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Abstract

The advent of high intensity short pulse lasers has opened the door to inves-
tigating buried solid-solid interfaces through the technique of optical second
harmonic generation (SHG). This has led to extensive study of technologi-
cally important systems such as the Si/SiOy interface. In this study, SHG is
employed to study the interface between highly boron doped p*-type Si and
its native oxide layer (SiO,).

Previous studies from this laboratory have extensively investigated the
photo-induced charge transfer process across the Si/SiOy interface in the
case of undoped natively oxidized Si by means of SHG, with initial SHG
measurements being performed on boron doped p*-type Si.

The natively oxidized p*-type Si/SiOy sample was placed on a computer
controlled positioning system which allowed for translation of the sample and
rotation around the azimuth. The laser system employed was characterized
in terms of spectral composition, pulse duration, pulse repetition rate, spatial
profile and pulse energy in order to ensure quantitative measurements. The
SHG signal generated from the sample interface was recorded in reflection.

Under the applied irradiation conditions, defects are created at the inter-
face by the near infra red (NIR) femtosecond radiation from the laser. These
defects are then populated via multi-photon processes by electrons and to
a lesser extent holes. The charge transfer across the interface induces an
interfacial electric field. This photo-induced electric field is in addition to
the built-in interfacial electric field caused by positive ionization of naturally
occurring interfacial defects due to the strong doping of the bulk Si.

It is this interfacial electric field, consisting of the built-in doping induced
field and the photo-induced electron and hole fields, that is probed by SHG.
The SHG signal is strongly dependent on the magnitude of this interfacial
electric field as the electric field induced second harmonic (EFISH) signal
dominates all other contributions to the observed SHG signal in the case of
the Si/SiOq system.

The temporal evolution of the SHG signal is recorded for different intensi-
ties from virgin as well as the pre-irradiated samples. This yields information
about the time scales on which the charge separation occurs as well as the in-
fluence of existing photo-induced trap sites on the charge separation process,
since the strength of the SHG signal is an indirect measure of the interfacial
electric field strength. The angular dependence of the SHG signal (SH rota-
tional anisotropy measurements) for both the initial signal (when the doping
induced electric field dominates) and the saturated signal (when the electron
induced electric field dominates) is measured. Both these measurements show
a four fold symmetry but with a relative 45° phase shift between them. This
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is taken as confirmation of the reversal of the interfacial electric field direc-
tion. The initial SHG signal as a function of intensity is also recorded for
different incident wavelengths. The variation in the non-quadratic depen-
dence of the initial SHG signal on the incident intensity is attributed to a
resonant enhancement of two-photon absorption and subsequent screening of
the interfacial electric field by charge carriers.

The measurement performed and the results obtained contribute to the
understanding of the photo-induced charge separation process across buried
solid-solid interfaces, specifically as it applies to the important Si/SiOs in-
terface.



Opsomming

Die beskikbaarheid van ultrakortpuls lasers, en die gepaardgaande hoé in-
tensiteite wat die lasers kan genereer, het die ondersoek van die tussenvlak
tussen twee vastestowwe deur middel van optiese tweede harmoniek opwek-
king (THO) toeganklik gemaak. Dit het gelei tot ondersoeke van tegnologies
belangrike sisteme soos die Si/SiOq tussenvlak. Hierdie studie fokus op die
ondersoek van die tussenvlak tussen pT-tipe Si, wat sterk met boron gedoteer
is, en sy natuurlike oksiedlaag (SiOs).

Vorige studies deur hierdie laboratorium het die lig-geinduseerde ladings-
oordrag-proses oor die natuurlik geoksideerde Si/SiOy tussenvlak bestudeer
deur middel van THO, vir die geval van ongedoteerde Si. Daar is ook aan-
vanklike metings geneem met boron gedoteerde p*-tipe Si/SiO, as monster.

Die THO sein vanaf natuurlik geoksideerde p*-tipe Si/SiOs is in refleksie
bestudeer. Die monster wat ondersoek is, is op 'n rekenaarbeheerde posisio-
neringstelsel geplaas wat die monster kon transleer en roteer. Die lasersisteem
wat in die studie gebruik is, is in terme van sy spektrum, pulslengte, pulsfre-
kwensie, ruimtelike profiel en pulsenergie gekarakteriseer om te verseker dat
kwantitatiewe metings uitgevoer kon word.

Defekte word by die Si/SiOy tussenvlak geskep deur die naby-infrarooi
femtosekonde laserlig afkomstig van die laser wat gebruik is in die studie.
Hierdie defekte word dan via multi-foton prosesse bevolk deur elektrone, en
tot 'n mindere mate, gate. Hierdie ladingsoordrag oor die tussenvlak veroor-
saak 'n elektrise veld oor die tussenvlak. Hierdie lig-geinduseerde elektriese
veld is bykomstig tot die ingeboude elektriese veld wat ontstaan as gevolg
van ionisasie van die natuurlike tussenvlak-defekte deur die sterk dotering
van die silikon met boron.

Dit is hierdie tussenvlak elektriese veld, bestaande uit die lig-geinduseerde
en die ingeboude elektriese veld, wat deur middel van THO ondersoek word.
Die THO sein word sterk beinvloed deur die sterkte van hierdie tussenvlak
elektriese veld, aangesien die elektriese veld geinduseerde tweede harmoniek
opwekking (EVGTHO) sein alle ander bydraes tot die waargenome THO sein
van Si/SiOy oorheers.

Die evolusie van die THO sein in tyd is genoteer vir verskillende inten-
siteite vanaf ongerepte sowel as vooraf bestraalde monsters. Hierdie data
bied inligting oor die tydskale waarop die ladingskeiding plaasvind, sowel as
wat die invloed van bestaande lig-geinduseerde defekte op die ladingskeiding
proses is. Die hoekafhanklikheid van die THO vir beide die aanvanklike sein
(wanneer slegs die dotering geinduseerde elektriese veld teenwoordig is) sowel
as die versadigde sein (wanneer die elektron geinduseerde veld domineer) is
gemeet. Beide die metings vertoon 'n vier-voudige simmetrie maar met 'n



45° faseverskil tussen hulle. Hierdie faseverskil word as 'n bevestiging van die
ommekeer in die elektriese veld rigting geneem. Die aanvanklike THO sein as
'n funksie van intensiteit is ook gemeet vir verskillende invallende golfleng-
tes. Die afwyking van die nie-kwadratiese intensiteitafhanklikheid van die
aanvanklike sein, word toegeskryf aan resonante twee-foton absorpsie en ge-
paardgaande afskerming van die tussenvlak elektriese veld deur ladingdraers.

Die metings wat uitgevoer is en die resultate wat verkry is dra by tot
die verstaan van die lig-geTnduseerde ladingskeiding proses oor 'n tussenvlak
van twee vastestowwe en spesifiek hoe dit van toepassing is by die belangrike
Si/Si09 tussenvlak.
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Introduction

Probably the most significant change in the world in the last century has been
the influence that modern day electronic devices have had on our everyday
lives. Modern society has become dependent on these devices and it would
be hard to imagine the world without it. Micro-electronics has transformed
the way we perceive and interact with our environment. It has transformed
the way we think about global issues by allowing unparalleled access to infor-
mation and computing power. Modern day electronic devices have become
such an integral part of our day-to-day routine that they are hardly noticed
and often taken for granted. Micro-electronics have infiltrated nearly every
aspect of our lives with computers now regularly being found in everything
from washing machines to automobiles. Supercomputers are working around
the clock to try and find cures for terminal illnesses while the access to in-
formation made possible through the Internet and its supporting hardware
have increased transparency in the affairs of governments and corporations.
All these remarkable advances have been made possible by the simple silicon
(Si) transistor.

As electronic devices became commonplace, industry has responded by
creating ever faster, cheaper and more robust devices, pushing the very limits
of physics in the quest for improved device performance. One of the key
aspects in improving computing speed in a computer processor is the density
of the transistors on a processor chip. As the density increases, not only
does the total number of transistors and hence the total computing power
increases, but the distances that signals have to travel decrease, leading to
faster processor speeds. At these extreme densities employed today, the
individual device dimensions shrink to microscopic levels. The most advanced
processors now use transistor structures that are smaller than 45 nm across.
This puts extremely stringent margins on the manufacturing parameters, as
defects in such small devices play an ever increasingly important role. This
is especially true when these devices are used in extreme conditions such as
high temperature environments. One aspect of these ultra-small transistor
devices that needs better understanding is the ultra-thin oxide layer that
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covers the Si substrate. This oxide forms an insulating barrier between the
Si and the metal contacts.

