment is in some way analogous to the one revealing the “hystere-
sis”. In fact, in that experiment excitation is increased until a maximum at
which the PL has a certain intensity. Since PL is steadily decreasing, as shown
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Figure 6.8: Left panel: PL at different emission energy recorded at different times
after switching the laser on. Right panel: as in left panel but for a specific emission
energy (0.81 eV) and in a longer time window.

in Fig. 6.8, the next recorded point (“down” curve) at a smaller excitation flux
has a value lower than the corresponding one on the “up” curve. PL intensity
follows the descending curve until excitation goes to zero. At this point, since
excitation flux is null, experiment is “restored” to the original conditions and
PL follows the same trend as in the previous “up” trajectory and the whole
cycle starts again. The two experimental facts, that seem to refer to the same
effect, tend to confirm that light illumination causes the formation of dangling
bonds which give rise to additional PL. However, the decrease of luminescence
under constant light illumination suggests also presence of another process
which competes with the formation of dangling bonds. This could be, for
instance, hydrogen atoms diffusing in the system after being excited by the
laser and consequently saturating the dangling bonds and passivating them
(as proposed also by Ref. [119]).

Further investigations will be necessary in order to corroborate that hypoth-
esis and to draw a complete picture of the defect formation and annihilation
in this complicated system.
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6.3 Conclusions

In this chapter defect luminescence in hydrogenated a-Si has been charac-
terized and related to the background information available on that material.

Beside the Er related PL, a different more intense PL band appears. It is
attributed to dangling bonds, whose number is strongly enhanced under laser
illumination. We postulate that the increase of density of dangling bonds is
due to the increase of temperature of the sample, produced by the laser excita-
tion. We argue that such an increase in the density should follow exponential
behavior in function of photon flux, consistent with experimental data. Future
studies will further investigate this promising but also very complex optical
system.
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7 The optical activity
determination

7.1 General treatment

Determination of optical activity of emitting species is not an easy task. The
number of optically active centers is obtained by looking at photoluminescence.
However PL intensity can not be directly attributed to the exact number of
active centers. It is therefore necessary to compare the investigated sample
with one whose optically activity is already known. The easiest choice is a
sample in which all centers are known to be active and the natural candidate
in the case of Er-doped media is silicon dioxide. Two facts make SiO2 a good
environment for optical activity of Er ions optical properties: the presence of
a great amount of oxygen atoms and the insulating nature of the material.

Oxygen, as discussed in Chapter 3, enhances optical properties of Er3+ ions;
only the presence of 6-8 O atoms around each Er3+ ion assures its optical
activity. At the same time, since SiO2 is an insulator, non-radiative processes
of excitation reversal and Auger quenching with free carriers, that hamper
dramatically luminescence of Er in c-Si are not available. Let us write the
rate equation describing the excitation of Er in Si:

dN∗
Si

dt
= σφ(Nact

Si −N∗
Si)−

N∗
Si

τ
, (7.1)

where N∗
Si, σ, φ, Nact

Si, τ are, respectively, the number of excited Er3+

ions, the excitation cross section, the excitation photon flux, the number of
optically active Er ions and the effective lifetime of excited Er. For the setup
used in experiments described in this thesis, the OPO pulse has a duration
∆t = 5 ns, that is much shorter than the characteristic effective lifetime of
Er3+. Therefore, we can use the approximation that recombination does not
occur during illumination and the last term on the right side of Eq. 7.1 can
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be neglected. The modified rate equation has the following solution:

N∗
Si = Nact

Si (1− exp(−σφ∆t)), (7.2)

where ∆t is the laser pulse duration. For low excitation flux σφ∆t�1 and
Eq. 7.2 reduces to N∗

Si = σφ∆ tNact
Si , while at high excitation flux, when

σφ∆t�1, Eq. 7.2 gives N∗
Si = Nact

Si , namely the saturation number of Er3+

ions taking part in the process. PL is proportional to N∗
Si/τrad, where τrad

is the radiative lifetime of Er3+. In this case since PL are integrated in time,
intensity of luminescence has to be multiplied by the effective lifetime, giving
the following result:

ISi ∝ εN∗
Si

τ

τrad
= σεφ∆tNact

Si

τSi

τSi
rad

, (7.3)

Further, a correction has to be made since, due to reflection from the surface,
the actual exciting flux is lower than the incident one. The factor called ε,
in the range 0 to 1 (0 in case of total reflection from the surface, 1 for 100%
transmission through the surface), gives the right calibration to the flux. For
the current case, ε has been determined to be on the order of 0.7, namely 30%
of the total incident light is reflected back [12].

