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Chapter 1

Introduction

This chapter gives an overview of electrical and optical properties of Si-based materi-

als relevant for optoelectronic and photonic applications. Current issues concerning

improvement of light emission from the Si-based materials are presented. This is

followed by theoretical as well as practical aspects of the energy transfer processes

in rare earth (RE)-doped Si, RE-doped wide bandgap semiconductors, Si and Ge

quantum dots (QDs), and solid-state dispersions of silicon quantum dots (SiQDs)

in Er-doped SiO2 matrix - SiO2:(Er,SiQDs). A brief description of the contents of

this thesis is presented in the last section.

1.1 Si-based materials for optoelectronic and photonic

applications

The constant drive for large-capacity, high-speed communication networks at higher
data transmitting and processing rates is pushing the Si-based microelectronics to its
fundamental limits [1, 2]. As the miniaturization process of integrated circuits (IC)
keeps following the Moore's law, that the number of individual devices per unit area
of chip doubles every two years, and hence the packing density increases, thermal
dissipation and capacitance factors become a severe limit to the electrical connec-
tions. In addition, at higher integration levels, the total length of interconnects in
a single IC can be several kilometers. The possible use of photons for intercon-
nects between logic devices and long-haul data transportation is known to be more
e�cient than electrons [3, 4]. If the optical �ber and compound semiconductor com-
ponents can be integrated at densities compatible with electronics, the problems of
bandwidth, thermal dissipation, or crosstalk that threaten to end the advance of Si
can be solved. Various schemes and device geometries have been proposed. Each
of these requires the development of a range of devices, including low-loss waveg-
uides, photodetectors, modulators and electrically pumped optical sources: For a
true integration, these should be compatible with silicon and, in particular, with
the complementary metal-oxide-semiconductor (CMOS) technology. To date, all of
the required devices have been demonstrated in silicon, with one very important
exception: an e�cient light source.

Despite its prominent role in microelectronics, silicon is an ine�cient light emit-
ter because of the indirect band gap structure and strong non-radiative recombi-
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nation pathways, resulting in a very short non-radiative lifetime. In addition, the
band edge luminescence of Si at 1.1 µm is far beyond the standard telecommunica-
tion wavelength at around 1.5 µm. Although the fast non-radiative channels can be
mitigated, producing relatively e�cient band edge emitting devices [5, 6], the prob-
lem remains that it is outside of the desired spectral range. Existing optoelectronic
sources for use in the near infrared are therefore predominantly fabricated from di-
rect band gap III-V semiconductors. Such materials o�er the possibility of tuning
both the band gap energy (and hence emission wavelength) and the lattice parame-
ter of the active material over wide ranges, and development of III-V material-based
devices is, consequently, a well-developed and mature technology. However, inter-
facing these materials with CMOS silicon drive electronics remains problematic and
costly. No commercial silicon light-emitting diodes (LEDs) or lasers exist to date,
and the need to produce such devices drives many research groups to investigate a
range of possible solutions.

Without any doubt, one of the main future challenges for Si microphotonics
is the development of a Si-based laser. Recent advances in this �eld include the
Si Raman laser [7, 8], visible laser based on Eu-doped GaN thin �lms on silicon
[9], and a micro-ring cavity laser [10]. These approaches, however, require external
optical pumping for their operation and usually employ complicated manufacturing
procedures. Rare-earth (RE) ion doping of Si, on the other hand, would be preferable
due to relatively simple implementation into the existing Si technology and, in the
case of Er, the attractive emission wavelength.

1.2 Rare earth doping of semiconductors

Doping with RE ions o�ers a possibility of creating an optical system whose emis-
sions are characterized by sharp, atomic-like spectra with predictable and temper-
ature independent wavelengths. For that reason, RE-doped matrices are frequently
used as laser materials (large band-gap hosts, e.g., Nd:YAG) and for optoelectronic
applications (semiconducting hosts) [11, 12, 13]. Very attractive features of RE
ions follow from the fact that their emissions are due to internal transitions in the
partially �lled intra-4f shell. This core shell is e�ectively screened by the more ex-
tended 5s- and 5p-orbitals. Consequently, the optical and also magnetic properties
of a RE ion are relatively independent of a particular host. All RE elements have a
similar atomic con�guration [Xe]4fn+16s2 with n = 1-13. Upon incorporation into a
solid, RE dopants generally tend to modify their electronic structure in such a way
that the intra-4f shell takes the [Xe]4fn electronic con�guration, characteristic of
trivalent RE ions. We note that this electronic transformation does not imply triple
ionization of a RE ion, and can arise due to bonding - as is the case for Yb-doped
InP, where the Yb3+ ion substitutes for In3+ ion, or due to general in�uence of the
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crystal environment.
In addition to the predictable optical properties and, in particular, the �xed

wavelength of emission, RE-doped semiconductor hosts o�er yet one more important
advantage, that is, RE dopants can be excited not only by a direct absorption of
energy into the intra-4f electron core but also indirectly and e�ciently, by energy
transfer from the host. This can be triggered by optical band-to-band excitation,
giving rise to photoluminescence (PL), or by electrical carrier injection, leading to
electroluminescence (EL).

Following the success of Nd:YAG material, research interest has been mostly
concentrated on Yb in InP, Er in Si, Ge and ZnO, and Eu in GaN due to the practical
importance of their emission wavelengths. The energy levels of indicated triply
charged rare-earth ions with the most technologically important radiative transitions
are presented in Fig.1.1. The case of Yb3+ ion is attractive for fundamental research
due to its electronic con�guration of 4f13 which features only a single hole, thus
giving rise to a single excited state [14]. Moreover, emission from Yb3+ ion in InP is
practically independent from sample preparation procedures, since Yb3+ ion always
tends to take the well-de�ned lattice position substituting for In3+ ion.

1.3 Erbium doping of crystalline silicon - c-Si:Er

Since the low-temperature photoluminescence from Er-doped silicon was �rst re-
ported by Ennen et al. [15], more than 10.000 research papers have been published
on this subject. The interest has been fueled by prospective applications for Si-
photonics, in view of the full compatibility of Er doping with the mature CMOS
technology [1]. Upon its identi�cation, Er-doped crystalline Si (c-Si:Er) emerged as
a perfect system where the most advanced and successful Si technology could be
used to manufacture optical elements whose 1535 nm emission band from intra-4f
shell (4I13/2 → 4I15/2) of Er3+ transition ions coincides with the minimum absorption
band of silica �bers currently used in telecommunications (Fig. 1.2).

1.3.1 Incorporation of erbium into silicon

One of the major problems in the way of e�cient emission from c-Si:Er - both
under optical and electrical excitation - is the low solubility of Er in c-Si and the
multiplicity of centers that Er forms in the Si host. This follows directly from the
fact that Er is not a "good" dopant for c-Si, as it tends to take 3+ rather than
the 4+ valence characteristic of the Si lattice, and its ionic radius is very di�erent
from that of Si. Moreover, due to the closed character of external electron shells,
the 4f-orbitals do not bind with the sp3 hybrids of Si. Therefore, in a striking
contrast to the aforementioned case of Yb in InP, Er dopants do not occupy well-
de�ned substitutional sites. This leads to a certain randomness of Er positioning
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Figure 1.1: Energy levels of some triply charged rare-earth ions with the most tech-

nologically important radiative transitions. Left axis is the energy in wavenumbers

and the right axis in eV. The emission band at 1064 nm of Nd3+ ions (n=3) is used

in current laser systems, e.g. Nd:YAG or Nd:YVO4. The emission band at 620 nm

of Eu3+ ions (n=6) has potential applications in light emitting devices. Er3+ ions

(n=11) with the emission band around 1535 nm are important in telecommunica-

tions and have a potential use for laser applications. Yb3+ ions (n=13) at 1064 nm

are especially important for fundamental research.
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Figure 1.2: Total intrinsic losses of a silica �ber in the near infrared region is the

sum of Rayleigh scattering and the band tail of IR absorption related to vibrational

resonances. At long wavelengths, infrared absorption is dominating, while at shorter

wavelengths, Rayleigh scattering is more important. There is a loss minimum of

about 0.3 dB/km around 1.54 µm. If the �ber contains hydroxyl (OH) ions, addi-

tional peaks at around 1.39 µm and 1.24 µm appear in the loss spectrum.



6 Chapter 1. Introduction

in the Si host, with a large number of possible local environments and a variety of
local crystal �elds. Consequently, while photon emitted by an "individual" Er3+

ion has a very well de�ned energy, the ensemble spectrum from a c-Si:Er sample is
inhomogeneously broadened.

In view of the long radiative lifetime (ms) of the �rst 4I13/2 excited state of
Er3+ ions, a large concentration of Er is desirable in order to maximize the emission
intensity. This is, however, precluded by the low solid-state solubility of Er in c-Si.
Therefore nonequilibrium methods are commonly used for preparation of Er-doped
Si. The best results have been obtained with ion implantation [16] and molecular
beam epitaxy (MBE) [17] or sublimation MBE (SMBE) [18, 19]. Sputtering and
di�usion are also occasionally used for preparation of Er-doped structures [20]. With
non-equilibrium doping techniques, Er concentrations as high as [Er] ∼ 1020 cm−3

have been realized. Such high doping concentrations bring a problem of reduction
of "optical activity" of Er dopants.

It has been observed that only a small part of the high Er concentration -
typically 1% - contributes to photon emission. Possible reasons for this unwelcome
e�ect include segregation of Er to the surface, clustering into metallic inclusions, and
"concentration quenching". In addition to these, it has been postulated that in order
to attain optical activity, i.e., the ability to emit the 1.5 µm radiation, an Er3+ ion
must form an "optical center" of a particular microscopic structure. Since co-doping
with electro-negative elements, in particular with oxygen, can substantially increase
the optical activity of Er in Si, it was postulated that such an optical center should
contain oxygen atoms. This e�ect is optimal for an oxygen-to-erbium doping ratio of
approximately 10:1 [21, 22]. Thereby, O atoms play at least two roles in the c-Si:Er
system. Firstly, O can greatly lower the binding energy due to the interactions
between O and Si, and also O and Er atoms, thus enabling the incorporation of
Er into Si. Secondly, the presence of O modi�es the c-Si:Er electrical properties
[16, 22]. In fact, it has been shown that while Er in c-Si exhibits donor behavior,
the maximum donor concentration obtained for a �xed Er content is much higher in
oxygen-rich Czochralski-grown silicon (Cz-Si) than in oxygen-lean �oat-zone silicon
(Fz-Si).

1.3.2 Microscopic aspects

The energetic structure of an Er3+ ion incorporated in c-Si can be determined follow-
ing the Russell-Saunders scheme, with the spin-orbit interaction resulting in 4I15/2
and 4I13/2 as the ground and the �rst excited states respectively, and higher lying
4I11/2 and 4I9/2 states. Transitions between the ground and the �rst excited states
can be realized within the energy determined by the Si band gap.

The actual symmetry of the optically active Er center in c-Si remains somewhat
controversial and clearly varies according to the presence and the chemical nature
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of co-dopants. Early PL studies of the 1.5 µm emission in Si [23] drew a confusing
picture of Er3+ ions in the sites of tetrahedral symmetry Td (substitutional or inter-
stitial). A subsequent investigation with a high-resolution PL has identi�ed more
than 100 emission lines [12]. These were assigned to several simultaneously present
Er-related centers with di�erent crystal surroundings, including isolated Er3+ ions
at interstitial sites, Er-O complexes, Er complexes with residual radiation defects,
and isolated Er3+ ions at sites of di�erent symmetries.

Extended X-ray absorption �ne structure spectroscopy (EXAFS) [24] revealed
the presence of six oxygen atoms in the immediate surrounding of the local site
of an Er atom in Cz-Si:Er [24, 25] and 12 Si atoms in Fz-Si:Er. These �ndings
were con�rmed by Rutherford back-scattering (RBS) [26] and electron paramagnetic
resonance (EPR) studies [27]. Channeling experiments by Wahl et al. [28] identi�ed
the formation of an Er-related cubic center at a tetrahedral interstitial site (Ti) as
the main center generated in c-Si by Er implantation. This �nding was in agreement
with the �rst theoretical calculations predicting a tetrahedral interstitial location
of an isolated Er3+ ion in Si [25, 29, 30, 31, 32, 33, 34], although some found a
tetrahedral substitutional site (Ts) of Er3+ ions to be more stable [32, 34], others
calculated that the hexagonal interstitial site (Hi) has the lowest energy [25, 30].

1.3.3 Electrical activity

The formation of electrical levels within the host band gap has a crucial importance
for optical activity of RE dopants. In general, the trivalent character indicates that
in III-V compounds RE ions may form isoelectronic traps. In the InP:Yb system,
it is accepted that the substitutional Yb3+ ion generates a shallow donor level with
an ionization energy of approximately 30-40 meV [14, 35, 36], although the detailed
origin of the binding potential has not been clearly established [29]. In that case, the
RE ion is neutral with respect to the lattice and the negatively charged trap attracts
a hole; hence, an "isoelectronically" bound exciton state is formed [37, 38]. From
that state, energy transfer to the intra-4f shell is possible in a process similar to the
nonradiative quenching of excitons bound to neutral donors (three particle process).
The excess energy is emitted as phonons. It is quite likely that a similar situation
takes place also for c-Si:Er [39]. This process is more complex as, in principle, the
substitutional Er3+ in Si should give rise to an acceptor level. The 3+ charge state
of the core suggests the formation of an acceptor state in Si when on a substitutional
site. More generally, the existence of a Coulombic potential opens a possibility for
the formation of e�ective-mass hydrogenic donor or acceptor states. However, these
were not detected in experiments.

It is commonly observed that the Si crystal usually converts to n-type upon Er
doping. Accordingly, a donor level at approximately 150 meV below the conduction
band has been detected by deep level transient spectroscopy (DLTS) in oxygen-rich
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Cz-Si:Er [40]. As a possible reason for this, the mixing of the d states of Er3+ ion
with conduction band states of Si [29] and the formation of erbium-oxygen [40] or
erbium silicide clusters [41] were proposed. However, the electrical measurements
are not able to discriminate between optically active and nonactive fractions of Er
dopants. Therefore, the link between formation of a donor level and ability to emit
a photon by Er3+ is indirect. Recently, a direct relation between the formation
of a particular donor center and optical activity has only been established by a
combination of two-color and PL excitation (PLE) spectroscopies for a particular
Er-center created in a Si/Si:Er multinanolayer structure [42].

1.3.4 Optical excitation and de-excitation processes

In RE-doped semiconductors, the excitation transfer usually proceeds by energy
exchange between a RE ion and a non-radiative recombination center. The RE
ion acts as an energy acceptor and a non-radiative recombination center, typically a
bound exciton, as an energy donor. The excitons bind to defect centers in the vicinity
of the involved RE ions. In the case of c-Si:Er, the �rst excitation stage involves
host band states (exciton generation) and is usually very e�cient. Subsequently, the
energy is nonradiatively transferred via a multipolar or exchange mechanism to the
intra-4f shell of Er3+ ions, with an eventual energy mismatch being compensated by
phonons. The energy transfer to an Er3+ ion depends crucially on the availability
of traps allowing for creation of a bound exciton state in the direct vicinity of the
RE ion. Therefore, the excitation process changes dramatically if the RE ion itself
introduces a defect level within the band gap of the host material.

1.3.4.1 Multi-stage excitation process

In general, the Er-related luminescence in Si can be induced electrically, by carrier
injection, or optically with a photon whose energy exceeds the band gap of c-Si.
The excitation proceeds indirectly via one of two di�erent Auger-type energy transfer
processes. In EL, Er excitation is accomplished either by collision with hot electrons
from the conduction band under reverse bias, or by generation of electron-hole pairs
in a forward biased p-n junction. The electronic collision under reverse bias was
recognized as the most e�cient excitation procedure for c-Si:Er. In PL, energy
transfer to the 4f-electron core is accomplished by nonradiative recombination of
an exciton bound in the proximity of an Er3+ ion, as discussed in the previous
section (Fig. 1.2). This multi-stage optical excitation mechanism for c-Si:Er was
investigated experimentally and by theoretical modeling [39, 43, 44, 45, 46].

In particular, the importance of excitons [47] and the enabling role of the Er-
related donor [42] were explicitly demonstrated. With the proposed models, de-
pendence of Er-related PL intensity on both temperature and excitation power was
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Figure 1.3: Model for photo-excitation of Er3+ doped crystalline Si system, where

CB, VB, and D stand for conduction band, valence band, and donor level, respec-

tively. We note that energy levels of Er3+ ions are not part of the energy scheme

of c-Si. The �rst excitation stage involves host band states (exciton generation)

and is usually very e�cient. Subsequently, the energy is nonradiatively transferred

via a multipolar or exchange mechanism to the intra-4f shell of Er3+ ions, with an

eventual energy mismatch being compensated by phonons.

successfully described [48]. The e�ective cross section for the indirect excitation
mode is of the order of 10−14 cm2, i.e., much higher (factor 106) than under direct
resonant photon absorption by Er3+ ions [49, 50]. This large di�erence a�rmed the
advantage of the c-Si hosting matrix for the excitation process. The most straight-
forward evidence for the multi-stage excitation process of Er3+ ions came from
two-color experiments [51, 52], in which the electron and hole were supplied in two
separate stages. In this case, capture of one type of carrier at an Er-related state
forms a stable stage in which Er3+ ion is "prepared" for excitation upon (subsequent)
availability of the complementary carrier.

Interesting insights into the excitation process were obtained by investigating
the emission from an Er-implanted sample measured in di�erent con�gurations of
optical excitation [47]. Comparison of PL recorded with a laser beam incident on the
implanted-side and on the substrate-side of the sample gave evidence that energy
is being transported to Er3+ ions by excitons [50]. E�ciency of this step strongly
depends on the distance between the photon absorption region, where excitons are
generated, and Er3+ ions.
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Figure 1.4: De-excitation processes in Si:Er material. The panel (a) shows the case

in which bound exciton in the vicinity of a Er3+ ion is thermally disassociated. Panel

(b) demonstrates the back-transfer process: the last step of the Er3+ ion excitation

is reversed and the intermediate excitation stage, bound exciton, is recreated. Panel

(c) describes Auger process involving energy transfer from an excited Er3+ ion to a

conduction electron.

1.3.4.2 De-excitation processes

The radiative transition probability between the intra-4f shell derived energy states
is usually very small. Theoretically, for a RE ion in vacuum, transitions between
di�erent multiplet states originating from the 4f-electron shell are forbidden for
parity reasons. Upon incorporation in a matrix, the local crystal �eld leads to a small
perturbation of these states, hence non-zero transition elements appear. However,
as discussed before, this perturbation is small due to the screening e�ect of the
outer electron shells. Consequently, the radiative energy transitions are only slightly
allowed and life times remain long - in the millisecond range. In an extreme case,
for Er3+ ions in the insulating host of Cs2NaYF6, τ ≈ 100 ms has been measured
for the �rst excited state 4I13/2 [53]. The radiative lifetime for excited Er3+ ions in
SiO2 has been estimated as τ ≈ 22 ms [54]. For Er in c-Si, the longest lifetime of
τ ≈ 2 ms has been experimentally determined for p-type Cz-Si at T = 15 K [44].
In most of the cases, the experiments show much shorter lifetimes (µs range) of
the �rst excited state of Er3+ ions due to non-radiative de-excitation processes and
other Er related trap levels.

Although relatively bright Er-related luminescence in Si is commonly observed
at low temperature (T < 100 K), the luminescence intensity is found to decrease
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rapidly upon temperature increase. This luminescence quenching can appear due to
a lowering of either the excitation e�ciency or the Er luminescence e�ciency. The
excitation e�ciency decrease at higher temperatures can be due to alternative re-
combinations at the Er related trap level. Investigations of thermal quenching of the
PL intensity and lifetime in c-Si:Er reported two activation energies of 15-20 meV
and 150 meV [55]. The former is usually related to bound exciton state ionization or
dissociation, and the latter is commonly taken as a �ngerprint of the back-transfer
process. The last nonradiative recombination channel discussed in this part is a
process involving energy dissipation of an excited Er3+ ions to free carriers, which
are promoted to higher band-states. This is an Auger-type energy transfer.

a. Exciton dissociation process

In the exciton dissociation process, the Er excitation e�ciency decreases due to
decrease of the concentration of the localized excitons (Fig. 1.4(a)). This process
lowers the fraction of bound excitons that lead to Er excitation. The dissociation
process must be phonon-assisted, since it requires an activation energy. Conse-
quently, the dissociation rate increases with temperature.

b. Back-transfer process of excitation reversal

The back-transfer process originally proposed for InP:Yb [56] is generally held
responsible for the high-temperature quenching of the RE PL intensity and lifetime.
The low probability of radiative recombination makes the back-transfer process pos-
sible with the necessary activation energy being provided by simultaneous absorption
of several lattice phonons. During the back-transfer, the last step of the excitation
process is reversed: upon nonradiative relaxation of a RE ion, the intermediate ex-
citation stage (the bound-exciton state) is recreated. The activation energy of such
a process is equal to the energy mismatch that has to be overcome and therefore
depends on the gap position of the aforementioned RE-related donor state.