In order for device manufacturers to design and build these ultra-small
transistor devices, they need an understanding of the influence of defects at
this interface between the Si and this ultra-thin oxide layer. This interface
region has properties that differ from those of the surrounding bulk Si and
SiOy. In order to understand the parameters of the design process, it is
necessary to probe the properties of this interface, especially the electronic
properties such as interfacial electric fields and charge trapping. By gaining
insight into these properties, the design limits of devices can be better pre-
dicted. In order to probe these electronic properties, it is necessary to have
a diagnostic tool that can access this buried Si/SiOs interface and which is
sensitive to electric fields at this interface. One such optical technique, which
is particularly suited to such a study, is second harmonic generation (SHG).

SHG has been around for quite a long time. It was first predicted in 1931
by Goppert-Mayer [1], nearly 30 years before the invention of the laser. As
with most nonlinear optical effects, it was only after the invention of the laser
that the effect was demonstrated. This was done by Franken et al. [2] in 1961,
30 years after the prediction by Goppert-Mayer. The field of nonlinear optics,
especially SHG, grew immensely in this time as access to the high intensities
achievable with lasers became more readily available. The power of SHG to
analyze solid state materials and specifically buried solid-solid interfaces was
soon realized, and in 1962, Bloembergen et al. |3, 4| developed a theoretical
framework for describing SHG from surfaces and interfaces.

It is especially since the advent of affordable ultra-short and ultra-intense
lasers the last 10 or so years that SHG from surfaces and interfaces have
become an extremely active field of research, which has led to the inves-
tigation of various technologically important systems [5, 6]. The extremely
high intensities and low average powers of these lasers enable the detection of
SHG signals from interfaces and surface which otherwise would not have been
possible. This has led to SHG becoming a very versatile tool for examining
interfaces and surfaces.

As was mentioned earlier, the Si/SiOs interface is technologically ex-
tremely important as it is used in modern metal-oxides-semiconductor-field-
effect-transistors (MOSFET’s) which form the basis for modern micro-electronics.
As evidence of its importance is the fact that it has been extensively studied
for at least the last 30 years [7]. One of the methods of investigation has
been SHG. Si/SiOs is an ideal candidate for SHG investigations, since it rep-
resents the boundary between a centrosymmetric crystalline solid (Si) and
an amorphous solid (SiO,). Since Si is centrosymmetric, SHG from the bulk
is parity forbidden in the electric dipole approximation []. This symmetry
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which inhibits SHG is however broken at the interface. This broken symme-
try at the interface leads to a small but non-zero SHG susceptibility at the
interface. This results in a unique interface sensitivity for SHG from cen-
trosymmetric materials. This interfacial SHG signal was first experimentally
observed by Brown et al. [9] in 1965. Since the symmetry is only broken at
the interface, the SHG signal originates from only a couple of atomic layers
at the interface.

Even though the Si/SiO, system has been so extensively studied, there are
still a large number of unanswered fundamental questions. This is because
there is currently no model describing the physical mechanisms responsible
for the observed phenomena at this interface on a microscopic level [5, 10].
These phenomena include charge trapping, oxide leakage, defect creation,
time dependent breakdown and hot electron effects. A number of these effects
are related to the oxide growth process, and hence the understanding of
these phenomena increases in importance as the oxide layer used in electronic
devices thins (< 5 nm). A further effect which has not been sufficiently
investigated in the past is the role that dopants in the Si play in the charge
trapping at the interface. A high concentration of boron in the Si will ionize
naturally occuring interfacial defects [11]. This results in a built-in electric
field across the interface which can be probed by SH generation.

Most of the research regarding the Si/SiO, interface has focused on the
technological aspects. However, the Si/SiO, interface is also interesting from
a more fundamental point of view. As was mentioned earlier, it forms the
boundary between a crystalline solid (Si) and an amorphous solid (SiO,).
This makes it a very interesting system in solid state physics as it allows
for the study of the transition between these two phases. It is especially the
optical properties, both linear and nonlinear, of the interface region (suboxide
region) which is of interest, since this transition region varies considerably
from those of the two adjacent bulk phases. SHG is an ideal tool to study
this interfacial region since it can access this buried interface, is contactless
and non-intrusive [12]. The Si/SiO, system has also been used as a test
system for numerical calculations of the structural and optical properties of
solid-solid interfaces [13].

In the next chapter, a brief summary will be given of the extensive re-
search history regarding the Si/SiO, system. Special emphasis will be placed
on the role that SHG has played and the success achieved with this method.
A number of unresolved issues regarding the charge carrier dynamics, charge
trapping as well as trap generation at the Si/SiOs will be highlighted. Men-
tion will also be made of the little work that has been done with regard to
the study of heavily doped Si, which defines the problem statement of this
dissertation and puts it into perspective.



Chapter 1

Current state of research
regarding the Si/SiO9 system

Since the Si/SiO, interface is such an important system in modern day elec-
tronic devices, different techniques have been developed and employed to
study the electrical and optical properties of the system, especially the influ-
ence of trap generation at the oxide interface. These techniques include, but
are not limited to, electrical measurements [14], X-ray measurements [15],
bombardment experiments |16, 17], electron spin resonance measurements
|18, 19] as well as various types of electron microscopy such as ballistic elec-
tron emission microscopy (BEEM) [20], scanning electron microscopy (SEM)
|21] and scanning tunneling microscopy [22].

Amongst the optical techniques, second harmonic (SH) generation has
grown in importance because of its sensitivity to surfaces and buried inter-
faces, which gives it advantages over some of the techniques listed earlier.
The non-invasive nature and atomic scale sensitivity along with the increas-
ing availability and affordability of femtosecond lasers, makes SH investiga-
tions of interfaces a very active field of study. The most important work that
has been done in this regard, particularly where it pertains to the Si/SiOs
system, will be highlighted in the next paragraphs.

Most of the early work done on the Si/SiOy system was done with un-
doped Si. One of the earliest studies indicated that the SH signal originating
from this interface showed a rotational anisotropy pattern that is determined
by the structural symmetry of the surface, which is related to the crystalline
face orientation, e.g. Si(100) or Si(111) [23, 24]. A number of researchers
worked on a detailed theoretical description of the SH signal in reflection
from centrosymmetric media and corresponding symmetry considerations.
These include, but are not limited to, Sipe, Shen, Guyot-Sionnest, Liipke,
Bottomley, van Driel, Marowsky, Felderhof, Liebsch and their co-workers
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[24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39]. Liipke pro-
duced an excellent review article, expanding on and summarizing the most
important aspects regarding SH generation from centrosymmetric material
in general and focusing on the Si/SiO, system [].

Since SH generation can act as a non-invasive non-contact probe for the
buried Si/SiO,, it has been used extensively to monitor the oxidation pro-
cess of Si surfaces [10, 11, 12|. In many cases the thickness of the oxide layer
was monitored in this fashion, since the strength of the SH signal strongly
depends on the oxide thickness [11]. It has also been determined that the P-
and S-polarized SH response from the Si/SiO, shows different behaviour un-
der P-polarized incident light. The S-polarized response from thick thermal
oxide layers shows thickness dependent oscillations which can be attributed
to multiple internal reflections in the oxide layer of the SH radiation [43]. The
P-polarized thickness dependent response showed a strong deviation from this
internal reflection model but can be described using quantum electrodynam-
ics [14]. Tt is not only oxidation that is studied using SH generation. Other Si
interfaces have also been studied using this technique where the Si surface was
terminated with other chemical reactions [15, 416, 47]. One other Si-insulator
interface that is gaining importance in the semiconductor industry, and has
been examined through SH generation, is that of Si/SiO,/Hf(;_;)Si,O2 [18].
The reason for the interest is the high dielectric constants of HfO, and the
Hf silicates.