Intensity of luminescence from the sample under investigation has now to
be compared with the one from the reference, Er doped SiO2 sample in this
case. As shown in Fig. 2.4 (Chapt. 2), the intensity of Er PL in SiO2 has
a linear dependence on excitation flux and does not show saturation even at
the highest incident flux of photon used in our experiment. Therefore, the
intensity of PL can be written as in Eq. 7.3, but with all parameters that are
already known:

IPL ∝ N∗
SiO2

τ

τrad
= σφ∆tNact

SiO2

τSiO2

τSiO2
rad

, (7.4)

In fact, for λ = 520 nm σSiO2=2 × 10−20 cm2 as determined in [11], Nact
SiO2

= 9.9 × 1014cm−2 (all implanted Er3+ ions are optically active), and τ/τrad

= 1 (nonradiative de-excitation of Er3+ does not occur). No correction for
the flux is necessary, since reflections from the surface are negligible in case of
SiO2.

Intensity of luminescence can be accordingly converted in density of active
centers by inverting Eq. 7.4 and solving for Nact

SiO2
. This can be used to convert

intensity of luminescence into density (and therefore percentage, knowing the
total density of centers) of active Er centers in any sample.

However, the re-scaling of the PL intensity into density of active centers is
not the same for different materials. The conversion can be anyway obtained
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Figure 7.1: PL intensity as function of excitation photon flux. While the left scale
(PL) is common for the samples, the right scale with density of active centers refers to
the linear grey (reference) curve. The density of active centers for the black curve can
be obtained by applying the corrections described in the text. The two circles indicate
the two regimes, linear and saturation, which are considered.

from the reference by applying few corrections. The necessity for those correc-
tions comes from the fact that in two different materials, while the emitting
center is the same, Er3+ in this case, its environment changes and that leads
to differences in the dynamics of luminescence, spectral shape and extraction
loss due to interface between materials and air:

1. The first of these factor takes into account the presence (in a certain host)
of non-radiative recombination paths that compete with the radiative
process. Many centers can de-excite not through the emission of a photon
but in non-radiative ways. Since the whole determination is based on the
detection of emitted photons, an underestimation of the actual activity
can rise.
The ratio between effective and radiative lifetime of luminescence τ/τrad

gives the correction for differences in recombination dynamics. The den-
sity of active center has to be divided, therefore, by this ratio.

2. Distinct sites occupied by centers in different materials lead to a spread
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in emission wavelengths due to the effect of the environment on the
electrical levels of the ions (Stark effect). In this treatment, intensity
is collected only at a certain wavelength of emission (the maximum),
possibly overlooking in this way the emission coming from the rest of
the ions.
By multiplying the density of active centers for the normalized (to the
signal maximum) intensity of luminescence from the investigate sample
divided by the one from the reference, both integrated over all the range
of luminescence, differences in spectral shape can be accounted for.

3. Last correction is due to the different refractive indexes of samples that
result in dissimilar reflection of emission on the interface between ac-
tive layer and air. This leads to differences in extraction efficiency of
luminescence emitted from distinct samples and consequently wrong de-
termination of the actual emitted intensity. Sec. 7.2 gives details on the
method used to determine such correction.