For InP:Yb, the back-transfer process was demonstrated to be induced also op-
tically, under intense illumination with IR photons of the appropriate quantum
energy [57]. For c-Si:Er, the energy necessary to activate the back-transfer process
is E ≈ 150 meV and therefore the participation of at least three optical phonons is
required. The multiphonon-assisted back-transfer process for c-Si:Er was modeled
theoretically [51] in full agreement with the experimental data.

c. Auger-type energy transfer to free carriers

As for the excitation mechanism, shallow centers available in the host exert also
a profound in�uence on nonradiative relaxation of RE ions. A very e�ective mecha-
nism of such a nonradiative recombination is the impurity Auger process involving
energy transfer to conduction electrons [58]. This process can be seen as opposite
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to the impact excitation mechanism in EL of c-Si:Er. Direct evidence of the impor-
tance of energy transfer to conduction-band electrons was given by an investigation
of the temperature quenching of PL intensity for samples with di�erent background
doping [44]. In that experiment, the activation energy of thermal quenching di-
rectly identi�ed the ionization process of the shallow dopants (B for p-type and P
for n-type) as responsible for this e�ect.

The detrimental role of free carriers on the emission of c-Si:Er can also be inferred
from the fact that free carriers govern the e�ective lifetime of the excited state of
the Er3+ ion. This was shown in an experiment where a He-Ne laser, operating
in a continuous mode in parallel to an Ar laser with beam modulation, was used
to provide an equilibrium background concentration of free carriers. As a result,
a shortening of the Er3+ lifetime has been observed. The magnitude of this e�ect
was proportional to the square root of the background continuous wave (cw) laser
illumination power [58]. Since the exciton recombination dominated the relaxation,
such a result indicates that the e�ciency of the lifetime quenching is related to
the free-carrier concentration. But possibly the most direct evidence for the Auger
quenching of Er PL in Si comes from a two-color experiment in the visible/mid-IR
where emission from Er was shown to quench upon optically induced ionization of
shallow traps [59].

1.3.5 Prospect of optical gain in c-Si:Er

As previously introduced, Si is the ideal platform material for development of in-
tegrated optical circuites by the mature CMOS technology. c-Si:Er is among the
choosen materials for this goal. The realization of lasing action of c-Si:Er would
provide a major boost for optoelectronic applications. In order to achieve optical
gain, absorption by Er3+ ions should be maximized and losses minimized. The
latter includes absorption of the 1.54 µm radiation in the host and nonradiative
recombinations of excited Er3+ ions.

For a reliable gain estimation, the value of the absorption cross-section at 1.54
µm for Er3+ ions embedded in c-Si is required. This is not known and has to be
derived from the linewidth ∆E and decay time τ of the 1.54 µm Er-related emission
band. For implanted Si:Er materials these are typically ∆E ≈ 5 meV and τ ≈ 1 ms.
Using these values and assuming that the τ ≈ 1 ms time constant represents the
purely radiative lifetime, the Er3+ ions excitation cross-section can be estimated as
σ ≈ 2.5 × 10−19 cm2. In order to calculate the gain g, the excitation cross-section
has to be multiplied by the available concentration of excited Er3+ ions N(Er∗):

g = σ ×N(Er∗) . (1.1)

Assuming a typical concentration of Er3+ ions in the implanted layer to be
N(Er) ≈ 1020 cm3 and taking into account that usually only ∼ 1% of them are
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optically active, we obtain a gain coe�cient of g ≈ 0.25 cm−1. On the other hand,
losses due to free-carrier absorption at 1.54 µm and nonradiative recombination
of Er3+ ions (Auger e�ect, upconversion, etc.), are usually estimated as at least
1 cm−1. Therefore, realization of a Si laser based on Er doping is generally considered
unlikely.

One of the most advanced materials among c-Si:Er systems are Si/Si:Er multi-
nanolayer structures [60, 61]. In these structures, the so-called Er-1 center is pref-
erentially formed with ultrasmall bandwidth (< 8 µeV) of its emission. This has
important consequences for the expected gain coe�cient, o�ering a possibility to
increase the excitation cross-section by at least a factor 103. The resulting gain co-
e�cient should improve even more, as the percentage of optically active Er species
seems to be higher for Er-1 than that in implanted samples. If we assume that
the losses in the nanolayers structure are not increased, a net gain should appear.
Details of the Er-1 center and gain coe�cients will be discussed in Chapter III based
on the experimental results obtained with the set-up described in Chapter II.

1.4 Rare earth ions in wide band gap materials

RE ions in wide band gap materials (WBMs) have found tremendous applications
in optoelectronic devices. The �rst examples of the characteristic spectra from
the radiative recombination in the intra-4f shells of RE ions were reported for Yb-
and Er-implanted InP, GaP, GaAs [15, 62], and Yb-doped liquid phase epitaxial
(LPE)-InP [63]. Thanks to their possible compatibility with existing semiconduc-
tor technologies, RE-doped SiO2, ZnO, and GaN in particular have received much
attention for Si-based photonics.

As previously discussed, the temperature-quenching e�ect of emission of RE ions
in Si and other semiconductors remains an important issue. Since the temperature-
quenching e�ects are inversely proportional to the band gap of the host, WBMs
are attractive matrices for RE incorporation. As in carrier-mediated luminescence
mechanisms observed in Er:Si, the e�ciency of excitation is thought to depend on
the ionization energy of excitons bound to optically active centers formed by RE
ions. WBMs have high excitonic ionization energies, and therefore are more e�cient
hosts for electrically activated RE emission. In contrast to silicon with the band
gap of about 1.1 eV, RE-doped WBMs can o�er both visible and infrared emissions.

In spite of a possible light emission at high temperature of the RE ions in WBMs,
however, the low excitation cross-section of 10−22 cm−2 remains an issue. And while
the excitation cross-section can be improved by co-doping with other RE ions, the
requirement of resonant excitation is still crucial for these materials.
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Figure 1.5: The density of states for semiconductor structures with di�erent con�ne-
ment con�gurations. (a) Bulk semiconductor material; (b) quantum well structure

with one dimension con�nement (1-D con�nement); (c) quantum dot with three di-

mension con�nement (3-D con�nement). [64].

1.5 Semiconductor at nanoscales

It is well known that optical properties of a semiconductor change dramatically at
nanometer scales. Under such condition, the electron and hole are con�ned in one,
two, or three dimensions depending on the geometry of the structure. These are
classi�ed as quantum well (QW) (1-D con�nement), quantum wire (2-D con�ne-
ment), and quantum dot (QD) (3-D con�nement), respectively. Let us consider the
Heisenberg uncertainty principle for a particle con�ned to a region on the x axis of
length ∆x, the uncertainty in its momentum is given by:

∆px ∼ ~
∆x

If the particle has a mass m, the con�nement in the x direction will give it an
additional kinetic energy of magnitude:

Econf. =
(∆px)

2

2m
∼ ~2

2m(∆x)2
.
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This con�nement energy will be signi�cant if it is comparable to the kinetic energy
of the particle due to its thermal motion in the x direction. This condition may be
written:

Econf. ∼
~2

2m(∆x)2
>

1

2
kBT,

where kB is the Boltzmann constant and T is the temperature of the particle. This
tells us that quantum size e�ects will be important if

∆x .

√
~2

mkBT
.

For an electron in a typical semiconductor, e.g. Si, with me = 0.1m0 at room
temperature, we �nd that ∆x ∼ 5 nm.

The changes of the density of states (DOS) of electron in the conduction band
and the valence band upon reducing the dimensionality of a system are illustrated
in Fig. 1.5. In the bulk materials, the DOS shows (E-Eg)1/2 dependence, while the
QW is characterized by step-like DOS, and QD with a discrete distribution of δ
functions.

Since the con�nement energy can be varied by choice of the sizes, this gives us
a way of tuning the energy of absorption edge, hence also of emission band. It is
generally found that well-prepared and passivated Si quantum dots (SiQDs) exhibit
photoluminescence in the wavelength range between 500 and 1100 nm [65]. The
luminescence is attributed to the recombination of quantum-con�ned excitons, the
emission energy thus being strongly dependent on the nanocrystal size. SiO2 is the
ideal host matrix for SiQDs as the available oxygen can passivate dangling bonds
at the surface of SiQDs that may cause non-radiative quenching.

The radiative recombination process can be understood assuming a model of
recombination of excitonic singlet and triplet states of the excited SiQDs. In this
model, the optical transition is indirect in nature, and has a relatively small proba-
bility. In recent years, several applications of SiQDs have been explored, and include
light-emitting diodes [66], non-volatile memories [67], sensitized optical ampli�ers
[68], and Si-based electrically driven source for surface plasmon polaritons [69].

The fabrication of an optical ampli�er or laser based on interband transitions has
been considered impossible because, by analogy with bulk Si, the cross-section for
free carrier absorption was thought to be higher than that for stimulated emission.
Yet, in an article published in 2003, Pavesi et al. [2] claimed that optical gain could
be achieved using SiQDs, contrary to earlier predictions. Central in this claim is
the presumption that the observed light emission from SiQDs is not due to the
recombination of "free" excitons but rather to the recombination of electron-hole
pairs trapped at an interface defect. This could, according to the authors, reduce
the deleterious e�ect of free carrier absorption. A three-level model was introduced
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to explain the observed optical gain, with the intermediate level attributed to a
Si=O double bond at the interface between the QDs and the surrounding SiO2

matrix. However, in spite of this claim laser based on SiQDs has not been realized
until now.

More recently in 2010, de Boer et al. [70] have found that non-phonon recom-
bination of a hot exciton in vicinity of the Γ point of the Brillouin zone, associated
with the direct band gap of Si, could be more e�cient (by factor 103) than in bulk
c-Si. This result revives the hope for realization of e�cient light emission with
Si-based materials.

1.6 Optical sensitizing of Er3+ ions by Si quantum dots

SiO2 matrix doped with Er3+ ions and SiQDs is intensively investigated as an in-
teresting system where room temperature 1.54 µm Er-related emission can be e�-
ciently induced by non-resonant excitation [71, 72, 73, 74, 75]. It has been noted
that photoluminescence and electroluminescence of Er3+ ions in SiO2 can be e�ec-
tively sensitized with Si quantum dots. Upon illumination, incoming photons are
predominantly absorbed by band-to-band transitions in SiQDs. Since the indirect
band structure of Si is preserved also at nanometer scales [76], electron-hole pairs
generated in this way are characterized by a relatively long lifetime. This enables
energy transfer to Er3+ ions located in vicinity of SiQDs. In that way, a channel of
indirect excitation for Er dispersed in SiO2 is created and the 1.54 µm Er-related
emission appears.

Temporal characteristics of emission from Er3+ ions sensitized by SiQDs com-
prises a microsecond rise time, corresponding to SiQD-to-Er energy transfer, fol-
lowed by predominantly radiative and temperature-independent decay in the mil-
lisecond range, characteristic for Er3+ ions in SiO2. It has been concluded that
dispersion of SiQDs in Er-doped SiO2 matrix SiO2:(Er, SiQDs) combines, to a cer-
tain extent, positive features of Er-doped crystalline Si with those of Er-doped SiO2.

In contrast to the situation for SiO2:Er, introduction of SiQDs enables indirect
excitation of Er3+ ions. This process is non-resonant and relatively e�cient, with an
e�ective excitation cross-section of 10−17-10−16 cm−2, which represents an increase
by a factor of 103 in comparison to SiO2:Er. In addition, emission from Er3+ ions
does not su�er from thermal quenching and is readily observed at room temperature,
similar to SiO2:Er. These promising characteristics raised considerable hopes on
possible applications of the SiO2:(Er, SiQDs) for Si photonics and speci�c devices
have been proposed. Particularly attractive is the prospect application of SiO2:(Er,
SiQDs) for development of a �ash-lamp pumped optical ampli�er - a much welcomed
replacement for the currently used �ber ampli�er which requires resonant and high
power laser pumps for its operation. In order to achieve that, the SiQD-assisted
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Figure 1.6: Förster energy transfer mechanism. The excitation of Er ions proceeds

via non-radiative recombination of excitons in Si NCs in microsecond scale (1). For

energy conservation, due to the large bandgap of Si NCs, the energy transfer proceeds

to higher states of Er3+ ions. Luminescence from the lower excited states appears

following the internal relaxation of Er3+ ions (2).

sensitization process of Er emission in SiO2 has to be thoroughly understood. For
that purpose, microscopic location of Er with respect to SiQDs has been considered
[77, 78].

In spite of continuous development in preparation of the SiO2:(Er,SiQDs) mate-
rial, only a relatively small proportion of all the Er3+ ions is usually available for the
indirect excitation via SiQDs [79, 80]. This limitation is the main obstacle in the way
to attain high concentration of excited Er3+ ions and population inversion, necessary
for optical ampli�cation [81]. Obviously, this problem relates to microscopic details
of the indirect excitation mechanism. Dedicated experiments [82, 83] have revealed
that the excitation of Er3+ ions in the SiO2:(Er,SiQDs) system involves mechanisms
operating on di�erent time scales, from several microseconds down to below 100
ns. In particular, the Förster (dipole-dipole) mechanism - Förster resonance energy
transfer (FRET), illustrated in Fig. 1.6, [84, 85] - has been proposed in order to
explain the �slow� (microsecond time scale) energy transfer from SiQDs to Er3+

ions [86]. In this mechanism, the excitation of Er ions proceeds via non-radiative
recombination of excitons in SiNCs in microsecond scale. For energy conservation,
due to the large bandgap of SiNCs, the energy transfer proceeds through higher
states of Er3+ ions. Luminescence from the lower excited states appears following
the internal relaxation of Er3+ ions.
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In addition to this relatively slow excitation, the presence of a much faster (sub
100 ns range) process has been conclusively established [87, 82]. As for its physical
origin, a process analogous to hot carrier impact excitation of Er in bulk Si has
been put forward [82, 83]. In this mechanism a hot carrier loses (part of) its excess
energy by intraband relaxation with energy transfer to an Er3+ ion.

1.7 This thesis

Within the course of this thesis I will review the most signi�cant results obtained
during my PhD study in the �eld of semiconductor photonics. This thesis consists
of 7 chapters and a summary. In this chapter, we have presented an overview of
electrical and optical properties of Si-based materials relevant for optoelectronic
and photonic applications. I have shown that doping with REs is a prospective
way to improve the optical properties of Si-based materials, and of the practical
interest for its emitting wavelength. Current issues concerning improvement of the
light emission from the Si-based materials have been also discussed. We also brie�y
reviewed energy transfer processes within the materials.

Chapter 2 is dedicated to the experimental details of the optical gain determi-
nation. Gain artifacts that can be misleading for the optical gain evaluation will
be discussed. The solution of choice is a combination of variable stripe length and
shifting excitation spot methods. In Chapter 3, I will discuss details of the most
advanced Si:Er materials, Si/Si:Er multinanolayer structures. Chapter 4 of the the-
sis will focus on Er and Eu dopants in ZnO and GaN, respectively. Chapter 5 will
present two speci�c cases of indirect bandgap semiconductor at nanometer scales.
Chapter 6 deals with one of the most interesting matrix, Er and SiNCs embedded
in SiO2 matrix. Chapter 7 goes deeper into the fast excitation mechanism of Er3+

ions in the SiO2:(Er,SiQDs) material. The thesis will be closed by a summary.



Chapter 2

Experimental techniques for

optical gain determination

This chapter concerns experimental details of optical gain determination. Variable

stripe length (VSL) technique was �rst developed to determine optical gain coe�-

cient. However, it turned out that interpretation of VSL data in low-gain materials

is not straight-forward and prone to artifacts. The development of a combination of

VSL with shifting excitation spot (SES) technique can surpass those problems. Ad-

vantages and disadvantages of this experimental approach over previously existing

experiments for optical gain evaluation are discussed. Details of possible experimen-

tal artifacts, typically leading to over- and under-estimations of optical gain, are

presented. Further improvements of the experimental methods are also considered.

2.1 VSL and SES techniques

Stimulated emission manifests itself by a positive value of the optical gain coe�cient
g, which can be measured using the VSL technique originally introduced by Shaklee
et al. [88]. The big advantage of this experimental method is that no special sample
preparation is needed. Transparent, opaque, solid, or liquid samples are all suited
for the gain measurements. The principle of a VSL experiment is sketched in Fig.
2.1(a). Excitation light beam is focused by a cylindrical lens into a stripe shape
on the sample. The length of the stripe can be varied by a moving shield which is
made by a metal blade with a sharp edge. The luminescence signal is detected from
the facet of the sample perpendicular to the incident laser beam. Luminescence
from the sample, excited within the pumped stripe-shaped area of the length l,
serves as the probing beam. Light passing through the excited area of a reasonable
length l enables stimulated emission if population inversion is reached. Thus, the
experiments are conducted at an excitation �ux at which PL intensity attains more
than 50% of the saturation level, when the population inversion is expected.

The VSL technique allows for accurate measurements of optical gain from ma-
terials with strong luminescence - high-gain media. However, interpretation of VSL
data in low-gain materials is less straightforward and prone to errors due to several
gain-like artifacts, e.g. waveguiding and confocal e�ects [89, 90, 91], or di�raction
and light coupling [92]. The waveguide phenomenon deals with changes in refractive
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Figure 2.1: The principle of the VSL (a) and SES (b) techniques. The spot width in

the SES is equal to the VSL di�erential shift step x0. The emission signal is detected

along the laser-exposed stripe area of length lk = kx0 (k = 0...n), perpendicular to

the excitation beam.

index of the stripe under excitation, when compared to the unexcited parts. This
leads to signi�cant gain values being measured without genuine ampli�cation taking
place in the sample.

We recall that Lourenço et al. [93] proposed a technique for low-gain measure-
ments in short waveguides in a geometry similar to VSL. In this con�guration two
lock-in ampli�ers are connected in series. The sensitivity to low gains was improved,
but the aforementioned artifacts, arising mainly from the discrepancy between the
one-dimensional VSL model and the real system geometry and/or waveguiding ef-
fects, could not be fully eliminated.

The sensitivity to low optical gains can be also improved by using of the VSL
in combination with the SES technique [89], in which the moving shield is replaced
by a moving slit (see Fig. 2.1(b)). Due to its comparative character, this method
enables to resolve even a small optical gain under conditions when no net gain is
observed, and corrects the signal for most of the possible artifacts. It is also suitable
for non-waveguiding samples. One should keep in mind that VSL-like techniques
use �stripe-shaped� pumped area and therefore, for a precise interpretation of results
in low-gain materials, laser-induced changes in the refractive index should be taken
into account.

In the VSL experiment, sample is excited by a homogeneous stripe-like intense
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laser beam (Fig.2.1(a)) of a length l, formed by a cylindrical lens. In order to achieve
a homogeneous excitation, only a part of the Gaussian pro�le of the excitation beam
is used, selected by the slit of 1.2 mm width, placed before the cylindrical lens.
The length of the VSL stripe is changed by a moving shield (with a sharp edge)
placed on a motorized micro-positioner with the resolution of 1.25 µm. For the SES
experiment, another blocking shield is introduced into the VSL setup (Fig.2.1(b))
in order to create a small rectangular excited spot that can be shifted along the
stripe as used in the VSL con�guration. The width of the SES spot x0 is equal to
the di�erential shift of the slit in the VSL setup. In order to minimize the e�ect of
the inevitable laser di�raction on the movable shields on the spot/stripe shape, a
double-lens system with the magni�cation ratio of 2.5:1 was placed in front of the
sample. The emerging PL was detected from the edge of the sample, perpendicular
to the excitation.

In the SES experiment, PL emitted from the excited spot passes through a non-
excited area of length lk = kx0 (k = 0...n; Fig.2.1(b)), where it can be absorbed
by emitting centers in the ground state. The signal attenuation is given by the
absorption coe�cient of these centers in the ground state α0. The detected SES
signal follows the Beer-Lambert law:

ISES
k = ISpEe−α0lk , (2.1)

where ISpE stands for the spontaneous emission intensity per unit length.
In the VSL, when the luminescence passes through excited part of the sample,

the situation is more complicated. Under such conditions, laser induced absorption
coe�cient αind comprises the optical gain g (negative absorption coe�cient of Er-1
in the excited state) and the free carrier absorption αFCA. The detected VSL signal
is given by

IV SL
k ∼ ISpE

1− e−αindlk

αind
(2.2)

αind = αFCA − g. (2.3)

The negative value of αind would lead to light ampli�cation, de�ned by the net gain
coe�cient G = |αind|. The positive value, on the other hand, would lead to attenu-
ation, and could appear in the situation when the free carrier absorption dominates
over the stimulated emission (αFCA > g). When the free carrier absorption cross-
section is known, e.g. in c-Si at 1.54 µm (σSi ∼10−17 cm2 [94, 95]), one can estimate
g from comparison of the measured αind and αFCA.

Laser-induced changes in the absorption coe�cient ∆α = αind − α0 result in
a di�erence between the as-measured VSL signal IV SL

k and the SES signal IiSES
k ,

integrated over the stripe length lk:

IiSES
k =

k∑
j=1

ISES
j . (2.4)
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Figure 2.2: The VSL con�guration. Here, (a) is the incoming laser beam, (b) 1.2 mm

slit, (c) cylindrical lens, (d) blocking shield, (e) collimation lenses, and (f) sample.