It is possible to prepare the SiO, layer on the Si substrate using differ-
ent techniques, for instance native oxidation, thermal oxidation, wet chemi-
cal processing, annealing and plasma oxidation. The preparation technique
seems to influence the stoichiometry of the microscopic structure of the in-
terfacial sub-oxide region (Si/SiO,, x < 2). SH generation measurements
can be used as a tool to probe this variation and can therefore be used as an
indication of the preparation technique [19, 50, 51, 52, 53, 54, 55, 56, 57, 58].
SH generation has even been shown to be a sensitive probe for measuring
interface roughness down to the Angstrom level. Studies on samples where
the interface roughness was systematically varied by preparing the samples
under controlled conditions showed a sensitivity comparable to that of X-ray
scattering [59, 60]. These SH measurements, when performed in conjunc-
tion with X-ray scattering and atomic force microscopy, can give an accurate
measure of the interfacial roughness which is of great importance to device
manufacturers that fabricate devices using these ultra-thin oxide layers.

Strong resonances within the SH spectra from Si/SiO have been inves-
tigated using tunable laser sources [(1]. These measurements have identified
different types of resonances originating from a variety of electronic transi-
tions that are specific to the interface. Two of these resonances (3.6 eV and
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3.8 eV) can be ascribed to Si inter-band transitions at the Si(100)/SiOq in-
terface. This transition is unique to the interface with no equivalent within
the Si bulk [01]. Spectroscopic SH measurements can also be used to ex-
amine strain effects at the Si/SiO interface and their subsequent influence
on the interfacial bonding configurations. The main origins of the strain at
the Si/SiO, interface are from the mismatch in the respective structures at
the interface as well as the difference in thermal expansion coefficients be-
tween the Si and the SiO,. This strain affects only a few monolayers of Si
at the interface and results in a strong 3.3 eV resonance band from direct
transitions between valence and conduction band states in these monolayers
[62]. Strain is also responsible for redshifts of 40 meV and 70 meV in the
inter-band critical points Eé and F; from Si/SiOs when compared to those
of the bulk Si [63].

As was mentioned earlier, a variation in the stoichiometry of the oxide
layer can occur at the interface. This results in imperfect saturation of dang-
ling bonds at the interface, which are described as interfacial defects. These
defects play a key role in charge trapping which takes place at the interface.
They also seem to exist mainly at edges. These edges, or atomic scale steps,
that occur at the interface have been extensively investigated using rotational
SH anisotropy measurements [6-1]. It is especially the defects at the vicinal
Si(111)/SiOy interface that have been investigated [13, 19, 50, 51, 65, 66].
Different symmetry contributions (one- and three-fold respectively) in the
rotational SH anisotropy can be attributed to steps and terraces at this
interface [33, 13]. Specifically the off-cut angle with respect to the Si(111)
surface seems to influence the rotational SH anisotropy pattern. This can be
explained considering the orientation of the Si-O bonds located at the step
edges [13]. Furthermore, the relative phases of the contributions from steps
and terraces to the rotational SH anisotropy seem to change for oxides that
have been prepared at annealing temperatures above 900 °C. These phase
changes are attributed to alterations in atomic bonding configurations at the
interfacial steps [19, 50, 51]. More recently, SH generation, in conjunction
with reflectance-anisotropy spectroscopy, have been performed to monitor
adsorption at Si(001) step-edges [67]. The motivation for the continuation of
the research into the Si/SiO system is that there is still no clear picture of
the exact structure and the bonding configurations at the Si/SiO, interface.
The importance of this knowledge for the manufacturing of MOS devices
fuels this research |12, 68, 69, 70, 71, 72, 73].

Since this dissertation will focus on time dependent electric field induced
second harmonic generation measurements of highly boron doped Si, the
next paragraphs will elude to past measurements that have been performed
regarding electric field induced second harmonic generation (EFISH) mea-
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surements from the Si/SiO, system.

It has long been known that electric fields can influence the nonlinear
optical properties of surfaces of centrosymmetric media [74|. The first mea-
surements where this EFISH effect was examined at the Si/SiO, interface
were performed by Aktsipetrov et al. [75]. In that study use was made of a
MOS device where an external voltage was applied between the Si and the
metal electrode attached to the SiOs. This study showed the dependence of
the strength of the generated SH signal as a function of the applied external
voltage.

The first EFISH measurements of Si/SiOs without an externally applied
voltage were performed by Mihaychuk et al. in 1995 [76]. The measurement
showed a time dependent increase in SH intensity generated from a native
Si/SiO, interface when irradiated by femtosecond laser pulses (A = 700 nm,
7 ~ 100 fs). Since there was no external voltage applied, the increase in
generated SH intensity could only be ascribed to a photo-induced effect.
SiO, has a large band gap (8.9 €V) and is therefore transparent to the near
infrared radiation. The increase in SH intensity could therefore not directly
originate from the ultra-thin SiO, layer. Also, electronic effects within the
bulk Si cannot account for the increase in SH intensity since the photo-
induced carrier densities in the bulk Si are too low (< 10'® ¢cm™3). The
carrier recombination times in the bulk Si (< 1073 s) are also too short and
do not correspond with the increase in SH intensity which occurs over a
time scale of several minutes. It was tentatively suggested, and later widely
accepted, that the increase in SH intensity is a result of an electric field that is
optically induced across the Si/SiO, interface. It was proposed that electrons
in the bulk Si were excited via a multi-photon process and transferred across
the interface to the SiO5. These hot electrons were subsequently trapped at
the interface with the charge separation leading to an electric field across the
interface. This interfacial electric field can attain values > 10* V/m which
is sufficient to induce noticeable changes in the SH response of the interface.
The temporal dependence of the SH intensity is a measure of the dynamics
of the charge separation process. The EFISH intensity can also be used as a
direct measure of the interfacial charge density [77].

Further studies by the same group found that the EFISH intensity caused
by the electric field that is established due to photo-excitation of charge
carriers is stronger for ultra-thin oxides and that oxygen can act as a catalyst
for electron trapping at the SiOq/air interface [78].

Another process that has been investigated with EFISH is gas adsorption
and electron trapping on oxidized Si, with a universal mechanism, involv-
ing monopole (electron) - dipole (gas) coupling, proposed. This mechanism
adequately explains the enhancement of the photo-induced electric field as
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a result of ambient oxygen [79]. Oxygen is not solely responsible for charge
trapping, as was shown with complementary SH generation and multi-photon
photo-emission (MPPE) measurements on Si/SiOy samples that were ex-
posed to oxygen in a chamber. These samples showed electron trapping in
the SiOq even after the chamber was evacuated [77].

Recent studies, by a number of different groups, have employed EFISH
measurements to study charge trapping at the Si/SiO interface. The groups
of Aktsipetrov, Downer, Kurz and Rasing [80, 81, 82, 83, 81, 85, 86, 87|
studied MOS devices based on the Si/SiOs system, examining, amongst other
things, the effect of the spatial charge distribution at the interface, the effect
of oxide thickness on the EFISH signal, charge carrier screening effects and
tunneled charge carriers being trapped near the Si/SiO, interface.

A group under Tolk used EFISH to measure the energy offsets between
the Si and SiOs conduction bands [88]. They also used EFISH measure-
ments to examine X-ray radiation damage in Si/SiOs [89]. Different types of
trap sites at the Si/SiOy interface were studied by Fang et al. using EFISH
measurements |90, 91| while photo-induced trap creation in Si/SiOy under
near infrared femtosecond radiation was studied by Reider’s group [92, 93].
Van Driel’s group studied the effect of electron bombardment of Si/SiOs on
surface charging and slow electron trapping in the ultra-thin SiO; by means
of SH generation [91], while the group of Mitchell used an electrochemical
cell with oxidized Si electrodes to show the effect of photo-generated charge
carriers on the EFISH signal [95]. Fomenko et al. used SHG to investigate
the active control of charge trapping in Si/SiOy by chemical modifications
involving self assembled monolayers chemically bound to the SiO. surface

[96].

The majority of EFISH studies on Si/SiO, have dealt with the effect of
charge trapping of photo-induced electrons. Very few studies have considered
the effect of photo-induced hole trapping at the interface, the most significant
being those of Wang et al. [97, 98], Fomenko ef al. [99] and Scheidt et al.
[100].