In summary, density of active centers for a sample is determined in the fol-
lowing way in relation to the one of the reference:

Nact
Si = Nact

SiO2

τSi
rad

τSi

ISi

ISiO2

Fext, (7.5)

where Nact
Si and Nact

SiO2
are the density of optical active center in Si samples

and SiO2 reference, τSi
rad and τSi respectively radiative and effective lifetime of

luminescence in Si, ISi and ISiO2 the integrated spectrum intensity for Si and
SiO2 and Fext a factor quantifying the difference in the extraction efficiencies
for the Si and the reference. The developed procedure is valid in case of linear
dependence of PL of the reference sample on excitation flux.

For high flux Eq. 7.2 can not be reduced to a linear dependence and com-
parison with reference is not so simple to perform. However, intensity of PL
can be re-scaled to the number of active centers exactly in the same way as
previously. The only difference is that, since PL from the Si sample reaches a
saturation at high excitation flux, the value of intensity at the saturation level
has to be considered. In particular, if as intensity of luminescence we take
the values at which the two curves (Si and SiO2 power dependencies) cross,
ISi/ISiO2=1.

It is evident that two distinct values of optical activity are determined for
the “linear” and the “saturation” regime with the first always bigger than the
latter. In fact, determination in the linear part can be seen as a maximum
limit for the optical activity of a sample, while the “saturation” determination
gives a more realistic value reflecting the non-ideality of the system.
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7.2 Analysis of the correction factor for the output PL
signal in different structures

Let us consider a point source at a distance R from the surface that emits
homogenously in all directions. From Snell’s law follows that the angle at
which light is reflected by the internal surface between the sample and the
air is: θsample=arcsin nair

nsample
sinθair, where nair and nsample are the refractive

indexes of air and of the sample, respectively. The limit reflection angle θlim on
the internal surface at which light is trapped into the layer can be calculated
assuming that the emission is parallel to the surface (θair = 90◦). Therefore
θlim=arcsin nair

nsample
, since sin θair=1.

A

R

d

lim

Active Layer

Substrate

SPH

Figure 7.2: Schematic of a generic sample with an active layer on a substrate. A is
the emitting point source at a distance R from the interface between the layer and the
air. θlim is the minimum angle at which light will not be able to escape from the active
layer and will be reflected back from the internal surface. The vector from A to the
surface with an angle θlim with respect to the normal generates a cone that intersects
the surface. The intersection is a circle with radius d, that represent the area from
which emission can get out of the layer and consequently will be collected. The dashed
circle SPH is the projection in 2 dimensions of the total emission sphere of the point
source.
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The solid angle determined by the limit angle θlim at which light can escape
the sample is:

Aout = 2π(1− cosθlim), (7.6)

where d = R tan θlim and R is the distance between source and surface, as
schematically drawn in Fig. 7.2.

From the assumption that the source is point-like and emits homogeneously
in all directions, we can consider the total solid angle of the sphere, that is:

ASPH = 4π, (7.7)

Since Aout and ASPH are respectively proportional to the number of photons
extracted from the surface and the total number of emitted ones, the reciprocal
of ratio of the two quantities gives the extraction efficiency ηout:

ηout =
Aout

ASPH
=

2π(1− cosθlim)
4π

=
1− cosθlim

2
. (7.8)

It is interesting to notice that the extraction factor is actually independent
on the distance at which the point source is placed with respect to the surface.
Correction, therefore, is valid for the all emitting centers inside the sample as
long as the assumptions already made are fulfilled.

The situation becomes slightly more complicated when more interfaces are
present as in Fig. 7.3.
where θ1 is defined as nair/n1 (the angle of total reflection between the first
layer and air, in case undoped layer is not present), θlim is equal to θ2 in the
limit of total reflection at the interface between air and the non-active layer,
R2 the thickness of the latter, R the distance between the point source in the
active layer and the surface. If refractive indexes of the two layers have similar
values, as for Si and Er-doped Si or Si:Ge, no additional calculations need to
be done and the same equation as for the case of only one active layer in direct
contact with air can be used.