The SES con�guration is derived from VSL when a second blocking shield is used.

In saturation regime, the α0 magnitude determines the maximal optical gain co-
e�cient g = |α0|, leading to ∆α = αFCA − 2g. The magnitude of ∆α can be
evaluated from comparison of the as-measured SES signal ISES

k with the di�erential
VSL signal IdV SL

k

IdV SL
k =

IV SL
k − IV SL

k−1

x0
= ISpEe(g−αFCA)lk , (2.5)

leading to

∆α = −
ln(IdV SL

k /ISES
k )

lk
= αind − α0. (2.6)

In both cases, the size of the SES spot must be carefully adjusted to be equal to the
VSL di�erential shift step x0.

The VSL experimental setup described in this thesis is sketched in Fig. 2.2.
As can be seen from the �gure, the incident (round) laser beam (a) converts into a
smaller ribbon of 1.2 mm after going through a slit (b) before reaching the cylindrical
lens (c) and then becoming a stripe-like on the blocking shield face (d). A pair of
collimation lenses (e) makes the image of the laser stripe smaller on the sample (f).
The SES con�guration is derived from VSL when a second blocking shield is used.

The measurements were conducted at low temperature (T = 4.2 K) by using He
continuous-�ow cryostat (Oxford Instruments Optistat CF). Continuous wave (cw)
and pulsed laser excitations were used as optical pumping sources. The cw excitation
was provided by a solid state laser Nd:YVO4 (Spectra Physics) and the pulsed
excitation by a third harmonic of a Nd:YAG laser pumping a tunable wavelength
Optical Parametric Oscillator (OPO) (Solar Laser Systems), featuring 5 ns pulses
with a repetition rate of 20 Hz. PL signals were detected using a system of a 1-m
F/8 monochromator (Jobin-Yvon THR-1000; 900 grooves/mm; grating blazed at
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Figure 2.3: The principle of the VSL (a) and SES (b) techniques. The spot width in

the SES is equal to the VSL di�erential shift step x0. The emission signal is detected

along the laser-exposed stripe area of length lk = kx0 (k = 0...n), perpendicular to

the excitation beam.

1.5 µm) coupled with an infrared Ge detector (Edinburgh Instruments). Electronic
signals from the detector were �ltered and ampli�ed via digital signal processing
lock-in ampli�er (Signal Recovery SR7265), and displayed by 500 MHz oscilloscope
(Tektronix TDS3000).

2.2 Issues for the optical gain determination

Mechanical movements in VSL and SES during the experiment, however, can cause
a mismatch between the SES spot and the VSL di�erential shifting steps x0. This
creates a situation that SES spot can be larger or smaller than x0, hence there
appear overlaps or gaps between the SES spots when shifting along the sample.
In this case, integrated SES is higher or lower than the VSL signal, especially, for
samples of low gain coe�cients. As a result, the optical gain may be under- or over-
estimated. To examine that possibility, the excitation beam pro�le and equality
of the SES spot size with the VSL di�erential shift has to be veri�ed. For this
purpose, a power-meter can be placed immediately after the movable shields and
light intensity at the excitation wavelength of 532 nm are measured in the SES and
VSL con�gurations (Fig. 2.3). The integrated SES IiSES

k and the as-measured VSL
signal IV SL

k of the laser beam in Fig. 2.3 are identical, which con�rms equality of
the SES spot size (xSES

0 ) and the di�erential VSL shift step (xV SL
0 = xSES

0 ≡ x0;
Fig.2.1) and validates the experimental procedure. The as-measured SES signal in
Fig. 2.3 copies the excitation beam pro�le. To increase homogeneity of the excitation
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Figure 2.4: SES pro�le of the excitation laser beam measured with a laser beam pro-

�ler of the slightly de-focused spot. The Fresnel di�raction side peaks are generated

by the interference of the laser passing through the narrow slit. This e�ect is stronger

for narrower slits, which should be avoided. In the inset - 2D image of the excitation

beam.

laser beam over the whole stripe, an additional slit of 1-2 mm is also set in front of
the set-up (Fig. 2.2(b)).

Confocal e�ect can be another reason for erroneous evaluation of the gain co-
e�cient. When signals are collected by a lens with a short focal length, coupling
e�ciency of the emission at di�erent parts of the excited area may change. To ensure
the constant e�ciency of the detection over the whole stripe length (< 1.5 mm), ob-
jective lens of 12 cm focal length and a large monochromator detection slit of 2 mm
were used. The change of the detected signal intensity with a slight (± 1 mm) shift
of the objective lens has been checked and found to be negligible. In this case, the
objective lens numerical aperture is small (NA ≈ 0.24), therefore the focal point is
stretched. Moreover, this e�ect is automatically corrected by the comparison of the
SES and VSL signals.

We note, however, that in spite of this careful mechanical calibration, a di�erence
between VSL and SES experiments may still appear not necessarily due to the
non-linear e�ects. As can be seen from the Fig. 2.4, signi�cant interference of the
excitation laser beam appears for smaller spot of SES, though in practice this e�ect
can be reduced by using of a double-lens system with the magni�cation ratio of
2.5:1, placed in front of the sample. This allows for a larger size of the laser beam
in the experiments while still facilitating 2.5 times smaller excitation spot image on
the sample.

In the case of Si:Er materials, it is known that Er3+ ions are e�ciently excited
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indirectly via excitons in the host materials. Thus, the mobility of the excitons is
another deleterious issue of the optical gain experiments. The carriers generated
under laser illumination can di�use out of the excitation spot, creating a bu�ering
ring around the excited region. This bu�ering ring can contribute to additional exci-
tation of the Er3+ ions. Such a situation is especially signi�cant for (pure) materials
with a higher mobility of free carriers. However, taking into account the interference
and carrier di�usion, the integrated SES signals are always overestimated. Hence,
it is important to note that this e�ect can lead only to a possible underestimation
of the gain coe�cient. As a consequence, these experimental artifacts can mask a
small optical gain, which might actually be realized in the case when equal SES and
VSL signals are being measured.





Chapter 3

Optical gain for Er-1 center in

Si/Si:Er multinanolayers

This chapter deals with a speci�c Er complex in the c-Si, the so-called Er-1 center,

which preferentially forms in the Si/Si:Er multinanolayer structures. We show that

after an appropriate annealing process, atomic-like spectrum with a few lines is mea-

sured at 4.2 K. High resolution PL spectroscopy revealed ultranarrow lines (8 µeV),

possibly the narrowest emission band ever measured in a semiconductor system. The

superior optical properties of the Er-1 center o�er good hopes for realization of op-

tical gain. Using the the combination of VSL and SES methods, non-linear optical

coe�cients are examined. Further on the way towards realization of the Si-based

laser, optical gain on Er-1 centers in the multinanolayer structures grown on semi-

insulating substrates is also investigated. While upper limits for optical gain in the

structures are estimated, the free carrier losses still remain a big problem. These

losses are evaluated and discussed.

3.1 Introduction

It is commonly known that excitation of Er3+ ion in Si occurs through an inter-
mediate state with the participation of an exciton. Therefore, for realization of
e�cient emission from Si:Er, high concentration/long life time of excitons and high
Er-doping levels are crucial. For the latter issue, non-equivalent doping techniques
are used. However, a high doping level creates a situation that more defects are
also formed, opening a recombination channels for excitons, thus lowering their con-
centration and life time. The excitation mechanism may be considerably enhanced
in Si/Si:Er multinanolayer structures comprised of interchanged layers of Er-doped
and undoped c-Si, grown by SMBE method. It can be speculated that excitons
e�ciently generated in a spacer layer of undoped Si have a long lifetime and can
di�use towards Er-doped regions, enabling better conditions for excitation of the
Er3+ ions.
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Figure 3.1: Sketch of a Si/Si:Er multinanolayer structure grown on a Si substrate

(a). The structures consist of hundreds of few nm thick periods of Si:Er, spaced

by pure Si layers. The total thickness of the epitaxial layer can be up to 2 µm.

(b) Concentrations of oxygen and Er dopants, determined by secondary ion mass

spectroscopy yield on average of 5×1019 and 3.5×1018 cm−1 for the two elements,

respectively.

3.2 Formation of Er-1 center

3.2.1 The multinanolayer structures

The samples in this study were prepared and supplied by Dr. B. Andreev in the
Institute for Physics of Microstructures, Russian Academy of Science, Nizhny Nov-
gorod, Russia. The optical properties are investigated on a set of multinanolayer
structures with the number of layers ranging from 16 to 400 periods of 1-5 nm thick-
ness Si layers alternatively Er-doped and undoped. Details of the sample preparation
can be found elsewhere [19]. After SMBE growth, an annealing process was carried
out in a nitrogen or hydrogen �ow at 800 oC for 30 min. A sketch of a Si/Si:Er
multinanolayer structure grown on Si substrates is presented in Fig. 3.1(a). Total
thickness of the epitaxial layer is about 1-2 µm. The average concentration of Er
dopants in Si:Er layers was 3.5 × 1018 cm−3, as determined by secondary ion mass
spectroscopy. While no oxygen was intentionally introduced, an almost one order
of magnitude higher O concentration in the multinanolayer structure than in the
Cz-Si substrate has been concluded (see Fig. 3.1.(b)).

The PL spectra of the Si/Si:Er multinanolayer structure at 4.2 K are presented
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Figure 3.2: PL spectra of the multinanolayer structures before and after annealing

process at 800oC in the continuous-�ow N2 for 30 mins. The inset is the line width

of the main peak measured at 4.2 K.

in Fig. 3.2. Under cw laser excitation at 532 nm, a 1.5 µm Er-related emission
band appears in the as-grown sample. After the annealing process, the broad spec-
trum converts to a few narrow lines (less than 8 µeV full width at half maximum
(FWHM) - see the inset), similar to atomic spectra. The PL spectral transformation
indicates preferential relocation of Er3+ ions in the epitaxial layer to form a speci�c
optically-active site, called Er-1 center. The PL spectral lines correspond to radia-
tive transitions between the �rst excited state (4I13/2) and split ground state (4I15/2)
of Er3+ ions in the Er-1 center. Previous studies showed that the PL intensity of
the Er-1 center increases with the thickness of the spacer layer, up to 50 nm [60].
Microscopic aspects of this unique center will be discussed in the next part.

3.2.2 Microstructure of Er-1 center

As discussed in the introduction, microscopic structure of optically active Er3+ ions
in Si matrix has been intensively investigated. By EXAFS, the presence of oxygen
atoms in the immediate surrounding of the Er3+ ions was concluded [24]. Direct
evidence that Er is stable on tetrahedral interstitial sites in Fz-Si was obtained.
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Figure 3.3: A modeling sketch of the so-called Er-1 center. Er3+ ion is located in

the tetrahedral interstitial site in Si matrix, surrounded by up to eight oxygen atoms.

Since the RE ions interact with oxygen, this �nally leads to their incorporation on
low-symmetry lattice sites in Cz-Si, as con�rmed using the channeling technique
[28]. Other experimental methods e.g, RBS [26] and EPR [27] were used to examine
the structure and optical properties of erbium-impurity complexes; however, these
techniques can not directly distinguish between optically active and non-active Er-
related centers.

Thanks to the domination of one speci�c center in the multinanolayer structures,
investigation of angular dependence of the magnetic �eld induced splitting of PL
lines were possible [61, 96]. The experimental data could conclusively establish
microscopic structure of the Er-1 center. This is modelled as a single Er3+ ion at
a distorted interstitial Td site surrounded by up to 8 oxygen atoms (Fig. 3.3). In
this Td symmetry, the ground state of the Er3+ ion (4I15/2) splits into two doublets,
Γ6 and Γ7, and three Γ8 quadruplets, and the �rst excited state (4I13/2) splits
into 2Γ6+Γ7+2Γ8 [97]. Hence, at low temperatures �ve PL lines of Er-1 center
are expected due to the radiative recombination of the lowest energy split level of
the �rst excited state and the split ground state. This is indeed observed for the
multinanolayer structures (arrows in Fig. 3.2).

Further insights on this microscopic identi�cation can be obtained from the tem-
perature dependence of the Er-1 PL spectra. In Fig. 3.4, we show two PL spectra
from multinanolayer structures at 4.2 K (blue) and 110 K (red), while other tem-
peratures were also considered (data not shown). The lines marked as Li

j represent
radiative recombination between the split energy level i of the �rst excited state
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Figure 3.4: PL spectra of a multinanolayer structure measured at 4.2 K and 110 K.

The indication arrows marked as Li
j represent radiative recombination from the split

energy level i of the �rst excited state (4I13/2) to the split energy level j of the ground

state (4I15/2) of the Er
3+ ion (see the inset).

(4I13/2) and the split energy level j of the ground state (4I15/2) of Er3+ ion in the
Er-1 center, under crystal �eld with Td symmetry. The energy level diagram of Er-1
center involving PL spectral lines is illustrated in the inset. At low temperature,
only emission lines from the lowest split energy level L1

j appear, while at higher tem-
perature, emission from the higher split energy levels (L2

j , L
3
j ) can also be observed,

due to thermal excitation. The experimental data also show that Er-1 related PL
can be observed up to 170 K and emission lines from higher split energy levels reach
the maximum intensity at about 50-60 K. This is uniquely possible thanks to the
ultranarrow emission lines from the Er-1 center. In other RE-doped semiconductors,
spectral broadening is commonly seen at higher temperatures, thus preventing such
a detailed analysis.
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3.3 Towards optical ampli�cation

3.3.1 Excitation cross-section

It is important to check whether the speci�c Er-1 center has the relatively large
excitation cross-section characteristics of Er in Si. This can be evaluated from
the power dependence of PL intensity under cw excitation condition following the
formula (see also in Ref. [98, 99]):

IPL =
AστΦ

1 + β
√
στΦ+ στΦ

.

where σ is the e�ective excitation cross-section of the Er-1 center, τ is the e�ective
lifetime of Er3+ in the excited state, and Φ is the �ux of photons. The appearance
of the β

√
στΦ term, with an adjustable parameter β, is a �ngerprint of the Auger

e�ect hindering the luminescence. For the multinanolayer structrures, we get the
excitation cross-section of the order 10−15 cm2 and β ≈ 2 (for all the Er-1 related
emission lines). This value is similar to those reported for Er-implanted Si [44, 48]
and indicates that the Er-1 center is activated by a similar excitation mechanism.

3.3.2 Optical activity

The level of optical activity is an essential parameter of Er-doped structures de-
termining their application potential. In order to quantify the intensity of the
Er-related emission from multinanolayers and establish the optical activity level,
a SiO2:Er implanted sample, labeled as STD, was used. Its preparation conditions
were chosen such as to achieve the full optical activation of all Er dopants and to
minimize nonradiative recombination [13, 100]. The measured decay time of Er-
related emission was τSTD ∼ 13 ms, consistent with the dominance of the radiative
process.

The estimation of the number of excitable centers was made by comparing the
saturation level of PL intensities of STD (direct excitation to the higher excited
state of Er3+ ions, at 520 m) and SMBE-grown samples. Taking into account the
di�erences in PL spectra, decay kinetics (nonradiative and radiative), extraction
e�ciencies, and excitation cross-sections, optical activities of 15 ± 5 % were deter-
mined [96]. Therefore, the percentage of photon-emitting Er dopants obtained for
the Si/Si:Er multinanolayer structures is comparable to that achieved in the best
Si:Er materials prepared by ion implantation. In view of the relatively long radia-
tive lifetime of Er3+ used for concentration evaluation, the estimated percentages
represent the lower limit.

Alternatively, the fraction of Er3+ ions that participate in the radiative recom-
bination can be estimated from the linear part of the excitation power dependence
under pulsed excitation. Such an approach seems more appropriate, since it allows
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to avoid various cooperative processes appearing in the saturation regime. The lin-
ear component for SMBE-grown samples is taken as a derivative of the �tting curves
for the low photon �ux. These values are scaled with the linear dependence found
for the SiO2:Er standard sample STD. When corrected for the shape of individual
spectra, their lifetime, and with the average excitation cross-section, the upper limit
of the total concentration of excitable Er3+ ions is estimated as 48 ± 20% [96].

As previously discussed, the characteristic PL spectrum from Er-1 center at
4.2 K features the ultra-narrow bandwidth. When compared with the broad spec-
tra (∼ 30 meV), typical for Er3+ ions in c-Si and large band-gap materials (e.g.
SIPOS [101], SiO2 [65], ZnO2 and GaN [102]), the atomic-like PL spectrum of the
Er-1 center could o�er a signi�cant increase for gain coe�cient, of up to three or-
ders of magnitude (≈ 30 meV/8 µeV). Therefore, investigation of optical gain in
the Si/Si:Er multi-nanolayer structures is particularly interesting as these materials
constitute presently the most advanced form of Er-doped Si. In this situation, the
unique Er-1 center in Si/Si:Er multi-nanolayer structures brings a promise of optical
ampli�cation. In order to investigate that possibility, the optical gain of 1.54 µm
emission from the Er-1 center has been examined with the combination of VSL and
SES methods, as described in Chapter 2.

3.3.3 Experimental results and discussion

In Fig.5(a-d) we show a comparison of the as-measured VSL and SES signals with
the integrated SES and di�erential VSL signals at 1.54 µm, measured for the sample
under cw (a,b) and pulsed (c,d) excitation at 532 nm, T = 4.2 K, and two selected
photon �uxes.

Laser-induced changes in absorption coe�cient ∆α were evaluated, using Eq. 2.5
in Chapter 2, from a comparison of the as-measured SES and the di�erential VSL
signals presented in Fig. 3.5:

∆α = −
ln(IdV SL

k /ISES
k )

lk
= αind − α0. (3.1)

The results of this calculation are plotted in Fig. 3.6(a,b).
Since the laser-induced absorption coe�cient αind strongly depends on the exci-

tation conditions, measurements were done for various excitation �uxes. In partic-
ular, in order to reach the upper gain limit condition, the saturation of PL must be
achieved. Therefore, high pump �uxes Φ, in the range of 3 × 1018 to 2 × 1020 pho-
tons cm−2s−1, were applied for the cw excitation at 532 nm shown in Fig. 3.6(a).

As mentioned in the introduction, stimulated emission at 1.54 µm in our system
competes with the high free carrier absorption αFCA. Under high cw excitation �ux,
the free carrier absorption is maximal, as is the e�ect of the optical gain. It can be
clearly seen that the integrated SES signal is higher than the corresponding VSL
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Figure 3.5: Comparison of the as-measured VSL and SES signals with the inte-

grated SES and di�erential VSL signals, measured at 1.54 µm Er-1-related emission

for di�erent excitation �ux under (a,b) cw and (c,d) pulsed excitation at 532 nm.

Measurements were done at low temperature T = 4.2 K.
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(a) (b)

Figure 3.6: Laser induced absorption coe�cient changes ∆α as function of the exci-

tation photon �ux Φ for (a) cw and (b) pulsed excitation (tp=5 ns) at 532 nm. The

dashed lines represent �ts by Eqs. 3.4 and 3.6, respectively.

signal. This di�erence increases with higher �ux and longer stripe length. Similar
behavior has been observed also for di�erent pump �uxes (data not presented).
This implies that in the investigated material laser-induced losses dominate over
the possible gain, i.e. ∆α > 0.

In order to evaluate the laser-induced absorption cross-section, kinetic model for
the concentration of free carriers (including free excitons) n in a system of silicon
and erbium is used:

dn(t)

dt
= αΦ− n

τFC
, (3.2)

τ−1
FC = τ−1

trap + τ−1
rad + τ−1

Auger.

Here α stands for the absorption coe�cient of the system at the excitation wave-
length; τ−1

trap is the trapping rate; τ−1
rad = nβ is the radiative recombination rate

given by the radiative coe�cient β (in crystalline silicon ∼ 1.1 × 10−14 cm3s−1

[103]); τ−1
Auger = n2 γ stands for the Auger recombination rate given by Auger coef-

�cient γ (in crystalline silicon ∼ 2.8 × 10−31 cm6s−1 [104]). The thermal generation
of free carriers is neglected, since the VSL and SES measurements were performed
at T = 4.2 K. Under cw excitation, Eq. 3.2 can be solved for the steady state con-
dition. Moreover, high �ux regime leads to saturation of trapping by Er and other
possible defect states. Also radiative transitions in this structure can be neglected



36 Chapter 3. Optical gain for Er-1 center in Si/Si:Er multinanolayers

compared to the non-radiative Auger recombination, simplifying the Eq. 3.2 to

dn

dt
= 0 ≈ (αΦ− n3γ) (3.3)

and leading to a cubic-root dependence of the free carrier density on the pump �ux:

ncw = 3

√
α

β
Φ. (3.4)

The coe�cient of the laser-induced changes in absorption ∆α is given as

∆α = σn. (3.5)

Using the Eqs. 3.4 and Eqs. 3.5 and the known value of absorption of c-Si at the
excitation wavelength α(532 nm) = 6800 cm−1 [105], we obtain laser induced ab-
sorption cross-section σcw = (1.12 ± 0.06) × 10−17 cm2 (�t in Fig. 3.6(a)). This
value is in excellent agreement with the usually observed free carrier absorption
cross-section in c-Si σSi ≈ 10−17 cm2 [94, 95], implying that the gain (if any)
is much smaller. Therefore we can conclude that in order to enhance the e�ect of
stimulated emission, free carrier absorption must be drastically lowered.

