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Abstract: The aim of this work is to study the optical properties of the mate-
rial based on oxidized silicon nanocrystals (Si-ncs) embedded at high densities in
SiOs-based matrix. These materials seem to be very promising on the way towards
silicon laser. Using our preparation technique - modified electrochemical etching and
post-etching in H,O, - we obtain small Si-ncs with the mean core size of 2-3 nm, in-
corporated at high densities of ~ 10! Si-ncs/cm? into an SiOy-based matrix. In this
work, we focused on studying their photoluminiscence (PL) properties and measuring
the net optical gain of these samples. Therefore, we investigated their time-resolved
and steady-state PL emission spectra which revealed two emission bands - the F-band
(~ 435 nm) with ns decay-time and the S-band (~ 600 — 620 nm) with us decay-
time. Moreover, we observed a ”green” emission band (~ 500 nm) present only during
the pulsed excitation and immediately after. We performed time-resolved gain spec-
troscopy using combination of Variable Stripe Length (VSL) and Shifting Excitation
Spot (SES) techniques which allows to study optical gain in materials with relatively
low optical gain coefficient such as our samples. We observed stimulation emission
(StE) onset for higher excitation densities in different Si-ncs/SiO, samples, which
denotes the presence of the positive optical gain, from both the F-band and S-band
emission components. Finally, we attempted to describe recombination processes in

nanosecond and microsecond regimes and a possible origin of optical gain.
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Abstrakt: Cilem této diplomové préace je studium optickych vlastnosti materidlu
pripraveného z kfemikovych nanokrystalu (Si-ncs) v SiOy matrici. Nami pouzita
metoda pripravy (elektrochemické leptani a doleptavani v HyOs) umozinuje vyrobu
Si-ncs se stfednim prumeérem 2-3 nm zabudovanych do matrice SiOy ve vysokych

3. Zaméiili jsme se na studium jejich fotoluminis-

koncentracich ~ 10! Si-ncs/cm
cencnich (PL) vlastnosti a na méfen{ koeficientu optického zisku. Casové rozliens
PL emisni spektra odhalila existenci dvou emisnich komponent - "rychlé” komponenty
(~ 435 nm) s dohasindnim na nanosekundové casové skéle a ”pomalé” komponenty
(~ 600 — 620 nm) s ps ¢asem doznivani. Navic jsme pozorovali "zeleny” emisni
pas (~ 500 nm), a to jen v kratkém detekénim okné v prubehu pulzni excitace a
kratce po ni. Pro ¢asové rozliSené méreni optického zisku jsme pouzili techniku Vari-
able Stripe Length (VSL) v kombinaci s technikou Shifting Excitation Spot (SES),
které umoznuji studium optického zisku v materidlu s relativné malym koeficientem
optického zisku. NaSe méfeni poukazuji na vznik stimulované emise pro vyssi ex-
citacni intenzity v ruznych typech vzorku, a to jak z "rychlé” tak i z ”pomalé” emisni

komponenty. Nakonec jsme navrhli model rekombina¢nich procesu probihajicich v

nanosekundovém a mikrosekundovém rezimu, a mozny puvod optického zisku.

Klicova slova: kitemikové nanokrystaly, opticky zisk, fotoluminiscence



Chapter 1

INTRODUCTION

1.1 Silicon in microelectronics and microphotonics

Silicon is perfect material for electronics. That is mainly due to two reasons,
namely, the economical reasons and relatively simple technology of integration. Sil-
icon is the second most abundant element (after oxygen) in the Earth’s crust and
therefore its cost is relatively low compared to other semiconductors. Silicon has
been widely used in electronics after invention of an integrated circuit in 1960s and
later it has become an irreplaceable component of microelectronics. A Complemen-
tary Metal Oxide Semiconductor (CMOS) is higly developed technology used for the
silicon microeletronics integration. Nowadays, it allows to place more than 108 compo-
nents on a single chip that leads to enhanced performance of the integrated chip. The
interconnections between the components on the 1 ecm? single chip recently reached
several kilometers in length that causes interconnect propagation delays, overheating
and information latency (due to crosstalks) [1] [2]. Moreover the information capac-
ity of the electrical interconnections is limited by the RC constant. These problems
are called in summary ”interconnection bottleneck”. Decreasing the size of the chip
and the density of the components will enhance these ”interconnection bottleneck”
problems.

A solution might lie within the attempt of combining the existing microphotonic
and photonic components on a single silicon chip. Silicon microphotonics is the op-
tical equivalent of the microelectronics integrated circuits that utilize silicon-based
material for individual components [1]. The idea is simple: to produce an integrated
optical chip consisting of optical components such as lasers, modulators, detectors,
beam splitters and multiplexers based on silicon whereas light propagating between
them is directed through small planar waveguides (optical circuits). However, re-

alization remains an open question mainly due to the absence of the silicon based
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laser. Therefore, making possible the silicon-based efficient light emitter and laser
would lead to a scientific and technological breakthrough in the actual silicon-based

photonics.

1.2 Towards silicon laser

First of all, the bulk silicon is a poor source of light due to its indirect band
structure character. Its low internal quantum efficiency of ~ 1076 and a fast rate
of the non-radiative processes make the possibility of the efficient radiative emission
negligible. Therefore, various approaches have been discovered in order to overcome
the indirect band-gap limitations of the bulk silicon. We are going to mention some
of them.

Observation of photoluminiscence (PL) from porous silicon at room temperature
by J. Canham in 1990 [3] inicialized very strong interest in silicon nanostructures
as a promissing material for the silicon laser. Out of any doubt, the reason of light
emission from silicon lies within the translation symmetry breakage which takes place
in the silicon with nanometer dimensions. Later, the PL from the low-dimensional
silicon systems at room temperature, covering the whole visible spectrum, has been
demonstrated by other research groups; at the same time the wavelength of emitted
light shows dependence on both the size of nanocrystals and the surface passivation.
Low-dimensional silicon systems that are widely studied in order to find a material
suitable for lasing are silicon nanocrystals (Si-ncs) [4], silicon/SiO, superlattices, sil-
icon nano-pillars. Moreover, in 2000 Pavesi et al. [4] have reported positive optical
gain of ~ 100 cm~! on samples of Si-ncs prepared by Sit-ion implantation into SiO,.
Also our samples include Si-ncs whereas a special method of embedding Si-ncs into
the SiOj-based matrix is used.

On the other hand, there exist several other promising routes towards silicon laser,
such as Erbium doped crystalline silicon [5], Silicon/Germanium quantum cascade
structures/superlattices [6] and Silicon intracenter recombinations for THz emission.

The physical mechanism behind the relatively high external quantum effciency in
low-dimensional Si is still under debate. It is generally accepted that it is mainly due
to quantum confinement of excitons within the nanometer crystalline core. Moreover,
the silicon/dielectric interface is also thought to play an active role in both passivation
of non-radiative states and formation of radiative states, since the surface/volume
ratio significantly increases with spatial confinement.

In conlusion, the silicon-based electrically driven laser diode, where lasing would be

achieved via light amplifcation by stimulated emission, has not been successfully built
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yet and represents one of the challenges of the present research in silicon photonics.

1.3 Aims of this thesis

In this diploma thesis we will focus on studying the possibility of stimulated
emission onset in Si-ncs/SiO, based materials. The main optical parameter that
denotes the stimulated emission onset is a positive net optical gain coefficient. The
aim of our preparation method is producing samples with a high optical quality
and of a high concentration of Si-ncs embedded in SiOs-based matrix, leading to
enhancement of the StE onset possibility. The net optical gain of prepared samples
will be measured by Variable Stripe Length (VSL) and Shifting Excitation Spot (SES)
methods under a pulsed nanosecond UV optical excitation. We will also propose a
model of involved recombination processes based on our results of the time-resolved
measurements of the photoluminiscence.

The diploma thesis is organized as follows. Chapter 2 presents an introductory
background of the luminescence in the bulk semiconductors, semiconductor nanocrys-
tals and of the optical gain in semiconductors. First part of chapter 3 covers in detail
the preparation technique of our Si-ncs/SiOs samples and the second part is devoted
to investigation of structural properties of these samples such as the mean core diame-
ter of Si-ncs and surface passivation. Chapter 4 and chapter 5 show our experimental
results measured on the Si-ncs/SiOy samples. In chapter 4 there are presented the
steady-state and time-integrated PL emission spectra. In chapter 5, the VSL and
SES methods are described. In the second part of chapter 5, experimental results
of the optical gain measurements on our Si-ncs/SiO, samples are presented together
with the proposed theoretical model of recombination processes. Finally, in chapter 6
we summarize the results and attempt to critically discuss prospects for lasing in
an ensemble of Si-ncs embedded in SiOy based matrix and present our plans for the

future.



Chapter 2

OPTICAL PROPERTIES OF
SEMICONDUCTORS

Silicon nanocrystals (Si-ncs) prepared by various methods are being intensively
studied for their good optical properties which strongly differ from those of bulk
silicon. The use of Si-ncs as an active material for lasing, however, still remain an
open question which motivated our work. The most important feature that Si-ncs
should exhibit (to be a suitable material for lasing) is the presence of a positive net
optical gain coefficient. For the positive net optical gain achievement, stimulated
emission (StE) onset and low optical losses are essential. To understand advantages
of Si-ncs compared to the bulk silicon, we describe in this chapter the main mechanism
of photoluminscence (PL) in both types of semiconductors and we present the main

differences in optical properties of the bulk silicon and Si-ncs samples.

2.1 Bulk Semiconductors

Mechanism of PL in bulk semiconductors can be described within the band model
of solid state [7]. In this model, electrons and holes are considered to be free quasi-
particles whereas the influence of the periodical potential of the crystal is included
in their efective masses m; and mj. The highest occupied energy band is called
valence band (VB) and the lowest unoccupied conduction band (CB), separated by
the energy gap F,. Scheme of the band diagram of the direct band gap semiconductor
is shown in Fig. 2.1(a). Under external excitation by photons with energy E > E,
(nonresonant excitation), electrons in the material can be excited from the valence
band to the higher states within the conduction band. Afterwards they quickly relax
to lower energy states of the CB, loosing their kinetic energy nonradiatively (due to
interaction with the lattice vibrations). Finally, they can recombine either radiatively

(emission of photon) after the mean lifetime 7, or non-radiatively after the mean



CHAPTER 2. OPTICAL PROPERTIES OF SEMICONDUCTORS 8

lifetime 7,,..
The probability of luminescence (radiative recombination) is described by an in-
ternal quantum efficiency 7; defined as

1/7.

VTS yE. 21)

i

Material is considered to be an efficient light emitter if the condition 7, < 7,,, is
fulfilled, i.e. if the radiative recombination processes are faster than the nonradiative
ones.

Semiconductors can be divided into two main groups according to the position
of the VB maxima and the CB minima in k-space. Semiconductors in which the
maximum of the VB is located at the same k as the minimum of the CB are called
direct band-gap semiconductors (Fig. 2.1(a)). Semiconductors in which the maximum
of the VB lies at different £ than the minimum of the CB are classified as indirect
band-gap semiconductors (Fig. 2.1(b)) (usually the CB minimum is at the edge of
Brioulline zone (B.Z.)). Bulk silicon belongs to the group of the indirect band-gap
semiconductors.

In optical transitions, momentum and energy conservation rules (among others)
must be fulfilled. The radiative recombination of the free electron with the free hole in
the direct band-gap semiconductors is a vertical transition, since the resulting photon
momentum is negligible. Photon emitted by the radiative transition has an energy
AN

h =E
Vet S T o

: (2.2)

where h = h/27 (h is the Planck constant) and fik, and hk;, are the electron and the
hole momentum, respectively.

Band-to-band recombination of an e-h pair in indirect semiconductors is accompa-
nied by the emission or absorption of the phonon to fulfill the momentum conservation
law. Energy of the emitted photon is
Rk Rk

_|_
2mt - 2my

e

hv = E, +

+ hw (2.3)

where w stands for a frequency of the phonon. The phonon assisted e-h pair recom-
bination is a simultaneous three particle process of very low probability. Therefore,
the non-radiative processes in indirect semiconductors are more probable than the
radiative ones (7, > 7,,). A more detailed discussion of the non-radiative processes
in the bulk silicon will be done in section 2.1.1.

In materials with large E, in quantum confined structures (such as silicon nanocrys-

tals) or at low temperatures, another important radiative channel appears, which is
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Figure 2.1: Scheme of the band diagram of the (a) direct band-gap and (b) indirect band-
gap semiconductor. VB and CB stands for valence and conduction energy band separated
by the energy gap E,.

the excitonic recombination. Exciton is a quasi-particle which consists of an elec-
tron and hole interacting via attractive Coulomb electrostatic interaction [8]. Several
types of excitons are known, however in most semiconductors we have the Wannier
type of excitons. Wannier’s exciton can be characterized by its large radius (distance
between the electron and the hole) which is typically of length equal to several lattice
constants. It is a neutral particle that carries energy but not electric charge and be-
haves as a free particle, if not trapped on defects or impurities. Solving the quantum
mechanical problem of the exciton is relatively simple if we use results for a Bohr’s
model of hydrogen atom, however, two important differences have to be considered.
Firstly, contrary to hydrogen, the effective masses of the electron and hole in the
semiconductor are comparable and very light. Secondly, electrostatic force between
the electron and hole is lowered by the dielectric constant € of the semiconductor
lattice. Both features make exciton less stable, compared to hydrogen atom. The

exciton radius r,, can be written as

nap , (2.4)

where m,. is reduced mass of the exciton defined by m% = n}L + m%i; n=123,..
stands for the main quantum number and ap ~ 5.1072 nm is the Bohr radius of
hydrogen atom. The typical values for the semiconductors are € ~ 10, m,./mg =~ 0.1,
i.e. the Wannier’s exciton radius r, is of the order of nanometers (r, = ~ 4.9 nm
in bulk silicon).

In a similar way, binding energy for different exciton quantum states can be eval-
uated

X _ my/mo En

(2.5)

2 p2’
where Fy = —13.6 eV is the binding energy of the electron in hydrogen atom. Exci-

tons in most of the bulk semiconductors are stable at low temperatures only because
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of their low binding energy (typically of the order of 10 meV). At higher tempera-
tures, on the other hand, the energy of phonons is sufficient to dissociate the exciton
to the free electron and free hole.

Overall energy of the free exciton with the momentum hK moving through the
direct band-gap semiconductor can be written for the ground state (n = 1) as
72 2

Eleg—Ef<+2m

: (2.6)

where m.,. = m}+m;j is total exciton mass. In the case of an indirect semiconductor,
the energy of the phonon +hw has to be added to the right side of Eq. 2.6. The
presence of the excitons in a direct band-gap semiconductor is manifested by the
exciton lines in the absorption spectrum at energies £, — E:X below the absorption
edge. The luminescence of free excitons, on the other hand, is a more complicated
process. In both, direct and indirect band-gap materials, radiative recombination
is accompanied by phonon emission, and in direct band-gap semiconductors also
polariton effects must be taken into account. The bound-excitonic luminiscence is
more probable especially in indirect semiconductors. The special case of bulk and

nanocrystalline silicon will be discussed in the following.