Most of the research regarding EFISH has either dealt with photo-induced
charge carriers contributing to the quasi-static electric field, or an externally
applied bias voltage as origin of the electric field. The effect of heavy boron
doping on the establishment of an interfacial electric field and therefore the
EFISH signal was briefly investigated by Scheidt [11]. The study focused
on the time dependent response of the doped p*-type Si/SiOs system. The
system showed an initial SH response associated with the doping induced
electric field. This response was absent in the undoped samples. This initial
signal decreased over a period of tens of seconds to a non-zero minimum,
after which the signal increased over several minutes to an equilibrium value,
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lower than that of the undoped Si. The study quantitatively examined the
temporal behaviour of the SH signal but posed a number of questions to be
answered.

It is the aim of this dissertation to expand on the work done by Scheidt
and to further the understanding of the basic principles involved in photo-
induced charge carrier transport and trapping in boron doped p*-type Si/SiOs.
Apart from the fundamental nature of the study with respect to the physics
of buried solid-solid interfaces and doping induced electrostatics, the ideas
presented are relevant in the context of the technologically important field
of device manufacture using ultra-thin oxides.



Chapter 2

Theoretical background

In the following chapter a brief description will be given of the relevant the-
ory pertaining to this work. A systematic approach starting from Maxwell’s
equations incorporating the nonlinear polarization which leads to the nonlin-
ear wave equation, will be followed. The theory surrounding the mechanisms
of second harmonic (SH) generation, including the nonlinear susceptibility
tensors, and how these result in a an anisotropic SH signal, as well as how
external factors such as electric fields can influence the generated SH signal,
will be discussed. This theory provides a basis for the experiments performed
and the subsequent results, presented in the next two chapters.

2.1 Maxwell’s equations

It is customary when discussing light-matter interactions to start with Maxwell’s
equations, written here in Sl-units [101]:

- o
V-D=p 2.1
- o
V.B=0 (2.2)
— _ 0 -

EF=—-——B 2.
V x o (2.3)
?mﬁ:%ﬁﬂ* (2.4)

where 5, the electric field inside a medium, is known as the dielectric field.
It is related to the vacuum electric field, £, through the following relation:

D=eFE+P (2.5)

10
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where P is the response of the medium to the incident electric field, known
as the polarization. In the case of dielectric media, which will be considered
in this work, no free charges are present (p = 0) and no significant currents
occur (7 = 0). All the media examined in this study are also non-magnetic
(B = poH). Under these conditions Maxwell’s equations (Eqs. 2.1 - 2.4) can
be summarized into the following wave equation:

i O
V°E = py—D 2.6
Ho 12 (2.6)
Light matter interactions are usually considered within the framework
of the Lorentz model [102], in which the electron is assumed to be bound

in a harmonic potential to the nucleus. This is equivalent to expressing the
response of the material, or rather the induced polarization of the material as
a result of incident electromagnetic wave, as a linear function of the incident
electric field:

P(E) = eoxVE (2.7)

where €, is the permittivity of free space and ") is the first order optical
susceptibility tensor which is a property of the material.

For large incident electric fields, as is the case when femtosecond laser
pulses are incident on the medium and the electric field is of the same order as
the inter-atomic binding force, the harmonic potential picture breaks down.
This can be seen if one compares a harmonic potential to a real potential
describing the binding forces on the electron. It can then be seen that the
harmonic and real potentials only correspond for low energies (Fig. 2.1). It is
therefore necessary to consider a more realistic potential when dealing with
the interaction of femtosecond pulses with a medium.
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Figure 2.1: Diagram depicting a harmonic potential (solid line) and a gener-
alized real potential (dashed line).

2.2 Nonlinear polarization and the nonlinear
wave equation

The most general way of describing a realistic potential for an electron bound
to an atom is to consider the potential as a power series in x, the displace-
ment.

V(z) = %mw%xz + Az® + Ba* + ... (2.8)

This potential originates from the fact that any potential can be described

by a Taylor series, which reduces to a power series if the physical shape of
the potential is taken into consideration [102]. If one considers the electrons
within a medium to be bound by such a potential instead of a harmonic one,
the motion of the electron within the potential, driven by large electric fields,
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is no longer harmonic. The polarization of the medium which depends on the
displacement of the electrons within the incident electric field, is therefore
no longer merely a linear function of the incident electric field.

Accepting Eq. 2.8 as the generalized potential, it is now possible to con-
sider potential solutions for the response of the electron in such a potential,
and hence the polarization of the medium. It can be shown that a solution
for the polarization of the medium can merely be written as a power series
of the incident electric field [102]

=

B(E) = o (\VE + x? BE 4 \WEEE + .. (2.9)

where the ™ are known as the n-th order optical susceptibility tensors.
These tensors are material properties and determine how the incident electric
field will interact with the material. The generalized polarization is usually
rewritten as a sum of linear and non-linear terms:

—

P =PW 4 PNL — ¢\ W 4 pNE (2.10)
Inserting Eq. 2.10 into the definition of the dielectric field (Eq. 2.5) leads to:

D = e FE + eox(l)E 4+ PNL — ¢, (1 + X(l)) E + PVE = ¢¢WE 4+ pNL (2.11)

with e = (1 + y(), the first order dielectric tensor.
The dielectric field containing the nonlinear polarization can now be in-
serted into the wave equation (Eq. 2.6) to obtain the following result:

V?E — ———F = — o P"* (2.12)

Eq. 2.12 represents the nonlinear wave equation, describing nonlinear
optical effects in anisotropic, dispersive and lossless media. The nonlinear
wave equation is a second order differential equation. To obtain a solution
to this equation, it is necessary to consider the general case of dispersive
media, where each frequency component of the field must be considered in-
dependently. It is thus necessary to describe the electric field vector, E(z, t),
and the nonlinear polarization, PNL, as a sum over n positive frequency
components, wy:

E(z,t) = Z B, (z,t)ekn=ent) e e (2.13)

PE(z,t) = PNF(z )it e, (2.14)

n
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The propagation direction was chosen along the z-axis with k, being the
respective wave vectors. For optical frequencies, which are the only ones
considered in this study, and pulse lengths in the order of 100 fs, the Slowly
Varying Envelope Approximation (SVEA) applies [102]. Under the SVEA
it is possible to linearize the nonlinear wave equation (Eq. 2.12) using the
following approximations:

0? 0

—F —F 2.1

gz m < Wnigy B (2.15)

—2 _8 E 2.16
E .

022" < kn@z " (2.16)

It can furthermore be assumed that for the nonlinear polarization where
higher harmonics of the incident frequency act as carrier waves, the first
order derivatives of the envelope functions can also be neglected:

0? 0

_PNL < n—PNL < 2PNL 217
Inserting Eqgs. 2.13 and 2.14 into the nonlinear wave equation (Eq. 2.12) and
neglecting the relevant derivatives according to Eqgs. 2.15 - 2.17, it can be seen
that for each frequency component, w,, the following first order differential
equation must be satisfied:

0 ny, O w ,
Z 2 ) B2, t) = i—D PNy f) e 2.18
(82 T 815) (1) ZZeocnwn w (i 0)e (2.18)
with n,, being the refractive index for the specific frequency, w,,. The general
nonlinear wave equation (Eq. 2.12) has now been linearized (SVEA) and Eq.
2.18 now describes the electric field within a medium resulting from the
nonlinear polarization.

2.2.1 Optical susceptibility tensors

As can be seen from Eq. 2.9 the polarization of a medium, exposed to elec-
tromagnetic radiation, is determined by the strength of the incident electric
field and the optical susceptibility tensors. The optical susceptibility tensors,
x™, are material properties and are characteristic for the material. They are
determined by the potential that describes the bonding of electrons in the
specific medium. Since in the general case, the potential inside a medium is
not isotropic in all directions, the optical susceptibility tensors need to reflect
this anisotropy. These y™-tensors are therefore tensors of rank n + 1, which
implies that, for example, Y(? has 27 elements and x(® 81 elements. In gen-
eral, the large number of elements within the optical susceptibility tensors
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make them extremely difficult to determine exactly and therefore to predict
the strength of nonlinear processes. Fortunately, this large number of ele-
ments can be reduced through physical considerations such as symmetry and
certain approximations, most noticeably the Kleinman symmetry condition
[103].