In order to lower αFCA, a short pulsed laser excitation would be advantageous.
The pulse duration tp should be smaller than Er-1 related luminescence decay time
and free carriers lifetime τFC . In the pure c-Si at cryogenic temperatures, τFC can be
as high as 1 ms, which is comparable to the luminescence lifetime of Er-1 center [98].
However, in highly doped silicon, trapping radically reduces τFC to the nanosecond
range [24, 97]. The exciton lifetime (at ∼1.14 µm) in our Si/Si:Er multi-nanolayer
structure was measured at low temperature (∼ 15 K, closed-cycle cryostat) to be
150 ns by photon counting method (data not shown).

The VSL and SES data, measured with the pulsed excitation (tp =5 ns), are
plotted in Figs. 3.5(c-d). The evaluated ∆α given in Fig. 3.6 is lower than that
measured with cw excitation (note the di�erent excitation photon �ux).

The solution of Eq. 3.2 for short (tp ≪ τFC) intense pulses leads to a simple
linear dependence

npulse ≈ αΦtp. (3.6)

The linear �t of the laser induced losses ∆α on the excitation photon �ux in
Fig. 3.6(b), using Eq. 3.6, leads to σpulse = (8.6 ± 1.7) × 10−21 cm2.

Assuming that only the free carrier losses are present, losses induced under exci-
tation �ux used in the pulsed laser experiment should be several orders of magnitude
higher than experimentally measured (Fig. 3.6(b)). However, σpulsed is signi�cantly
lower compared to σcw. This is related to the short free carrier lifetime, compared to
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Figure 3.7: Sketch of the interplay between the free carriers and Er-1 luminescence

lifetimes under laser illumination for (a) cw and (b) pulsed excitation (tp=5 ns).

The striped areas represent the induced absorption at the emission wavelength of

1.54 µm, due to free carriers.

the Er-1 related luminescence, which makes the free-carriers e�ects negligible under
the pulsed excitation, in contrast to the cw excitation.

The sketch of the interplay between the free carriers and Er-1 luminescence
lifetimes is shown in Fig. 3.7. Under pulsed excitation, the e�ect of the optical gain
is greatly enhanced, lowering the measured induced absorption cross-section from
the expected σSi ∼ 10−17 cm2 down to σpulse = (8.6 ± 1.7) × 10−21 cm2. Optical
gain cross-section in our system from Er-1 related emission can then be estimated
as σgain = σSi − σpulse ≤ 10−17 cm2. Under the given experimental conditions,
when all optically active Er-1 centers are in the excited state, σgain represents the
upper limit of the optical gain. Considering the concentration of the optically active
Er dopants (Er-1 centers) of ∼ 8.8 × 1017, we achieve the upper limit of the optical
gain coe�cient g = 8.8 cm−1. If all free carrier absorption losses could be eliminated,
this would correspond to a net gain coe�cient of G ≈ 38.2 dBcm−1. Compared
to the value estimated in Ref. [93] (g = 22 dBcm−1 expected for Er concentration
of 1019 cm−3), we achieved a nearly 20 times higher value. This is reasonable,
since Ref. [93] (i) gives the lower limit and (ii) the investigated Er emission was
inhomogeneously broadened. On the other hand, our estimate is lower than could
be expected from linewidth comparison (∼ 103).

While the upper limit of the optical gain cross-section is reasonably high, free
carrier losses exceed the stimulated emission e�ect even at the optimum conditions,
such as ultra-narrow emission line, cryogenic temperature, saturation regime and
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short pulse excitation. Therefore we conclude that the net optical gain in Er-doped
silicon will only be possible if the free carrier losses can be severely suppressed.
One way to achieve that could be by application of electric �eld to drive away free
carriers immediately after excitation of Er3+ ions, i.e. following a strategy similar
to that used in Refs. [7, 8].

3.4 The multinanolayer structures on SOI substrates

For practical use of photonic devices, and on the way to engineer a more suitable
design for optical gain realization, the spatial con�nement of photons emitted by
Er3+ ions is necessary. For that purpose, Si/Si:Er multinanolayer structures have
been grown on silicon-on-insulator (SOI) substrates. With this structure, we expect
a higher gain coe�cient due to isolating e�ect by the oxide layer.

3.4.1 Formation of Er-1 center on SOI substrates

Similarity to the fabrication procedures of the multinanolayer structures on Si sub-
strate, the investigated samples were grown by SMBE method. The epitaxial layer
consists of 500 periods of 1.5 ± 2 nm Er-doped and 3 nm undoped Si layers on SOI
substrates. The SOI substrate comprises a layer of 1.5 µm (100)-oriented, p-type,
18 Ωcm Si, 1 µm buried oxide layer, and 500 µm (100)-oriented, n-type, 0.3-1.2 Ωcm
substrate. For optical activation, annealing was carried out in a continuous �ow of
nitrogen (99.99% purity, 5 × 10−5 cubic feet per minute rate) at 800 oC for 30 mins.

A sketch of a Si/Si:Er multinanolayer structure grown on a SOI substrate is
presented in Fig. 3.8(a). Total thickness of the epitaxial layer can be up to 2 µm.
Preferential formation of the Er-1 center is con�rmed by a similarity of PL spectrum
of the multinanolayer structure on SOI to that of the sample grown on a Si substrate
(Fig. 3.8(b)).

3.4.2 Electrical and optical con�nements

The spacial con�nement of the emitted photons and carriers can be concluded from
the temperature dependence of the Er-1 related PL intensity. In Fig. 3.9 (a) we
compare the temperature dependence of Er-1 related PL intensities from the multi-
nanolayer structures on Si and SOI. As can be seen, the PL intensity decreases
monotonously with temperature for the structure on Si substrate. In contrast, for
the structure grown on SOI the PL intensity initially increases, and attains maxi-
mum at 15-25 K. The temperature range of this initial PL enhancement coincides
with the intensity increase of PL due to free exciton radiative recombination, shown
in the Fig. 3.9 (b). These excitons are generated due to ionization or dissociation
of bound excitons. Thanks to the insulation layer of SOI substrate, these newly
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Figure 3.8: Sketch of a Si/Si:Er multinanolayer structure grown on SOI substrate

(a). The nanolayers comprise hundreds of a few nm thick Si:Er layers, spaced by

pure Si layers. The total thickness of the epitaxial layer can be up to 2 µm. The

formation of the Er-1 center in the structure is con�rmed by PL spectrum when

compared with that of a sample grown on a Si substrate (b).

generated free excitons, with the life time of hundreds of nanoseconds (data not
shown) i.e. shorter than for pure Si substrate, can drift to the heavily doped layers,
thus exciting more Er-1 centers. Consequently, supplemental luminescence appears.

3.4.3 Evaluation of free carrier losses

In the previous part, we concluded that the free carrier losses masked observation of
any possible gain. Pulsed excitation has decreased the induced absorption by free
carriers while one could expect its value to be independent of excitation regime. This
was interpreted in terms of a possible gain which was realized in the multinanolayer
structure. For the sample grown on the SOI substrate, on one hand, we expect a
higher gain coe�cient due to the insulating e�ect. On the other hand, however, it
could increase free carrier losses due to con�nement of free carriers generated under
laser illumination.

We have carried out the combination of VSL and SES experiments in the steady-
state excitation once again in order to evaluate these non-linear e�ects and the possi-
bility of a net gain. The experiments were conducted with the sample cooled down to
liquid helium temperature of T = 4.2 K. The photoluminescence was characterized
by THR1000 600 grooves/mm gratting monochromator (Jobin Yvon). A Milenium
(Nd:YVO4) continuous wave laser operating at 532 nm (Spectra Physics) was used
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Figure 3.9: Temperature dependence of PL intensity at 1535 nm from the multi-

nanolayer structures grown on Si and SOI (a). The PL intensity for the multi-

nanolayer structure grown on a Si substrate decreases monotonously with tempera-

ture. In contrast, the PL intensity for the multinanolayer structure grown on a SOI

substrate initially increases, and attains maximum at about 15 - 25 K. The inset

illustrates con�nement e�ects of excitons and light inside the epitaxial layer with the

presence of an insulating layer of SOI. Panel (b) shows temperature dependence of

PL due to free exciton and bound exciton radiative recombination.
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Figure 3.10: A comparison of the VSL (diamond-red) and integrated SES signals

(iSES) (triangle-green) as integrations of SES signals (round-blue) from the multi-

nanolayer structures on a SOI substrate. No big change in SES signals with distances

is detected and large di�erences between integrated SES and VSL signals can be seen.
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Photon �ux (cm−2s−1) 2.4 × 1019 2.4 × 1020

NoSOI (cm−1) 22.4 ± 4.2 45.1 ± 4.2
NoSi (cm−1) 6.2 ± 2.8 13.2 ± 2.5

Table 3.1: Summary of induced absorption coe�cients (IAC) of free carriers at 1535

nm emission band of Er-1 center with excitation �uxes in multinanolayer structures.

NoSOI stands for the multinanolayer structure grown on SOI substrate and NoSi

refers to the structure on Si substrate. A factor of 3 di�erence can be seen in IAC

for the NoSOI and for the NoSi.

as the pumping source. The signals were detected by an Edinburg instruments liq-
uid nitrogen cooled germanium detector, analyzed and displayed by 7280DSP lock-in
ampli�er (Signal Recovery) and TDS 3000 digital oscilloscope (Tektronix).

As discussed before in Eq. 2.5, the changes of laser-induced absorption coe�cient,
∆α can be evaluated as:

∆α = −
ln(IdV SL

k /ISES
k )

lk
(3.7)

From the dependence of Er-1 PL intensity on the excitation �ux, an excitation
condition for population inversion of Er-1 center can be selected. The VSL and SES
measurements of this study have been performed with the excitation �uxes within
the saturation regime. While both excitation �uxes can facilitate a possible gain,
under lower �ux the in�uence of free carriers could be smaller.

As can be seen in Fig. 3.10, no big change in SES signals with distances is
detected. From this observation, we can conclude that absorption of 1.54 µm emis-
sion in the unexcited part of nanolayers is negligible. This absorption may be due
to Er dopants in the ground state, defects or/and impurity centers. However, the
only reason for large di�erences between integrated SES and VSL signals, even at
the lower selected excitation �ux, can arise due to the free carriers absorption [81].
Using Eq. 3.7, we establish laser-induced absorption coe�cients of 22.4 ± 4.2 and
45.1 ± 4.2 cm−1 at photon �uxes of 2.4 × 1019 cm2s−1 and 2.4 × 1020 cm2s−1,
respectively. This is about 3 times higher when compared with the values presented
in the previous section for the sample grown on Si substrate. The data are summa-
rized in Table 1. We believe that free carriers are con�ned in the epitaxial layer of
the multinanolayer structure by the SOI substrate, thus increasing the losses when
compared to the Si substrate.
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3.5 Conclusion

This charpter demonstrates that comparison of di�erential VSL and as-measured
SES signal can be used for determination of laser-induced absorption cross-section.
This technique was applied to study optical gain and free carrier absorption at Er-1
related ultra-narrow emission band at 1.54 µm in SMBE grown Si:Er material. Un-
der high �ux cw excitation, when the free carrier e�ects are maximal, the measured
laser-induced absorption cross-section at 1.54 µm agreed well with that commonly
reported for free carriers in c-Si. Under pulsed excitation, on the other hand, free
carrier e�ects are minimized, while stimulated emission remains intact. Under such
conditions, considerable lowering of the measured laser-induced absorption cross-
section has been observed. From that, the upper limit of optical gain in Si/Si:Er
multinanolayer structures was estimated as 8.8 cm−1. We conclude that free carrier
in�uence must be drastically lowered if net gain is to be achieved in c-Si:Er.

The preferential formation of Er-1 center in the multinanolayer structure grown
on a SOI substrate has been demonstrated. The dependence of Er-1 PL intensity
on laser excitation power shows quasi-stationary conditions of excitation and de-
excitation via Auger processes. The combination of VSL and SES methods under
steady-state excitation has shown that optical losses dominate over any possible
optical gain in the structure. Laser induced absorption coe�cients at 1.54 µm
emission have been established as 22.4 ± 4.2 and 45.1 ± 4.2 cm−1 at photon �uxes
of 2.4 × 1019 cm2s−1 and 2.4 × 1020 cm2s−1, respectively. These values are 3
times bigger than for Si/Si:Er the multinanolayer structure grown on a Si substrate.
These �ndings show that any advantage of the SOI substrate to the excitation of
Er-1 center is completely masked by the strong increase of absorption by free carriers
con�ned in the Er-doped region.





Chapter 4

Selected rare-earth doped wide

bandgap semiconductors

In this chapter, our current research on optical properties of Er-doped ZnO (ZnO:Er)

and Eu-doped GaN (GaN:Eu) is presented. Both types of the samples were prepared

by organometallic vapor-phase epitaxy (OMVPE) method on c-plane sapphire sub-

strates. In the �rst section we focus on ZnO:Er thin �lms. After growth, a subsequent

annealing process has been applied. The optimal annealing temperature for e�cient

Er-related PL was found at around 900oC. The PL and PLE spectra show that op-

tically active Er3+ ions can be excited directly and indirectly via the host matrix.

Decay dynamics of PL at 1.54 µm upon direct (518 nm) and indirect (355 nm) ex-

citation is investigated. Both excitation channels show two decay components, the

fast one in the µs range and the slow one in the ms range, with di�erent intensity

ratios. The fast component measured for the indirect excitation is interpreted as de-

excitation process via defects. In this process, the excited Er3+ ions in the vicinity

of defects are quenched via Auger interaction.

In the second section, we present the up-to-date results on optical properties

of GaN:Eu. Excitation �ux and temperature dependencies, and decay dynamics of

Eu-related PL are investigated. Two main optically active centers of Eu3+ are dis-

tinguished. Di�erent excitation and de-excitation processes are also proposed for the

two optical centers. Using a combination of VSL and SES techniques, optical gain at

620 nm emission band in GaN:Eu is evaluated. A net gain of 1.7 cm−1 is measured,

while no narrowing of the spectra is observed.

4.1 Er-doped ZnO

4.1.1 Introduction

ZnO is used for many applications. The importance of the material is con�rmed by
its annual total consumption, in excess of 1.2 million tons. With a bandgap energy
of ∼ 3.3 eV at room temperature, ZnO is classi�ed as a wide bandgap semiconductor
of the II-VI group as Zn and O belong to the second and sixth groups of the periodic
table, respectively. The native doping of the semiconductor due to oxygen vacancies
is n-type. ZnO has several favorable physical properties: good transparency, high
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electron mobility, and strong room-temperature luminescence. These are being uti-
lized in emerging applications for transparent electrodes in liquid crystal displays,
energy-saving or heat-protecting windows, thin-�lm transistors as well as in light-
emitting diodes. Higher e�ciently electronic and photonic devices based on this
material are being explored and developed.

Er-doped ZnO (ZnO:Er) is among potential candidates for practical PL emis-
sion from ZnO compound. The material shows an intense 1.54 µm emission due
to the radiative recombination whithin intra-4f shell of Er3+ ions. Previous re-
searches demonstrated that high electrical conductivity is essential for the realiza-
tion of ZnO:Er current-injection opto-electronic devices [106, 107]. The ZnO:Er
thin �lms can be fabricated by many techniques, e.g. pulsed-laser deposition [106],
thermal evaporation [108], sintering [109], and e-beam deposition [110]. Commonly,
the emission of Er-doped ZnO �lms is inhomogeneously broadened, similar to that
in amorphous materials. The broadening is due to the fact that the RE is accumu-
lated at the grain boundaries of polycrystalline ZnO �lms [110]. Sample preparation
techniques continue to develop for a better incorporation of dopants. Microscopic
understanding of the material requires more thorough research. In this part, we
present investigations of ZnO:Er prepared by a dedicated organometallic vapor-
phase epitaxy (OMVPE) method developed at Osaka University.

4.1.2 Experimental

The samples in this study were prepared by Dr. K. Yamaoka in the group of Prof. Y.
Fujiwara in Graduate School of Engineering, Osaka University, Japan. ZnO:Er �lms
were grown on c-plane sapphire substrates. Diethylzinc (DEZn), pure oxygen and
trisisopropylcyclopentadienylerbium [(i-C3H7C5H4)3Er] were used as source mate-
rials. Evaporated DEZn at 60 oC and oxygen gas were separately introduced into
the reaction chamber at the �ow rates of 1.0 standard cubic centimeters per minute
(sccm) and 10.0 sccm, respectively. (i-C3H7C5H4)3Er, kept at a constant tempera-
ture of 90 oC, was blown to the reaction chamber by Ar gas �owing at the rate of
250 sccm. During the growth, the reactor pressure was at 3.7 Torr. The substrate
was kept at 400 oC by a resistive heater. The samples were grown for 10 mins at the
growth rate of about 100 nm/min. After growth process, the �lms were annealed at
800-1000 oC in O2 ambient for 30 mins. The crystalline structures of the �lms were
characterized by X-ray di�raction (XRD) measurements using K-line radiation. De-
tails of the sample preparation can be found elsewhere [111]. The near infrared (IR)
PL measurements were carried out at temperature of 4.2-300 K in a continuous-�ow
He cryostat (Oxford Instruments Optistat CF). The samples were illuminated by
the 355 nm line of the third harmonics of a Q-switched Nd:YAG laser (Solar Laser
System). The Er-related PL spectra and decay dynamics were measured using a
combination of a monochromator and a liquid-nitrogen-cooled Ge detector.
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Figure 4.1: PL spectra of ZnO:Er at 4.2 K under illumination of 3th harmonic of

the Nd:YAG laser at 355 nm. Left panel (a): the emission band from the 2nd excited

state (4I11/2) to the ground state (4I15/2) of Er
3+ ions. Right panel (b): emission

band from the 1st excited state (4I13/2) to the ground state.

4.1.3 Results and discussion

In the previous publication [111], we have shown XRD patterns of the as-grown
and annealed ZnO:Er �lms. The XRD peaks from (002) and (101) planes of ZnO
are observed at 34.5 o and 36.3 o, respectively, evidencing formation of the wurtzite
ZnO:Er crystal structure. Both peaks from the (002) and (101) planes shift to lower
di�raction angles by the post-growth annealing. The �lm annealed at 800 oC shows
the (002) peak with a di�raction angle of 34.43 o, which is almost the same as that of
bulk ZnO [112]. No XRD peaks of Er2O3 phase were observed in both as-grown and
annealed �lms. Near band-edge PL peaks at 3.4 eV and a broad band at 2.4 eV are
observed only in the annealed samples. The optimal annealing temperature for the
maximum intensity of the Er-related PL was found at around 900 oC [111]. After
this preliminary characterization, the samples with the most intense PL intensity
were investigated further.

Fig. 4.1 presents PL spectra of the ZnO:Er thin �lm at 4.2 K. Under illumination
of third harmonic of the Nd:YAG laser at 355 nm, we can see the emission bands
from radiative recombination within intra-4f shell of Er3+ ions at 1.54 µm (4I13/2
→ 4I15/2) (left panel) and 980 nm (4I11/2 → 4I15/2) (right panel). In contrast to the
case of c-Si:Er, the emission band from the higher state of Er3+ ions can be observed
thanks to the wide band gap of ZnO, where di�erences between energies of exciton
and excited states of Er3+ ions are large, thus back-transfer process commonly
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Figure 4.2: Excitation PL spectra of ZnO:Er at 4.2K. Left panel (a) for the excitation

to higher excited states of Er3+ ions and righ panel (b) for the excitation to the lower

excited states. Intensities of the peaks are representative for oscillator strengths of

the involved transitions.

Figure 4.3: PL spectra of ZnO:Er at 4.2K under excitation of 355 nm, 518 nm, and

980 nm, which correspond to band-band excitation, and direct excitation of Er to the
2H11/2 and 4I11/2 states of Er3+ ions, respectively.
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Figure 4.4: Decay dynamics of 1.54 µm emission at 4.2 K under the conditions of

indirect excitation at 355 nm (band-band excitation) with di�erent excitation �uxes.

observed in RE-doped semiconductors [48, 99] is reduced.

Excitation spectra of ZnO:Er in visible and infrared regions are presented in
Fig. 4.2. The Er-related PL is monitored at 1.54 µm. The resonant/direct ex-
citation wavelengths feature sharp peaks, which correspond to the transitions of
4I15/2 → 2H11/2 (518 nm), 4I15/2 → 4S3/2 (542 nm), 4I15/2 → 4F9/2 (643 nm),
4I15/2 → 2H9/2 (810 nm), and 4I15/2 → 4I11/2 (980 nm), as shown in the �gure. The
intensities of excitation peaks re�ect oscillator strengths of the involved transitions.
Band-tail absorption of the ZnO host material can be seen for the excitation wave-
lengths below 480 nm (2.6 eV). It becomes higher for the excitation closer to the
band-gap of the host. We suppose that the broad (background) excitation bands
around 600 and 900 nm are due to defects in the ZnO host in the proximity of Er3+

ions.