Knowing the extraction efficiency for a certain structure and for the refer-
ence, it is possible to obtain the correction factor Fext in Eq. 7.5 as:

1
Fext

=
ηsample

out

ηref
out

. (7.9)

Assuming that the detector is located far away from the sample, the emission
area on the surface can be seen as a point and, consequently, the angle θlim

assumes a small value. In the limit of small angles (θ approaching 0), cos θ
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1
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SPH

Si 2d1

R1

Figure 7.3: Schematic of a generic sample comprising alternate multi layers of doped
and undoped materials on a substrate. All the symbols have the same meaning as in
Fig. 7.2, except for the subscripts indicating different layers of the structure.

can be expanded in MacLaurin series and knowing that θlim=arcsin nair
nsample

,
Eq. 7.8 can be written as::

1− cosθlim

2
≈ θ2

4
=

arcsin2 nair
nsample

4
. (7.10)

And Eq. 7.10 assumes the following form:

1
Fext

=
arcsin2 nair

nsample

arcsin2 nair
nref

. (7.11)

This formula is used in Eq. 2.4 in the Sec. 2.2 of Chapt. 2.
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[41] S. Coffa, G. Franzò, F. Priolo, A. Polman, and R. Serna, Phys. Rev. B 49,

16313 (1993).
[42] G. N. van den Hoven, J. H. Shin, A. Polman, S. Lombardo, and S. U. Camp-

isano, J. Appl. Phys. 78, 43 (1995).
[43] B. A. Andreev, A. Yu. Andreev, H. Ellmer, H. Hutter, Z. F. Krasil’nik, V. P.

Kuznetsov, S. Lanzerstorfer, L. Palmetshofer, K. Piplits, R. A. Rubtsova, N. S.
Sokolov, V. B. Shmagin, M. V. Stepikhova, and E. A. Uskova, J. Cryst. Growth
201/202, 534 (1999).



Bibliography 97

[44] J. Palm, F. Gan, B. Zheng, J. Michel, and L. C. Kimerling, Phys. Rev. B 54,
17603 (1996).

[45] D. T. X. Thao, C. A. J. Ammerlaan, and T. Gregorkiewicz, J. Appl. Phys. 88,
1443 (2000).
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[94] Y. Lebour, P. Pellegrino, C. Garćıa, J. A. Moreno, and B. Garrido, J. Appl.

Phys. 100, 073103 (2006).



Bibliography 99

[95] H. Lee, J. H. Shin, and N. Park, Optics Express 13, 9881 (2005).
[96] P. Kik and A. Polman, “Towards the first Si laser”, NATO Science Series II

383, 2003 (93).
[97] H. S. Han, S. Y. Seo, J. H. Shin, and N. Park, Appl. Phys. Lett. 81, 3720

(2002).
[98] H. Mertens, A. Polman, I. M. P. Aarts, W. M. M. Kessels, and M. C. M. van de

Sanden, Appl. Phys. Lett. 86, 241109 (2005).
[99] N. Daldosso, D. Navarro-Urrios, M. Melchiorri, L. Pavesi, F. Gourbilleau, M.
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Summary

This thesis entitled ”Optical properties of Er-doped Si-based media” de-
scribes research performed on silicon (Si) based materials doped with erbium
(Er). In particular optical properties of these media have been investigated in
detail, using a wide range of optical techniques both in situ, at the laboratory
in the Van der Waals-Zeeman Institute in Amsterdam and at the free electron
laser facility (FELIX) in Rijnhuizen.

The thesis begins by introducing briefly basic concepts on microelectronics,
its capital importance in modern society and the limitations that the discipline
is facing both from a basic physics and a technological point of view.

Further on, in the same introductive chapter, different ways of overcoming
the major drawbacks are presented and shortly discussed. Firstly, the issue of
optical doping of silicon with Er3+ ions is addressed. Because of the inefficiency
of Er light emission in bulk silicon, two distinct ways of structural manipulation
of the system are considered: fabrication of stacked Er-doped and undoped
nanolayers of silicon and creation of Si nanocrystals in Si dioxide matrix. In
the first case, efficiency of luminescence is enhanced with respect to a layer
of silicon because of the spatial separation of the created excitons and their
subsequent excitation of Er3+ ions. Moreover, those systems have been shown
to have peculiar optical properties such as the narrowest emission spectra ever
recorded from Er-doped materials. The Er and Si nanocrystals codoped SiO2

couples in the same system the possibility of using the high excitation cross
section of Si with the thermal stability of emission of Er that is placed in the
insulating matrix rather than in the semiconductor host.