The intensity of the incident electric field on a medium determines which
of the terms of the nonlinear polarization, PN, should be included in Eq.
2.18. In general, each subsequent higher order of optical susceptibility tensor
is several orders of magnitude smaller than the previous one. The larger the
incident electric field and subsequent intensity, the more relevant the higher
order terms of Eq. 2.9 become. Each of the optical susceptibility tensors
governs a specific type of nonlinear interaction. x® for instance, governs
so-called 3-photon processes, which include sum- and difference frequency
generation (of which second harmonic generation is a special case) and para-
metric amplification. x® governs 4-photon processes like four-wave mixing,
self-focusing and self phase modulation.

2.3 Second harmonic generation

Second harmonic (SH) generation is a nonlinear process (governed by x®)
whereby light of frequency w through interaction with a medium generates
light of frequency 2w. This process fulfills energy conservation requirements
as two photons of frequency w are required to produce one photon of fre-
quency 2w.

Since SHG is a x® process, it can be seen from Eq. 2.9 that the induced
polarization at 2w (P®+)) is proportional to the incident intensity (I, o<
E,E,). In general it is not possible to measure electric fields oscillating at
optical frequencies, and thus, in any experiment, it is the SH power which will
be measured. The SH power is merely the spatial integral of the SH intensity
(124)) which will be proportional to the square of the incident intensity (1,,)

Iy, o< (1,)? (2.19)

Second harmonic (SH) generation is a well known technique for studying
crystalline semiconductor material [, 24, | and thin crystalline films. SH
generation is particularly suited to this study since it is also able to probe
buried interfaces (such as the Si/SiO, interface) and is sensitive to surface
effects such as crystalline orientation, surface defects and surface roughness.
The SH signal can also be influenced by electric fields that exist within the
media and across the interface. This will be discussed further in Section 2.6.
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SH generation has the advantage over other techniques that it is a non-
contact, non-invasive measurement technique that is non-destructive. Dif-
ferent contributions to the second harmonic signal originate from the bulk
and the interface of a material, since these regions have different effective
second order susceptibilities. The measured SH signal is therefore a sum
of both these contributions and it is generally impossible to separate these
contributions in the measured signal.

2.4 SH rotational anisotropy

SH rotational anisotropy measurements are in general used to investigate the
crystalline structure and crystalline orientation of materials. With this tech-
nique one is able to measure crystalline properties of thin films and interfaces
and it is a complementary technique to X-ray diffraction measurements. The
anisotropy in the SH signal under rotation of the sample around the incident
beam, originates in the fact that the response of the medium (polarization)
is not uniform in all directions within the medium. This implies that the
orientation of the medium (crystal orientation) with respect to the incident
light orientation (polarization of incident beam) can influence the strength
of the generated SH response.

The optical susceptibility tensors are material properties that describe,
amongst other things, the crystalline nature of the medium and hence the
expected SH rotational anisotropy response. This implies that the crys-
tal symmetry plays an important role in defining the values of the tensor
elements. Since the tensor elements are determined by the crystal proper-
ties, the orientation of the crystal axis with respect to the incident electric
field polarization determines the strength of the nonlinear polarization of the
medium and hence the strength of the emitted SH wave.

Different crystal structures will therefore exhibit different SH anisotropy
under rotation around the surface normal of the sample. These anisotropy
patterns will also depend on the polarization of the incident electric field,
P or S, and on the polarization that is observed, P or S, with P being the
polarization which is parallel to the plane of incidence and S the polarization
which perpendicular to the plane of incidence.

In general it is possible to measure four independent rotational anisotropy
patterns for a specific medium, namely incident with P-polarization and de-
tecting P-polarization, incident S-polarization and detecting P-polarization,
incident P-polarization and detecting S-polarization and lastly incident S-
polarization and detecting S-polarization. As an example of such measure-
ments, Fig. 2.2 shows the four SH rotational anisotropy measurements per-



2.4. SH rotational anisotropy 17

formed on a 5 pm thick sample of SiC on a Si substrate. This is the same
sample used to measure the spot size at the focus of the experimental setup
(Section 3.3). In the case of SiC, the SH signal originates from the SiC bulk.
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Figure 2.2: SH rotational anisotropy measurements from bulk SiC. The four
polarization combinations employed were incident P and detection P (PP),
incident P and detection S (PS), incident S and detection P (SP) and incident
S and detection S (SS).

The SH rotational anisotropy measurements depicted in Fig. 2.2 allows
for the determination of the specific polytype of SiC present in the sample. In
this specific case the sample was 3C-SiC with (001) surface orientation. These
measurements can be performed on a wide variety of media. As another
example, rotational anisotropy measurements were also performed in this
lab on bulk ZnO with wurtzite crystal structure [105]. As can be seen from
Fig. 2.2 the P-P polarization combination has the strongest response. This
is the case in general. This is also the reason why the P-P polarization
combination was chosen for the all the measurements performed on p*-type

Si/SiOs.
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Since the symmetries of the bulk and surface are different, the anisotropy
pattern from the two different sources can also be different. In this study,
use is made of only P-polarized incident light and only P-polarized SH light
is detected. The following expressions for the emitted P-polarized SH light,
from both the bulk and surface contributions, can be obtained by performing
the necessary transformations between the laboratory and crystal reference
frames [33].

3
B (6) o« [Z appcos(ng) | - (B3P (2:20)
n=0

B, P)+ Y chpla,B)cos(ng) | - [BE (2.21)

n=0

Bpp ™ (0) &

The Fourier coefficients a}, p, b(P, P) and ¢} p(c, 3) are introduced here
for the sake of simplicity and combine the relevant Fresnel factors, indepen-
dent tensor elements and angular functions. Liipke et al. compiled a more
complete description including further algebraic detail, along with results for
other polarization combinations [33].

The total generated SH intensity, originating from both the bulk and
surface contributions, is proportional to the square of the absolute value of
the sum of the respective contributing fields:

2
Iy oc | ERFI™(6) + ER$™(0)| (2:22)

By combining Eqgs. 2.20, 2.21 and 2.22, the total SH intensity generated
from cubic centrosymmetric in reflection under P-polarized excitations, as a
function of azimuthal angle, is obtained:

2

1% (1%)? 2.23
PP P

4
S (P, P) cos(no)
n=0

with the Fourier coefficients (P, P) combining the previous coefficients in
Eqgs. 2.20 and 2.21. It must be noted that Eq. 2.23 holds for crystal faces of
C1, symmetry and is applicable to the low index cubic crystal faces (100),
(111) and (110).
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2.5 SH generation from centrosymmetric me-
dia

Centrosymmetric materials include a large number of media, for instance
metals and elemental semiconductors such as Si. Considering the standard
multipole expansion for fields, it can be shown that the electric dipole term is
parity forbidden in the case of centrosymmetric materials [103]. This implies
that SHG from the the bulk of such media is zero (X,()i)lk = 0) in the dipole
approximation. The lowest order terms that can contribute to the nonlinear
polarization of the bulk is the electric quadrupole and the magnetic dipole
terms [106].

This symmetry, which ensures no SHG signal from the bulk of the mate-
rial, is however broken at the surface or interface of the material and electric
dipole effects are allowed (Xl(ii # 0). The second order optical susceptibility
responsible for SH at the surface or interface is however very small, giving
typical yields of one SH photon for every 10'3- 107 incident photons [5].

With extremely large electric fields and field gradients incident on the
medium, as is the case when the medium is irradiated with femtosecond
pulses, higher order (magnetic dipole and electric quadrupole) SH signals
from the bulk and surface or interface of the material are induced which can
be comparable in size, or even supersede, those from the symmetry breaking
at the surface or interface [107].

One other contribution to the nonlinear polarization of centrosymmetric
media is quasi-static electric field-induced dipole sources [106]. In fact, since
SHG within the electric dipole approximation in centrosymmetric material
is forbidden, SH generation from these materials is extremely sensitive to
external perturbations, for example magnetic fields, quasi-static electric fields
and strain [5].