Fig. 4.3 compares PL spectra of ZnO:Er at 4.2 K PL under indirect excitation
through the ZnO host at 355 nm (band-to-band excitation), and direct excitation to
2H11/2 (518 nm), and to 4I11/2 (980 nm) states of Er3+ ions. In practice, PL intensity
obtained under 355 nm band-to-band excitation wavelength is orders of magnitude
higher than that under direct excitation, thanks to the higher excitation cross-
section; the PL spectra are normalized for clarity. As can be seen, the presented PL
spectra are almost identical regardless of the excitation channel. We can conclude
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Figure 4.5: Decay dynamics of 1.54 µm emission at 4.2 K under direct excitation

at 518 nm (4I15/2 → 2H11/2) with di�erent excitation �uxes.

that the same types of optically active Er3+ ions are activated by both direct and
indirect excitation processes. Nevertheless, di�erent excitation processes of Er3+

ions into emitting energy level (4I13/2) take place. In the direct excitation of the
Er3+ ions, the 1.54 µm emission band appears following the relaxation of the Er3+

ions from the higher excited states. This can be seen in the rise time of PL intensity
for emission from lower excited states of Er3+ ions.

Dynamics of 1.54 µm emission band under band-to-band excitation with di�er-
ent excitation �uxes at 355 nm are presented in Fig. 4.4. Two decay components,
a fast and a slow one in µs and ms ranges, can be clearly seen. While the slow
component does not change with the excitation �ux, contribution of the fast com-
ponent increases and the decay time shortens. Details of the fast component for
di�erent excitation �uxes can be seen in the inset. Auger de-excitation process is
the most probable reason to explain the behavior. This process is commonly known
to take place on a sub-nanosecond time scale. In this experiment, the slow response
detector (µs) is used. Thus, Auger de-excitation process of free carrier can not be
explicitly investigated. Alternative explanation can be the recombination at defect
centers. At higher excitation �uxes, more carriers can be trapped in these defect
centers. These trapped carriers can interact with excited Er3+ ions in the vicinity
via Auger process; eventually the trapped carriers are transferred to higher excited
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states.
Auger process and back-transfer process can be reduced in the case of direct

excitation. Under these circumstances, no free carriers are generated in the ZnO
matrix. However, due to small mismatch in energy, back-transfer process can also
happen between excited Er3+ ions and defect centers. In this case, fast decay com-
ponent might also appear. Decay dynamics of 1.54 µm emission at 4.2 K under
direct excitation at 518 nm (4I15/2 → 2H11/2) are presented in Fig. 4.5. We can
see that the fast decay component for the direct excitation is less pronounced than
in the case of indirect excitation. The de-excitation processes are independent of
excitation �ux, as evidenced by the experimental data.

4.1.4 Conclusion

In conclusion, current study shows that ZnO is a possible host material for Er
dopants. After OMPVE growth, e�ciency of Er-related PL can be improved by
annealing process. We found that optimal annealing temperature for e�cient Er-
related PL is at around 900 oC. Role of defect centers in the wide-band gap matrix
of ZnO is important for the energy transfer under illumination. On one hand de-
fect centers improve the excitation process of Er3+ ions. On the other hand these
defect centers might also quench Er-related PL via Auger interactions with trapped
carriers.
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4.2 Eu-doped GaN

4.2.1 Introduction

RE doped III-V semiconductors are good candidates for development of e�cient
opto-electronic devices, e.g. full-color displays, lighting components, or lasers. Among
them, Eu-doped GaN (GaN:Eu) attracts much attention of many active research
groups for its bright red emission around 620 nm [113, 114, 115, 116, 117]. GaN:Eu
takes advantages of the attractive properties of RE materials: intense and sharp PL
spectra due to radiative recombinations within the intra-4f shell of trivalent RE ions.
As compared to materials for the light emitting devices based on multiple quantum
well structures, the emission from intra-4f shell can avoid the colour shifting due to
aging e�ects or temperature. GaN host material allows a high doping concentration
of Eu without segregation. In addition, a large di�erence in the emission energy and
the bandgap of the host material eliminate the back transfer process. This enables
a stable room temperature emission.

Numerous studies focus on the preparation and optical properties of GaN:Eu
[116, 113, 114, 118]. The most probable lattice location for Eu3+ ions in GaN
are substitutional Ga sites, which have C3V symmetry. However, signi�cant di�er-
ences in the Eu-related PL properties have been observed depending on the material
preparation methods.

Monteiro et al. [119] studied Eu-implanted GaN and in situ Eu-doped GaN
grown by metalorganic chemical vapor deposition. They observed di�erent num-
ber of emission lines associated with the 5D0-7F2 transition in the intra-4f shell of
Eu3+ ions. Based on optical spectroscopy and Rutherford backscattering studies,
the authors concluded that the local symmetry of the Eu3+ ions was lower than
C3V . Bang et al. [120] studied Eu-doped GaN prepared by gas-source MBE and
concluded, based on extended X-ray absorption �ne-structure data, that Eu occu-
pies Ga sites with C3V symmetry. It was also suggested that more than one local
environment of Eu3+ ions may exist in the investigated GaN samples. More re-
cently, Fleischman et al. [121] investigated GaN:Eu samples with di�erent growth
and doping conditions. The authors identi�ed nine di�erent incorporation sites of
Eu3+ ions in GaN via combined excitation emission spectroscopy (CEES). Three
types of centers were classi�ed: (1) sites that are dominantly excited through shal-
low defect traps; (2) sites that are excited through deep defect traps; (3) sites that
cannot be excited at all, including the majority of the main sites where the Eu3+

ions are not in the vicinity of the trapping centers. The e�ciency of the excitation
was the highest for deep traps.

Observation of lasing action in Eu-doped GaN thin-�lm in a cavity con�guration
at room temperature was claimed recently. Values of modal gain and loss of ∼100
and 46 cm−1, respectively, were measured [115, 9]. Also, site-speci�c Eu3+ stimu-
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lated emission was concluded [122]. However, up to date no GaN:Eu laser has been
realized but several EL device structures based on GaN:Eu have been demonstrated
[114, 123].

Improvement of higher e�ciency of the light emitting devices requires more
detailed understanding of the incorporation, excitation, and emission properties
of Eu3+ ions in the GaN host matrix. In this study, we present our research on
optical properties of the Eu-doped GaN sample grown by OMVPE method. We see
that the main speci�c sites for Eu3+ emission at around 620 nm, associated with
the 5D0 → 7F2 intra-4f shell transition, can be determined by energy- and time-
resolved spectroscopy. The changes in PL spectra with temperature are interpreted
as being due to a varying contributions from di�erent Eu3+ optically-active sites.
Excitation and energy transfer mechanisms relevant to Eu3+-related emission are
concluded. These �ndings contribute to further understanding of the reason why
only one speci�c site could give rise to stimulated emission [122]. Finally, we present
the most recent results on optical gain of this material obtained by a combination
of the variable length stripe (VSL) and the shifting excitation spot methods (SES).

4.2.2 Experimental

In this study, the samples were prepared and supplied by Dr. A. Nishikawa in the
group of Prof. Y. Fujiwara in Graduate School of Engineering, Osaka University,
Japan. The Eu-doped GaN thin �lms were grown on sapphire (0001) substrates by
OMVPE (SR-2000, Taiyo Nippon Sanso). Initial materials for the chemical reac-
tion were trimethylgallium (TMG), ammonia (NH3), and tris(dipivaloylmethanato)-
europium, C11H19O2C3Eu. The reactor pressure was maintained at 10 kPa during
the growth process. The details of the sample preparation can be found elsewhere
[114, 118].

The optical properties were investigated with a 266 mm monochromator (M266,
Solar Laser System) in combination with a back-thinned type FFT-CCD sensor
(S10140/41-1108, Hamamatsu). PL measurements were carried out at room tem-
perature or low temperature using a continuous-�ow cryostat (Optistat CF, Oxford
Instruments). We use a combination of the Nd:YAG laser and tunable optical para-
metric oscillators, producing pulses of about 10 ns duration at 100 Hz repetition
rate (Solar Laser Systems) in a 210-1800 nm range as pumping sources.

The time-resolved PL experiments were performed with an thermo-electrically
cooled photomultiplier (Hamamatsu) in the time-correlated single-photon counting
mode. The overall time resolution is 10 ns due to the limitation of the excitation
laser pulse duration.
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Figure 4.6: PL spectra of Eu-doped GaN at room temperature under pulsed laser

illumination. The excitation photon energy is �xed at 3.4 eV which is large enough

for band-to-band excitation of GaN. No changes in the PL spectrum can be seen for

di�erent excitation �uxes. Details of the dependence of the Eu-related PL intensities

observed at di�erent PL peaks (635.49, 635.46, 636.14, and 614.80 nm) are shown

in the inset.
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4.2.3 Results and discussion

The Fig. 4.6 shows PL spectra of the Eu-doped GaN at room temperature under a
pulsed laser illumination. The excitation photon energy at 3.4 eV (355 nm) enables
the band-to-band excitation of GaN host material. The Eu-doped GaN PL spectra
exhibit very strong red emission at ∼ 620 nm (∼ 2 eV). This is very well known and
this emission appears due to the radiative recombination from 5D0 (∼ 2.14 eV) to 7F2

(∼ 0.14 eV) states of the intra-4f electron shell of Eu3+ ions. The minor PL peaks at
600 and at 633 nm are associated with transitions from 5D0 (∼ 2.14 eV) to 7F1 (0.07
eV) and 5D1 (2.35 eV) to 7F4 (0.39 eV), respectively. With the logarithm scale, other
minor peaks are also easily recognized. Those peaks come probably from di�erent
optically active Eu3+ ions located at di�erent sites in the GaN host material. We
can see that the PL spectra are quite identical and independent from the excitation
�ux. Details of the dependence of the Eu-related PL intensities observed at di�erent
peaks are shown in the inset. The �uxes for which PL saturation is reached are
almost the same for all peaks. A �ux dependence with a steep rise is typical for RE-
doped semiconductor systems with indirect excitation proceeds via semiconductor
host materials with a high absorption cross-section.

The red emission at ∼ 620 nm (∼ 2 eV) is further investigated with a higher
spectral resolution and by the time-resolved spectroscopy. More than two peaks
can be clearly found in this emission band. We pay attention to the two most
intense peaks. As can be seen from the Fig. 4.8, di�erence in decay dynamics
is found for the two main emission bands at 621 and 622 nm at 4.2 K. The decay
dynamics of the emission peak at 621 nm shows that PL appears in sub-microsecond
range, while that of the emission peak at 622 nm attains maximum value after a
few microseconds. The PL dynamics of the two emission peaks show that they
originate from di�erent optically active Eu3+ ions, designated as site 1 and site 2
at 621 and 622 nm, respectively. For the optical site 1, excitation might proceed
directly (within time shotter than a microsecond) to the emitting state of Eu3+,
while for the site 2, the emission appears due to relaxation of the higher excited
states. These excitation mechanism are illustrated in Fig. 4.9. Due to the energy
mismatch between the emission and the excitation energy, the fast excitation in site
1 is assisted by defect levels in the bandgap of GaN. For the site 2, the excitation
might proceeds through higher excited states of Eu3+ ions whose energies are close
to, or exceed the bandgap of GaN. The excitation of the lower emitting state in
site 2 appears following the internal relaxation of the intra-4f electron shell, thus,
explaining the µs rise time of this emission band.

Looking back to the PL spectra shown in Fig. 4.7 and the inset of Fig. 4.8, we can
see that the intensity ratios between PL emission from site 1 and site 2 are di�erent
for di�erent experiments. In this situation, di�erent numbers of Eu3+ ions in the
site 1 and site 2 can be concluded, con�rming the co-existence of the two di�erent
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Figure 4.7: Temperature dependence of Eu-related PL spectra. The excitation pro-

ceeds indirectly via band-to-band absorption of GaN host at 3.4 eV under illumination

with a pulsed laser. Detailed dependencies for the two main emission bands (peak 2

and 3) are shown in the inset. The dependencies of the two peaks on temperatures

may be explained by their di�erent microscopic origin, being related to di�erent sites

of optically active Eu3+ ions in GaN matrix.
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Figure 4.8: Di�erent decay dynamics of the two main emission bands designated as

site 1 and site 2 of the optically active Eu3+ ions at 4.2 K. The kinetics of the site

1 shows that a PL appears in sub-microsecond range, while that of the site 2 attains

maximal value after few microseconds only.

optically active sites of Eu3+ ions responsible for the 620 nm emission band.

4.2.4 Optical gain in GaN:Eu

The optical gain in GaN:Eu is investigated at room temperature by a combination
of VSL and SES methods whose experimental principles were described in Chapter
2. For the GaN:Eu, 3rd harmonic of the Nd:YAG laser at 355 nm (Solar Laser
Systems) was used as the pulsed pumping source.

The VSL and SES signals at 622 nm from the radiative recombination in the
intra-4f electron shell of Eu3+ ions are shown in Fig. 4.10. In the left panel, we show
VLS, SES and integrated SES intensities as a function of length or distance. With
the excitation stripe length of about 5 mm, the VSL signal exceeds the integrated
SES signal. The intensity of the ampli�ed spontaneous emission passing to the end
of the excitation length l is given by

IV SL(l) ∼
eGl − 1

G
, (4.1)

where G is the net optical gain. G can be taken from a direct �t or by comparing
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Figure 4.9: The proposed excitation mechanisms for the two Eu3+ sites. For site

1, excitation involves defect levels in the bandgap. For site 2, excitation proceeds to

higher excited states of Eu3+ ion. The emission from the lower excited state appears

following the internal relaxation within the 4f-electron shell.
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IV SL(l) and IV SL(2l). In the latter case we have

IV SL(2l)

IV SL(l)
=

eG2l − 1

eGl − 1
= eGl + 1. (4.2)

Taking a logarithm on both sides, we have

G =
1

l
ln(

IV SL(2l)

IV SL(l)
− 1). (4.3)

Applying this equation to the experimental data we can evaluate the optical
gain. The calculated optical gain coe�cients are presented in Fig. 4.10, panel c.
We �nd the maximal net gain of 1.7 cm−1 at the distance/length of about 0.6
mm. This value represents the lower limit, as discussed in the experimental chapter
(Chapter 2).

Another approach to evaluate the net optical gain is by considering spectral nar-
rowing. Assuming that the emission spectrum can be approximated by the Lorentz
shape, which is typical for RE emission, we can use the equation

∆νASE = ∆ν0

√
G− 1

GlnG
, (4.4)

where ∆νASE is the di�erential bandwidth of the ampli�ed spontaneous emission
and ∆ν0 is the width of the spontaneous emission. In this case we can assign ∆νASE

to the bandwidth observed in the VSL experiment and ∆ν0 as the band with in the
SES. If we take the gain of 1.7 cm−1, we arrive to the ∆νASE = 0.88 ∆ν0. However,
this is not observed - as can be concluded from Fig. 4.10, panel (b). We see that
there is almost no change in the width of the emission band for the VSL and SES
experiments. This could be due to multiplicity of optically active sites of Eu3+ ions.
Since the VSL/SES measurement of optical gain is conclusive, we think that the
slight di�erence in the optical properties of the individual sites and the experimental
resolution limits might mask any possible narrowing of the spectrum.

4.2.5 Conclusion

In conclusion, we have shown that the GaN is a very suitable wide band gap semi-
conductor host for Eu. PL from radiative recombination within intra-4f shell of
Eu3+ ions embeded in GaN shows characteristic spectra with intense and narrow
peaks. The existence of di�erent main sites of optically active Eu3+ ions in GaN
has been concluded via temperature dependence of PL intensity and time-resolve
spectroscopy. We have proposed di�erent optical excitation processes for di�erent
sites. The excitation for the �rst site proceeds via defect state directly to the emit-
ting level. The excitation for the second site proceeds via higher excited states of
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Figure 4.10: Results of the VSL and SES experiments for 622 nm PL due to radiative

recombination in the 4f-electron shell of Eu3+ ions, panel (a). For the excitation

length of about 0.5 mm, the VSL signal exceeds the integrated SES signal indicating

net gain. The panel (b) presents PL spectra in the VSL mode for the length of the

maximum gain and SES mode. Signals are normalized for the comparison of the

spectral shapes. The panel (c) presents the net optical gain coe�cients against the

excitation length of the VSL signals. The gain values are obtained from double-

stripe-length comparison (Eq. 4.3).
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Eu3+. In the latter case, luminescence from the lower excited state appears follow-
ing the internal relaxation within the intra-4f electron shell of Eu3+ ions. By the
combination of VSL and SES methods, we have determined the lower limit for the
optical gain of 1.7 cm−1 for 620 nm PL emission at room temperature.





Chapter 5

Indirect bandgap semiconductor

at nanoscales

This chapter presents our study on Ge nanoscrystals (GeNCs) embeded in bulk Si

and SiO2 matrices. In the �rst structure, six monolayers of Ge are grown by solid

source molecular beam epitaxy (MBE) method on 400 nm pit-patterned Si substrate.

The GeNCs are self-assembled due to the lattice mismatch between Ge and Si. In

the second structure, Ge NCs form by co-sputtering of pure Ge and SiO2 on a quartz

substrate. At 4.2 K, PL spectra of the GeNCs show excitonic emission at around 0.85

eV for the MBE-grown sample, and around 1.1 eV for sputtered samples. These PL

bands can be assigned to the emission from the GeNCs with sizes of about 5 nm and

4 nm, respectively. Using deconvolution with Gaussian line shapes, we distinguish

Si-Ge and Si-O-Si phonon replicas in the PL spectra. Strong dependence of PL

intensity on temperature and a slow radiative decay dynamics (2 µs) �t to the model

of the indirect band-gap of GeNCs. Type II heterostructures con�guration for GeNCs

in Si is also concluded, explaining the blue-shift of PL spectra with increase of the

excitation �ux.

5.1 Introduction

Characterized by indirect band gap, Si and Ge bulk semiconductors have very low
radiative recombination probabilities of excitons. Observation of PL from those
materials is hardly possible at room temperature as most of the excitons undergo
non-radiative recombination. At nanometer scales, uncertainty in k-space due to
the con�nement e�ect increases the radiative recombination probability. In this
situation, room temperature PL is more probable. This opens a hope for indirect
band gap semiconductors as materials for opto-electronic applications. Since the �rst
report [124] on red luminescence from Si at nanometer scales at room temperature
was published, many breakthrough results have been communicated, such as the
observation of stimulated emission [125, 126, 127] and space separated quantum
cutting [128].

Similar to Si, Ge also attracts much attention from the scienti�c and technolog-
ical community. Ge can create an alloy with Si, which is compatible with CMOS
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technology. Having smaller e�ective masses of carriers and a larger dielectric con-
stant than that of Si, the strong con�nement e�ects are expected to occur already for
relative large NCs, with diameters bigger than for Si (because of larger free exciton
Bohr radius -24 nm in Ge [129] compared to 5 nm in Si [130, 131]). In addition, bulk
Ge has only a small energy di�erence (0.14 eV) between direct and indirect band
gaps. Therefore, it seems highly possible to tailor its band structure towards direct
band gap. Furthermore, small bandgap of Ge can give (i) the emission at a wave-
length interesting for telecommunication applications and (ii) the highest e�ciency
for photovoltaic conversion, making use of the principle of carrier multiplication, as
estimated in the Ref. [132]. Theoretical calculations predict that GeNCs can emit
light more e�ciently than SiNCs [133, 134].

In spite of these very good prospects, e�cient PL from GeNCs has not been
con�rmed. Size-dependent near-infrared (NIR) PL from GeNCs embedded in SiO2

matrix was observed in the sample prepared by radio frequency (RF) co-sputtering
[135], however, there is still a mismatch in emission energy between the experimental
data [135] and theoretical predictions [133]. Consequently, the origin of the PL bands
observed in GeNCs is still a matter of controversy. Optical properties of GeNCs need
to be further investigated.

In this work, we report on research on quantum con�nement e�ects in GeNCs.
Two series of samples were prepared: self-assembled GeNCs in Si matrix and GeNCs
embedded in SiO2 matrix. The �rst series was prepared by molecular beam epitaxy
(MBE) on Si pit-patterned substrate and the second by sputtering (SP) on a �at
fused silica substrate. PL spectra at 0.85 eV for the MBE sample and 1.1 eV for
the SP samples at 4.2 K are presented, and assigned to NCs of about 5 nm and 4
nm diameters, respectively. PL spectra of the samples with no-phonon and phonon
assisted bands are de-convoluted using Gaussian line shapes. We also present tem-
perature dependence of PL spectra, and discuss the role of the boundary condition
of the NCs as well as the PL spectral blue-shift with the excitation �ux for the MBE
sample. These observation are compared with the PL properties of the GeNCs pre-
pared by the SP method.