The first chapter is divided in two parts: the first one concerns the samples
and the second one the experimental techniques used in the research that is
subject of this thesis.

All the samples, namely the two different kinds of nanolayers, Si/Si:Er and
Si/Si1−xGex, the Er and Si nanocrystals codoped SiO2 and Er-doped amor-
phous Si are presented, both concerning fabrication procedure and parameters,
and structural characterization.

The second section describes the experimental techniques employed for the
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realization of the measurements on the above mentioned samples.
Subject of Chapt. 2 is the issue of optical activity of Er3+ ions in Si/Si:Er

and Si/Si1−xGex. Optical activity is defined as the ability of the centers to
luminesce once being excited. For all the investigated nanolayers, a percentage
of optically active Er3+ in respect to the total amount is determined. In order
to establish this, the nanolayers have to be compared with a sample whose op-
tical activity is known; in our case this role is taken by an optimized Er-doped
SiO2 sample. After few corrections, concerning differences in characteristics
of the compared samples, a value for the optical activity of the nanolayers is
obtained. Optical activity in all samples is of the order of a few percent, with
a maximum of 10% in the best one. This value is high when compared to the
ones reported in literature, but still low in order to attain optical amplification
in such structures.

Chapt. 3 is closely related to the previous one, since a direct link between
the optical activity of the Er3+ ions and the presence of oxygen in their sur-
rounding is established. In order to prove that, two different experiments have
been performed, both employing a free electron laser at the FELIX facility in
Rijnhuizen.

The first one, a two-color experiment, makes use of two laser beams: an
Nd:YAG emitting at 532 nm, that induce band-to-band excitation of the Si
matrix and eventually of the Er3+ ions, and an IR beam tuned to the energy
of the vibrational modes of the Si-O-Si “molecule”. The Nd:YAG laser brings
the Er3+ ions to the excited state, after which the IR laser is fired with an
adjustable delay respect to the first beam.

Due to the the fact that emission spectrum of Er3+ ions in Si/Si:Er presents
few and very narrow lines, it is possible to reconstruct a detailed scheme of
the ground and first excited state of the intra-4f shell Er3+ ions. In particular,
transitions within the ground state 4I15/2 lay in the THz range. Chapt. 4
is devoted to probe possible transitions in such a range. In fact, presence of
THz transitions is tested by using two distinct pump-probe techniques, in a
transient-grating and in a pump-probe-reference configuration. In both cases,
a transition is detected at the wavelength of 43 µm, with a decay time of
the order of 50 ps. This short decay time is a fingerprint of a non-radiative
phonon-assisted decay channel, since theoretical calculations for the radiative
transition give a decay time of the order of seconds. The value of radiative rate
is much too small in comparison to the non-radiative ones, for the radiative
processes to take place.

The last two chapters describe different systems than Si nanolayers, previ-
ously discussed. In particular, Chapt. 5 focuses on the optical activity of a
series of samples composed of SiO2 co-doped with Er3+ ions and Si nanocrys-
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tals. To fabricate the samples, two Er and three Si contents, and three distinct
annealing temperature have been used, with a total of 18 different samples pro-
duced. Optical activity of Er3+ ions excited via nanocrystals is of the order
of a few percent with a maximum of 8%. In case of direct excitation of Er3+,
the optical activity spans a much wider range, from a maximum of 51 % to a
practically negligible value.