This is exactly the case in Electric Field Induced Second Harmonic (EFISH)
generation, where a quasi-static electric field that is present in the medium,
perturbs the medium to such an extent that a large SH signal is observed.
The resultant measured SH signal is the sum of the signals originating from
all the different contributions, where the two most significant ones are the
second order surface contribution and EFISH. The effective SH polarization
can in this case be written as:

P = ¢ (X + XOE(t)) BB (2.24)

where Xé2) is the effective second order optical susceptibility originating from
all other sources, x® is the third order susceptibility, E(t) is the quasi-static

electric field in the sample and E®) is the incident electric field.
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2.6 Electric Field Induced Second Harmonic

Electric fields in centrosymmetric media can perturb the structure of the
media to such a degree that SH generation from the bulk of these media
(or at least the region where the electric field is present) can be non-zero.
In such cases the SH generation process is known as electric field induced
second harmonic (EFISH) generation and the strength of the EFISH signal
is an indirect measurement of the perturbing electric field strength.

The EFISH signal is governed by a x® process, as can be seen from
Eq. 2.24. This would in general imply that the SH signal contribution
from EFISH would be orders of magnitude smaller compared to the X(()z)
contribution which governs the SH signal from the interface. This is however
not the case in Si/SiOs. Since XéQ) originates mainly from the interface, and
hence from only a couple of atomic layers at the interface, it has a very small
value. The electric field that can exist in the sample on the other hand, can
obtain large enough values such that the EFISH signal completely dominates
the interface contribution to the total SH signal.

Depending on the experimental conditions, EFISH can be the dominant
contribution to the SH signal from Si/SiO,. The electric field responsible for
EFISH can have a number of different origins. Firstly, it can be externally
applied. This is the case where MOS-devices (Metal Oxide Semiconductor)
manufactured from Si/SiOy have been investigated and an external voltage
was applied [83]. Secondly, the irradiation of the Si/SiO, interface by intense
near infra-red radiation can induce an electric field across the interface via
nonlinear electron and hole transport processes [100]. An important origin
of an electric field across the Si/SiOy interface is heavy doping within the
Si. The presence of a large number of boron atoms (p*-doping) within the
Si can ionize the existing defects on the interface and set up an electric field
across the interface. This effect is investigated in detail in this dissertation.

It has been proposed |76, 78, 92, 100] that the following processes are re-
sponsible for the optically induced electric field that exists across the Si/SiOs
under femtosecond irradiation. Firstly, defects are generated within the
transparent ultra-thin (< 5 nm) oxide layer and on the interface. Electrons
are then transported via a 3-photon process from the valence band of the Si
into these generated trap-sites. The movement of these electrons and genera-
tion of the trap sites depends on the intensity of the radiation. The build-up
of charge in these defects establishes an electric field across the interface.

It has also been shown that [100] at incident intensities > 45 GW /cm?,
hole trap sites are generated in the oxide layer and on the interface, and
holes are transported via a 4-photon process from the Si into the generated
trap sites. This movement of holes decreases the nett induced electric field.
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The hole transport occurs on a much longer time scale to that of the elec-
tron transport, since it is a 4-photon process versus the 3-photon process
of electron transfer. The transient SH signal is thus dependent on the nett
interfacial electric field, F(t), and the observed SH signal can be written as

2
() = X +xWE®)| (1°) (2.25)

where X(,f’) is the dipole allowed third order nonlinear susceptibility of Si and

X[(]z) is the effective SH susceptibility arising from all other sources. E(t) is the
time-dependent nett interfacial electric field as a result of charge separation
across the interface.

Since the EFISH contribution dominates the signal, the contribution from
other sources can be ignored and thus the equilibrium SH signal is a direct

measure for the interfacial charge density, n. [77]

Ne X )X(B)E_"(t)‘ ox V) (2.26)

2.7 The Si/SiO, system

Si is the most widely used semiconductor because it has a number of very
useful characteristics. It is an abundant material, can be grown into large
single crystals, can be both p- and n-doped and probably most important,
it has a naturally occurring insulating oxide. This very thin (< 5 nm) oxide
layer, along with the possibility of manufacturing p-n junctions, allows for
the construction of complex devices such as transistors and MOS-structures.
Si has a diamond crystal structure and is hence centrosymmetric. This
implies, as was stated earlier, that y® for the bulk is zero in the dipole
approximation, and that any SH signal can only originate from the Si/SiO,
interface or from a perturbation of the bulk, such as an electric field being
present. Naturally occurring defects within the SiO, and on the interface
of the Si/SiO, present trap sites for charges. Charges trapped in these sites
influence the performance of devices constructed from the system. Under-
standing the formation of these trap sites and the dynamics of the charges
being trapped, can lead to a better understanding of device performance.
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Figure 2.3: Simplified band structure of oxidized undoped Si.

As can be seen from Fig. 2.3 the energy barrier to transport electrons from
the Si valence band (VB) into trap sites in the SiOq is 4.3 eV. This requires
three NIR photons (assuming photons with energy 1.59 eV, A = 782.8 nm)
to surmount the barrier. In order to transport holes from the Si conduction
band (CBijpdirect) into trap sites in the SiOq, four such photons are required
to surmount the energy barrier of 5.7 eV. This implies that photo-induced
charge carrier transfer across the Si/SiO, interface is a 3-photon process
for electrons and a 4-photon process for holes. This then also explains the
observed temporal SH response from undoped Si/SiO, depicted in Fig. 2.4.
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Figure 2.4: The temporal SH response from natively oxidized undoped
Si/SiO, measured at an incident intensity of 100 GW /cm? showing the dif-
ferent effects due to electron transfer and hole transfer. The effects can be
de-convoluted due to their different time scales.

The time dependent SH response shown in Fig. 2.4 can be reproduced
by considering the trap formation processes (for holes and electrons) as two
distinct processes and charge transfer processes (for holes and electrons) as a
further two processes. Each of these processes is considered to be exponential
and hence the following equation accurately reproduces the observed SH
response in Fig. 2.4 [11, 76, 77, 100].

13 o (i a; exp(—t/n)) (2.27)

Introducing dopants into the Si during manufacture, changes the funda-
mental characteristics of the system. By introducing boron, the Si becomes
a p-type semiconductor. This implies that there is a depletion of electrons
within the Si. If the doping is high enough, this effect can lead to the ioniza-
tion of interface defect states which results in an electric field forming across
the interface. This interfacial electric field contributes to the effective second
harmonic susceptibility (ch)f) and hence the generated SH signal (EFISH).
The purpose of this dissertation is the examination of this doping induced
interfacial electric field on the EFISH signal.



Chapter 3

Experimental setup and methods

The following chapter describes the working of the commercial Ti:Sapphire
femtosecond laser and the experimental setup used in this study. A fem-
tosecond laser was chosen as it is possible to reach incident intensities in the
order of 130 GW /cm? without significant heating of the sample. This is a
direct result of the extremely short pulses (~ 80 fs) and low pulse energies
(~ 10 nJ). As part of this work, the relevant laser parameters needed to
be determined. This was done using a custom pulse characterization setup.
Most importantly, the setup used for performing the SH measurements is also
described. Lastly, this chapter deals with the preparation and properties of
the highly boron doped p*-type Si/SiOy samples studied in this work.

3.1 Laser system

The most common laser material employed to generate ultra short femtosec-
ond pulses is titanium doped sapphire (Ti:Sapphire). This is because of the
strongly broadened fluorescence band due to lattice vibrations (phonons).
This results in a laser gain line shape, in lasers using Ti:Sapphire as active
medium, that covers the spectral range of 660 - 1180 nm with a maximum
at 795 nm [108]. The shortest temporal pulse duration obtainable is related
to the spectral pulse width through the Fourier theorem, where the temporal
pulse width is inversely proportional to the spectral bandwidth. This implies
that the theoretical temporal pulse limit attainable from Ti:Sapphire is 4 fs.
The shortest pulse length ever achieved directly from an oscillator is 5.4 fs
[109] while a pulse length close to the theoretical limit has been achieved by
means of external pulse compression [110)].