2.1.1 Optical properties of bulk crystalline silicon

Silicon is an indirect band-gap semiconductor with the maximum of the valence
band in the middle of the Brillouin zone (I' point) and with the minimum of the
conduction band close to the point X along the (001) direction [7]. The band-gap
energy is approximately 1.12 eV at room temperature.

Radiative recombination of the electron-hole pair is a phonon assisted transition
and the typical decay time of this process is of the order of miliseconds (7, ~ ms) [9].
The non-radiative processes, on the other hand, play an important role in the optical
transitions of the silicon and take place usually in a shorter time period (typically
~ns) after excitation. The internal quantum efficiency of the silicon, according to
Eq. 2.1, is of the order of 107% and therefore the luminiscence from the bulk silicon is
very weak. We will list the most important non-radiative processes occuring in bulk
silicon.

Electron can be captured on the defects and surface states of the lattice and then
non-radiatively recombine to the ground state. It depends on the sample quality which
can be controlled by the preparation technology and by the surface passivation.

Shockley-Read-Hall recombination can occur in semiconductors with deep local-
ized states in the forbidden energy gap, originating from impurities or defects. The

characteristic time of this process is of the order of microseconds.
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Auger recombination occurs by a transfer of energy and momentum released by
the recombination of the electron-hole pair to a third particle. The third particle can
be either the free electron in the CB (eeh process) or another free hole in the VB (ehh
process). The e~ and ht concentration rate equation under Auger mechanism for an
intrinsic semiconductor (n = p, where n and p is the electron and hole concentration

respectively) can be expressed as

dn 3
o =G Can’, (2.7)

where G is the rate of electron-hole pair generation and C4 is an Auger constant.
According to Eq. 2.7, the probability of the Auger recombination is dependent on
the third power of the free carrier concentration. Therefore it will be a dominant
process in higly excited or dopped semiconductors. The decay time of the Auger

recombination 74 can be defined as

1
— = CATLZ y (28)
TA

(in bulk silicon being of the order of hundreds of ps up to several ns). The Auger
recombination is influencing adversely the probability of stimulated emission (StE)
onset because is depletes the population inversion at high pumping densities.

Another important process, which can lead to the depopulation of the excited
states in bulk silicon and prevent the StE onset, is Free Carrier Absorption (FCA),
when the photons penetrating into the material can be absorbed by excited elec-
trons in CB, increasing their kinetic energy. Thus the population inversion build-up
process is damped by increased optical losses ay.;. Also the photon created by the
electron-hole radiative recombination inside the material can be reabsorbed by the
free carriers resulting in lowering the PL signal output intensity. According to the
Drude model, the FCA coefficient depends linearly on the concentration of free carri-
ers and quadratically on the wavelength of absorbed light as apca(\,n) oc 107180 \2.
It has approximately the same order of magnitude in both the direct and indirect
band-gap materials.

The coefficient of the overall optical losses is given by o (A) = apca(A) +a(A) +
K()\), where a(\) stands for the band-to-band absorption coefficient defined by the
Fermi golden rule and K'(\) are the losses caused by the light scattering.

Under relatively low external pumping fluency, the overall optical losses are of
the positive value, therefore the light intensity I(z, A) at the wavelength \ is lowered

while passing the infinetisimal distance dz in the material:

) = T I(xl, N (29)
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Integrating the previous equation along the optical path d we obtain the Beer-Lambert
law

I(d,\) = I1(0, \)e et (2.10)

Intensity of the light passing through the material in a ground state (au,; > 0) is
exponentialy decreasing. On the other, if the population inversion is achieved between
two energy states (under external pumping), then the StE onset can appear in the

material and o becomes negative. Optical gain coefficient is defined in such a case by
g(\) = —a(N) . (2.11)

If a condition |apca(A) + K(N)| < Ja(N)| A a(X) < 0 is fulfilled, than overall optical
losses in the material switch to negative values (o < 0) and light will be amplified

while passing through the material. The net gain coefficient is defined as follows
G()\) = _atot()\) . (212)

A necessary (but not sufficient) condition for lasing is therefore the presence of the
positive net optical gain in the material. To achieve the positive net optical gain
(the StE onset), high pumping and low optical losses are required. StE onset is
possible only if the threshold population inversion was established between two energy
levels. Thus non-radiative processes that are depleting the population inversion must
have longer mean lifetime than is the time needed for StE onset. Semiconductor

nanocrystals seems to be very promising material to achieve such optical properties.

2.2 Semiconductor nanocrystals

By decreasing the size of bulk semiconductor we obtain the semiconductor nanocrys-
tal with dimensions in nanometer scale. Nanocrystals have different optical proper-
ties from the bulk semiconductors due to the quantum confinement effect, based on
the spatial localization of the carriers within the nanocrystal. We can separate the
quantum confinement according to the relation between a diameter of the spherical
nanocrystal R, and a free exciton Bohr radius r, into a strong and weak confinement
regime.

In the weak confinement regime is R, > r, and the electrostatic force between
the electron and the hole is significant. The problem can be reduced to solving the
Schrodinger equation for an exciton confined in a spherical potential barrier.

In the strong confinement regime is R, < r, and the electrostatic electron-hole
interaction can be neglected, compared to their kinetic energy. The electron and hole
can be considered as independent particles with the effective masses and the basic

model of such a behaviour is the model of a particle in a quantum dot (QD).
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Model of a quantum dot

Kinetic energy of the electron or hole with the effective masses m} or mj in the
state nl in a quantum dot is [10]
20

Enl -
* 2 )
me,th

(2.13)

where Y, is the n-th root of the spherical Bessel function of the [-th order. Its value
for the lowest energy level (n =1, [ =0) is x10 = 7. If the quantum dot is prepared
from the semiconductor with the forbidden energy gap of width £, the lowest energy
of the optical transition (energy of the forbidden gap of the QD) is

2h27r2( 1 1 >

Ey“(R,) = By + ~

2.14
my  my ( )

The energy spectrum of the QD resembles atom-like discrete energy spectrum. Fur-
thermore, the energy gap gets larger with decreasing size of the nanocrystal (Eq. 2.14)
and therefore the wavelength of the emitted light from nanocrystal can be tuned with

its size. Scheme of the quantum dot for two different sizes of nanocrystal is sketched
in Fig. 2.2.

(@)™ B (b)7 T

E E'>E

@ R’<R

Figure 2.2: Scheme of the quantum dot model.

2.2.1 Silicon nanocrystals (Si-ncs)

Electronic spectrum of the Si-ncs consists of well separated atom-like energy
states whose separation rises with decreasing QD size. Furthermore, according to
the Eq. 2.14, as the size of a QD decreases, the band gap of the Si-ncs increases

due to the quantum confinement effect. Spectral blue-shift in luminescence is the
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result of this effect (see Fig. 2.3(a)). The emission spectra in Fig. 2.3(a) are inho-
mogeneously broadened because they are measured from an ensemble of Si-ncs with
broader size distribution. Fig. 2.3(b) shows the dependence of the band gap energy as
a function of the Si-ncs size Rg;_n.s that can be fitted with a curve given by equation

E, =116+ 11.8/R%_, . [11].

Si—ncs

6
& measured data
for silicon nanocrystals
> 5L —— fitted PL energy
‘@ for silicon nanocrystals
5 S‘ - - - PL energy for amorphous
= o 4t silicon QDs
g g
=}
3 ©
s 5
©
E m
o
=z Y |
e Ry 1 1 1 1 1 1
300 400 500 600 700 800 900 1000 1100 1 2 3 4 5 6 7
(a) Wavelength (nm) (b) Dot size (nm)

Figure 2.3: (a) Tuneability of the emission wavelength by varying the Si-ncs average size
in the non-ozxidized Si-ncs ensemble. (b) The confined band gap energy as a function of the
Si-ncs size. Both taken from [11].

CB
E
v
K <
hv
YW\
2
Ay\\m'
/VB ~

Figure 2.4: Quantum confinement effect in a semiconductor with indirect band-gap.
Quasi-direct transitions are possible.

Let us now discuss several mechanisms that increase the probability of radiative
recombination and intensity of photoluminiscence of Si-ncs, compared to bulk silicon.
The band-to-band absorption/gain coefficient at wavelength w in a low-dimensional

semiconductor structure can be derived from the Fermi golden rule as
a(w) ~ fcv(w)va(w) ) (2.15)

where J,,(w) is the joint density of states and f.,(w) stands for the oscillator strength
defined as

feu ~ (W glapc, (k)| W, ) (2.16)
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where \IJCJ; and \I/M,; stand for the electron and hole wavefunctions, respectively, and
apey, is the electrical dipole moment projection onto the photon polarization direction.
According to this, Si-ncs with smaller diameter will have higher ocillator strength
in comparison to bigger ones due to higher overlap of confined electron and hole
wavefunction. Therefore the probability of the radiative recombination is higher in
smaller nanocrystals leading to shorter radiative decay time in smaller Si-ncs.

Furthermore, from Heisenberg’s relation of uncertainty
ApAr = h/2 (2.17)

it follows that the strong confinement of the electron and hole wave function in real
space leads to a delocalization of the wave functions in the k-space (Fig. 2.4). Thus
the overlap of the wave functions of the electron and the hole in a nanocrystal (made
of an indirect band-gap semiconductor) is not negligible and quasi-direct (no-phonon
assisted) transitions can proceed. This effect significantly increases the efficiency of

luminescence of indirect band-gap nanocrystals, such as the Si-ncs.

2.2.1.1 Surface states in oxidized Si-ncs

It is well known that surface passivation of nanocrystals plays an important role in
the luminiscence because of the increased ratio of their surface to volume. According
to the type of passivation, the surface states can be diverse. In non-oxidized Si-
ncs passivated with hydrogen the emission mainly originates from the core-related
excitonic recombination, since no surface states are formed within the band gap [12].
The spectral blue-shift of the PL was observed with decreasing the nanocrystal size
in agreement with the predictions of quantum confinement effect.

On the other hand, in samples exposed to air (oxidized Si-ncs) the spectral red-
shift of the PL (compared to that in hydrogenated Si-ncs) was observed that is related
to the trapping of an electron (or both - electron and hole) by SiO double bonds
(Si=0) that produce localized levels within the band-gap of nanocrystals smaller
than approximately 3 nm (Fig. 2.5). These excitons are often interpreted as Self-
Trapped Excitons (STE), where the trapped electron state is a p-state localized on
the Si atom of the SiO double bond and the trapped hole state is a p-state localized
on the oxygen atom. Therefore trapping of the e-h pair leads to a spatial separation
of the carriers that, firstly, increases the time of the radiative recombination and
secondly, possibly decreases the probability of the Auger process [13]. A band digram
of the electronic states in oxidized Si-ncs as a function of the cluster size is shown
in Fig. 2.5. According to this figure, the dominant recombination processes depend

on the nanocrystal size as follows: above approximately 3 nm we have free exciton
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annihilation, for sizes between approximately 1.5 nm and 3 nm we have radiative
recombination involving free holes and electrons localized on the SiO bonds and for
sizes below approximately 1.5 nm we have radiative recombination of electrons and

holes, both localized on SiO bonds (trapped excitons).
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Figure 2.5: Flectronic states in Si-ncs as a function of the cluster size and surface pas-
swation. The red-lines represent the increasing gap energy. The blue-lines are related to
the trapped electron state (p-state localized on the Si atom of the SiO double bond) and the
trapped hole state (p-state localized on the oxygen atom). As taken from [12].

SiO (Si-O-Si ) normal bonds and SiOH (Si-O-H) bonds can be also formed on
the surface of Si-ncs. Si-Si or Si-O-Si bonds on the surface are likely to weaken or
break in many places because of the large stress at the Si-ncs/SiO interface [14].
Another important effect of surface passivation is the elimination of dangling bonds
(acting as a non-radiative channel of recombination) which results into a more efficient
luminiscence. Since the SiO double bond does not lead to large surface deformation,
it is more likely to be formed and stabilize the interface [15].

We can conlude that in the oxygen passivated Si-ncs, the main recombination
processes, beside the core-exciton recombination, are due to the surface/interface
oxygen-related states. Moreover, a four-level system involving surface states was
developed [16] that enhances the possibility of the StE onset under low pumping
densities in the oxidized Si-ncs. An interesting conclusion concerning the oxygen-
related states has been published also by Chen et al in [17], namely, the StE onset
in Si-ncs system might be an extrinsic property of the Si-ncs connected rather to the
oxygen-related states than to the intrinsic core-exciton recombination, which in other
words means that the Si-ncs perhaps must be oxidized in order to observe StE onset.

There exist various different methods of the surface passivation leading to different
confinement potentials and the Si-ncs interdot energy barrier. Another effect that may

occur due to the low Si-ncs surface potential is a ”hopping effect”. It is a diffusion of
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excitons (confined carriers) from one nanocrystal to another that causes an increase
of the times of the radiative and non-radiative recombination [18] and might be one of

the origins of the stretched exponential behaviour of the S-band luminiscence decay.

2.2.1.2 Non-radiative processes in Si-ncs

A very efficient non-radiative channel for electron-hole recombination in the Si-ncs
is the Auger effect. One would expect that the Auger effect efficiency should be even
higher in the Si-ncs (in comparison to the efficiency in the bulk silicon) due to the
spatial localization of the carriers. On the other hand, the atomic-like structure of
energy levels in the Si-ncs should hinder the Auger processes because of the reduced
availability of the final states satisfying energy conservation rule [19]. As a result,
Auger recombination can occur efficiently only with the participation of a phonon (as
a four-particle process) or with the involvement of the final state from the continuum
of states outside the QD (Auger ionization). The decay time of the Auger mechanism
in the small Si-ncs was established by Delerue et al. to be 74 ~ 1 ns [20].

The bulk semiconductor approach can be used for a simple model of the Auger
effect in the Si-ncs. Within this model [19], the decay time of the Auger recombination
is dependent on the size of the nanocrystal as 74 ~ R, .. It means that the
smaller the nanocrystal, the higher the probability of the Auger recombination will be.
However, the difference from the bulk silicon approach is that in the regime of a few
e-h pairs per dot (N) the recombination occurs as a sequence of quantized steps from
the N to N-1,N-2,... and finally to the 1 e-h pair state, every step of the recombination
being characterized by a different decay time constant 7. It holds that 7v < 7n_1
and N depends on the pumping intensity. Another difference from bulk is that the
Auger mechanism acts as soon as two e-h pairs are excited inside the nanocrystal
[19][21]. If the excitation intensity is higher than one e-h pair per Si-nc (multiple
excitation), all excess pairs will be lost in fast Auger recombination, and virtually
only the last remaining pair will contribute to the radiative recombination. Therefore
we can conclude that from a certain value of the pumping intensity, increasing the
pumping will not enhance the core-related emission from the Si-ncs but it will lead
to its saturation.

However, in the oxidized Si-ncs system, in which the emission is due to the sur-
face/interface related self-trapped excitonic recombination, the situation is different.
In self-trapped excitons (both the electron and the hole are trapped on the Si-ncs/SiO,
interface) the wave-functions of charge carriers are localized on a single covalent bond
and the carriers cannot interact efficiently with a third one, in order to recombine

through the Auger process [13]. Therefore the probability of the Auger mechanism is
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probably low even at higher excitation densities.