5.2 Experimental details

The studied MBE sample was prepared and supplied by the group of Prof. W.
Jantsch from Johannes Kepler University, Linz, Austria under the same procedure
as in Ref. [136]. A sketch of the sample fabrication process can be seen in Fig. 5.1.
A 2D 400-nm pit-patterned Si(001) substrate (a) is coated with a bu�er layer of
about 45 nm Si (b). In the next steps, 4 periods of 6 monolayers of Ge are grown
at 700oC with the rate of 0.05 /s (c), followed by a 20 nm Si spacer grown at 550oC
and 0.5 /s. The GeNCs are formed due to the lattice mismatch between Ge and Si.
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Figure 5.1: A sketch of sample fabrication process, see also Ref. [136]. A 2D pit-

patterned Si(001) substrate (a) with periods of 400 nm are bu�ered by a layer of about

45 nm Si (b), four periods of six monolayers of Ge, which form Ge dots, grown at

700oC at 0.05 /s (c), followed by a 20 nm Si spacer grown at 550oC and 0.5 A/s.

Finally, the sample was capped by a 55 nm thick Si layer with growth temperature

of 500oC. The dimensions of Ge NCs are about 50 nm in base diameter and 5 nm

in height (d).

Finally, a 55 nm thick Si layer is grown at the temperature of 500oC on the top as
a capping layer. The dimensions of GeNCs are about 50 nm in base diameter and
5 nm in the height (d). With this size, the quantum con�nement is more probable
to occur in one dimension.

The series of the SP samples was prepared by magnetron sputtering method and
supplied by Dr. M. Buljan in Rudjer Boskovic Institute, Zagreb, Croatia. About
10 periods of 10 nm of a mixture of Ge and SiO2, plus SiO2 spacer, were deposited
on SiO2 substrate. The ratio of Ge:SiO2 in the co-sputtered layer was 40:60 molar
concentration. After the deposition, the samples were annealed in vacuum for 1 hr
at 700oC, 800oC and 900oC; for further reference, they are labeled as SPas-grown,
SP700, SP800, and SP900, respectively. Sample preparation procedures is described
in more detail in Ref. [137].
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Figure 5.2: PL spectrum of the MBE-grown sample at 4.2 K under cw laser illumi-

nation at 488 nm. The emission bands at around 1.1 eV come from the excitonic

radiative recombination and phonon replica from the Si substrate. Lower energy

emission bands at around 0.9 - 1.1 eV are due to the wetting layers of Ge on Si

matrix. The emission bands at around 0.8 eV are due to the excitonic emission of

Ge-NCs (no-phonon and phonon replica).

During the experiments, the samples were placed in a continuous-�ow He cryo-
stat (Oxford Instruments Optistat CF) accessing the 1.5-300 K temperature range.
A cw solid state laser, with Nd:YVO4 gain medium (Millennia, Spectra Physics),
operating at 532 nm, was used as the pumping source. PL signals were analyzed by
a 1 m f/8 monochromator (Jobin-Yvon THR-1000; with a 900 grooves/mm grating
blazed at 1.5 µm) coupled to an infrared Ge detector (Edinburgh Instruments) and
monitored via DSP Lock-In Ampli�er (Signal Recovery SR7265) and a 500 MHz
oscilloscope (Tektronix TDS3000).

5.3 Results and discussion

A PL spectrum of the MBE-grown sample at 4.2 K under cw laser illumination at
488 nm is presented in Fig. 5.2. We can see two narrow emission bands around
1.1 and 1.14 eV. These bands appear due to the excitonic radiative recombination,
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Figure 5.3: No-phonon line and phonon replica of the excitonic PL emission band

from GeNCs in the MBE-grown sample. The intensities are obtained by Gausian

de-convolution of PL spectra (see example in the inset).

representing for a no-phonon (NP) line and its phonon replica from the Si substrate.
Lower energy emissions at around 0.9 - 1.1 eV arise from the wetting layers of Ge on
Si interface. Multiple peaks here can be related to coupling of excitons with acoustic
and optical phonons. The emission band at around 0.8 eV is due to the excitonic
emission of GeNCs. This emission band can be deconvoluted into two Gaussian
peaks. The higher energy PL peak is due to NP excitonic recombination. The lower
energy PL peak comes from recombination of excitons accompanied by an emission
of a phonon related to the Ge-Si vibrational mode, with an energy of ∼ 49 meV.

Temperature dependence of the excitonic emission band from GeNCs is presented
in Fig. 5.3. The intensity of NP and phonon assisted peaks are estimated from the
Gaussian deconvolution (see example in the inset). As can be seen, the intensities
of phonon assisted peak initially increases while that of the NP peak decreases
monotonously. The initial increase of the phonon assisted peak can be rationalized
as the ability to emit a phonon is higher when the density of phonons is higher. At
higher temperature, excitons are thermally dissociated, hence, decreasing the PL
intensity.

In Fig. 5.4, we present dependence of PL spectra from the MBE-grown sample
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Figure 5.4: Dependence of the PL spectrum from MBE GeNCs on excitation �ux.

While the PL intensity becomes stronger at higher excitation �uxes, it is normalized

for clarify. Spectral blue-shift of the GeNCs excitonic emission can be seen with

upon increasing of the excitation �ux.

on excitation �ux at T = 4.2 K. At higher excitation �uxes, the excitonic emission
bands from Ge-NCs are shifting to higher energies. We see that this blue-shifting
e�ect can not be accounted for by thermal spectral broadening. Considering the
Gaussian deconvolution of the peaks, we see that the energy distance of the two
peaks is independent of the pumping �ux.

The PL spectra at 4.2 K of the SP samples with di�erent annealing conditions
are presented in Fig. 5.5. In this �gure, PL intensities are normalized. We can see
that while the PL spectrum of the as-grown sample shows one dominant peak, in
the annealed samples (SP700, SP800, and SP900) there are two peaks. Using the
Gassian deconvolution, we �nd that the emission band can be decomposed into two
peaks separated by 135 meV. Looking up the Fourier transform infrared spectroscopy
(FTIR) data for this material, we �nd that this energy corresponds to the Ge-O-
Si vibrational mode. Therefore, we can conclude that these two emission peaks
come from excitonic recombination and represent a no-phonon line and a Ge-O-Si
phonon replica. We recall that the average size of the GeNCs in the SP samples,
determined by grazing-incidence small-angle x-ray scattering [137], is about 4.5 nm
diameter. This result is in good agreement with Ref. [135], however, does not follow
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Figure 5.5: PL spectra at 4.2 K of GeNCs embedded in SiO2 under cw laser excita-

tion at 532 nm. Samples with di�erent annealing temperatures at 700, 800, 900oC,

marked as SP-asgrown, SP700, SP800, and SP900, are investigated. For compari-

son, the intensities of individual PL spectra are normalized.

the theoretical predictions of Niquet et. al. [133].
In order to further understand the microscopic mechanism of the observed ra-

diative recombination, we investigate the dependence of the PL emission band on
excitation power and temperature. Also, the microscopic origin of the defect-related
emission is not clear as in several cases this emission has been interpreted as be-
ing due to con�ned exciton recombination, however with no agreement with the-
oretical predictions. Most reports on PL from GeNCs in SiO2 matrix present
three distinct emission bands. The �rst one is a visible one from Ge/SiO2 in-
terface defects [135] in some cases misinterpreted as interband excitonic emission
[129, 138, 139, 140, 141, 142, 143]. The second one is near-infrared band at 800-
900 nm [144], assigned also to a defect emission. This could also be related to
excitonic intraband emission, however, the dependence on NCs size is much weaker
than predicted by the rigorous tigh-binding calculations [133].

Fig. 5.6 presents dependence of GeNCs-related PL from SP800 sample on tem-
perature in the range of 4.2 - 100 K. The quantum con�nement crucially depends
on the surrounding matrix. The large bandgap matrix as SiO2 gives very strong
con�nement [145, 146]. In such a case, one will expect that PL from NCs can be
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Figure 5.6: Temperature dependence of the SP800 sample under cw laser excitation

at 532 nm. Two excitonic emission bands, no-phonon and phonon replica, of the

GeNCs in SiO2 matrix can be observed at low temperature.

observed also at higher temperatures. However, as can be seen from the �gure, most
of GeNCs excitonic PL intensity is gone for the temperatures above 100 K. While
the PL intensity of NP peak decreases fast, and almost disappears as the temper-
ature reaches ∼100 K, the phonon assisted peak can still be seen. The maxima of
the deconvoluted peaks are exhibited (diamond dots) with a linear �tting for eye
guiding. We can see that both peaks have a tendency of shifting to higher energies.
This is quite similar to the case of SiNCs embedded in SiO2, where blue-shift at low
temperature is due to the expansion of the bandgap at Γ-X points in the Brillouin
zone [147, 148]. This �nding con�rms indirect bandgap character of the GeNCs,
which has been theoretically predicted [133]. We remark here that this behavior is,
however, not observed in the case of the MBE sample.

Dependence of the GeNCs-related PL of SPas-grown, SP700, SP800, and SP900
on excitation power is presented in Fig. 5.7. As can be seen, at higher excitation
power, PL intensities of all samples are in the linear regime and they do not show
any saturation within the investigated excitation range. No spectral shifting of the
emission bands with excitation power can be seen. Due to the small thickness (10 ×
10 nm) of the sputtered layers, and the excitation wavelength of 532 nm, the change
of the penetration depth can be excluded. Thus, we can postulate that the photon
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Figure 5.7: Dependence of the PL spectra of the GeNCs embedded in SiO2 on exci-

tation power. No saturation can be seen in these excitation ranges.

emission at 4.2 K comes from the radiative recombination of excitons in the ground
state of GeNCs.

The shifting of excitonic PL spectra of the investigated samples with excitation
�ux (MBE sample) or temperature (SP samples) can be explained by the model of
heterostructure type of the II for MBE sample and type I for SP samples (Fig. 5.8).
For MBE sample, at higher excitation �ux, the electron in the conduction band of
Si at the Ge/Si interface can absorb a photon (intraband absorption) and transfer
to a higher energy state in the GeNC. As a result, higher energy emission can be
seen at larger excitation �ux. The energy di�erence between the GeNCs conduction
band and bulk Si conduction band in the MBE sample is large, thermal excitation
energy of electrons is not su�cient to bring the electrons from Si to GeNCs. In
this case, no shifting of PL spectra with temperature for MBE sample can be seen.
The di�erence in valence band energy between Si bulk and Ge NCs is larger than
200 meV, while we found the highest value of the shift of only about 50 meV. Thus
getting holes from the valence band of GeNCs into the valence band of Si is less
probable than for electrons in the conduction band in the reverse way. In the type
II heterostructure, the actual bandgap of GeNCs is higher than its optical bandgap
determined by the excitonic emission. We postulate that at higher temperature, the
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Figure 5.8: Schematic illustration of type II heterostructure for GeNCs in Si and

type I for GeNCs in SiO2. In the type II heterostructure, electrons can transfer to

the conduction band of GeNCs at a higher excitation �ux, and eventually recombine

with holes in the valence band. Hence, blue-shift of the PL spectra can be seen. In

the type I heterostructure, hot carriers cool down fast to the ground states and the

energy of the radiative recombination of excitons is independent of the excitation

�ux.

spectral shifting e�ect with excitation �ux will be less than at 4.2 K, as in this case.
This is because of the shrinking of the indirect bandgap at Γ-X points in the Brillouin
zone, as previously discussed. For SP samples, it is commonly known that cooling
of hot carriers in GeNCs, in similarity with SiNCs, takes excitonic recombination
emission comes from ground states of excitons con�ned in type I heterostructure.
This explains why there is no spectral shifting with excitation �ux for the GeNCs
embedded in SiO2 matrix.

5.4 Conclusion

In conclusion, we have observed e�ect of the quantum con�nement of electrons and
holes in GeNCs in Si and SiO2 matrices. Blue-shift of PL spectra from GeNCs
in Si, driven by excitation �ux, is due to contribution of radiative recombination
from electrons in the conduction band of Si matrix to holes in the valence band
of GeNCs, in type II heterostructure. A di�erence in energy between bulk Si and
GeNCs conduction bands in the MBE sample is higher than 50 meV. We also show
that indirect bandgap charater of bulk Ge is preserved in GeNCs. Strong coupling of
exciton to vibrational modes from the GeNCs is con�rmed by observation of phonon
replicas in photoluminescence.
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Using of Si NCs as optical

sensitizers

We present evidence of a novel mechanism for the indirect excitation of Er3+ ions

in a SiO2 matrix sensitized with Si quantum dots (SiQDs). The proposed process

enables the simultaneous and rapid excitation of two proximal Er3+ ions upon ab-

sorption of a single high-energy photon in a SiQD. The experimental evidence leading

to the identi�cation of this energy transfer path is obtained from investigations of

the photoluminescence quantum yield of two Er-related emission bands at 1.54 and

0.98 µm in SiO2 layers doped with small (∼ 2 nm diameter) SiQDs and a high con-

centration of Er3+ ions, prepared by sputtering on hot substrates. In contrast to the

previously considered mechanisms for indirect excitation of Er3+ ions in SiO2, this

excitation process o�ers an advantage of e�cient suppression of the most important

channels of nonradiative de-excitation - the Auger energy transfer to free carriers

as well as the so-called energy backtransfer of excitation reversal. This feature re-

vives hopes for practical application of Er-doped SiO2 sensitized by SiQDs. With the

use of quantum cutting in SiO2:(Si,Er) materials, smaller fraction of the Er+3 ion

emission energy can cover almost 80% of the solar spectrum.

6.1 Photon cutting for excitation of Er3+ ions

6.1.1 Introduction

Rare-earth (RE) ions are favorite �optical dopants� frequently used to tailor op-
tical properties of insulating and semiconducting hosts. Following the success of
neodymium-doped yttrium aluminum garnet (Nd:YAG), most attention has been
given to Er-doped crystalline Si due to its emission wavelength coinciding with the
absorption minimum of telecommunication networks. The research is motivated by
prospective applications in Si photonics and optoelectronics [1, 99]. Unfortunately,
while much information has been gathered and many interesting e�ects have been
observed (e.g., [149, 96]), broader applications of Si:Er remain limited due to the
thermal instability of emission. Among insulating hosts, the SiO2 matrix doped
with Er3+ ions (SiO2:Er) is also well investigated, as the basis for the development
of optical ampli�ers. However, due to the fact that the optical properties of RE ions
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are determined by the intra-4f electron shell, the SiO2:Er - based ampli�ers require
high-power resonant pumping, which is cumbersome and expensive.

Excitation of photo- and electro-luminescence of Er3+ ions in SiO2 can be ef-
fectively sensitized by Si quantum dots (SiQDs) [71, 72, 73, 74, 75]. In this case,
room-temperature 1.54-µm Er-related emission can be induced by a non-resonant
excitation process via band-to-band absorption in SiQDs. Since the indirect band
structure of Si is preserved also in its nanocrystalline form [76], electron-hole pairs
generated in this way are characterized by a relatively long lifetime, enabling en-
ergy transfer to Er3+ ions located in the vicinity. Making use of the band-to-band
absorption, this indirect excitation process is relatively e�cient, with an (e�ective)
excitation cross-section of σ ≈ 10−17 − 10−16 cm2. As a result, an increase of a
factor ∼ 103 in σ is found in comparison with SiO2:Er [74], while at the same time
it is ∼103 times lower than for Si:Er [45]. It can be therefore concluded that the
solid state dispersion of SiQDs in Er-doped SiO2 matrix - SiO2:(Er,SiQDs) - to a
certain extent combines positive features of Er-doped crystalline Si with the advan-
tages of Er-doped SiO2: the high excitation cross-section and the temperature-stable
emission.

However, despite of continuous developments in the preparation, only a relatively
small proportion of all the Er3+ ions is usually available for indirect excitation via
SiQDs [79, 80]. This limitation is the main obstacle in attaining a high concentra-
tion of excited Er3+ ions and population inversion, which is necessary for optical
ampli�cation [81]. Obviously, this problem relates to the microscopic details of the
indirect excitation mechanism. Dedicated experiments [82, 83] have revealed that
the excitation of Er3+ ions in the SiO2:(Er,SiQDs) system involves mechanisms op-
erating on di�erent time scales, from several microseconds down to below 100 ns. In
particular, the Förster (dipole-dipole) mechanism - Förster resonant energy transfer
(FRET) - [84, 85] has been proposed in order to explain the �slow� (microsecond time
scale) energy transfer from SiQDs to Er3+ ions [86], and the microscopic location of
Er with respect to SiQDs has been considered [77, 78]. In addition to this relatively
slow excitation, the presence of a much faster (sub-100-ns range) process has been
conclusively established [87, 82]. As for its physical origin, a process analogous to
hot-carrier impact excitation of Er in bulk Si has been put forward [82, 83]. In this
mechanism a hot carrier loses (part of) its excess energy by intraband relaxation
with energy transfer to an Er3+ ion.

In this work, we present investigations of the optical excitation of Er3+ ions
in the SiO2:(Er,SiQDs) material with a high Er concentration. We demonstrate
evidence of a very speci�c and thus far unidenti�ed energy-transfer path, in which
two Er3+ ions are excited simultaneously by a single photon of su�ciently high
energy absorbed in a SiQD. This excitation mechanism is enabled by the proximity
of Er dopants and bears a strong similarity to quantum cutting observed for RE
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ions [150]. It operates parallel to the earlier reported Förster dipole-dipole process
and Auger-facilitated energy transfer mechanisms. The identi�cation is based on
the analysis of the quantum yield of two Er-related emission bands at 1.54 and 0.98
µm, appearing due to the radiative recombination from the �rst (4I13/2 →4I15/2)
and second (4I11/2 →4I15/2) excited states of Er3+ ions, respectively.

6.1.2 Experimental

The study has been performed on a series of SiO2:(Er,SiQDs) thin �lms supplied
by Dr. S. Cue� in the group of Prof. R. Rizk in Centre de Recherche sur les Ions,
Université de Caen, France. The �lms were prepared by radio-frequency magnetron
co-sputtering on hot (500 ◦C) quartz substrates. The thickness of the epitaxial
layer is about 1-2 µm. A Si-excess of ≃8.5 at. % and an Er concentration of
[Er] ≈ 1-2 × 1020 cm−3 were estimated via energy-dispersive X-ray spectroscopy
(EDX). Subsequently, the samples were annealed at temperatures ranging from 600
to 1100 ◦C. The combination of the hot substrate growth and high-temperature
annealing resulted in the elimination of defect centers and the formation of small
Si nanoclusters of ≃ 2 nm diameter. Further details of the sample preparation pro-
cedure and material characterization can be found elsewhere [151, 152]. Following
preliminary selection, samples with the most intense 1.54-µm Er-related emission
have been chosen for the investigation of optical properties.

The tunable excitation in the UV-Vis range has been provided by a system of two
coupled optical parametric oscillators pumped by the third harmonic of a Nd:YAG
laser, delivering 5-ns pulses with a repetition rate of 10 or 100 Hz (Solar Laser
Systems). The photoluminescence (PL) signals were collected in a monochromator
- either THR-1000, f/8, 900 grooves/mm (Jobin-Yvon) or f/3.8, 600 grooves/mm
(Solar Laser Systems). The signals were detected by a nitrogen-cooled InGaAs pho-
tomultiplier tube (Hamamatsu R5509-72) or a germanium detector (Edinburgh In-
struments) in combination with a lock-in ampli�er (Signal Recovery SR7265) and/or
a digital oscilloscope (Tektronix TDS3000). The analysis has been based on time-
integrated PL signals. All experiments were carried out at room temperature.

In order to evaluate quantum yield for a particular PL band, PL intensity mea-
sured at di�erent excitation wavelength has been scaled to an equal number of
absorbed photons. The average number of absorbed photons per unit area at a
certain excitation wavelength λ is given by:

Nabs(λ) = Φ(λ)× (1− e−OD(λ)ln10) , (6.1)

where Φ(λ) is the pumping �ux, and OD(λ) is the optical density, determined from
the Lambert-Beer absorption pro�le using a UV-Vis Lambda900 spectrometer in
combination with an integrating sphere (data not shown). The excitation power for
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Figure 6.1: PL spectra of the samples annealed temperature at 600 and 900 oC .

The increase of Er-related PL is accompanied by the decrease of SiQDs PL intensity.

This sensitising role had been well described in the Förster resonance energy transfer

(FRET) [84].

a certain excitation photon energy Eexc was tuned using the following relation:

P (λ) = Φ(λ)× Eexc ∝
Eexc

1− e−OD(λ)ln10
. (6.2)

6.1.3 Results and discussion

As mentioned previously in the introductory paragraph, the SiQD-assisted indirect
excitation of Er3+ ions in SiO2 is a multichannel process, with di�erent mechanisms
operating in parallel. For a particular material, with �xed SiQD size and distribu-
tion, and a certain concentration of Er3+ ions, the relative contributions of these
excitation channels are expected to vary with the excitation photon energy. Fig. 6.1
shows PL spectra of the two samples, with the same Er concentration and excess Si
percentage, annealed at 600 and 900 oC. The increase of Er-related PL follows by
the decrease of SiQDs PL intensity. This sensitizing role had been well described
by the FRET [84] and discussed in the introductory chapter (Chapter 1).