Chapt. 6 is concerned with optical characterization of hydrogenated amor-
phous silicon doped with erbium. The material shows peculiar and unex-
plained properties. In fact, intrinsic luminescence of the a-Si, as well as Er-
related PL, can be found for different excitation flux regimes. At low excitation
flux only Er-related PL is detected, but when excitation reaches a threshold
value a broad and intense luminescence appears. This luminescence, due to
recombination from various transitions in the amorphous matrix, especially
defects, depends exponentially on the excitation flux. This exponential in-
crease of the PL is related to creation of defects (dangling bonds) that grow
exponentially as function of temperature, while the temperature of the sample
grows linearly with the excitation flux.
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Samenvatting

Deze thesis getiteld: ”Optical properties of Er-doped Si-based media”, be-
schrijft een onderzoek gedaan op silicium (Si) gebaseerde materialen gedoteerd
met erbium (Er). In het bijzonder zijn de optische eigenschappen van deze me-
dia in detail onderzocht met een scala van optische technieken, zowel in situ,
in het laboratorium van het Van der Waals-Zeeman Instituut te Amsterdam,
en bij de vrije elektronenlaser faciliteit te Rijnhuizen.

De thesis begint met een korte introductie van basisconcepten van de micro-
elektronica: het grote belang ervan in de huidige maatschappij en de beper-
kingen die deze discipline vanuit een basisstandpunt heeft, fysisch en techno-
logisch. In hetzelfde introducerende hoofdstuk zullen vervolgens verschillen-
de manieren om de belangrijkste nadelen te overwinnen voorgesteld worden
en kort worden besproken. Als eerste wordt de kwestie van optisch doteren
van Si met Er behandeld. Wegens de inefficiënte Er lichtemissie in bulk Si,
worden twee verschillende manieren van structureel gemanipuleerde systemen
beschouwd: vervaardiging van gestapelde Er-gedoteerd en niet-gedoteerde na-
nolagen van Si en de verwezenlijking van nanokristallen in een SiO2 matrix.
In het eerste geval is de efficiëntie van luminescentie ten opzichte van bulk
Si verbeterd door de ruimtelijke scheiding van de gecreëerde excitonen en hun
energieoverdracht aan Er3+ ionen. Tevens blijkt dat deze systemen eigenaardi-
ge optische eigenschappen hebben, zoals één van de smalste emissiespectra die
ooit waargenomen is voor Er-gedoteerd materiaal. De co-gedoteerde Er-ionen
en Si nanokristallen in de SiO2 matrix koppelen in dit systeem, waardoor het
mogelijk wordt de hoge excitatie cross-sectie van Si te gebruiken, samen met
de grote thermische stabiliteit van Er in een isolerende matrix, in plaats van in
een halfgeleider. Het eerste hoofdstuk is verdeeld in twee stukken: het eerste
behandelt de samples en het tweede de verschillende experimentele technieken
die gebruikt zijn voor de totstandkoming van de inhoud van deze thesis. Van
alle samples die gebruikt zijn - twee verschillende soorten nanolagen, Si/Si:Er
en Si/Si1−xGex, het sample met Er en Si nanokristallen gedoteerd SiO2 en als
laatste Er-gedoteerd amorf Si, worden de vervaardigingprocedure, parameters
en structurele karakterisering verduidelijkt.
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Het tweede deel beschrijft de experimentele technieken die gebruikt zijn voor
de verwezenlijking van de metingen van de bovengenoemde samples.

Het onderwerp van hoofdstuk 2 is de kwestie van optische activiteit van Er3+

ionen in Si/Si:Er en Si/Si1−xGex. Optische activiteit is gedefinieerd als de kans
tot het uitzenden van licht door emitters, wanneer deze geëxciteerd zijn. Van
alle onderzochte samples is het percentage optisch actieve Er3+ ionen bepaald.
Om dit te kunnen onderzoeken is het nodig om de nanolagen te vergelijken
met een sample waarvan de optische activiteit maximaal is: in ons geval een
geoptimaliseerd sample van Er-gedoteerd SiO2. Een getal voor de optische
activiteit van de nanolagen is bepaald na het doen van een aantal correcties, die
noodzakelijk waren vanwege de verschillende karakteristieken van de samples.
De optische activiteit van alle samples ligt rond een paar procent, met een
maximum van 10%. Dit is een waarde die hoog is in vergelijking met andere
gerapporteerde waardes uit de literatuur, maar nog steeds te laag om optische
amplificatie te bereiken.