The second important non-radiative channel of recombination in the Si-ncs is the
Free Carrier Absorption (FCA) in confined systems called also the Confined Carriers
Absorption (CCA). The FCA absorption coeffiecient depends quadratically on the
wavelength as apca~MA? and therefore, in order to reduce optical losses, samples
prepared from smaller nanocrystals with spectrally blue-shifted emission are preferred
in comparison to the bigger ones. Lower probability of the FCA process leads to the
higher probability of the StE onset in such samples because the emitted photon is
not reabsorbed by the free carriers. Thus, the most important requirements imposed
on the prepared samples will be based on this knowledge.

The carriers trapping on deep Si-ncs surface states due to presence of the ”dan-
gling bonds” belong between less important non-radiative processes in oxidized Si-ncs
[22]. Dangling bonds correspond to coordination defects in which the silicon atom has
only three equivalent covalent bonds. The capture by neutral dangling bonds is much
faster than the radiative recombination, particularly at room temperature. There-
fore, a high-quality surface passivation is required in order to eliminate competing

nonradiative carrier relaxation pathways.

2.2.1.3 Necessary condition for stimulated emission in oxidized Si-ncs

As we have already mentioned, StE onset in the sample will cause an increase of
the light intensity passing through the sample and it becomes possible to observe the
positive optical gain i.e. the positive optical gain can be measured in the sample. If
we consider that all recombination processes take place in the sample after pulsed
excitation, a necessary condition for the StE onset based on the dynamics of these

processes can be written as follows
TECA, TA, Tsurf > Tsip = stimulated emission , (2.18)

This condition says that the StE build-up time 7,z has to be shorter than the
characteristic times of all possible non-radiative processes such as Auger recombina-
tion (74), FCA losses (Trca) and the surface trapping rate into the deep-trap states
as dangling bonds (7).

A four-level system has been introduced [23] to model quantitatively the recom-
bination dynamics under gain conditions. According to this model, it is possible to
define StE lifetime as

1 (RS"‘”“>3 L (2.19)

Tqtp = =T ,
SBT3 2 §ocnpy,
where Rg;_ncs is the Si-ncs diameter, ¢ is the Si-ncs volume fraction (the ratio of

the Si-ncs to SiOy volume), o is the gain cross-section, n,y, is the number of emitted
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photons and c is the light velocity. According to Eq. 2.19, the probability of the StE
onset can be controlled via the size and concentration of nanocrystals and via the
pumping density (n,).

The Auger decay time depends on Rg;_,.s and the free carrier concentration np¢c
(depends on the pumping density) as [23]

T ~ % ) (2.20)
nrc

Comparison of Eq. 2.19 and Eq. 2.20 poses a condition on the volume fraction &
because the dependence on the Rg;_,.s is similar in both equations. Moreover, the
decrease of 74 with shrinking Rg;_,.s ought to be slower compared to corresponding
decrease of 75, owing to shorter exciton lifetime in smaller Si-ncs. Therefore it follows
that samples containing high concentration of small nanocrystals are desirable. On
the other hand, based on empirical models [24] and our measurements, dependence
of the emission intensity on the Si-ncs concentration is not linear but it shows a
maximum for certain concentrations (in our samples at ~ 10 — 20 vol.% (Fig. 3.2 in
chapter 3)) and it saturates or decreases for higher concentrations (high concentration
of Si-ncs allows probably a strong reabsorption of emission by other nanocrystals).

Let us now conclude about the requirements imposed on our samples. The FCA
was discussed in the section 2.2.1.2 and the result of the discussion was that small
nanocrystals with blue-shifted emission are suitable for the sample preparation. Trap-
ping of electrons into the deep surface states is, due to a good surface passivation,
less probable than other non-radiative processes and therefore it can be neglected.
Finally, we can propose three conditions imposed on our samples in order to achieve
the optical gain.

Those are
e the small size of nanocrystals
e the high concentration of Si-ncs in SiOy matrix

e the spectrally blue-shifted emission.
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Chapter 3

PREPARATION AND
CHARACTERIZATION OF
Si-ncs/Si0, SAMPLES

3.1 Si-ncs/Si0, sample preparation technique

A method used for fabrication of Si-ncs/SiOs samples is based on the technique
introduced by V. Svrcek et al. in [25]. Tt presents a low cost way of incorporating Si-
ncs made by electrochemical etching of monocrystalline p-type Si wafers into a sol-gel
derived SiOs-based matrix. Commonly used methods such as SitT-ion implantation
or Plasma Enhanced Chemical Vapor Deposition produce samples with relatively
low density and/or a large Si-ncs mean core diameter in SiOs layers compared to
our samples. These samples, compared to the direct band-gap active semiconductor-
materials such as GaAs, show relatively low optical gain (e.g. one of the highest
net modal optical gain was published in [4]). Gain values are sample dependent and
affected by gain-like artifacts due to limited possibilities of optical gain measurement
technique (the Variable Stripe Length technique). It appears necessary to attempt
to meet the theoretical requirements imposed on the Si-ncs/SiOs samples in order to
achieve reproducable optical gain results.

Our method leads to samples that contain small oxidized silicon nanocrystals
with mean core diameter of 2-3 nm integrated at high densities (up to 20 vol.%) in an
SiOs-based matrix. The volume fraction of Si-ncs in an SiOs-based matrix has to be
chosen carefully as a compromise between high emission yield and high optical quality
required, for the optical gain measurements. The size of Si-ncs depends on etching
parameters and should be of small values as required for optical gain achievement. In

the end, we obtain sol-gel SiO, layers ”doped” with Si-ncs which meet the necessary
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theoretical presumptions for the positive optical gain. We will now discuss in detail
the preparation technique of three different types of our Si-ncs/SiO, samples. The

preparation technique is also well described in [26].

3.1.1 Preparation of Si-ncs by electrochemical etching

Silicon nanocrystals were prepared by a method of electrochemical etching of a

boron doped (p-type) silicon wafers. The experimental setup is sketched in Fig. 3.1(a).
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Figure 3.1: (a)(b) Sketch of the electrochemical etching setup, (c) the etching reaction
principle and (d) a sketch of the resulting pore structure of a porous silicon layer.

We put the wafer on the bottom of a teflon chamber filled with an acidic etching
bath. The silicon wafer is connected to the positive anode made from aluminium and
on the opposite side the negative Platinum (Pt) cathode is placed. The standard
etching solution is prepared from 50% hydro-fluorid acid HF mixed with pure ethanol
EtOH (99.96%). After applying an electrical field to the electrodes, the dissolution
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reaction of the Si wafer by HF acid starts to proceed according to the scheme
Si+ 2HF +xh*t — SiFy +2H" + (2 — x)e”
SiFy + 2HF — SiF4 + Hy
SiF, + 2HF — H,SiFg (3.1)

where e~ and h'* stand for free electrons and holes, respectively.

Using low current densities (<10 mA /cm™2), the Si wafer surface acquires a porous
structure as shown in Fig. 3.1(d). Among these pores, pillars with a mean size of
several nanometers containing Si-ncs are created. In order to obtain a homogeneous
distribution of pores/pillars over the whole surface, a homogeneous electrical field
within the etching chamber should be ensured. This is possible by covering the entire
area of the etched wafer with both electrodes. However, the top electrode must
be perforated to allow leaking of the Hy bubbles from the wafer surface (Eq. 3.1).
Another approach to get a homogeneous etching consists in fixing a Pt stripe on the
rim of the teflon chamber and assuring a continuous stirring of the etch bath.

The porosity of the surface (defined as a ratio of porous volume to the total vol-
ume) characterizes the size of Si pillars and therefore the size of the Si-ncs. The
diameter of Si pillars is limited from below by ~ 3 nm due to inhibited hole diffusion
into the fine pillars (Eq. 3.1). Our purpose was to lower the size limit of the Si-ncs
which can be achieved either by adding HoOs (hydrogen peroxide) to the standard
etching solution and/or by performing an additional post-etching process in HyOs
solution. H,O, works as a catalyzer of the reaction and leads to a production of
smaller Si-ncs with surface passivated by -OH groups (contrary to the samples pre-
pared without the HyO,, passivated dominantly by the double oxide bonds). The

oxidative effect of HyO, is given by the following scheme
2Si(OH), < Si(OH),-O-Si(OH), + H,0O (3.2)
where the second equation direction and velocity is driven by the water amount
involved in the reaction.
It was not a goal of this thesis to study different conditions in order to improve
the optical quality of prepared samples. Therefore, the parameters used during the

preparation process were based on knowledge of my collegues that can be found in

[26]. In the following, we will recapitulate the used etching parameters in detail.

Etching parameters

Si-ncs layer was prepared from Boron dopped p-type silicon wafers (crystalline ori-

entation (100) and the resistivity of 0.1 Q2cm). As an electrolyte we used the HF acid
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(50% in Ho0) diluted in pure EtOH (99.96%) and H20. of different concentrations.
Using this technique we prepared three various types of Si-ncs layer (their names are

based on the appearance of the Si-ncs layer under daylight):

e A "standard” Si-ncs sample was etched in a solution consisting of HF : EtOH
= 1: 2.5 (no HyO,) at a constant etching current density of 1.6 mA/cm? for

~ 2 hours.

e A 7yellow” type of Si-ncs layer was etched in a solution composed of
HF : EtOH : HyO4 (3% in water) = 1: 2.46 : 0.54 at a constant current density
of 2.3 mA/cm? for ~ 2 hours. Moreover, the freshly prepared Si-ncs layer
underwent a post-etching procedure during which the Si-ncs layer was dipped
in HyO, (3%) for 5 minutes.

e A "white” type of Si-ncs layer was electrochemically prepared by etching in the
solution of HF : EtOH : Hy04 (30% in water) = 1 : 2.85 : 0.15 at 2.3 mA /cm?
for ~ 2 hours. Immediately after, the Si-ncs layer was post-etched in HyO,
(30%) for 15 min. The post-etched layer had to age for a few days in stable

ambient conditions in order to develop bright photoluminiscence (PL).

The PL of various Si-ncs layers under UV lamp illumination is shown in Fig. 3.3(a).
In this thesis we focus our attention on samples prepared from ”yellow” and ”white”

Si-ncs layers. Their fabrication will be discussed now.

3.1.2 Preparation of Si-ncs/SiO, samples

The Si-ncs layer is scraped off the Si-wafer substrate into an Si-ncs powder. This
powder consists of relatively large clusters of mean size of ~ 1 um of agglomerated Si-
ncs that can be partially separated using ~ 1 hour ultrasonic treatment in pure EtOH.
Thereafter, the fine Si-ncs powder is dried and its PL under UV lamp irradiation is
shown in Fig. 3.3(b).

Finally, the dried Si-ncs powder is embedded into an SiOs sol-gel matrix using
the following procedure. The weighted amount of the powder (~ 2 mg) is mixed
with a Phosphorus doped SiO,-based sol-gel which is commercialy available as P509
Spin-On-Difusant (SOD P509 made by Filmtronics Inc. corporation). The advantage
of the presence of Phosphorus in the solution is twofold: (i) PL peak of the Si-ncs
within such matrix spectrally blue-shifts [27] and (ii) the emission yield increases due
to the passivation of the non-radiative centers such as dangling bonds on the Si-ncs
surface [28]. We have also found out that the presence of Phosphorus considerably

facilitates the formation of good optical quality self-supporting, transparent samples.
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Then the liquid mixture of Si-ncs and SOD P509 is poured into a spectroscopic
quartz cuvette (3.5 cm(height) x 1.0 em x 1.0 ¢cm) with polished faces and bottom,
and undergoes a further ultrasonic treatment for ~ 30 — 60 minutes to avoid larger
agglomeration of the Si-ncs. The solution starts to solidify after ~ 60 minutes in air
and therefore longer ultrasonic treatment might cause a damage to the forming solid
state matrix (cracks). The Si-ncs powder slowly sediment by itself at the bottom of
the cuvette where it forms the Si-ncs rich layer. To further increase the density of
Si-ncs within the layer, we apply an additional centrifuge treatment for few minutes
at 3000 revs per minute. As the last step, the samples are left to solidify for few days
in air under ambient conditions. Finally, we obtain a layer of densely packed Si-ncs
embedded in the SiOy-based matrix close to the cuvette bottom (Fig. 3.3(c)).

1.0

o o o
BN (] (0]
1 " 1 " 1 "

PL intensity [a.u.]

o
N
M T

©
o

0O 10 20 30 40 50 60 70
volume concentration of Si-nc in SiO2 [vol.%)]

Figure 3.2: The dependence of the sample PL intensity on the Si-ncs volume concentration
in the SiOy matriz. Taken from [26].

According to [26], if we define the volume fraction of Si-ncs in the SiOy matrix as
a ratio of the total Si-ncs volume and the Si-ncs rich layer volume, volume fraction
of Si-nes/SiO, sample with the highest PL intensity would be 10-20 vol.% (Fig. 3.2).
Further increasing of the Si-ncs volume fraction leads to the Si-ncs aggregation, low-
ering the sample homogenity and therefore the optical quality. Therefore most of our
samples were prepared with regards to this knowledge. We mixed ~ 2 mg of Si-ncs
with ~ 0.4 ml of SOD P509 and the thickness of the final Si-ncs-rich layer after com-
plete solidification was about ~ 50 pm, as measured by the micro-photoluminescence
spectroscopy (Fig. 3.3(d)). Due to the fluctuations in the Si-ncs rich layer thickness,

it does not exhibit any waveguiding effects.
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Figure 3.3: (a) Si-ncs layer on silicon wafer, (b) dried Si-ncs powder and (c) final Si-
nes/Si0y samples in quartz cuvettes under UV illumination. (d) Micro-PL image of the
Si-nes layer on the bottom of the cuvette. Taken from [26].

3.2 Si-ncs/Si0O, samples characterization

Let us now present basic structural properties of our samples, as measured with
several methods. Influence of the HyO5 in the etching process was examined using
the Fourier Transform Infrared spectroscopy (FTIR). Fig. 3.4 shows the comparison
of FTIR absorption spectra of the "standard” and ”yellow” Si-ncs powders. For both
types, peaks at 792, 1050 and 1160 cm ™! are visible, related to the Si-O-Si vibration
modes. On the other hand, in the FTIR absorption spectra of the ”yellow” Si-ncs type
higher signals at 870 and 945 cm ™! appeared, related to the Si-OH bond vibration. A
peak at 3310 cm™! could be related to remanent water originating from the reaction
of Si and HyO, (Eq. 3.2).
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Figure 3.4: The "standard” and "yellow” Si-ncs/SiOy sample absorption spectra obtained
by FTIR measurement. Taken from [26].

The average size of the nanocrystals in the Si-ncs ”yellow” powder was estimated

from the High-Resolution Transmission-Electron-Microscopy (HRTEM) measurement
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(JEOL JEM-3010 HRTEM, UACH AVCR, Dr. Bakardjieva, see Fig. 3.5(a)). If we
assume the size distribution profile to be of a Gaussian shape, the mean core size of
Si-ncs will be of ~ 2.69 nm with the FWHM of ~ 0.86 nm. Another scan of this type
of Si-ncs can be found in [29] revealing small Si-ncs of sizes between 2-3 nm.