In the Förster energy transfer process, the nonradiative recombination of an
electron-hole pair in the core of a SiQD is accompanied by the excitation of a ad-



6.1. Photon cutting for excitation of Er3+ ions 77

jacent Er3+ ion via the dipole-dipole interaction. The energy mismatch is compen-
sated by phonon emission, which reduces e�ciency of the transfer. This process is
relatively slow and critically dependent on the mutual separation between the SiQD
and Er3+ ion. In the present case, the maximum of the PL spectrum of SiQDs in
the investigated material is around 1.8 eV (see the inset to Fig. 6.2). Therefore, in
view of the energy conservation, the Förster energy transfer into the �rst 4I13/2 is
highly improbable, and will proceed through the second 4I11/2, the third 4I9/2 or
even higher excited states of the Er3+ ion, depending on the optical bandgap of the
involved SiQD. Thus, the 1.54-µm emission can only appear following the internal
relaxation of the 4f -electron shell into the emitting 4I13/2 state, which takes place
on a microsecond time scale. Therefore, in the case that the Förster energy-transfer
process would be the only available excitation path for Er3+ ions, the intensity ra-
tio of emissions from the �rst (at 1.54 µm) and the second (at 0.98 µm) excited
states should be independent on excitation photon energy, being solely governed by
the internal relaxation of the inner 4f -electron shell. This is not observed in the
experiment. The intensity ratio of the Er-related PL bands at 1.54 and 0.98 µm as
measured under excitation with di�erent photon energies Eexc is presented in the
main panel of Fig. 1. As can be seen, the relative intensity of the 1.54-µm band
rises with the excitation energy, until Eexc ≈ 2.1 eV. We conclude that in our mate-
rial the Förster energy transfer is not the only excitation mechanism, and must be
accompanied by another process transferring energy directly into the 4I13/2 state.
This situation changes for even higher excitation photon energies Eexc & 2.1 eV, as
the intensity ratio of the two bands becomes constant.

The increased emission at 1.54 µm could be induced by the aforementioned Auger
process of impact excitation by hot carriers. According to previous investigations
[82, 83], the impact excitation process requires a minimum excess energy of the
excited carrier of 0.81 eV, necessary to bring an Er3+ ion into the 4I13/2 state. In
that case, the minimum excitation photon energy marking the onset of the impact
excitation should be Eimp

exc = Eg + 0.81 eV, where Eg ≈ 1.8 eV is the �optical
bandgap� of SiQDs facilitating the process. Such a threshold value indeed has been
con�rmed in the past for a SiO2:(Er,SiQDs) material with a (lower) Er concentration
of [Er] ≈ 2.8 × 1019 [128].

In the present case Eg ≈ 1.8 eV, as determined from the excitonic emission of
the investigated sample in the inset to Fig. 6.2, leading to Eimp

exc ≈ 2.6 eV. From
Fig. 6.2, we see that the PL intensity ratio changes already for excitation photon
energies that are much below this estimated value, with the increase practically
commencing just above the optical bandgap Eg. We conclude that the previously
proposed impact excitation mechanism cannot account for the current results, and
that a di�erent explanation has to be sought.

Looking for a possible excitation process which could account for the experi-
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Figure 6.2: The ratio between the PL intensities of the �rst (1.54 µm) and the

second (0.98 µm) excited states of Er3+ ions in SiO2:(Er,SiQDs) as a function of

excitation photon energy. The complete PL spectrum of the investigated sample is

shown in the inset, with the indication of energy levels of excited states of Er3+ ions

in comparison with the photon emission energy. The Er∗i (i = 1 ÷ 5) correspond to

the 4I13/2 (0.81 eV) , 4I11/2 (1.26 eV), 4I9/2 (1.55 eV), 4F9/2 (1.9 eV), and 2H11/2

(2.38 eV) excited states of the Er3+ ions, respectively.
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mental �ndings, we recall that in the past also an excitation mechanism involving
participation of a not well speci�ed type of defect center has been proposed for
Er in Si-rich SiO2 [153]. However in the present case the formation of defects in
the investigated materials has been purposefully suppressed, by the use of the hot
substrates and post-growth high-temperature annealing. The hot substrate growth
(similar to hot substrate implantation) allows for substantial ordering of material
already during deposition. Therefore the presence of a su�ciently large number of
defect centers to facilitate an e�cient excitation route is unlikely.

In order to gain further insight into the possible microscopic mechanism respon-
sible for the experimental observations, we have investigated the (external) quantum
yield (QY) of both Er-related PL bands, in the energy range where their intensity
ratio varied, below the estimated threshold for impact excitation. The results are
depicted in Fig. 2. The experiments were conducted under the condition of an
equal number of absorbed photons and in the low excitation �ux regime, to exclude
non-linear e�ects. For a simple comparison, the QY values obtained for both bands
have been normalized for the lowest excitation energy. (In fact, the QY of the 1.54-
µm band was found to be two orders of magnitude higher than that of the 0.98-µm
emission). We see that the QY of the 1.54-µm band increases practically over the
whole range of the investigated excitation energies. In contrast, QY of the 0.98
µm band remains constant for lower energy pumping and increases only above the
threshold value of ∼ 2.1 eV.

We point out that the QY data depicted in Fig. 6.3 are fully consistent with
the PL intensity ratio given in Fig. 6.2, and show that additional excitation below
the estimated threshold for impact excitation process takes place not only into the
lower 4I13/2 but also into the higher 4I11/2 state of the Er3+ ions.

Before proposing a new physical mechanism, we note that a high-energy carrier
in SiQD can be generated also by sequential absorption of two low-energy photons;
it is possible that a photo-generated carrier might absorb another photon (intraband
absorption), and attain a higher excited state, enabling the impact excitation mech-
anism. As a result, the threshold for the hot carrier impact excitation process might
be shifted to a lower excitation photon energy. In order to exclude this possibility,
we investigated the QY of the 1.54-µm band for all photon energies under low and
high �ux conditions. Both dependencies were linear and practically identical in the
measured energy range, directly scaling with the �ux ratio (55 ×). We conclude
that the generation of hot carriers due to intraband absorption can be neglected.
Therefore, the increase of the QY observed for excitation energies below the impact
excitation threshold indicates the presence of a di�erent, and thus far unidenti�ed
excitation mechanism.

The proposed energy-transfer process which can account for the experimental
�ndings reported in this study is schematically depicted in Fig. 6.4. In the �rst step
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Figure 6.3: The dependence of quantum yield (QY) of emission bands at 0.98 µm

(blue circles) and 1.54 µm (red squares) on the excitation photon energy, under the

condition of an equal number of absorbed photons per pulse (9× 1010 cm−2), in the

low excitation regime. The dashed lines, indicating the quantum yield onsets, serve

only as a guide to the eye.
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a photon of energy larger than the bandgap is absorbed by a SiQD generating an
exciton, possibly with some excess energy. The excitation process proceeds by a
Coulombic interaction of an exciton in the ground state and the nearest Er3+ ion
[154]. In this case, one of higher excited states of the Er3+ ion acts as a virtual
state enabling the process - the i-th excited state in the inset to Fig. 1. It is the
second-order perturbation process, in which the next step involves an immediate
transfer of part of the energy to the second Er3+ ion in close proximity, enabled in
our material by the high concentration of Er dopants. Thus the �nal state of the
process comprises two Er3+ ions in excited states, while the possible energy excess
is compensated by (multi-)phonon emission.

The e�ciency of the proposed process is higher for a smaller energy mismatch
∆ between the exciton and the virtual state (see Fig. 6.1.3) and depends also on the
oscillator strength of the involved excited state of Er3+. As can be seen from the
sketch in the inset of Fig. 6.2, the state 2H11/2 (2.38 eV or 520 nm) has the highest
oscillator strength in the considered photon energy range. This e�ect will modulate
the experimentally measured excitation energy dependence of the PL quantum yield.

In contrast to the impact excitation, in the present case no free carriers are
left after the excitation is completed, thereby limiting de-excitation by the Auger
process. At the same time, the fact that Er3+ ions are excited into the lower excited
states while the bandgap energy of the SiQDs is relatively large, limits the excitation
reversal by the so-called back-transfer process [57], in which the energy disperses
back to SiQDs. The probability of the excitation process via a virtual state can
compete with excitation into the real Er3+ state of lower energy, as it involves the
higher states of the Er3+ ions with higher oscillator strengths and is assisted by lower
numbers of the emitted phonons, and increases dramatically with Er concentration.

The process depicted in Fig. 6.4 provides an additional e�cient Er excitation
channel that can account for the QY enhancement. Excitons in the ground state of
SiQDs with bandgap energies above 1.62 eV can excite two Er3+ ions into the �rst
excited state (Eg > 2 × 0.81 eV), upon a single photon absorption, explaining the
rise of its QY in Fig. 2. The excitons in SiQDs with a bandgap energy larger than
the sum of the �rst and the second excited states of the Er3+ ions (Eg > 0.81+1.24

eV = 2.05 eV) can facilitate the excitation process in which one Er3+ ion attains the
�rst excited state - 4I13/2, giving rise to the 1.54 µm emission - while the second one
goes to the second excited state 4I11/2, enhancing the 0.98 µm PL, stabilizing the
ratio of 1.54 and 0.98 µm emission intensities shown for higher energies (Fig. 6.2).

6.1.4 Conclusion

In conclusion, the current study shows that the indirect excitation of Er3+ ions in
SiO2 facilitated by SiQDs is a complex multichannel process with the participation
of di�erent physical mechanisms. Their individual contributions depend on the
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Figure 6.4: Schematic illustration of the non-resonant excitation mechanism, via

the high excited state of Er as the virtual state (second order perturbation process),

leading to the simultaneous excitation of two neighboring Er ions in the �rst excited

state (Er∗1 under absorption of a single photon. ∆ is the energy mismatch between

the exciton ground state and the virtual state involved.
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pumping photon energy but also on material characteristics. In particular, for the
SiO2(Er,SiQDs) system with small SiQDs and a su�ciently large Er concentration,
we identify a unique energy-transfer mechanism in which two Er3+ ions can be
simultaneously excited upon absorption of a single photon of su�ciently high energy.
The process involves direct photon energy transfer into two Er3+ ions, assisted by
a SiQD.

In comparison with previously identi�ed excitation mechanisms taking place in
the SiO2(Er,SiQDs) system - the impact excitation and energy transfer by the dipole-
dipole interaction (Förster) - the proposed mechanism o�ers the important advan-
tage of suppressing the most important processes of nonradiative de-excitation that
hamper the practical potential of this material for applications - the Auger process
of energy transfer to free carriers and excitation reversal by back-transfer. Finally,
we note that the proposed mechanism bears some similarity with the previously
reported quantum cutting taking place between two types of di�erent rare-earth
ions or the Er3+ ions themselves [155], while removing the disadvantage of resonant
pumping, thanks to the band-to-band absorption in SiQDs.

6.2 Monocolor solar cell

Spectral mismatch of the energy distribution of photons in the solar spectrum and
the �xed bandgap energy of semiconductor materials is the main reason for losses of
energy taking place in photovoltaic conversion in solar cells. Photons with energies
smaller than the semiconductor bandgap are not absorbed, and their energy is totally
lost. Photons with energy larger than the band gap are absorbed, but the excess
energy above the bandgap is converted to heat. In a Si-based solar cell, the spectral
mismatch accounts for the total loss of more than 50%. One way to reduce the
energy loss is by carrier multiplication (CM), in which several electron-hole pairs
can be generated per an incident photon, for photon energies larger than twice the
band-gap energy of the solar cell material.

The results shown in the previous part have identi�ed a new excitation mech-
anism, which could be of great fundamental and application impact. It is based
on Coulombic interaction but distinguishes itself in several major points from the
previously classi�ed FRET process:

- It is non-resonant;
- It involves one of the high excited states of Er3+ ions as a virtual state;
- It results in e�cient quantum cutting, which does not compete with internal

relaxation of the Er3+ ion;
- It is characterized by a low energy threshold for quantum cutting, which is

very di�erent from the previously observed quantum cutting in the SiO2:(Er,SiQDs)
system in Ref. [128];
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Figure 6.5: The coverage of solar spectrum AM1.5 (National Renewable Energy

Laboratory, NREL, USA), by bulk Si conversion and Er cutting under an assumption

of 100% quantum cutting e�ciency. The fraction of AM1.5 spectrum (red) that can

be covered into usable energy by a crystalline silicon solar cell (violet), and Er+3

ions of 100% down conversion or quantum cutting e�ciency (green). As can be

seen, due to the smaller energy of the �rst excited state of Er+3 ions, almost 80%

of the AM1.5 spectrum can be covered.

- Since quantum cutting follows immediately upon the energy transfer, the so-
called back-transfer process is not possible.

Moreover, upon completion of the energy transfer process, no free carriers are
left in SiQDs and therefore also Auger quenching is not possible. In contrast to
the impact excitation of Er3+ ions by hot carriers in SiQDs, this novel excitation
process appears in the investigated materials due to combination of two parameters
(a) excellent position of SiQDs bandgap energies with respect to higher excited
states of Er3+ ions, and (b) high Er concentration, enabling Er-Er interactions (and
quantum cutting).

Our �ndings open new possibilities towards the conversion of the solar light into
a single wavelength - 1.54 µm, as the threshold energy of the excitation mechanism
spans into the lower range of the solar spectrum in the visible. This might have
an impact for applications in light emitters and ampli�ers for optoelectronics and
photonics at 1.54 µ, due to the high absorption cross-section of SiQDs and absence of
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the back-transfer. Further, we note that the 1.54 µm wavelength is at the theoretical
maximum of solar spectrum conversion by carrier multiplication [156]. This opens
applications in photovoltaics for the so-called monocolor solar cell, optimized for a
single wavelength only. The solar spectrum will be converted into 1.54µm with the
use of quantum cutting in SiO2:(Er,SiQDs) material, and eventually guided into such
a solar cell. By this way, the monocolor solar cell using SiO2:(Er,SiQDs) material
can cover a larger portion of the solar spectrum as illustrated in Fig. 6.5. The red
spectrum represents the AM1.5 solar spectrum as given by by National Renewable
Energy Laboratory, USA. Bulk Si absorption spectrum (violet) covers about 50% of
the AM1.5 solar spectrum. Due to smaller energy of the �rst excited state of Er+3

ion, almost 80% of the AM1.5 spectrum can be covered.





Chapter 7

Tracking the ultra-fast Er3+ ion

excitation process

Under pulsed laser excitation, a substantial part of Er dopants in SiO2 sensitized

with silicon quantum dots is excited by an ultrafast energy transfer process. In the

past, microscopic models for this excitation mechanism have been proposed, but its

dynamics are not known. Here we present the �rst �ngerprint of this process ob-

tained by femtosecond optical spectroscopy. Using the transient induced absorption

to monitor dynamics of free carriers generated by the pump laser pulse in Si quan-

tum dots, we observe spectral features which can be related to transfer of energy into

speci�c higher excited states of Er3+ ions. These appear on the timescale of several

picosecond, consistent with the ultra-fast character of the excitation process. The

results are compared with dynamics of Er-related photoluminescence bands observed

in the same material.

7.1 Introduction

Solid-state dispersions of silicon quantum dots (SiQDs) in an Er-doped SiO2 matrix
- SiO2:(Er,SiQDs) - combine to a certain extent positive features of Er-doped crys-
talline Si with those of Er-doped SiO2. Speci�cally, this concerns the high cross-
section of the indirect excitation mechanism and thermal stability of the 1.5 µm

emission. However, despite the continuous developments in the preparation of the
SiO2:(Er,SiQDs) material, only a relatively small proportion of all the introduced
Er dopants contribute to the emission [79]. Detailed investigations by fast time-
resolved photoluminescence (PL) spectroscopy revealed that much more Er3+ ions
are actually excited by a rapid energy transfer process but undergo fast nonradia-
tive recombination [82, 83]. This fast excitation channel directly into the �rst 4I13/2
emitting state of Er3+ ion appears in parallel to the much slower Förster energy
transfer mechanism responsible for Er excitation on a microsecond time-scale. The
microscopic details of the fast SiQD-to-Er energy transfer are still under dispute. In
particular, we have recently demonstrated a very speci�c energy �ow path, in which
two Er3+ ions are excited simultaneously by a single photon of su�ciently high en-
ergy, absorbed in a SiQD [157]. The excitation process proceeds by a Coulombic
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interaction of an exciton in the ground state and a higher excited state of a near-
by Er3+ ion. This process bears some similarity to quantum cutting taking place
between closely spaced Er3+ ions [155]. In this paper we investigate dynamics of
this novel excitation route in the same SiO2:(Er,SiQDs) material by attempting to
correlate it with temporal characteristics of free carrier population generated SiQDs
by the pump laser pulse.

7.2 Experimental

The SiO2:(Er,SiQDs) samples discussed in the previous chapter have been used in
this study. Sample preparation can be read also in the previous chapter or found else-
where [151, 152]. Radio-frequency magnetron co-sputtering on hot (500 ◦C) quartz
substrates was used. During the growth process a thin �lm of SiO2:(Er,SiQDs) with
the thickness of 1-2 µm was formed. A Si-excess of ≃ 8.5 at. % and an Er concentra-
tion of [Er] ≈ 1-2 × 1020 cm−3 were estimated via EDX. Subsequently, the samples
were annealed at temperatures ranging from 600 to 1100 ◦C. Small Si nanoclusters
of the average size of ≃ 2 nm diameter form in the epitaxial layer.

The time-resolved PL experiments were performed with an InGaAs photomul-
tiplier tube (Hamamatsu R5509-72) in the time-correlated single-photon counting
mode. A 5 ns pulsed laser at a λex = 355 nm with the repetition rate of 20 Hz
was used as the pumping source. This is provided by a tunable optical parametric
oscillator pumped by the third harmonic of a neodymium yttrium aluminum garnet
(Nd:YAG) laser. Detection PL wavelength were resolved with a 1 m F/8 monochro-
mator (Jobin-Yvon THR-1000; 900 grooves/mm; grating blazed at 1.5 µm). Overall
temporal resolution of the experiments was limited by the laser pulse.

Femtosecond transient induced absorption (TIA) spectroscopy was carried out
at room temperature on a conventional pump-probe setup. The excitation pulse is
provided by a chirped-pulse ampli�ed Ti:Sapphire laser in combination with an opti-
cal parametric ampli�er (OPA), tuned to 345 nm with a repetition rate of f = 1 kHz
and ∼ 200 fs resolution. The secondary pulse, used as the probe beam, is guided
through a white light converter (approximately 400 to 800 nm) and delayed via a
white light retro-re�ector. Dimensions of the pump spot size were chosen to be con-
siderably larger than those of the secondary pulse, to assure complete pump-probe
overlap during the entire experiment. The transmission of the probe is recorded by
a multichannel CCD camera and registered by the computer in the following way:
the signal of the probe under in�uence of the pump is detected, after which the
linear absorption, i.e. the probe signal without the pump is subtracted and then
normalized for the linear absorption. In this way we only detect the change of the
probe signal under in�uence of the pump. All experiments were performed at room
temperature.
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7.3 Results and discussion

In the investigated SiO2:(Er,SiQDs) material, SiQDs play the role of photon sen-
sitizers. The excitation of Er3+ ions proceeds via non-radiative recombination of
electron-hole pairs in the SiQDs generated under laser illumination. SiQDs in the
SiO2:(Er,SiQDs) material used in this study are relatively small, with diameters in
the d ≈ 2−2.5 nm range and are characterized by relatively large bandgaps with the
average excitonic emission energies of E ≈ 1.9 eV. Consequently, the Förster energy
transfer between SiQD and Er can proceed exclusively to the higher excited states
of Er3+ ions. In that case, the 1.5 µm emission due the to 4I13/2 →4 I15/2 radiative
transition will appear upon internal relaxation of Er3+ ions into the 4I13/2 state.
This is in deed con�rmed in the experiment. The top panel in Fig. 7.1 presents PL
dynamics of two Er-related emission bands from the �rst (4I13/2) and the second
(4I11/2) excited states to the ground state, at 1.5 and 0.98 µm, respectively. As can
be seen, the microsecond time scale rise of the 1.5 µm PL intensity is governed by
the decay of the 0.98 µm band. We conclude that the population of the emitting
4I13/2 state proceeds via the higher 4I11/2 excited state. At the same time however
a more detailed look at the initial part of the development of the 1.5 µm PL - lower
panel of Fig. 1 - reveals a prominent presence of an initial rapidly decaying emission,
appearing directly upon excitation. This "fast" PL component was reported before
for similar materials [87, 82, 83, 158, 159, 160, 161]. As can be seen, in the present
case it is responsible for approximately 50% of the total amplitude of the radiatively
decaying population of the 4I13/2 state. When originally reported [82], the "fast"
PL band was postulated to arise due to rapid excitation and quenching of Er3+,
facilitated by Auger processes related to intra-band transitions of con�ned electrons
and/or holes in SiQDs. While part of the intensity could be due to defect emission
[160, 161], a more detailed investigation of the dynamics [162], a�rmed that the ma-
jor part of the fast PL at 1.5 µm is in deed Er-related and could originate from the
radiative relaxation of Er3+ ions located inside SiQDs or at the SiO2/SiQD interface,
where excitation and de-excitation processes become very e�cient. In addition, for
the particular material investigated in this study, we have recently identi�ed another
Er excitation route [157]. Based on the spectral dependence of the quantum yield
of Er-related PL bands, we have concluded that nonradiative recombination of an
exciton (in the ground state) can lead to a simultaneous excitation of two Er3+ ions.