Hoofdstuk 3 is nauw verbonden met het voorgaande, omdat er een direct
verband wordt vastgesteld tussen de optische activiteit van Er3+ ionen en de
aanwezigheid van zuurstof. Twee verschillende experimenten aan de FELIX
faciliteit te Rijnhuizen zijn gedaan om dit te bewijzen. Het eerste, een twee-
kleuren experiment, waarbij gebruik wordt gemaakt van twee laserstralen: één
Nd:YAG met een golflengte van 532 nm, die een band-naar-band excitatie in-
duceert van de Si matrix en eventueel de Er3+ ionen, en een IR straal waarvan
de energie afgestemd is op de trillingsmodus van het Si-O-Si“molecuul”. De
Nd:YAG laser brengt de Er3+ ionen in een geëxciteerde toestand, waarna de
IR laser afgevuurd wordt met een verstelbare vertraging t.o.v. de eerste laser.

Omdat het emissiespectrum van Er3+ ionen in Si/Si:Er weinig en hele smal-
le pieken heeft is het mogelijk om een gedetailleerd schema van de grond- en
eerste aangeslagen toestand van de intra-4f schil van Er3+ ionen te reconstru-
eren, met name overgangen binnen de grondtoestand 4I15/2 liggen in het THz
gebied. Hoofdstuk 4 is gewijd aan onderzoek naar mogelijke overgangen in
dit gebied. De aanwezigheid hiervan is getest met behulp van twee verschil-
lende “pump-probe”technieken, in een “transient gratingën een “pump-probe-
reference”configuratie. In beide gevallen is er een overgang gedetecteerd bij een
golflengte van 43 µm, met een vervaltijd van ongeveer 50 ps. Deze korte ver-
valtijd is een vingerafdruk van een niet-stralende, door fononen geassisteerde
vervalkanaal, omdat theoretische berekeningen een vervaltijd van de stralende
overgangen geven in de orde van secondes. De snelheid van het stralende ver-
val is veel kleiner dan het niet-stralende, zodat het stralingsproces niet plaats
kan vinden. De laatste twee hoofdstukken beschrijven andere systemen dan
de Si nanolagen die hiervoor besproken werden.
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Hoofdstuk 5 richt zich met name op de optische activiteit van een serie
samples die bestonden uit SiO2 gedoteerd met Er3+ ionen en Si nanokristal-
len. Bij het fabriceren van de samples zijn twee Er en drie Si concentraties
gebruikt waarbij er 3 verschillende verhittingstemperaturen zijn gebruikt om
18 verschillende samples te produceren. De optische activiteit van de Er3+

ionen geëxciteerd door nanokristallen ligt in de orde van enkele procenten met
een maximum van 8 %. In het geval van directe excitatie van Er3+ overbrugt
de optische activiteit een veel groter percentage gebied, van een maximum
waarde van 51 % tot een praktisch verwaarloosbare waarde.

Hoofdstuk 6 richt zich op de optische karakterisatie van amorf silicium ge-
doteerd met erbium. Het materiaal laat op het eerste gezicht vreemde en
onverklaarbare eigenschappen zien. De intrinsieke luminescentie van het a-Si,
alswel de Er gerelateerde fotoluminescentie (FL), zijn geregistreerd in ver-
schillende excitatieflux dichtheden. Bij een lage excitatieflux wordt er alleen
Er-gerelateerd FL waargenomen, maar als de excitatieflux boven een bepaalde
drempel komt, dan manifesteert zich een brede en heldere luminescentie. De-
ze luminescentie, die veroorzaakt wordt door recombinaties van verschillende
overgangen in de amorfe matrix, met name van defecten, hangt exponentieel
van de excitatieflux af. Deze exponentiele toename van de FL wordt veroor-
zaakt door de vorming van gebroken bindingen, die exponentieel groeien met
de temperatuur, terwijl de temperatuur van het sample lineair toeneemt als
functie van de excitatieflux.
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