This value is in good agreement with the value estimated from the measurements
of Raman spectra. In Fig. 3.5(b) we plotted the Raman spectra of the "standard” and
7yellow” Si-nes/SiOp sample, compared to that of bulk silicon as a reference. From
the peak shift of the "yellow” and "standard” sample compared to the bulk silicon
peak, the mean Si-ncs diameter of ~ 2.5 nm and ~ 3.4 nm can be identified for the
7yellow” and ”standard” Si-ncs/SiO sample, respectively. This technique exploits
the phonon confinement effects [30]. According to this, etching procedure involving
the HyO4 leads to smaller nanocrystals. The size of the ”white” Si-ncs was studied
in [31] by the Atomic Force Microscopy (AFM). Si-ncs powder was adsorbed on the
HOPG (Highly Oriented Pyrolitic Graphite) substrate and the AFM topography scan

clearly resolved particles sized between of 1-2 nm.
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Figure 3.5: (a) Average size of the "yellow” Si-ncs powder (left) estimated from the
HRTEM scan (right). (b) Normalized Raman spectra (full lines) of the (1) ”standard” and
(2) "yellow” Si-ncs/SiOy sample and (3) the reference crystalline silicon wafer. Data are
fitted with two Gaussian curves (dashed lines) whereas the sharp peak position is (1) at
517.5 cm™' with FWHM of 13.7 em™' , (2) at 515.1 cm™' with FWHM of 12.8 em™! and
(8) at 521 cm™' with FWHM of 5.3 cm™'. Taken from [26].

Conclusion

Preparation technique described in this chapter and used for preparation of our
samples is relatively simple compared to other methods such as Sit-ion implanta-
tion or Plasma Enhanced Chemical Vapor Deposition. Its low price and relatively

arbitrary Si-ncs concentration within the SiO, layer represent additional advantages.
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High Si-ncs concentration is desirable in order to prepare samples with high optical
gain. However, as we have mentioned above, high concentration may cause Si-ncs ag-
glomeration in the SiO, based sol-gel matrix. Therefore, the main goal for the future
is the optical quality improvement. The mean core diameter of the ”yellow” Si-ncs
was estimated by HRTEM and Raman spectroscopy to be of 2-3 nm, the ”white”
Si-ncs appears to be even smaller, below 2 nm in diameter. The surface passivation
of the HyO4 treated Si-ncs was found by FTIR spectroscopy to be to a certain degree
due to a single bonded oxygen such as -OH.
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Chapter 4

LIGHT EMISSION FROM
Si-ncs/Si0, SAMPLES

In order to determine the basic optical properties, we studied the light emission
from our samples. In particular, we investigated the time-resolved and steady-state
photoluminiscence (PL) emission spectra of several types of the Si-ncs/SiOy samples,

prepared from the ”yellow” and ”white” Si-ncs powders.

4.1 Steady-state PL emission spectra

Essential characterization of our samples can be obtained from the PL emission
spectra under continuous wave (CW) excitation. PL was excited at room temperature
using a HeCd laser (at 325 nm) and detected by a spectrograph JOBIN YVON
coupled to an Andor CCD. PL spectra were corrected for the spectral response of
the detection system by calibrated tungsten halogen lamp Oriel. PL emission spectra
of the "white” and "yellow” Si-ncs/SiO9 samples and the pure SiO,-based matrix are
plotted in Fig. 4.1. For comparison we show in the same figure PL spectra of two
reference samples - the ”standard” Si-ncs/SiO5 sample (prepared without use of HyO5)
and the sample prepared by Sit-ion implantation into an infrasil plate (implantation
fluence of 6.10'7 ions/cm?). Two emission bands can be easily distinguished in both
the "white” and "yellow” sample: a blue PL band with a fast decay (the decay
will be discussed in detail in the following subsections) of the order of ns (the so-
called F-band, abbreviated from the ”fast” emission band, peaking at 430 nm) and
a yellow-orange PL band with a characteristic decay time of the order of us (the so-
called S-band, abbreviated from the ”slow” emission band, peaking above 600 nm).
The F-band of the ”white” sample is more intense, compared to that of the ”yellow”

one. Furthermore, the S-band of the "white” sample is spectrally blue-shifted and
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narrower with respect to the spectra of the ”"yellow” and other samples. These two

2

different features of the ”"white” Si-ncs/SiOy sample PL spectrum can be due to a
higher passivation degree of the ”"white” Si-ncs surface by -OH groups (due to the
intense HyO4 etching procedure) and/or due to a smaller Si-ncs core diameter. The
"standard” sample does not exhibit a significant F-band contribution. We must notice
that the SiOs-based matrix itself exhibits a fast blue emission band at ~ 430 nm,
very similar to the F-band in our Si-ncs powders (i.e. with no SiOs-based matrix)
as can be seen e.g. in [29] and [31]. Therefore, we assume that the F-band observed
in the Si-ncs/SiOy samples originates from both - the SiOs-based matrix itself and
the Si-ncs embedded within the matrix. The PL (S-band) of the Si*-ion implanted
infrasil sample peaks at longer wavelengths ~ 780 nm,probably due to a larger mean
Si-ncs core diameter and/or due to a different Si-ncs surface passivation.

In the following we will concentrate on the comparison of time-resolved PL emis-

sion spectra from the ”yellow” and ”white” Si-ncs/SiO2 samples only.

pure SiO, matrix
— "standard" Si-ncs/SiO,

|/ "yellow" Si-ncs/SiO,
- S-band 7\ |/ "white" Si-ncs/SiO,

Si* implanted infrasil
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Figure 4.1: Normalized CW PL emission spectra of the pure SiOs-based matriz, the

2

"white” and "yellow” Si-ncs/SiOy samples and the two reference samples - the ”standar
Si-ncs/SiOy sample and the Sit-implanted infrasil plate.

4.2 Time-resolved PL emission spectra

To understand the dynamics of optical processes taking place in our samples, we
studied the time-resolved PL emission spectra with a nanosecond resolution. The
decay time of the Si-ncs PL under ns resolution reveals two main components - the
"fast” one, decreasing in the nanosecond scale (F-band), and the ”slow” one, de-

creasing in the microsecond scale (S-band). These two contributions are spectrally
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identical with the F-band and the S-band, observed in the CW PL emission spectra.
The time-resolved measurements make it possible to study in detail these two com-
ponents separately. Their origin is still under debate and later on we will propose
a possible model of recombination in our Si-ncs/SiOs samples. In this section, we
present a comparison of the time-resolved spectra of the ”yellow” and ”white” Si-
ncs/SiOy samples, measured with various detection gate delays at room temperature.
As an excitation wavelength, a 3rd harmonic of Nd:YAG laser (355 nm) was used.
The UV excitation was pulsed with the repetition rate of 10 Hz and pulse duration
of 8 ns. The output signal from the sample was collected by an optical fibre coupled
to an Andor Shamrock SR163i imaging spectrograph. Signal was detected with an
Andor iStar iCCD camera (cooled to -30°C) with the time resolution of 5 ns. PL

spectra were corrected for the spectral response of the detection system.

4.2.1 F-band PL emission spectra

In this section we focuse our attention on the time-resolved emission spectra of
the F-band, detected using the detection gate width of 5 ns, shifted by the gate step
of 1 ns. The CCD detector was pre-triggered in order to measure the signal onset.
The gate delay is taken with respect to the pre-triggered time value up to 25 ns.

Y

The time-resolved F-band spectra of the "yellow” Si-ncs/SiOy sample are pre-
sented in Fig. 4.2. The plot shows the detailed PL emission spectra development in
time, including the signal onset. The output intensity reaches its maximum value for

the gate delay of 10 ns.
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Figure 4.2: Time-resolved F-band spectra of the "yellow” Si-ncs/SiOy sample measured
with the detection gate width of 5 ns and the gate delay step of 1 ns.

A similar time-resolved PL emission spectra study was measured on the F-band

of the "white” Si-ncs/SiO, sample. Measured spectra appear to be very similar to
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Figure 4.3: Time-resolved F-band spectra of the “white” Si-ncs/SiOs sample measured
with the detection gate width of 5 ns and the gate delay step of 1 ns.

the spectra obtained from the "yellow” Si-ncs/SiOy sample (Fig. 4.3).

The comparison of the 2D map of the normalized F-band spectra of the ”yellow”
and "white” samples is shown in Fig. 4.4. The peak maximum shifts with increasing
time delay towards shorter wavelengths. For the gate delay between 0-8 ns the
emission peaks at ~ 500 nm and for the gate delay above 10 ns peaks at ~ 430 nm.
Such a detailed study of the F-band PL spectra development is necessary in order to

specify the detection gate parameters for the F-band optical gain measurements.
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Figure 4.4: 2D map of normalized time-resolved F-band emission spectra of the "yellow”
(left panel) and "white” (right panel) Si-ncs/SiOy samples.

It seems that the F-band spectral position does not depend on the way of how the
Si-ncs are fabricated (etching parameters) and is presumably related to the interface

between the core of the Si-ncs and SiOy matrix or the SiOy matrix itself [32] (discus-
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sion in the previous section). Another interpretation lies within the emission related
to the small Si-ncs with the core diameter less than 1 nm [31][33][34].

4.2.2 S-band PL emission spectra

Let us now discuss the results measured on the S-band PL emission component
in the ”yellow” and ”white” Si-ncs/SiO samples. Detection parameters, used for the
S-band measurement, are as follows: the gate width of 1 us shifted from the zero
delay with respect to pre-triggered time value up to 40 or 50 us by the step of 1 us.

Time-resolved PL emission spectra of the ”yellow” Si-ncs/SiOy sample are plotted
in Figs. 4.5(a,b). Within the detection window of 0 - 1 us, coincident with the
excitation laser pulse, the F-band at 435 nm dominates, fading away for the longer
times (Fig. 4.5(a)). In order to study the S-band contribution separately, we omitted
the detection window of 0-1 us and plotted the S-band time-resolved PL emission
spectra separately in Fig. 4.5(b). The emission peaks at 590 nm within the detection
window of 1-2 us and shifts with the gate delay towards longer wavelengths.

The decay time 7 and coefficient 3 at different emission wavelengths in Fig. 4.5(d)
were derived from the measurements in Figs. 4.5(a,b), using stretched exponential
law

I(At) = I(A\)oe™ ) (4.1)
where 0 < 3 <1 (see Fig. 4.5(c)).

We will now describe a method used for fitting the measured data of the output
intensity as a function of time in order to obtain the decay time 7 and the coefficient
(. Let us assume that we have measured the dependence of intensity on time for a

certain wavelength (), t). By taking a logarithm of Eq. 4.1, we get

n ()= () w

If we put y = — ln(%) and take the the decadical logarithm of Eq. 4.2, we get

logy = Blogt — GlogT . (4.3)

We derived a linear equation Y = a X + b with slope a, equal to the coefficient 3, and
the intercept b = —flog 7 from which the decay time can be derived. Using this pro-
cedure, the measured data are processed step-by-step by plotting the dependence of
- ln(%) as a function of the delay time ¢ in a log-log scale. Such an analysis increases
the accuracy of the coefficient § determination, since we fit the linear function only.
This coefficient can be used as a fixed parameter for the further fitting of the decay
time 7 from the original data using the stretched exponential law (Eq. 4.1), or the

decay time 7 can be determined directly from the intercept b.
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Figure 4.5: (a) Time-resolved S-band spectra (except the first left top curve) of the "yel-
low” Si-ncs/Si0s sample measured with the gate width and step of 1 us ((b) is detail from
(a)). (c) Stretched-exponential PL decay at fized detection wavelengths. (d) Decay time T
and coefficient 3 at different emission wavelengths.

Very similar time-resolved PL emission spectra were obtained for the ”white” Si-
ncs/Si0y sample (Fig. 4.6) using the same experimental setup. The PL signal decay
can be fitted using the stretched-exponential rule but in this case it is very hard to
separate the F-band component from the S-band component in the detection window
coincident with the laser pulse. However, our estimates reveal a very similar decay
time 7 and coefficient 5 as in the ”yellow” Si-ncs/SiO, sample.

The S-band maximum of the "white” Si-ncs/SiOs sample shifts with time from
~ 560 nm for the gate delay of 1 us towards longer wavelenghts (Fig. 4.6(b)). The 2D
map of normalized time-resolved PL emission spectra of the S-band in the ”yellow”
and ”white” Si-ncs/SiO9 sample is shown in Fig. 4.7. The spectral red-shift with the
delay time is significant in both samples, the S-band of the "white” sample as a whole
is spectrally blue-shifted with respect to the ”yellow” one. This observation is in the

agreement with our observations in the steady-state PL emission spectra.
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Figure 4.6: (a) Time-resolved S-band spectra of the "white” Si-ncs/SiO2 sample measured
with the gate width and the gate delay step of 1 us. (b) Detail from (a).
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Figure 4.7: 2D map of normalized time-resolved S-band emission spectra of the "yellow”
(left panel) and "white” (right panel) Si-ncs/SiOy samples.

4.2.3 Comparison of the F-band and S-band components

Finally we present a comparison of the F-band and S-band components in the time-
resolved PL emission spectra 2D map for both the "yellow” (Fig. 4.8) and ”white”
(Fig. 4.9) Si-ncs/SiO, samples. The F-band component development with increasing
delay time (including the signal onset) is displayed on the left panel of the figures and
reveals a blue-shift of the peak with the delay time. On the contrary, the right panel
with the S-band component exhibits spectral red-shift with increasing delay time,
which can be interpreted in terms of reabsorption of light emitted by smaller Si-ncs
by the larger ones, emitting at longer wavelengths. Another possible interpretation
may be due to a higher oscillator strength in smaller Si-ncs (Eq. 2.16), leading to a
shorter radiative decay. As the inhomogeneous broadening of the S-band peak may

be partially attributed to the wide Si-ncs size distribution, the smaller nanocrystals
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Figure 4.8: Time-resolved PL spectra of the "yellow” Si-ncs/SiOs sample. (Left) - the
F-band spectra (the gate width of 5 ns and the gate delay step of 1 ns). (Right) - the S-band
spectra (the gate width and the gate delay step of 1 us).
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Figure 4.9: Time-resolved PL spectra of the "white” Si-ncs/SiOy sample. (Left) - the
F-band spectra (the gate width of 5 ns and the gate delay step of 1 ns). (Right) - the S-band
spectra (the gate width and the gate delay step of 1 us).

emitting with a shorter wavelengths may decay faster than those with the larger core
diameter.

Investigation of the time-resolved PL emission spectra of the Si-ncs/SiO, samples
provides an important information about their optical properties. Let us now com-
pare the integrated F-band and S-band components of the two investigated types of
samples separately.