Regardless of the particular microscopic details of the ultra-fast excitation route
of Er3+ in the SiO2:(Er,SiQDs) material, it is clear that its dynamics are not well
revealed by PL spectroscopy, which does not o�er su�cient temporal resolution.
However, in principle it should be possible to follow the energy transfer process
not only on the side of the energy �acceptor� (Er3+ ion) but also for the energy
�donor� (SiQD). The presence of free carriers, and so the excitation of SiQDs, can
be conveniently monitored by transient induced absorption (TIA). In general, the
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Figure 7.1: (The upper panel) Dynamics of both PL bands from the �rst (4I13/2) and

the second (4I11/2) excited states of Er
3+ ions, at 1.54 and 0.98 µmum, respectively.

The rise of PL intensity by the �rst excited state of Er3+ ions is governed by the

decay of the second excited state. (The lower panel) A fast decay component in

nanosecond scale. A considerable part of about 50% of PL intensity at 1.54 µm left

in about 100 ns, when compared with the PL crete after few microsecond.
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Figure 7.2: The transient induced absorption (TIA) dynamics recorded at three avail-

able di�erent probing photon energy at 1.9, 2.5, and 3 eV under pumping photon

energy at 3.5 eV (355 nm). Two decay components of sub-picosecond and nanosec-

ond can be seen.

energy of free carriers generated in SiQDs by a laser pulse is redistributed and
dissipated by electron/hole and phonon scattering, but also by cooperative processes
like carrier multiplication (CM) [163] and space separated quantum cutting (SSQC)
[128]. These processes are known to be very fast, operating on a picosecond time
scale. The existence of e�cient energy transfers to the well de�ned energy levels
of the Er3+ ions will introduce additional relaxation paths at predictable energies.
Therefore, TIA spectrometry could be used for tracking of the ultra-fast Er3+ ion
excitation process. Even more so, since the TIA experiments can be conducted in
the pump-probe con�guration, with the high-precision time scale being provided by
a delay line and temporal resolution limited by the laser pulse itself.

In Fig. 7.2 we illustrate TIA transients obtained in the pump-probe con�gura-
tion under pumping photon energy at 3.6 eV (345 nm), for three di�erent probing
energies of 1.9, 2.5, and 3 eV. We see that the three dynamics show very similar
characteristics, featuring two decay components. The initial fast decay, taking place
on the sub-picosecond time scale, is superimposed on a slower background of tens
of picoseconds. The sub-picosecond component is commonly interpreted as being
due to a combination of hot carrier cooling and carrier trapping processes. The
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Figure 7.3: Transient induced absorption spectra of the SiO2:(Er,SiQDs) sample

with time at room temperature. The pumping source uses a chirped-pulse ampli�ed

Ti:Sapphire laser at 355 nm, with a repetition rate of f = 1 kHz and ∼100 fs resolu-

tion. The secondary pulse is used to probe the excited carriers and guided through a

white light converter ranging from 400 ± 800 nm (∼ 1.6 ÷ 3.3 eV). The 2.6-ps IA

spectrum shows a possible imprint of the Er3+ ion energy levels, 4F9/2,
4S3/2, and

2H11/2 as indicated.

subsequent slower decay corresponds to channels of fast nonradiative recombina-
tion of excitons. The �nal nanosecond decay should correspond to photon emission
by radiative recombination of excitons in those SiQDs which escape nonradiative
quenching. This stage is however too slow to be revealed under the chosen exper-
imental con�guration. In view of the previous remarks, the processes of ultra-fast
energy transfers to Er should take place on the picosecond time scale, and so their
possible �ngerprints should be searched for only in the early TIA spectra, for the
initial stages of the free carrier decay.

Fig. 7.3 shows TIA spectra for the wide probing range of 1.6 - 3.4 eV for several
delay times shortly after the pump pulse. As can be noted, following the excitation
a structure appears in the induced absorption spectrum - see the spectrum taken
at 2.6 ps - which fades away very quickly, and can no longer be observed for the
delay time of 10 ps. The structure can be readily identi�ed with the characteristic
energies of the 4F9/2, 4S3/2, and 2H11/2 higher excited states of Er3+ ions. We recall
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that participation of these states has been identi�ed for the speci�c Er excitation
mechanism taking place in the investigated material [157]. The reason why the
induced absorption should enhance for these Er-related energies is not clear at this
point, and can only be speculated upon. To this end, we believe that the following
remarks are relevant:

1. The experimentally observed structure cannot be explained by resonant Er
absorption. For these �resonant� energies, direct absorption into Er3+ ions is
much less probable than the band-to-band absorption in SiQDs (4 - 6 orders
of magnitude di�erence).

2. While the excitation mechanism identi�ed in Ref. [157] is in principle non-
resonant, its probability is expected to peak when the exciton energy ap-
proaches the resonance with one of the excited states of Er3+ ions.

3. In case of strong coupling between SiQDs and Er, it is possible that the absorp-
tion cross-section increases for these SiQDs whose bandgap energies coincide
with speci�c transitions of Er3+ ions.

While clearly more investigation - both experimental and theoretical - will be needed
to fully rationalize the striking result obtained in this study and illustrated in
Fig. 7.3, we note that its transient occurrence immediately after the pump pulse
is consistent with the earlier discussed PL data - see Fig. 7.1.

Finally, for sake of completeness, we note that the observed structure of the TIA
spectrum cannot be explained by interference e�ects ("fringing") of the laser beam,
as the peaks do not agree with the interference condition for the thin �lm of the
SiO2:(Er,SiQDs). We can also exclude the possibility of stimulated emission of the
excited Er3+ ions, since this would bring the opposite e�ect of decrease and not
increase of the measured signal. Moreover, it should be independent of the delay
time.

7.4 Conclusion

In conclusion, the current study shows that the indirect excitation of Er3+ ions
in SiO2 via SiQDs is a complex multichannel process. Major part of the Er3+

ions related to the slowly decaying PL undergoes the fast excitation process. In
particular, for the SiO2(Er,SiQDs) system with small SiQDs and a su�ciently large
Er concentration investigated in this study, we show the �rst �ngerprint of the ultra-
fast excitation process which can be observed as enhancement if induced absorption
at resonant excitation energies of Er3+ ions, appearing on the picosecond timescale.





Synergy and Outlook

The scienti�c objective of research presented in my thesis is the quest for optical
ampli�cation in a system which could �nd use for silicon photonics. General intro-
duction to light emission from silicon is given �rst (Chapter 1). In view of the low
optical activity of bulk Si, due to the indirect band gap, di�erent approaches devel-
oped in the past to overcome this de�ciency are presented. These include optical
doping with RE ions and making use of quantum con�nement in nanostructures to
manipulate the band structure. Subsequently a speci�c experimental approach for
evaluation of optical gain is described in Chapter 2. This is further used to inves-
tigate non-linear e�ects in materials whose optical activity has been enhanced by
these two approaches. In the �rst instance this is done for the most advanced form of
Er-doped Si - the multinanolayer structure with the preferential formation of a spe-
ci�c optical center, the Er-1 center. By dedicated investigations, I demonstrate that
for di�erent variations of this material absorption by free carriers dominate over any
optical gain which can be realized by the Er-1 centers (Chapter 3). Together with
the fact that emission of Si:Er is extremely ine�cient at room temperature, those
�ndings possibly �nally dismiss Er-doped Si as a candidate material for practical
devices.

Looking for a possible alternative, I turn attention to RE-doped wide band gap
materials. For two speci�c systems - GaN:Eu and ZnO:Er - I perform �rst optical
spectroscopy, in order to understand better details of emitting centers, and then con-
tinue to investigate optical ampli�cation - Chapter 4. Since the intrinsic excitation
cross-section of RE dopants is small, I investigate co-doping with nanostructures
which could induce indirect energy transfer, and in that way enhance RE excita-
tion. For that purpose, in Chapter 5, I conduct investigations of optical properties
of Si and Ge nanocrystals. I then use Si NCs in combination with high Er doping
concentration to demonstrate a new energy-e�cient excitation mechanism at room
temperature - Chapter 6. Chapter 7 follows with ultrafast spectroscopy elucidating
speci�c details of the newly discovered energy transfer path in the SiO2:(Er,SiQDs)
system.

The most signi�cant results obtained in my PhD research include:

1. Conclusion that net gain can not be obtained in Si/Si:Er nanolayer structures,
regardless of the substrate type and of temperature (at room- and cryogenic
temperature, the �rst such evaluation ever).

2. Evaluation of the free carrier absorption in Si under di�erent conditions of
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optical excitation.

3. Spectroscopic characterization of optically active RE centers in GaN and ZnO.

4. Identi�cation of a new and energy-e�cient excitation mechanism of Er3+ ions
in SiO2, mediated by Si nanocrystals.

5. Identi�cation of the �rst experimental �ngerprint of the indirect excitation of
Er3+ ions in absorption of free-carriers in Si nanocrystals.

These results have been presented in the total of 6 publications. The whole list of
publications is given in the last pages of the thesis.

The results obtained in this promotion research open also new directions of research
and opportunities. In my opinion, the most important concern:

1. A prospect of mono-wavelength light conversion (Chapter 6).

2. A possibility to combine IA and PL experimental techniques in order to gain
a deeper understanding of energy transfer processes at nanoscale (Chapter 7).
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Summary

Entitled "Towards optical ampli�cation for silicon photonics", this thesis aims at op-
tical properties of the materials with prospective applications for Si photonics. The
thesis comprises seven chapters. Each chapter deals with an independent problem
which contributes towards the main topic.

The �rst chapter gives an overview of electrical and optical properties of Si-based
materials relevant for optoelectronic and photonic applications. Current issues con-
cerning improvements of the light emission from Si-based materials are discussed.
This is followed by discussions of the theoretical as well as practical aspects of energy
transfer processes in rare earth (RE)-doped Si, RE-doped wide bandgap semicon-
ductors (WBSs), Si and Ge quantum dots (QDs), and the solid-state dispersion of
Si quantum dots (SiQDs) in Er-doped SiO2 matrix - SiO2:(Er,SiQDs).

The second chapter describes the experiments for determination of optical gain.
A combination of the variable stripe length (VSL) and the shifting excitation spot
(SES) techniques is presented. The VSL technique was �rst developed to determine
the optical gain coe�cient. However, it turned out that interpretation of VSL data
in low-gain materials is not straight forward and prone to artifacts. The development
of a combination of VSL with SES techniques can surpass those problems. Details
of possible experimental artifacts, typically leading to over- and under-estimations
of optical gain, are presented. Further improvements of the experimental methods
are also considered.

Chapter 3 deals with a speci�c Er complex in the crystalline Si, the so-called
Er-1 center. The Er-1 center preferentially forms in the Si/Si:Er multinanolayer
structures after an appropriate annealing process. The photoluminescence (PL)
spectrum from the Er-1 center at 4.2 K shows a few ultra-narrow lines with the
linewidth of < 8 µeV at 1.54 µm under a continuous wave (cw) laser illumination.
Non-linear optical coe�cients of Er-1-related PL at low temperature are investigated
by a combination of VSL and SES methods. The di�erence in the laser-induced ab-
sorption coe�cients is interpreted as a combination of optical losses and optical
gain for 1.54 µm emission from the Er-1 center. The upper limit of optical gain
in Si/Si:Er multinanolayer structures is estimated as 8.8 cm−1. Er-1 center in the
multinanolayer structure grown on a SOI substrate is also investigated. In this struc-
ture, laser-induced absorption coe�cients at 1.54 µm emission have been established
as 22.4 ± 4.2 cm−1 and 45.1 ± 4.2 cm−1 at photon �uxes of 2.4 × 1019 cm2s−1 and
2.4 × 1020 cm2s−1, respectively. These values are 3 times bigger than for Si/Si:Er
multinanolayer structure grown on a Si substrate.
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Chapter 4 is devoted to the RE-doped WBSs. Optical properties of thin �lm
Er-doped ZnO and Eu-doped GaN thin �lms prepared by organometallic vapor-
phase epitaxy method are presented. For the Er-doped ZnO thin �lm, the PL and
PL excitation spectra show that optically active Er3+ ions can be excited directly
and indirectly via the host matrix. Decay dynamics of Er-related PL at 1.54 µm
upon direct excitation of the Er3+ ions and indirect via ZnO host show two decay
components. Dependence of the the fast component on excitation photon �ux in
the indirect excitation is interpreted as de-excitation process via defects. For the
Eu-doped GaN thin �lm, the existence of di�erent main sites for optically active
Eu3+ ions is concluded via temperature-dependent and time-resolved spectroscopy.
Di�erent excitation processes for di�erent optical sites are proposed. By the combi-
nation of VSL and SES methods, the lower limit for the optical gain of 1.7 cm−1 for
the PL emission band at 620 nm in the Eu-doped GaN thin �lm at room temperature
is determined.

Chapter 5 discusses the e�ect of the quantum con�nement of electrons and holes
in GeQDs in Si and SiO2 matrices. A blue-shift of PL spectra from GeQDs in Si
with excitation photon �ux is a results of the radiative recombination of electrons
in the Si conduction band with holes in the GeQDs valence band, in the type II
heterostructure. A di�erence in energy between bulk Si and GeQDs conduction
bands in the sample grown by molecular beam epitaxy technique (MBE)-grown
sample is higher than 50 meV. Indirect bandgap character of bulk Ge is preserved in
GeQDs. Strong coupling of excitons to vibrational modes in the GeQDs is con�rmed
by observation of phonon replicas in the PL spectrum.

Chapter 6 presents indirect excitation of Er3+ ions in SiO2 facilitated by SiQDs
as a complex multichannel process. For the SiO2(Er,SiQDs) system with small size
SiQDs and a su�ciently large Er concentration, a unique energy-transfer mecha-
nism is identi�ed. Two Er3+ ions can be simultaneously excited upon absorption of
a single photon of su�ciently high energy. The mechanism o�ers an important ad-
vantage of suppressing the most important processes of non-radiative de-excitation
that hamper practical potential of this material for applications - the Auger process
of energy transfer to free carriers and the excitation reversal by back-transfer. In-
spired by this experimental results, a concept of the so-called monocolor solar cell
is introduced, using only the 1.54 µm wavelength. In this way, the monocolor solar
cell using SiO2:(Er,SiQDs) material can cover almost 80% of the solar spectrum.

The �nal chapter describes the tracking of the ultra-fast excitation process of the
Er3+ ions assisted by SiQDs. The major part of Er3+ ions responsible for the slow PL
process undergo this fast excitation process. We show that for the SiO2(Er,SiQDs)
system with small SiQDs and a su�ciently large Er concentration, a �ngerprint of
the ultra-fast process taking place in picosecond time scale is captured via transient
induced absorption (TIA) technique.



Samenvatting

Deze thesis, met de titel �Towards optical ampli�cation for silicon photonics" fo-
cust op de optische eigenschappen van materialen met mogelijke toepassingen in
Si fotonica. De thesis heeft zeven hoofdstukken, waarbij er in elk hoofdstuk een
onafhankelijk probleem wordt behandeld met betrekking op hoofdonderwerp.

Het eerste hoofdstuk geeft een overzicht van de elektrische en optische eigen-
schappen van de Si-gebaseerde materialen die relevant zijn voor opto-elektronische
en fotonische toepassingen. Huidige issues betreft verbeteringen van de lichtemissie
van Si-gebaseerde materialen worden ter sprake gebracht. Hierop volgt een discussie
van de theoretische en de praktische aspecten van de energie-overdracht processen
in de Si-gebaseerde samples of in grote-bandkloof halfgeleiders (GBHs) die gedot-
teerd zijn met zeldzame aardmetalen (ZA), Si of Ge kwantum dots (KDs), en een
vaste-stof dispersie van Si kwantum dots (SiKDs) in een Er-gedotteerd SiO2 matrix
� SiO2:(Er,SiKDs).

In het tweede hoofdstuk worden experimenten besproken waarmee de optische
ampli�catie kan worden bepaald. Een combinatie van de variable strip length (VSL)
en de shifting excitation spot (SES) technieken wordt beschreven. Aanvankelijk was
de VSL techniek ontwikkeld voor het bepalen van de optische ampli�catie coë�-
ciënt. Dit bleek niet accuraat te werken voor samples met lage ampli�catie waar-
den. Door de VSL techniek te combineren met de SES techniek kan dit probleem
worden omzeild. Details en mogelijke verbeteringen van de experimentele artefacten
die typisch leiden tot over- of onderschatting van de optische ampli�catie worden
besproken.

Hoofdstuk 3 behandelt een speci�ek Er complex in Si, het zogenaamde Er-1
center. Dit center vormt preferent in de Si/Si:Er multi-nanolagen structuren na
het toepassen van het geschikte bak-proces. Het fotoluminescentie (FL) spectrum
van het Er-1 center op 4.2 K vertoont enkele ultra-smalle lijnen met een lijnbreedte
van < 8 µeV op 1.54 µm onder continuë laser excitatie. De niet-linaire optische
coë�ciënten van de Er-1-gerelateerde FL op lage temperatuur zijn onderzocht met
behulp van een combinatie van de VSL en SES methoden. Het verschil in de laser-
geïnduceerde absorptie coë�ciënten is vervolgens geïnterpreteerd als een combinatie
van optische verliezen en optische ampli�catie van de 1.54 µm emissie van het Er-1
center. Op deze manier is een bovengrens van 8.8 cm−1 van de optische ampli�catie
in de Si/Si:Er multi-nanolagen structuren bepaald. Het Er-1 center in de multi-
nanolagen structuur op SOI is eveneens onderzocht. In deze structuur zijn de laser-
geïnduceerde absorptie coë�ciënten op 1.54 µm emissie vastgesteld op 22.4 ± 4.2
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cm−1 en 45.1 ± 4.2 cm−1 op foton �ux 2.4 × 1019 cm2s−1 en 2.4 × 1020 cm2s−1, re-
spectievelijk. Deze waarden zijn 3 maal hoger dan voor de Si/Si:Er multi-nanolagen
structuur geprepareerd op een Si substraat.

Hoofdstuk 4 is gewijd aan ZA-gedotteerde GBHs. Dunne �lms van ZnO gedot-
teerd met Er en dunne �lms van GaN gedotteerd met Eu die zijn vervaardigd met
de organometallische gas-fase epitaxy methode worden hier optisch gekarakteriseerd.
Excitatie van de de optisch actieve Er3+ ionen ZnO samples kan plaatsvinden op een
directe manier of indirect via de host matrix. De snelle van de twee componenten
gevonden in het tijdsgerelateerde FL verval op 1.54 µm wordt gemeten als func-
tie van excitatie �ux onder indirect excitatie en geïnterpreteerd als een de-excitatie
proces via defecten. Voor het Eu-gedotteerde GaN sample wordt door middel van
temperatuur- en tijds-afhankelijke spectroscopie afgeleid dat het optisch actieve Eu
ion verschillende posities in de kristalstructuur kan innemen, waarvoor verschillende
excitatieprocesses voor worden voorgesteld. Een ondergrens van 1.7 cm−1 voor de
optische ampli�catie van de emissie op 620 nm in het Eu-gedotteerde GaN sample
op kamertemperatuur wordt bepaald.

In hoofdstuk 5 wordt het e�ect van kwantumbegrenzing van elektronen en gaten
in GeKDs in een Si en een SiO2 matrix besproken. De FL spectra van GeKDs in
Si vertonen een blauw-verschuiving met excitatie �ux als een gevolg van stralende
recombinatie van elektronen in de Si geleidingsband met gaten in de GeKDs valen-
tieband, zoals in de type II heterostructuur. Sterke koppeling van excitonen met de
vibratie toestanden in de GeKDs is bevestigd door observatie van fononreplica's in
het FL spectrum.

Hoofdstuk 6 beschrijft de indirecte excitatie van Er3+ ionen in SiO2 via SiKDs
als een ingewikkeld multikanaal proces. Voor het SiO2(Er,SiQDs) systeem met
kleine SiKDs en een hoge Er concentratie wordt er een uniek energie-overdracht
mechanisme geïdenti�ceerd: twee Er3+ ionen kunnen simultaan worden geëxciteerd
door middel van absorptie van één foton met voldoende hoge energie. Door dit
mechanisme wordt de niet-stralende de-excitatie die de praktische toepassing van
dit materiaal verhindert onderdrukt. Geïnspireerd door de experimentele resultaten
wordt er een concept geïntroduceerd van een zogenaamde mono-kleur zonnecel die
werkt op de 1.54 µm geol�engte en bijna 80% van het zonnespectrum bedekt.

Het laatste hoofdstuk beschrijft het onderzoek naar het het ultra-snelle excitatie
proces van de Er3+ ionen door middel van SiKDs, aangezien het overgrote deel
van de Er3+ ionen die verantwoordelijk zijn voor het langzame FL proces het snelle
excitatie proces ondergaat. We laten zien dat voor het SiO2(Er,SiQDs) systeem met
kleine SiKDs en een su�ciënte Er concentratie een vingerafdruk van het ultra-snelle
proces wat op picoseconde tijdschaal plaatsvindt kan worden gevonden met behulp
van tijdsafhankelijke geïnduceerde absorptie techniek.
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