Ultra short pulses are formed when many longitudinal modes (present
in Ti:Sapphire lasers as a result of the broad fluorescence spectrum) with

24
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a fixed phase relation interfere constructively. In a Ti:Sapphire laser this is
achieved through Kerr-lens-modelocking [111]. The third order susceptibility
of Ti:Sapphire results in a refractive index which is intensity dependent,
n(I) = ny+nol, with ng = 3.1 x 107*%cm? /W. This implies that intense laser
modes that have a transverse intensity distribution experience a transverse
refractive index profile within the gain crystal. This results in focusing of
the intense laser mode (selffocussing). Longitudinal modes within the cavity
that randomly interfere constructively are more intense than cw modes and
therefore undergo stronger selffocussing within the Ti:Sapphire crystal. The
oscillator cavity is designed such that it has a higher quality, i.e. lower losses
for these focused modes. The intense, focused modes are amplified while the
cw modes die out. This can easily be done by introducing a aperture or slit
into the cavity. This effect is known as Self Amplitude Modulation (SAM).

The longitudinal intensity distribution of the short intense pulse intro-
duces an intensity dependent phase shift know as Self Phase Modulation
(SPM). For ny > 0, as is the case with Ti:Sapphire, this introduces positive
temporal pulse spread, also known as frequency chirp. This implies that the
blue components of the pulse spectrum are delayed compared to the red com-
ponents, leading to temporal broadening. Positive temporal spreading is also
introduced by the optical components within the laser cavity such as mirrors
and lenses. This effect is also referred to as positive group velocity dispersion
(positive GVD). In order for the laser to attain stable modelocking and to
achieve the shortest possible pulses, it is necessary to compensate for this
positive GVD. This is done by inserting into the cavity two pairs of prisms.
Prisms introduce anomalous or negative GVD. In this fashion it is possible
to exactly compensate for the positive GVD and obtain the shortest possible
pulses and stable modelocked operation.
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Figure 3.1: Layout of commercial (Spectra Physics, Tsunami) femtosecond
oscillator.

Figure 3.1 shows the layout of the laser system used in this study. It
is a commercial femtosecond oscillator (Spectra Physics, Mountain View,
CA, USA, Tsunami). The oscillator is pumped by an intra-cavity frequency
doubled Nd:YVOy laser (Spectra Physics, Millenia V) which produces a max-
imum cw power of 5.5 W at a wavelength of 532 nm. The pump beam enters
the laser cavity through a Brewster window and is directed and focused into
the Ti:Sapphire crystal by mirrors PUl and PU2. M2 and M3 are highly
transmissive for the pump wavelength (532 nm) but highly reflective for the
near infrared (NIR) laser wavelength. These two mirrors form part of the
laser cavity. The residual pump beam which is not absorbed in the crystal is
dumped onto a beam block behind M2. M1 forms the one end mirror of the
cavity. P1 - P4 are the pairs of prisms inserted into the cavity to introduce
negative GVD to compensate for the inherent positive GVD of the system.
P2 and P3 can be moved up and down, introducing more or less negative
GVD depending in their positions. In this fashion the pulse length can be op-
timized. A tuning slit of constant width but adjustable position is introduced
between P2 and P3, allowing for wavelength tuning. The beam exits the cav-
ity through the output coupler (OC) and passes through a Brewster window
before leaving the laser. An optional acousto-optical modulator (AOM) is
also introduced into the cavity to assist with initiating modelocking and to
help maintain stable operation.
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3.2 Laser characterization

In order to perform quantitative SHG experiments it is necessary to char-
acterize the relevant properties and parameters of the laser system used in
the experiments. The pulse repetition rate of the laser was measured with a
custom built pulse train detector. The pulse spectrum was measured with a
charged coupled device (CCD) array spectrometer (Ocean Optics, Dunedin,
FL, USA, HR4000 VIS-NIR). The average power of the laser was measured
with a commercial power meter (Coherent, Santa Clara, CA, USA, Field-
master with LM-3 measurement head). A custom built autocorrelator (Fig.
3.2), based on a Michelson interferometer, was used to measure the temporal
pulse width.

M1
Incident beam /
g BS
“—
AX
Amp i
. /
- | &
[ 4

Figure 3.2: Layout of the autocorrelator used for measuring the pulse. M1:
mirror on movable speaker, M2: static mirror, BS: beam splitter, SM: spher-
ical mirror, D: AlGaAs detector diode, Amp: amplifier, Osc: oscilloscope,
Ax: optical path length difference.

The laser pulse duration needed to be measured to be able to determine
the intensity incident on the sample during the experiment. In order to
measure the pulse duration, the laser pulses to be measured are split by a
50/50 beam splitter (BS) into two pulses, P1 and P2. These two pulses are
reflected back onto themselves by mirrors M1 and M2. M2 is placed on a
standard audio speaker. By driving the speaker by a low frequency signal
generator, a variable delay on P2 is introduced. Finally P1 and P2 (with
P2 having a variable temporal delay introduced) are focused by a spherical
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mirror onto a reverse biased AlGaAs light emitting diode (LED) (Kingbright
Elec. Co. Ltd., Taipei, Taiwan, L-1513SRC-E) used as a detector diode.

The AlGaAs detector diode has a band gap of ~1.9 eV. This is consider-
ably higher than the photon energy (1.59 eV) of the laser pulses at a center
wavelength of 782.8 nm. This results in single photon absorption being sup-
pressed in the diode and two photon absorption dominating. The resultant
photo-current (PC) is an interference pattern (commonly referred to as the
interference autocorrelation trace) which is a function of the temporal delay
between P1 and P2, At. The temporal delay, At, is determined by the spatial
delay introduced by the speaker, Az (At = Az/c).

With the autocorrelator properly aligned, the ratio between the peak
photo-current, PCp, (signal when the two pulses are perfectly overlapped)
and the background, PCpg, (when the two pulses do not overlap at all)
should be 8:1. This ratio is obtained because of the two-photon absorption
process in the diode.The ratio of the respective signals can be determined as
follows:

2
POP - ]]23 - (|Ep1 +EP2|2) o (2 : Ep1)4 B 16 (Ep1)4 _§
PCoc ~ Tha — (|EmP)"+ (1Erf)”  2-(Ep)' 2(Ep)" 1

(3.1)
This is because Ep; = Epy since each pulse is split into two parts of equal
intensity by the 50/50 beam splitter.
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Figure 3.3: Typical second order interference autocorrelator measurement
(a) and fit to the data (b) with pulse length, 7p, and induced phase shift,
¢, as fit parameters, of the femtosecond pulses employed in this study. The
extracted pulse length was (73+5) fs.

Fig. 3.3(a) shows a typical autocorrelation trace of the laser pulses used
in this study. From this trace it is possible to extract the pulse length. Fig.
3.3(b) is the fit to the data used to extract the relevant parameters like the
pulse length. The autocorrelation measurement agrees with the predicted
8:1 ratio between the peak signal and the background. The fit assumes a
Gaussian temporal envelope and a sinusoidal carrier wave for the measured
pulse.

The electric fields of P1 and P2 can be described as:
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Ep(t) = Epy -2/ . sin(wt) (3.2)
Eps(t) = Epy - e 20897 sin(w(t — At) + ¢) (3.3)

In these two equations, w is the frequency of the carrier wave, and the 1/e
width of the electric field envelope is v/2 - 7. The phase shift between the
two pulses introduced by the beam splitter is ¢ and At is the temporal
delay between the two pulses. Since the photo-current signal produced in
the detector diode is as a result of two-photon absorption, the photo-current
signal (PC(At)) will be proportional to the square of the total intensity
(PC(At) o< I?) incident on the detector, integrated over time, .

PC(At) < I*(At) = / (|Ep1(t) + Epa(t — At)\2)2 dt (3.4)

Eq. 3.4 represents a convolution integral, which fully describes the ob-
served autocorrelator trace (Fig. 3.3) in terms of the measured electric fields.
This equation can be used to extract the relevant pulse parameters. The
spectral frequency, w, is measured directly (see below) while the electric field
envelopes (Fp; and Eps), the induced phase shift (¢) and temporal pulse
width (7) are extracted from a fit of Eq. 3.4 to the experimental measure-
ment.

The temporal pulse width of a laser pulse is usually described in terms
of the full width at half maximum (FWHM) of the intensity envelope. Since
the intensity is proportional to the square of the electric field (I oc E?), the
temporal pulse width of the intensity envelope (FWHM), 7p, is related to
the electric field pulse width, 7, through:

p=VIn2-71 (3.5)

The extracted pulse width for the measurement shown in Fig. 3.3(a) was
Tp = 73+ 5 1s.
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Figure 3.4: Spectrum from Ti:Sapphire laser in wavelength (a) and frequency
(b). A Gaussian fit, used to extract the bandwidth, is also shown (solid lines)
for both graphs.