The PL emission spectra of the ”yellow” Si-ncs/SiOy sample integrated with the
gate width of 10 ns for two different gate delays are shown in Fig. 4.10. PL spectrum
measured with the detection gate window of 0 - 10 ns, coincident with the laser
pulse (black curve), peaks at 460 - 500 nm ("green”-band in the following). We

assume that the energy states inside the Si-ncs (core-related states) are involved in
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this recombination process. PL spectrum measured with the detection gate window of
10 - 20 ns, i.e. delayed from the excitation pulse by 10 ns (red curve), is located at 400
- 435 nm (F-band). Its origin is usually interpreted as due either to recombinations in
some structural defects in the Si-ncs oxide shell [32] and/or due to intrinsic emission
from small Si-ncs (~ 1 nm core diameter)[31][33][34]. Similar behaviour was observed
also in the ”"white” Si-ncs/SiO, sample.

Comparison of the PL emission spectra of the "yellow” and ”white” Si-ncs/SiOq
measured with the detection window of 0-10 ns coincident with excitation pulse
("green”-band) is plotted in Fig. 4.11. The "green” emission from the ”white” sample
is spectrally blue-shifted compared to the PL emission band of the ”yellow” sample.
The ”"white” sample consists of smaller Si-ncs than the ”yellow” one due to the dif-

ferent etching parameters used during the samples preparation.
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Figure 4.10: PL spectra of the "yellow” Si-ncs/SiOy sample integrated over 10 ns gate
width with the zero delay (0-10 ns) (black-line) and the delay of 10 ns (10-20 ns) (red-line).

Let us now discuss the F-band in the "yellow” and ”white” type of Si-ncs/SiOq
samples, detected within the first 50 ns after excitation (Fig. 4.12) since the F-band
fades away within tens of ns Si-ncs/SiOs. The PL spectra peak at ~ 430 - 470 nm
and are similar in both studied samples.

Possibilities of the optical amplification within the F-band, due to its attractive
features such as high emission intensity and fast decay, will be investigated in chapter
5, dealing with the optical gain measurements.

The PL emission spectra of the S-band component were measured with a 200 ns
gate delay with respect to the excitation pulse (to avoid the F-band component) and
gate width of 100 us. Comparison of the S-band spectra of the ”yellow” and ”white”
Si-ncs/Si09 samples is shown in Fig. 4.13. The PL emission band of the ”white”
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Figure 4.11: Time-integrated PL spectra of the "yellow” (black-line) and "white” (red-

line) Si-ncs/SiOy samples. Both curves represent signal integrated within the gate width of
10 ns measured in coincidence with the excitation pulse (a ”green” emission band).
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Figure 4.12: Normalized F-band emission spectra of the "yellow” (black-line) and "white”
(red-line) Si-ncs/SiOy samples. Signal was detected with the gate width of 50 ns, coincident
with the laser pulse.

sample peaks at 580 - 615 nm and is slightly spectrally blue-shifted with respect to
the emission band of the ”yellow” sample which peaks at 600 - 635 nm. This can
be due to the presence of smaller Si-ncs within the ”white” sample, compared to the
7yellow” one and/or due to a different surface passivation, as we discussed in the
previous sections.

Finally, in Fig. 4.14 we present the PL emission spectra of the ”yellow” and
”white” Si-ncs/SiOy sample integrated with the gate width of 100 us with no gate
delay. These PL emission spectra appears to be similar to that excited by CW laser
(Fig. 4.1). The main difference between the integrated PL spectra of the ”yellow”
and "white” samples in Fig. 4.14 are (i) the blue-shifted S-band and (ii) stronger
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Figure 4.13: Normalized S-band emission spectra of the “yellow” (black curve) and

"white” (red curve) Si-nes/SiOy samples. Signal was detected with the gate delay of 200 ns
and the gate width of 100 ps.
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Figure 4.14: Normalized PL emission spectra of the “yellow” (black-line) and "white”
(red-line) Si-ncs/Si0Oy samples. Signal was detected with the gate width of 100 s and no
delay with respect to the excitation pulse.

signal from the F-band in the "white” sample, compared to the "yellow” one. This
may be due to a different Si-ncs core size distributions and/or differencies in Si-ncs
surface passivation (as follows from the theoretical calculations by Puzder et al. in
[35], especially the higher degree of passivation by -OH group may lead to the S-band
spectral blue-shift beyond the spectral limit presented by Wolkin et al. [36]).

With respect to our results presented in this chapter we will study the optical gain
of the F-band and S-band emission components separately. The results are discussed

in the next chapter.
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Chapter 5

OPTICAL GAIN IN Si-ncs/SiO-
SAMPLES

Positive value of the optical gain is one of the most relevant prerequisites for an
active optoelectronic material. Another important parameter, necessary for the StE
onset, is a high optical quality (low losses by light scattering in the sample). In this
chapter we will present a method for measuring the optical gain in semiconductors
called Variable Stripe Length (VSL) technique, proposed in 1971 by K.L. Shaklee
[37]. This technique has several limitations, such as low optical gain coefficient that
we expect to have in our samples. That is the reason why the VSL results have to be
compared with results measured by a complimentary Shifting Excitation Spot (SES)
technique as proposed by Valenta et al. in [38][39].

5.1 Variable Stripe Length (VSL) Technique

The VSL technique is a kind of degenerated "Pump and Probe” method where
the ”Probe” beam is substituted by a spontaneous emission in the sample. Therefore
it can be used only in samples with strong luminiscence at studied wavelength. As
a source of the "Pump” beam should be used a laser possessing a rectangular beam
cross section in order to assure a homogeneous excitation density distribution over
the whole stripe length [. An appropriate laser system from this point of view is
either an excimer or Na-laser. It is possible to use also a Gaussian laser beam profile
(e.g Nd:YAG as a laser source), however, one has to ensure its homogenity along the
excitation stripe length [38] by e.g. utilising the combination of a beam expander and
a rectangular slit.

In this method a sample is excited with a homogeneous narrow excitation stripe

made of a laser beam focused by a cylindrical lens onto the sample surface. Instead of
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creating the excitation stripe by a cylindrical lens directly on the sample surface, it is
more appropriate to place a set of two additional spherical lens between the cylindrical
lens and the sample (a double projection system). Using the double projection system
has great advantages if its magnification ratio M is less than unity. In such a case, the
accuracy of the stripe length determination increases and the inevitable diffraction
effects of the excitation beam on the adjustable slit jaws are minimized [23].

The VSL experimental setup is sketched in Fig. 5.1. The excitation stripe works
as an optical pump of the sample and it can build-up a population inversion in
the illuminated area. The spontaneous emission from the excited area is emitted
randomly in all directions but only the part of it, emitted in the stripe axis direction,
can be amplified by stimulated emission. The Amplified Spontaneous Emission (ASE)
Iy gy is detected from the edge of the sample as a function of the excitation stripe
length [ (being changed by the adjustable (moving) screen). The detection system
is placed along the axis of the excitation stripe and the light is collected either by a

spherical lens or an optical fibre and focused onto the spectrograph slit.

+— collecting lens

excitation

Figure 5.1: A sketch of the VSL experimental technique (for the sake of simplicity the
double projection system is omitted).

Let us now theoretically describe an one-dimensional (1D) VSL model, used for
the description of the VSL signal. In order to meet the 1D requirement we assume
that the excitation stripe width w is infinitely small (w < ). The net gain coefficient
G(A) is defined as a relative change of the light intensity I(x,\) at a wavelength A

passing an infinitesimal distance dx

60 = oy =9I K (5.1

where K stands for the optical losses caused by light scattering and g(\) is a gain

coefficient equal to negative band-to-band absorption coefficient a(\). We assume
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that g(\) does not depend on the position z along the stripe (homogeneous sample)
and that the excitation beam profile is homogeneous. The total change of the detected
intensity when increasing the stripe length by dx is given as a sum of spontaneous
emission Ig,p(A) and the amplified spontanous emission (ASE) caused by the StE
onset

dIVSL(LU, )\) = G()\)IVSL(.’L’,)\)dw—i-ISpEdSC (52)

where Ig,5(A\) and the coupling of emission to the detector is constant along the
excitation stripe (independent of position x). By solving the previous equation we
obtain the classical 1D VSL equation for the measured ASE signal Iy g7, as a function

of the stripe length [
eG()\)l -1

G(A)
By fitting the measured ASE signal Iy g7, with Eq. 5.3 we can evaluate the net gain

Tvsi(L,A) = Ispe(N) (5.3)

coefficient G(\) at a specific wavelength. Eq. 5.3 does not describe the situation for
longer excitation stripe lengths [, when saturation of the VSL signal occurs, therefore
this formula can be used for shorter excitation stripe lengths only. More complex
spectrally resolved analysis involves measurements of Iysr(l,\) and Iys (20, A) at
two stripe lengths [ and 2[. From Eq. 5.3 we can derive an analytic expression for the

gain spectrum G(\)
ln(IVSL(2lv/\) _ 1)

G(\) = IVSL(;’” . (5.4)

The use of this model is limited to higher optical gain coefficient, however, in materials

with lower optical gain, the VSL signal can be accompanied with several artifacts
which can act like a positive optical gain. Therefore the Shifting Excitation Spot
(SES) technique is used as an additional measurement to get rid of some of these
artifacts. In the following section we will discuss the limitations of the VSL in low
optical gain materials, such as in our samples of the Si-ncs embedded in the SiO,-

based matrix.

5.1.1 VSL limitations and artifacts in low-gain materials

The low gain limit of the VSL method is given by a condition GI < 1. In this case
we can simplify Eq. 5.3 into Iys(l,\) = I ,g(A)l, which means that the detected
signal is independent of the gain value. In such a case we are not able to decide
whether the StE onset appeared and we can not derive the net gain coefficient solely
from the VSL measurements. Furthermore, in low gain materials, it is usually difficult
to distinguish several unwanted effects (artifacts) from the real gain, which can lead

to misinterpretation of the measured data. To avoid these artifacts we have to ensure
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the validity of the 1D VSL theoretical model and therefore several conditions must
be fulfilled [38].

Firstly, the excitation intensity over the whole VSL excitation stripe length has
to be constant. As we have already mentioned, it means that the laser beam profile
must be homogeneous. Even if we use such an ideal beam profile, inevitable Fresnel
diffraction occurs at the edges of the movable slit and creates interference fringes in
the VSL stripe profile [23] (Fig. 5.2). Due to that, in the measured VSL signal, an
abrupt increase of the signal appears, which might be interpreted by accident as a
positive optical gain and must not be included in further data processing. The stripe
width has to be minimized in order to prevent internal reflections within the excited
area and fulfill the 1-dimensionality of the stripe, required by the model. The stripe
width can be controlled by using double projection system with magnification below
one and placing the sample precisely into the focal plane of the laser beam. In our
measurements, the usual width of the VSL excitation stripe is below 30 um which

appears to be fully sufficient.
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Figure 5.2: Diffraction effect at the edges of the movable slit.

Secondly, the conditions imposed on the sample are homogenity and planarity of
the Si-ncs -rich layer. Besides that, the sample has to be placed perpendicularly to
the pumping beam.

Third very important requirement for the adequate performing of the VSL method
is the constant coupling of the light emitted from the sample (ASE) to the detection
system, i.e. the coupling efficiency must not depend on the length of the excitation
stripe. When the focal plane of the detection lens is not at the edge of the sample but

inside the sample, coupling efficiency exhibits a maximum for a certain stripe length,
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coincident with the position of the focal plane of the detection lens. This may result in
a false-gain increase in the measured signal. The effect of the non-constant coupling
can be revealed by the SES technique (see the next paragraph). In our experimental
setup we use (instead of lens) an optical fibre for the light collection from the edge
of the sample, coupled to the spectrograph with the CCD camera. The optical fibre
helps us to detect the signal output from the sample edge with a spatial resolution
(i.e. we do not detect signal scattered in the sample).

Finally, the waveguiding effects might occur due to the change in refractive index
(nonlinear effects) when using high pump densities. These effects are not included
in the 1D VSL model and they might also cause a gain-like increase in the detected

signal.

5.2 Shifting Exctitation Spot (SES) Technique

Let us now describe the SES technique which is a complementary method to
the VSL technique that will help us to reveal the gain-like artifacts mentioned in
the previous paragraph. It should be used for low-gain materials characterization in
conjunction with the VSL to prove the StE onset in the sample. The SES experimental
setup is very similar to the VSL one, only the moving screen is replaced by a narrow

moving slit which forms only a small excitation spot on the surface of the sample

(Fig. 5.3).

sample

moving
slit o ,
Alindrical  SIgNAl
lens

excitation

Figure 5.3: The sketch of the SES experimental setup (for the sake of simplicity the double
projection system is omitted).

The excitation spot shifts along the ”x” axis in the same place as the VSL excita-

tion stripe (to avoid the sample inhomogenity influence). The excited area has be to

small enough in order to prevent the StE onset. Then light emitted from the excited
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area will be attenuated when passing through the unexcited part of the sample and

the SES signal Iggs detected at the edge of the sample follows the Beer-Lambert law
Isps(x,\) = Igpp(N)e et (5.5)

where «y,; stands for the total optical losses in the material caused by band-to-band
absorption and light scattering (as in the VSL) and parameter x is the position of the
spot in the sample measured from the sample edge (z € (0,1), [ is the length of the
?virtual” stripe). This relation holds only when any artifacts and parasitic effects do
not appear in the detected signal.

On the other hand, the fluctuations of the SES signal prove the presence of un-
wanted artifacts. Important is that the SES signal includes the same artifacts as the
VSL signal, except the StE effect. Therefore, comparison of an integrated SES sig-
nal over the stripe length [ (fol Isgs(z, A)dz) with the detected VSL signal Iygr (I, A)

suggests three possibilities of the sample behaviour:
o Iysi(l,\) = fol Isgps(z, A)dz - no StE is present in the sample.

o Iysr(l,\) < fol Isps(x, \)dx - saturation of the VSL signal due to high pumping

densities or induced absorption occurence.

o Iysr(l,\) > fol Isps(x, N)dz - the evidence of the stimulated emission onset in

the sample.

The last condition can be expressed using Eq. 5.3 and Eq. 5.5 as

6G()\)l -1 1— S*Oétot(/\)l
Ispp(N)———— > Ispr(A
spa(A) a0y spe(A) EN
We can define a difference A(A, 1) between the VSL and integrated SES (intSES)

curve as

(5.6)

G\ _ 1 1 — eatot(/\)l>
G()\) atot(A)

In the end of this section, let us to propose a formula that can be used for the

AL = Ispp (V) (5 (5.7)

evaluation of the net gain coefficient G(\) in the case of low overall optical losses.
Then aypt(A)l < 1 and the intSES curve is a linear function of the stripe length

(intSES = ISPE()\)%?’;)W ~ Igppl). Moreover, we assume that we are evaluating

the net gain coefficient for long excitation stripe and high excitation density, i.e.
Gl>1= e > 1= e“/G > I. Than we can simplify Eq. 5.7 into

eGl

e (5.8)

AN =~ Ispr(N)

Therefore, for a given emission wavelength, sufficient stripe length (long enough to
ensure the condition G > 1) and the VSL/intSES difference (from the experiment),
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the net gain coefficient G(\) can be evaluated from a graphic solution of Eq. 5.8. The

minimal value of the net optical gain is given as

G(N) = w . (5.9)

We can conclude that the evaluation of the net gain coefficient could be, in prin-

ciple, done by several ways:

e By fitting the ASE signal (VSL curve) with Eq. 5.3, but only for relatively short
excitation stripes, when the signal is not saturated. However, as we will see in
the next part of this chapter, the VSL curve in our samples is rather linear
function of the excitation stripe length which is probably due to low optical
gain coefficient and/or due to weak waveguiding effects within the Si-ncs layer
[40][41]. Therefore in our case we cannot use the simple Eq. 5.3 for the net gain

evaluation.

e By using Eq. 5.4, however, in this case an exponential shape of the VSL curve

is needed.

e By fitting the VSL/intSES difference with Eq. 5.7. In this case the coefficient
of overall optical losses in the material has to be known, especially the light

scattering coefficient K.

e By evaluating Eq. 5.9 for a specific stripe length. Optical gain values obtained

by this method are only approximate.

5.3 VSL and SES experimental setup and
a necessary condition for the optical gain

presence in a sample

In the previous section we derived the simple theoretical condition for the StE
onset in the sample, given by Eq. 5.6, which compares the signals obtained by the
VSL and SES methods. It says that if the positive net gain coefficient has been
observed, the VSL curve must be placed above the integrated SES curve or in other
words - the VSL/intSES difference given by Eq. 5.7 has to be positive. It is based
on the fact that the artifacts and losses by scattering are included in both the VSL
and SES signals, while the StE can be present only in the VSL data. Our further
experimental results will be processed with respect to this simple rule and 2D maps
of the difference between VSL and SES will be examined.
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In what follows we describe the VSL and SES experimental setup. The sketch
of the experimental setup used throughout the thesis is plotted in Fig. 5.4. As a
source of the excitation an UV pulse laser Nd:YAG (355 nm, 8 ns pulse duration,
10 Hz repetition rate) was used, whose narrow beam diameter was broadened by a
beam expander. It has a Gaussian beam profile but nearly homogeneous intensity
distribution can be achieved within the excitation stripe (example is given in Fig. 5.5).
The laser beam profile was measured using OPHIR profilemeter every time before the
VSL/SES experiment (to eliminate the laser beam instability effect). Wavelength of
the laser beam is suitable for excitation of the Si-ncs/SiOy samples, because they
respond with a high absorption and a strong PL emission. Moreover, the pulsed
character of the excitation is necessary for the StE onset since the induced absorption
by free carriers disables the population inversion build-up during the excitation pulse

incident to the sample.

spectrometer NG VAG
355 nm, 10 Hz
CCD 8 ns pulse duration
optical fibre

~ ~movable beam expande

slit’screen
.

f=100 f=300 lters

cylindrical

- P
---------

Figure 5.4: VSL and SES experimental setup.

power density (a.u.)
TP F T

=
(%]
|

6 mm

-3 2 -1 0 1 2 3
position [mm]

Figure 5.5: Excitation beam profile.
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The expanded beam is focused with a cylindrical lens (focal length of 50 mm)
into the stripe and the focal plane of the lens is located nearby the movable screen
(slit) to ensure a perfect cut of the excitation stripe. Double projection system with
a magnification of M=0.3, consisting of two spherical quartz lenses with focal lengths
of 300 and 100 mm, is used to project the excitation stripe onto the sample surface.
As mentioned above, the double projection system minimizes the diffraction effects
that originate from the Fresnel diffraction on the movable screen (slit). The VSL/SES
signal was collected by an optical fibre located at the edge of the sample, coupled to
the detection system composed of an Andor Shamrock SR163i imaging spectrograph,
coupled with an Andor iStar iCCD camera (cooled to -30°C, time resolution of 5 ns).
All presented spectra were corrected for the spectral response of the detection system

and the measurements were done at room temperature.
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5.4 Experimental results in different Si-ncs/SiO,

samples

In this section, the experimental results obtained from the VSL and SES measure-
ments are presented. We performed a sufficient number of measurements under differ-
ent conditions in order to investigate the presence of the optical gain. Time-resolved
VSL/SES measurements were realized for each sample with different detection gate
window and gate delay (F-band and S-band emission component) in dependence on
the increasing pumping density. A method that we used for data processing allowed
us to create 2D maps of difference between the VSL and integrated SES (intSES)
curves (given by Eq. 5.7) as a function of the excitation stripe length and the emis-

sion wavelength.

5.4.1 Gain measurements on the F-band emission component

As we have shown in chapter 4, the PL emission component with the nanosecond
decay time at ~ 430 — 450 nm is called the F-band (”fast”) emission component. In
the same chapter, it was also shown that except the F-band component there is a
”green” emission band present during and immediately after the excitation (excitation
pulse duration of 8 ns, repetition rate of 10 Hz). And for that reason, we decided to
perform the VSL/SES measurement on the nanosecond time scale after the excitation
to confirm the StE onset based on the condition given by Eq. 5.6. We focused on two
detection windows: (i) [0 - 20 ns] (in coincidence with the excitation pulse) where the
7green” emission band was observed (Figs. 4.10, 4.11) and (ii) [0 - 50 ns] where the
"blue” F-band contribution dominates (Fig. 4.12). The positive VSL/intSES differ-
ence itself is not sufficient in order to confirm the presence of optical gain in a certain
material. It is also desirable to observe a threshold behaviour of the dependence of
the output intensity on the pumping density and narrowing of the measured spectrum

with increasing either the length of the stripe and/or the excitation intensity.

5.4.1.1 Detection gate window of 0-20 ns

The time-resolved PL emission spectra of the F-band revealed a relatively strong
and broad PL emission band peaked at ~ 500 nm within the first 10 ns (detection
gate width of 10 ns coincident with the laser pulse) after excitation (Fig. 4.10). This
"green” PL emission peak remains visible also in the next detection window of width
of 10 ns, but is weaker, compared to the F-band peaked at ~ 435 nm. Therefore,

we decided to perform the optical gain measurement separately within two detection
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Figure 5.6: Schematic sketch of the detection gate (of width of 10 ns) position, compared
to the excitation laser pulse (a) coincident with the laser pulse; (b) with the gate delay of
10 ns with respect to the laser pulse. (c-e) Two-dimensional map of the "green” emission
band VSL/intSES difference (Eq. 5.7) of the "yellow” Si-ncs/SiOy sample for excitation
densities of (c) 0.02 MW/cm?, (d) 0.2 MW/cm?, (e) 2.4 MW/cm? detected with the de-
tection parameters displayed in (a). (f-h) The VSL (black line) and integrated SES (red
line) curves, taken from graphs (c-e) at emission wavelength of 470 nm. (i-k) 2D-map
of the VSL/intSES difference (Eq. 5.7) of the "yellow” Si-ncs/SiOs sample for the same
excitation densities as in (c-e) detected with the detection parameters displayed in (b).
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windows, which are for illustration plotted in Fig. 5.6 on panel (a) - a detection
gate window of 0-10 ns, coincident with the laser pulse and (b) - a detection gate
window of 10-20 ns, delayed from the excitation pulse. A negative difference between
the VSL and integrated SES curves was observed for higher excitation densities for
both detection windows (Figs. 5.6(c-k)). The intensity difference scale is fixed in
all 2D-maps to emphasize that the negative VSL/intSES difference is higher in case
of the detection window coincident with the laser pulse (0-10 ns). The VSL and
integrated SES extracted from Figs. 5.6(c-e) at the emission wavelength of 470 nm
are plotted separately in Figs. 5.6(f-h). Results presented in Fig. 5.6 were measured in
the ”yellow” Si-ncs/SiO, sample, however, the results from the ”white” Si-ncs/SiOq
sample are very similar.

This phenomenon can be explained in terms of the induced transient nonlinear
absorption. The positive nonlinear absorption change A«a(l.,.) was reported by S.
Vijayalakshmi et al. in the [42] who measured the Aa(10MW /cm?) & 500 cm™* for
the 3 nm Si-ncs in SiOy matrix excited by the laser with wavelength of 355 nm and

pulse duration of 7 = 10 ns (note the very similar experimental conditions to ours).

Model of recombination processes in the detection window of 0-10 ns

In this subsection we will propose a model of recombination processes in Si-ncs,
which are dominant during the excitation and immediately after. Carriers are ex-
cited by the laser pulse into higher virtual energy states and then thermalize (~fs-ps)
to lower energy levels that are schematically plotted in Fig. 5.7. These levels in-
clude the Si-ncs core related states, structural defects states (within the interface
layer) and small Si-cluster states. According to the PL emission spectra (Fig. 4.10
(black line)) measured with the detection window of 0-10 ns (coincident with the
laser pulse), we propose that the dominant radiative recombination process within
the first 10 ns is the direct recombination in the core of the Si-ncs (Fig. 5.7 (green
line)). The lowest excited energy states are repopulated by the relatively long excita-
tion pulse, which increases the probability of the radiative recombination from these
core-related states, even though the trapping rate to the surface/interface states is of
the order of ~ 400 fs [43]. The emitted ”green” light is strongly reabsorbed by the
other Si-ncs in the SiOy matrix due to the induced nonlinear absorption when the
sample is excited by the VSL excitation stripe and therefore the StE can not occur
between the core-related energy states. A weak F-band can be also seen in the spec-
tra (Figs. 5.6(d,e)). Its relatively weak intensity is probably due to slower dynamics
of the F-band, compared to the "green” one. As we have already mentioned, the

F-band is usually described as the radiative recombination in structural defects of
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Si-ncs shell or small Si-clusters (Fig. 5.7 (blue line)).

Within the detection window of 10-20 ns (with respect to the excitation pulse),
most of the carriers that were located at the core-related states are now trapped
into the surface/interface states. Therefore the F-band overgrows the ”green”-band
emission (Fig. 4.10 (red line)). Possible recombination processes are sketched in

Fig. 5.8; the dominant process is the F-band emission.

O--__~fs,-ps O
excitation =
355nm v
7[: ~Ns ~Ns
= 430 nm | 430 nm
~ns W\
530 nm
4

t>30ps 1T Ons

Si cluster
(<~1 nm)

structural
defect state
SiO,
surface/interface
oxygen related states

Sio,

Figure 5.7: Recombination model of radiative processes dominant in the detection window
of 0 - 10 ns, coincident with the laser pulse.

5.4.1.2 Detection gate window of 0-50 ns

In this section we focus our attention on the VSL/SES measurements with the
detection gate width of 50 ns, coincident with the laser pulse (see Fig. 5.9 for better
understanding). We observed the positive VSL/intSES difference for both studied Si-
ncs/SiOs samples (the ”yellow” and ”white” one), which we will present separately

below.

”White” Si-ncs/SiO, samples

The experimental results of the VSL/SES measurement of the F-band in the
”white” Si-ncs/SiOy sample are presented on two different samples: ”white A” (2.2 mg
of Si-ncs "white” powder) and "white B” (2 mg of Si-ncs "white” powder).

Fig. 5.10 shows the two-dimensional map of the VSL/intSES difference as a func-

tion of the excitation stripe length and the emission wavelength, measured in the
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Figure 5.8: Recombination model of radiative processes (with decay times in the order
of ns and pus dominant in the detection window delayed by 10 ns from the excitation pulse
(immediately after excitation).
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Figure 5.9: Time sketch of used detection paramaters in subsection 5.4.1.2: detection
window of 50 ns coincident with the laser pulse.

?white A” Si-ncs/SiO, sample for the excitation densities from 25 kW/cm? up to
12.2 MW /ecm?. One should note the different scales of the intensity difference. The
VSL/intSES difference is around zero for low excitation densities between 25 kW /cm?
and 54 kW /cm? (Figs. 5.10(a-c)) but it becomes positive for excitation densitites
above 54 kW /cm? and excitation stripe longer than 3 mm. The high positive value
(of the order of 10%-10° in relative units) of the VSL/intSES difference was mea-
sured for the excitation densities above 2 MW /cm? (Fig. 5.10). The difference peaks

at ~ 435 nm, close to the F-band peak maximum.
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Figure 5.10: Two-dimensional map of the F-band VSL/intSES difference (Eq. 5.7)
of a "white A” Si-ncs/SiOy sample for excitation densities of (a) 0.02 MW/cm?, (b)
0.2 MW/cm?, (c) 0.5 MW/em?, (d) 0.8 MW/cm?, (e) 1.8 MW/cm?, (f) 2.4 MW /cm?, (g)
6.7 MW/cm?, (h) 12.2 MW /cm?. Note the different intensity scales.

As an illustration of the VSL and integrated SES curves behaviour we plot the
VSL and intSES curves extracted from Figs. 5.10(a-h) at the difference peak maximum
(~ 435 nm) in Fig. 5.11. We can see that for shorter excitation stripe lengths (less
than 2 mm) the VSL and intSES curves are similar on all panels. For longer excitation
stripes (more than 2 mm), however, the VSL curves either copy the intSES curves
(Figs. 5.11(a-b)) or exceed them (Figs. 5.11(d-h)).
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Figure 5.11: The VSL (black line) and integrated SES (red line) curves, extracted from
Figs. 5.10(a-h) at emission wavelength of 435 nm in the "white A” sample for excitation
densities of (a) 0.02 MW/cm?, (b) 0.2 MW/cm?, (¢) 0.5 MW/em?, (d) 0.8 MW /cm?, (e)
1.3 MW/cm?, (f) 2.4 MW/em?, (g) 6.7 MW/cm?, (h) 12.2 MW /cm?.

The difference between VSL and integrated SES spectra is plotted using a fixed
intensity scale in Figs. 5.12(a-c) for three different excitation densities. We can clearly
see the development of the positive VSL/intSES difference with increasing excitation
density. The two-dimensional maps of the ASE spectra (measured for the same three
excitation densities) as a function of the stripe length are plotted in Figs. 5.12(d-f)
and normalized in Figs. 5.12(g-1). For the lowest excitation intensity, the ASE spectra
peak at ~ 430 nm and do not exhibit any spectral changes with the stripe length.
On the other hand, the ASE spectra measured at the highest excitation density get

considerably narrower with increasing stripe length.
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Figure 5.12: (a-¢) Two-dimensional maps of the F-band VSL/intSES difference of
the "white A” Si-ncs/SiOy sample for excitation densities of (a) 0.02 MW/cm?, (b)
2.4 MW/cm?, (c) 12.2 MW/cm?. The intensity scale is fized in all graphs to show the
StE onset with increasing the excitation density. (d-f) ASE spectra (normalized in (g-i))
measured for the same excitation densities.

The F-band emission spectra (detection window of 0-50 ns) of the "white A”
Si-nes/SiOs sample for a 6 mm long stripe as a function of the pump density are
plotted in Fig. 5.13.

In the inset of Fig. 5.13(b) are plotted the dependencies of the ASE intensity on
excitation density in the log-log scale, taken at 435 nm and 467 nm. They show
a saturation behaviour for the lower pump densities (< 1 MW /cm?), followed by a
superlinear behaviour (superlinear slope of ~ 1.71 at 435 nm and of ~ 1.61 at 467 nm)

for higher excitation densities. The superlinear behaviour can be considered as an
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Figure 5.13: F-band component ASE spectra taken for a 6 mm long stripe in the "white
A” Si-nes/SiOy sample as a function of the pump density - (a) from 0.02 to 1.8 MW /cm?;
(b) from 1.3 to 12.2 MW /cm?. Signal was detected with the gate width of 50 ns, coincident
with laser pulse. Inset: Dependence of the ASE output intensity on the excitation density
in the log-log scale, taken at 435 nm and 467 nm.

evidence of the StE onset which can develop in the active material for the excitation
density exceeding the threshold limit. Interpretation of the saturation and superlinear
behaviour will be proposed later in this chapter where we present a tentative model
of involved recombination processes. It may be important to note here that a similar
behaviour of the output-input intensity dependence was observed by Luterova et al.
in [44] in different samples measured by a different setup.

The narrowing of the ASE spectra, the positive VSL/intSES difference and the
superlinear ouput-input intensity dependence above a threshold excitation density
are good evidence for the StE onset in this ”white” Si-ncs/SiOy sample.

Very similar serie of measurements was done in a different ”white” Si-ncs/SiOy
sample (marked as "white B”), which was prepared from 2 mg of Si-ncs powder. A
positive VSL/intSES difference as a function of the stripe length and of the emission
wavelength is shown in Fig. 5.14 as a two-dimensional map for different excitation
densities. We have not excited with the highest density of 12.2 MW /cm?, as we did
in the case of the "white A” Si-ncs/SiO, sample, because the sample started to burn

in the focal plane of the excitation laser pulse.
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Figure 5.14: Two-dimensional map of the F-band VSL/intSES difference (Eq. 5.7)
of a "white B” Si-ncs/SiOy sample for excitation densities of (a) 0.02 MW/cm?, (b)
0.3 MW/cm?, (c) 0.5 MW/em?, (d) 0.8 MW/cm?, (e) 1.8 MW/cm?, (f) 2.4 MW /cm?, (g)
6.7 MW /cm?. Note the different scales of intensities.
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Comparison of the spectral dependence of the VSL/intSES difference of the ”white
A” and "white B” Si-ncs/SiO, samples for the same excitation density of 6.7 MW /cm?
and for the longest achieved excitation stripe (6 mm for the "white A” and 5.2 mm
for the "white B”) is plotted in Fig. 5.15(a). We computed also the gain spec-
trum (Fig. 5.15(b)) from the VSL/intSES difference for the both studied ”white”
Si-nes/SiOq samples using Eq. 5.9. Eq. 5.9 is valid only if the intSES curve is a linear
function of the excitation stripe length, which is not exactly fulfilled. Therefore the
derived values of the net gain coefficient must be considered only as an approximate
estimation. Both graphs show that the ”white B” Si-ncs/SiOy sample had probably
better optical properties with a higher net gain coefficient (~ 24 cm™' at 435 nm)
compared with the "white A” one (~ 20 cm™! at 435 nm), despite the shorter exci-

tation stripe.
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Figure 5.15: (a) The F-band VSL/intSES difference spectrum and (b) the gain spec-
trum the of the "white A” and "white B” Si-ncs/SiOy samples for the excitation density of
6.7 MW/cm? and for the longest achieved stripe length of 6 mm ("white A”) and 5.2 mm
("white B”).

In Fig. 5.16 we show the VSL and intSES curves separately, extracted at 435 nm
from the 2D maps in Fig. 5.14 for similar excitation densities. On the panels (d-g)
in Fig. 5.16 it is evident that the VSL and integrated SES curves copy each other for
the stripe length shorter than 1 mm, while the VSL curve significantly exceeds the

intSES curve for longer stripes. It is a good evidence of the StE onset in the sample.
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Figure 5.16: The VSL (black line) and integrated SES (red line) curves, extracted from
graphs in Fig. 5.14 at emission wavelength of 435 nm in the "white B” Si-ncs/SiOy sample
for excitation densities of (a) 0.02 MW/ecm?, (b) 0.3 MW/cm?, (c) 0.5 MW/cm?, (d)
0.8 MW/cm?, (e) 1.3 MW/cm?, (f) 2.4 MW/em?, (g) 6.7 MW /cm?.

Finally, we present the two-dimensinal maps (with the fixed scale of intensity
difference) of the VSL/intSES difference of the ”white B” sample for three different
excitation densities (Figs. 5.17(a-c)). Further we show the the two-dimensional maps
of the ASE spectra (measured for the same three excitation densities) as a function
of the stripe length in Figs. 5.17(d-f) and normalized in Figs. 5.17(g-i). We can see a
significant narrowing of the spectra with the excitation stripe length for the excitation
density of 6.7 MW /cm? (Fig. 5.17(i)), being an evidence of the StE onset.

We can conclude that for the both ”white” Si-ncs/SiOp samples the StE onset at

the F-band emission component was observed.
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Figure 5.17: (a-c) Two-dimensional maps of the F-band VSL/intSES difference measured
in the "white B” Si-ncs/SiOy sample for excitation densities of (a) 0.02 MW /cm?, (b)
1.3 MW/em?, (c) 6.7 MW/cm?. The intensity scale is fived in all graphs to show the StE
onset with increasing excitation density. (d-f) ASE spectra (normalized in (g-i)) for the
three excitation densities as in (a-b).

”Yellow” Si-ncs/SiO; sample

We studied the possibility of the presence of positive optical gain at the F-band
component also in the ”yellow” Si-ncs/SiOy sample. Results of the VSL/SES measure-
ments are summarized in Fig. 5.18. Figs. 5.18(a-c) show two-dimensional maps of the
VSL/intSES difference for three different excitation densities whereas in Figs. 5.18(d-
f) we plot the extracted VSL and intSES curves at 435 nm.
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We observed a positive VSL/intSES difference above a certain value of the stripe
length and excitation density, which can be an evidence of the StE onset. Here, we
would like to point out that the VSL/intSES difference in the "yellow” sample is by
one order of magnitude lower than in case of the "white” sample (for comparison,
see for example Fig. 5.14(g) and Fig. 5.18(c)). This is something that we would
expect because of the higher intensity of the F-band in the ”white” Si-ncs/SiO,
sample compared to the ”yellow” one, observed in the time-integrated PL spectra in
Fig. 4.14. ASE spectra measured for the excitation densities as in (a-c) are shown
in Figs. 5.18(g-1) (normalized in Figs. 5.18(j-1)). Narrowing of the ASE spectra with
increasing stripe length and excitation density is less evident than in the ”white”

sample.

Model of recombination processes in the detection window of 0-50 ns

Radiative recombination processes which are in progress within the detection win-
dow of 0-50 ns are shown in Fig. 5.8. Based on the results of the PL emission
measurements in section 4.2, we propose that the dominant process is the radiative
recombination at 435 nm which can be explained as either recombinations in some
structural defects in the Si-ncs oxide shell [32] and/or as an intrinsic core-related
emission from small Si-ncs (~ 1 nm core diameter)[31][33][34]. The oxygen related
Si-ncs surface/interface states are more intensively involved in the S-band emission
with the us decay time. Now they act more as a storage level of the excited carriers
(metastable states) which leads to depopulation of the ground state. This explanation
is well-founded by the saturation behaviour of the output-input intensity dependence
which may be interpreted in terms of a selective saturation of the absorption as ob-
served in the porous silicon [45]. If we assume that the F-band and the S-band share
the common ground state then filling of the metastable state may lead to the inver-
sion of the population followed by stimulated emission at the F-band. The condition
of the shared ground state can be achieved by the states that are connected or close
enough to the Si-ncs surface, where the metastable states are located. Then only
the defects close and/or connected to the Si-ncs surface become active in the StE
onset. On the other hand, defect states being located far from the Si-ncs, i.e. having
separated ground state, may not be possibly able to reach the population inversion
condition. The close interaction with the Si-ncs could in this model enable switching
the matrix defects from the ”StE inactive” to ”StE active” ones by sharing the ground
state which is depopulated via the metastable Si-ncs surface states.

However, the origin of the F-band StE onset might be also related to the emis-

sion from the ultrasmall Si-ncs, where the metastable state S-band emission was also
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observed [31]. In such a case, the radiative recombination takes place between the
excited and the ground core-related states and the metastable state may be the sur-
face/interface oxygen-related state of the small Si-ncs.

We may conclude that the presence of the metastable state, leading to the S-
band emission component which decays in us scale, may be critical for the StE onset
achievement. The StE onset from the F-band may originate in both - the defect
related states and/or the small Si clusters core-related states, however, the presence
of the oxygen-related states is required. This is in good agreement with Chen et al.
[17] claiming that the optical gain may be critically dependent on the oxide presence
in the sample. However, we assume, contrary to Chen at al., that the optical gain
may originate from both - the core-related (intrinsic) and surface related (extrinsic)
states and that it is only the shared ground state with the oxygen related state, which

is required.

5.4.2 Gain measurements on the S-band emission component

Positive optical gain that has an origin in the S-band emission component peaked
at 600 - 800 nm was reported by several research groups [4][46][47] [48]. Therefore
we focused also our attention on the S-band emission component of our samples,
which we have studied in two detection gate windows - (i) [0.2 - 100 us|, delayed
with respect to the excitation pulse in order to study the S-band separately from the
F-band and (ii) [0 - 100 us], coincident with the excitation pulse, including both the
F and S-band. We performed series of the VSL/SES measurements, some of them
brought positive and some of them "zero” VSL/intSES difference. For the sake of
clarity, we will mainly focus on the results with the positive difference but one of the

"zero” difference will be presented in the last subsection also.

5.4.2.1 Detection gate window of 0.2 - 100 us

The gate delay of 200 ns (with respect to the excitation pulse) was set in order to
exclude the intense F-band component. The detection gate width of 100 us was used
for the detection (see Fig. 5.19). The ”white” and ”yellow” Si-ncs/SiOy samples are

presented separately.

”White” Si-ncs/SiO; samples

In this subsection, the "white B” Si-ncs/SiO, sample is studied; a place on the
sample with a relatively good optical quality was choosen for the measurement with

the VSL excitation stripe.
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Figure 5.19: Time sketch of used detection parameters in the subsection 5.4.2.1: detection
window of 0.2 - 100 us.

Two-dimensional maps of the VSL/intSES difference as a function of the excitation
stripe are shown in Fig. 5.20 for excitation densities from 0.02 to 6.7 MW /cm?.
The difference is very low if not zero in (a-b). However, it is interesting to note
that a positive difference was reported even for relatively low excitation density of
0.3 MW /cm? for the stripe longer than 2 mm. The positive VSL/intSES difference
denotes positive optical gain occurrence. The VSL and intSES curves extracted at
600 nm are plotted in Figs. 5.21(a-h). Notice that for the excitation stripe length
around 4 mm the VSL and intSES curves show a slight disruption. This might be due
to some inhomogenity in the sample - either some scattering center or some matrix
imperfections. As we can see, it does not influence the possibility of the StE onset in
the sample.

It is interesting to point out a significant blue-shift of the positive VSL/intSES
difference with increasing excitation density in Fig. 5.20. Two main features may lead
to such a behaviour. Firstly, the absorption edge lowers at lower excitation intensities
the gain values. On the other hand, for higher excitation intensities the absorption
edge shifts towards shorter wavelengths. Secondly, it is in agreement with generally
accepted conception that the Si-ncs emitting in shorter wavelengths would exhibit
higher optical gain due to the lower probability of FCA (depleting the population
inversion efficiently in larger Si-ncs), and due to a larger oscillator strenght (more
efficient PL emission with faster radiative decay).

Another interesting feature comes from a comparison of the PL spectrum, ASE
spectrum and the spectral dependence of the VSL/intSES difference of the same
”white” Si-ncs/SiOg sample. The PL spectrum is slightly spectrally blue-shifted with
respect to the ASE spectrum, taken for excitation density of 6.7 MW /cm? and the
stripe length of 5.7 mm (Fig. 5.22(a)). More interesting is the slight red-shift of the
spectral dependence of the VSL/intSES difference, compared to the PL spectrum
(Fig. 5.22(b)),which might be due to a missing "green” band emission and a low F-
band emission in the detection window of 0.2 - 100 us. Moreover, it might be caused

by the missing S-band signal onset below 200 ns after excitation (the detection window
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Figure 5.20: Two-dimensional map of the S-band VSL/intSES difference (Eq. 5.7) of the
"white” Si-nes/Si0y sample for excitation densities of (a) 0.02 MW /cm?, (b) 0.2 MW /cm?,
(c) 0.8 MW/cm?, (d) 0.5 MW /ecm?, (e) 0.8 MW /ecm?, (f) 1.3 MW /cm?, (g) 2.4 MW /cm?,
(h) 6.7 MW /cm?. Note the different scales.

of 0.2 - 100 us).

Finally, in Figs. 5.23(a-c) we present the two-dimensional maps of the VSL/intSES
difference (taken from Fig. 5.20) for three excitation densities. Scale of the intensity
difference is fixed in all graphs in order to emphasize the StE onset with increasing
pumping intensity. ASE spectra for the excitation densities as in (a-c) are plotted in
Figs. 5.23(d-f) and normalized in Figs. 5.23(g-1). Narrowing of the ASE spectra with
increasing excitation density and stripe length is not expressive. This may be due to

the inhomogeneous broadening of the S-band.
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Figure 5.21: The VSL (black line) and integrated SES (red line) curves, extracted from
graphs in Fig. 5.20 at emission wavelength of 600 nm of the "white” Si-ncs/SiOy sample
for excitation densities of (a) 0.02 MW/em?, (b) 0.2 MW/ecm?, (c) 0.8 MW/cm?, (d)
0.5 MW/cm?, (e) 0.8 MW/cm?, (f) 1.8 MW/em?, (g) 2.4 MW/em?, (h) 6.7 MW /cm?.

104|— ASE intensity ||| ——VsL/intSES difference
*1—PL spectrum (a ) —— PL spectrum ( b )
—~~
3' 0,8 L
©
vO,G- 1
>
=
2 0,4 4 L
o)
Qo
E 0,2 4
0,0
450 500 550 600 650 700 450 500 550 600 650 700

wavelength (nm)

wavelength (nm)
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difference spectrum of the “white” Si-ncs/SiOy sample taken for excitation density of
6.7 MW/cm? and the stripe length of 5.7 mm.
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Figure 5.23: (a-c) Two-dimensional maps of the S-band VSL/intSES difference of the
"white” Si-nes/SiOy sample for excitation densities of (a) 0.02 MW/em?, (b) 1.8 MW /cm?
and (c) 6.7 MW/em?. The scale is fized in all graphs to show the StE onset with increasing

excitation density. (d-f) ASE spectra (normalized in (g-i)) for three excitation densities as
in (a-b).

The time-integrated spectra of the S-band component, presented for the ”white”
Si-ncs/Si0q sample in Fig. 5.24(a), were obtained with the 500 ns gate delay with
respect to the excitation pulse (to avoid the F-band component) and gate width of
100 ps. In Fig. 5.24(b) we plot the dependence of the output intensity on the exci-
tation density in the log-log scale at an emission wavelength of 600 nm. Similarly to
the F-band component, saturation of the output intensity is followed by a threshold
onset beyond which the ouput intensity shows superlinear behaviour with the slope

of ~ 1.11. Considering the superlinear behaviour and the positive VSL/intSES differ-



CHAPTER 5. OPTICAL GAIN IN SI-NCS/SIO, SAMPLES 68

excitation intensity
0.02 MW/cm
——0.17 MW/cm
——0.27 MW/cm
——0.81 MW/cm
—— 2.44 MW/cm
11— 12.2 MW/cm

®  600nm
linear fit

()]
1

2|
2|
2|
2
2|
2|

slope 1.11

intensity (a.u.)
=

log(ASE intensity (a.u.))

T T T T T T T T T T T 3 T T
450 500 550 600 650 700 750 1 2 3 4
(a) wavelength (nm) (b) log(excitation (kW/cm?))

Figure 5.24: (a) S-band ASE emission spectra of the "white” Si-ncs/SiOy sample as a
function of the excitation density for the stripe length of 5.7 mm. Signal was detected with
the gate delay of 500 ns and the gate width of 100 us. (b) The dependence of the output
intensity on the excitation density in the log-log scale at 600 nm.

ence, we can expect that the positive optical gain might be obtained from the S-band

component.

Model of recombination processes in the detection window of 0.2 - 100 us

We propose that the dominant radiative channel in the detection window of 0.2 -
100 ps originates from the radiative recombination of the carriers from the oxygen-
related Si-ncs surface/interface states (Fig. 5.8(red line)). As we have already men-
tioned, these Si-ncs surface/interface states are involved in the S-band emission and
act as the metastable states with us decay. For high pumping densities and longer
VSL stripes, the population inversion between the metastable and ground state can
be established which is the necessary (but not sufficient) condition for StE onset.
We pressume that probability of the non-radiative Auger recombination (that might
deplete the excited energy level) is relatively low because of the spatial separation of
carriers trapped in the Si-ncs surface states [13]. Moreover, as we mentioned earlier,
the carriers trapping in the surface states in our system appears to be unusually fast,

occuring within first ~ 400 fs after excitation [43].

”Yellow” Si-ncs/SiO; samples

Experimental results measured in the ”yellow” Si-ncs/SiO9 sample are summarized
in Fig. 5.25. Panels (a-c) show two-dimensional maps of the VSL/intSES difference
for three different excitation densities. Maximal positive difference measured for the
excitation density of 6.7 MW /cm? in the ”yellow” Si-ncs/SiO, sample is by one order

of magnitude higher compared to the difference of the "white” sample excited by a
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similar intensity (compare Figs. 5.25(c) and 5.23(c)). Figs. 5.25(g-i) display the ASE
spectra (normalized in (j-1)) as a function of the excitation stripe length for the same
excitation densities as in (a-c).

Comparison of the PL and ASE spectrum is plotted in Fig. 5.26(a). The ASE
spectrum was taken with an excitation density of 6.7 MW /cm? and the stripe length
of 4.9 mm. Spectral dependence of the VSL/intSES difference obtained with the same
parameters as the ASE spectrum is plotted in Fig. 5.26(b) in comparison with the PL
spectrum and in Fig. 5.26(c) in comparison with the ASE spectrum. The VSL/intSES
difference spectrum peaks at ~ 620 nm and is slightly spectrally red-shifted compared
to the PL spectrum. We have reported the same phenomenon for the ”white” sample,
interpreted as to be due to the missing "green” and F-band contribution, and due to
the missing S-band beginning by the detection gate delay.

In conclusion - we observed positive VSL/intSES difference from the S-band sepa-
rately that might be a good evidence of the StE onset and positive optical gain in our
samples. However, no narrowing of the ASE spectra (or a very small one only) was
observed, presumably due to the inhomogeneous S-band broadening and low optical

gain coefficient.
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Figure 5.25: (a-¢) Two-dimensional maps of the S-band VSL/intSES difference of the
"yellow” Si-nes/SiOy sample for excitation densities of (a) 0.8 MW /cm?, (b) 6.7 MW /cm?
and (c) 12.2 MW/cm?. Note the different intensity scales. (d-f) The VSL (black line) and
integrated SES (red line) curves, taken from (a-c) at emission wavelength of 620 nm (ASE
peak mazimum). (g-i)ASE spectra (normalized in (j-1)) for three excitation densities as in

(a-b).
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difference spectrum and (c) the ASE and VSL/intSES difference spectrum in the "yellow”
Si-nes/Si0y sample. ASE and VSL/intSES difference spectrum was taken for excitation
density of 6.7 MW/cm? and the stripe length of 4.9 mm.

5.4.2.2 Detection gate window of 0 - 100 us

In the last subsection of this chapter, we focuse our attention on the detection
window of 0 - 100 us. It should cover both the F-band and S-band emission together.
We performed a huge serie of measurement, however, due to a limited space of this
thesis we will present only two of them, done in the ”white” and ”yellow” Si-ncs/SiOs
samples.

Fig. 5.27(a) shows the two-dimensional map of the VSL/intSES difference in the
?white” Si-ncs/SiOy sample for the excitation density of 1.3 MW/cm?  VSL and
intSES curves extracted at 610 nm are plotted separately in inset. StE was not
present in the excited area of the sample because the difference is very low or nearly
zero. Probably the excited area was not homogeneous or damaged. Figs. 5.27(b-
c¢) show ASE and normalized ASE spectra for the same excitation density as in (a).
Both emission bands (F-band and S-band) are present in this sample, however, no StE
onset was achieved for any of them. The dependence of the output intensity on the
excitation density in the log-log scale is nearly linear for lower excitation densities

and saturates for higher excitation densities (Fig. 5.27(d)). The saturation is not
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Figure 5.27: (a) Two-dimenstional map of the F and S-band VSL/intSES difference for
the excitation density of 1.3 MW /cm? of the "white” Si-ncs/SiOy sample. (b) ASE spectra
(normalized in (c) for the same excitation density as in (a). (d) Dependence of the output
intensity on the excitation density in log-log scale for the stripe length of 0.1 and 6 mm,
and for emission wavelengths of 430 and 610 nm.

emission wavelength and/or stripe length dependent and it is present probably due
to saturation of absorption and/or the Auger effect.

On the contrary, the VSL/SES measurement realized in the "yellow” Si-ncs/SiOq
sample brought us an evidence of the optical gain on the S-band. Nearly zero
VSL/intSES difference is found for low excitation densities (Fig. 5.28(a)) but the
difference is clearly positive for longer excitation stripes and higher excitation densi-
ties (Figs. 5.28(b-f)), which denotes the StE onset in the sample. The VSL and intSES

curves extracted from (a-f) at 620 nm (emission peak) are shown in Figs. 5.28(g-1).
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Figure 5.28: (a-f) Two-dimensional maps of the F and S-band VSL/intSES difference
(Eq. 5.7) of the "yellow” Si-ncs/SiOy sample for excitation densities of (a) 0.5 MW /cm?,
(b) 0.8 MW/cm?, (c) 1.8 MW /cm?, (d) 2.4 MW /cm?, (e) 6.7 MW /cm?, (f) 12.2 MW /cm?.
(g-1) The VSL (black line) and integrated SES (red line) curves extracted from (a-f) at
emission wavelength of 620 nm (ASE spectrum peak mazximum). Note the different intensity
scales. The gate window of 100 us with zero gate delay.
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Figure 5.29: (a-¢) Two-dimensional maps of the F and S-band VSL/intSES differ-
ence of the “yellow” Si-ncs/SiOy sample for excitation densities of (a) 0.5 MW/cm?, (b)
2.4 MW/cm? and (c) 12.2 MW/em?. The intensity scale is fived in all graphs to show the
StE onset with increasing the excitation density. (d-f) ASE spectra (normalized in (g-i))
for three excitation densities as in (a-c).

Figs. 5.29(a-c) show two-dimensional maps of the VSL and integrated SES differ-
ence of the "yellow” Si-ncs/SiOy sample for excitation densities of (a) 0.5 MW /cm?,
(b) 2.4 MW /cm? and (c) 12.2 MW /em? with a fixed intensity scale in all graphs. ASE
spectra for three excitation densities as in (a-c) are plotted in panels (d-f) (normalized
in panels (g-i)).

The PL spectrum of this sample is slightly spectrally blue-shifted compared to
the ASE spectrum for the excitation density of 6.7 MW /cm? and the stripe length
of 3.2 mm (Fig. 5.30(a)), similarly to the previously studied gate detection window
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of 0.2 - 100 ps. On the other hand, the gap between the PL spectrum and the
VSL/intSES difference spectrum (taken for the longest achieved stripe and the highest
excitation density), reported in the detection window delayed of 200 ns with respect to
the laser pulse (Fig. 5.26(b)), vanished here and the VSL/intSES difference spectrum
very well correspond with the PL and ASE spectrum (Figs. 5.30(b,c)) of the ”yellow”
sample. That is probably due to inclusion the F-band and ”green” emission band

together with the whole S-band emission in this detection window of 0-100 ps.
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Figure 5.30: Comparison of (a) the PL and ASE spectrum, (b) the PL and VSL/intSES
difference spectrum and (c) the ASE and VSL/intSES difference spectrum in the "yellow”
Si-ncs/Si0y sample. ASE and VSL/intSES difference spectrum was taken for excitation
density of 6.7 MW/cm? and the stripe length of 3.2 mm.

Finally, we present the VSL/intSES difference (Fig. 5.31(a)) and gain spectrum
(Fig. 5.31) of the "yellow” sample for the excitation density of 6.7 MW /cm? and for
the longest achieved stripe of length of 3.2 mm. The gain spectrum is evaluated using
Eq. 5.9 and is relatively broad. The approximate value of net optical gain at the

emission wavelength of 620 nm is ~ 36 cm ™! .

Conclusions

In the first part of this chapter, we presented the VSL and SES techniques that

we used for optical gain measurements. We mentioned limitations of the VSL method



CHAPTER 5. OPTICAL GAIN IN SI-NCS/SIO, SAMPLES

VSL/intSES difference (a.u.)

550

600

650

700

750

tical gain G (c '1)

w
o]

76

m
N N N W W w w
A O 0 O N B~ O
A A T N T A
n
| ]

5 ]
O 22+

204

450

500

550

600

650

700

750

wavelength (nm) wavelength (nm)

(b)

Figure 5.31: (a) The VSL/intSES difference spectrum and (b) the gain spectrum of the
"yellow” Si-nes/SiOy sample for the excitation density of 6.7 MW /cm? and for the longest
achieved stripe of length of 3.2 mm.

for the low gain materials such as our Si-ncs/SiO, samples and the necessity of using
the complementary SES method to remedy the gain-like artefacts that might occur
in the VSL measurements.

In the second part of this chapter, our experimental results obtained by the VSL
and SES technique are presented for the ”green” emission band, the F and S-band
separately. The main characteristics of the measurements that denote the StE onset in
the sample, i.e. the positive net optical gain, are the positive VSL/intSES difference,
narrowing of the emission spectra with increasing excitation density and stripe length,
and superlinear slope of the output-input intensity dependence. All of these properties
were reported for the F-band in the both studied Si-ncs/SiOy samples (”white” and
7yellow”) when the VSL/intSES difference peaked at ~ 435 nm. Similarly, the gain
measurements on the S-band in the both samples showed the positive VSL/intVSL
difference and the output-input intensity superlinear behaviour. Perhaps due to a
wide Si-ncs size distribution in our samples, the S-band emission spectra narrowing
was negligible. The VSL/intSES difference peaks at ~ 600 nm in the ”white” and
at ~ 620 nm in the "yellow” Si-ncs/SiOy sample. Moreover, we observed a negative
VSL/intSES difference on the ”green” emission band, probably due to the induced
nonlinear absorption.

We proposed models of the recombination processes and mentioned the mechanism

of the StE that might be taking place in our samples.
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Chapter 6

CONCLUSIONS

In this work, we studied the possibility of the StE onset in our Si-ncs/SiO4 samples
under UV pulsed laser pumping. Firstly, we prepared these samples on the basis of
the preparation method proposed in [26]. This method is relatively simple and low
cost and allows us to prepare samples containing small Si-ncs with the mean core
size of ~ 2 — 3 nm embedded in the SiOs-based matrix. The concentration of the
Si-ncs seems to be arbitrary but the highest PL emission intensity was obtained for
the Si-nes volume fractions between 10 and 20 vol.%. Samples prepared in this way
show relatively high optical quality and spectrally blue-shifted emission, which are
very important features for the presence of the positive optical gain.

"yellow” and ”blue” Si-

Secondly, the steady-state PL emission spectra of the
ncs/SiO, samples revealed two emission bands - F-band and S-band with nanosecond
and microsecond decay times, respectively. Further investigation of these two emission
components was done by time-resolved measurements in different detection windows.
We have reported also a ”green” emission band peaked at ~ 500 nm, which is present
in the PL spectra during and immediately after excitation. The origin of the ”green”
emission might be in the Si-ncs core-related e-h recombination. The F-band peaks
at ~ 435 nm for both types of samples and we propose the origin of the "blue”
emission lies either within the recombinations in some structural defects in the Si-
ncs oxide shell [32] and/or within an intrinsic emission from small Si-ncs (~ 1 nm
core diameter)[31][33][34]. The S-band peaks at ~ 600 nm and at ~ 620 nm in the
”white” and ”yellow” Si-ncs/SiO, samples, respectively. The difference between the
various S-band peaks is probably due to different mean size distribution of the Si-ncs
in the samples ("white” contains smaller Si-ncs than ”yellow”). The S-band probably
originates in the e-h recombination at the surface/interface related states. Trapping
of the carriers into the surface states (located on either Si=0 or Si-OH bonds) leads

to their spatial separation resulting in suppressed Auger recombination.



CHAPTER 6. CONCLUSIONS 78

Finally, we presented the VSL and complementary SES techniques suitable for
the optical gain measurements in low-gain materials. We measured the VSL and
intSES difference on the "green”, F' and S-band contributions, both in the ”yellow”
and "white” Si-ncs/SiOs samples. In the case of the ”"green” band, we obtained
a negative difference for both samples that might be due to the induced transient
nonlinear absorption in the excited area [42] which leads to a strong reabsorption of
the emitted light inside the sample. On contrary, a positive VSL/intSES difference
was obtained in both the F-band and S-band emission components and also for both
types of the Si-ncs/SiOy samples. The positive difference in conjuction with the
ASE spectra narrowing and the output-input intensity superlinear behaviour (both
reported in our samples) are a good evidence for the StE onset, i.e. the positive net
optical gain, in our samples. A proposed model of recombination processes assumes
that the stimulated emission at the F-band might occur in case when the structural
defects and /or small Si-cluster (F-band) and the oxygen-related Si-ncs surface states
(S-band) share the common ground state. The oxygen-related state act as a storage of
electrons, i.e. as a metastable state, which may lead to the inversion of the population
followed by the stimulated emission at the F-band. The metastable state has the
decay time of the order of us, therefore it might be responsible for the StE onset at
the S-band. Therefore, it seems that the presence of oxygen related states (Si=O
and/or Si-OH bonds) is crucial/fundamental for the StE onset on both, the F and
S-band emission components.

We have also extracted values of the net optical gain coefficient using Eq. 5.9.
We obtained the optical gain of ~ 24 cm™! at 435 nm in the F-band of the ”white”
Si-ncs/Si0y sample and the optical gain of ~ 36 cm™! at 620 nm in the S-band of the

7yellow” Si-ncs/SiOy sample.
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