As was mentioned earlier, the spectral composition was measured using a
CCD array spectrometer. Fig. 3.4(a) shows a typical spectral measurement.
Fig 3.4(b) shows the same measurement, but in the frequency domain. The
spectral pulse width in terms of wavelength and frequency was extracted by
performing a Gaussian fit to the data for the measured pulse and was found
to be 12.4 nm and 6.04 THz respectively. As was mentioned earlier, the
spectral width and temporal width are related through the Fourier theorem.
The time-bandwidth-product (TBP) 7p - Av for the measured pulse was
determined to be 0.44 +0.04 which compares well to the theoretical limit for
a GGaussian pulse which is 0.44. It can therefor be assumed that the pulses
are bandwidth limited.

The pulse repetition rate was measured with a simple custom built pulse
train detector. The measurement can be seen in Fig. 3.5 and the repetition
rate was found to be 80 MHz.
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Figure 3.5: Pulse train from Ti:Sapphire laser. The period was measured as
12.5 ns which corresponds to a pulse repetition rate of 80 MHz.

The spatial distribution of the pulse energy needs to be measured in order
to calculate the intensity incident on the sample. The spatial distribution of
the pulse was measured with a CCD camera (Spiricon, Logan, USA, SP980M)
(Fig. 3.6) and was found to be close to Gaussian TEMg. Since the beam is
approximately Gaussian, it can be assumed that the beam would maintain
this Gaussian profile in the tightly focused spot on the sample during the
experiment. This allows for the calculation of the intensity incident on the

sample.
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X

Figure 3.6: CCD camera picture of transverse beam shape. The beam profile
1S &~ TEMO().

The average laser power, monitored over a period of 3 hours, did not vary
by more than 3%. The output of the laser was vertically polarized. The
pulse peak power is determined by assuming a Gaussian temporal intensity
envelope and was hence calculated to be P, = 0.94Ep/7p where Ep is the
maximum total pulse energy. The important laser parameters are summa-
rized in Table 3.1. These values are applicable to the laser pulses as they are
incident on the sample being investigated.
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Table 3.1: Important parameters of the Ti:Sapphire laser used in this study.

Max average power P, 840 mW
Repetition rate frep 80 MHz

Max pulse energy Ep 10.5 nJ

Min pulse duration Tp (731+5) fs
Max pulse power Pz 135 kW
Center wavelength A 782.8 nm
Spectral width AN (12.440.5) nm
Time-bandwidth-product | 7p - Av | 0.4440.04 (= theoretical limit)
Max pump power Ppymp | 5.5 W

Pump wavelength APump | 932 nm
Radial mode ~ TEMy
Polarization vertical

3.3 Experimental layout

The layout of the experimental setup used to perform the SH experiments
is shown in Fig. 3.7. The fundamental beam is guided by two gold coated
mirrors, both labeled M1, (Edmund Ind. Optics, Barrington, NJ, USA,
protective coating, 1/4 wave surface accuracy at 632.8 nm) through first a
A/2-retarder plate (B. Halle Nachfl. GmbH, Berlin, Germany) and then a
polarizer P1 (Halbo Optics, Chelmsford, UK). This combination allows for
the continuous attenuation of the pulse energy by rotating the \/2 plate, and
selecting the desired incident beam polarization by rotating the polarizer P1.
The beam then passes through a long-pass filter F1 (Edmund Ind. Optics,
transmission < 1% (> 90%) for wavelengths < 570 nm (> 620 nm)) to
eliminate any SH light that might have been generated by the beam passing
through the optical components from reaching the sample or the detector.
The fundamental beam is then focused onto the sample by an achromat lens
L1 (Edmund Ind. Optics, focal length f = 35 mm, NIR anti reflection (AR)
coated).
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Figure 3.7: Diagram of the experimental setup employed to perform the SH
measurements. Ch: Light chopper. M1: Gold coated mirrors. A/2: Retarder
plate. P1, P2: Polarizers. F1: Red cut-off filter. L1, L2: Lenses. M2:
UV - Al coated mirror. F2: Filter set. PMT: Photomultiplier tube. A
lock-in-amplifier and automated data acquisition was employed.

The angle of incidence of the beam on the sample was kept constant
at 45° during all the experiments. The SH experiments were all performed
in reflection. The reflected light from the sample was collimated using a
double convex lens L2 (Edmund Ind. Optics, f = 125 mm, VIS-NIR AR
coated) before being steered by an aluminium mirror (Edmund, Ind. Optics,
UV enhanced aluminium coating, 1/4 wave surface accuracy at 632.8 nm)
through an analyzer P2 (Halbo Optics). The generated SH signal is then
separated from the fundamental frequency by a combination filter set F2
consisting of a short-pass filter (Edmund Ind. Optics, transmission < 1%
(> 95%) for wavelengths > 525 nm (< 490 nm)) and a narrow band band-
pass interference filter (Thin Film Products, Cambridge, MA, USA) with
a transmission band of 10 nm centered at 391.4 nm. For the experiments
performed at wavelengths other than an incident wavelength of 782.8 nm,
the band-pass filter was replaced with a short-pass filter (Schott AG, Mainz,
Germany, BG-39, transmission > 60% (< 0.01%) for wavelengths between
350 nm and 590 nm (> 700 nm).

The SH signal was detected by a sensitive photomultiplier tube (PMT)
(Hamamatsu Photonics K.K., Japan, H6780-03). The small signal from the
PMT was first amplified with a fast amplifier (Hamamatsu Photonics K. K.,
C5594) before being amplified in a quasi cw fashion, averaging over the 80
MHz signal, by a lock-in-amplifier (Ithaco Inc. NY, USA, Dynatrac Model
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393), used in combination with a 500 Hz light chopper, Ch (Ithaco Inc, Model
383A). For the rotational anisotropy measurements described in Section 3.4.3,
the lock-in-amplifier and light chopper was replaced by a boxcar integrator
(Stanford Research Systems, SR250) to improve the signal to noise ratio.
This left the temporal resolution (of 0.2 s) unchanged as the boxcar allowed
for the averaging over many pulses.

The data acquisition was automated using commercial software (National
Instruments, Austin, TX, USA, LabView) and an analog-to-digital (A /D)
converter (Eagle Technology, Cape Town, South Africa, ISA PC-30F). The
sampling rate was 700 Hz and data point averaging was employed.

The sample is mounted on a 3D automated translation stage (Newport,
Irvine, CA, USA) which enables the recording of SH signal as a function of X-
and Y-position as well as azimuthal angle of rotation about the Z-axis. The
maximum experimental resolution is 0.9° rotational angle and 5 pum spatial
resolution. The data acquisition allows for a 0.2 s temporal resolution.

The setup also allows for the recording of the SH signal dependent on
the polarization of the incident fundamental and the analyzed SH. Four
combinations are possible, with the fundamental wave being either P- or
S-polarized as well as the analyzed SH signal being analyzed in either the
P- or S-polarization direction. These four possibilities are denoted P-P, P-S,
S-P and S-S. All the measurements performed in this study were done with
a P-P combination.

The wavelength of the fundamental was 782.8 nm for the rotational
anisotropy measurements and interrupted time-dependent measurements but
was varied for the charge carrier screening effect measurements.

Since it is difficult to measure the intensity of the laser fundamental at
the sample surface, use is made of the z-scan technique to determine the
Rayleigh length and hence the spot size at the focus. This entails measuring
the generated SH power P, (2) as a function of the sample position along the
beam propagation direction (z-axis). It is possible to correlate the measured
SH power to the focal spot size by making use of standard Gaussian beam
propagation theory [102]. A sample (5 pum thick SiC on Si substrate) that
shows no time-dependent SH response under femtosecond irradiation was
used for this measurement. In this fashion the intensity at the focus can be
determined.

For this analysis, it is necessary to assume an elliptical Gaussian function
for the transverse spatial intensity profile of the fundamental wave, since the
fundamental wave is incident at an angle of # = 45° on the sample:

I(2,y) = L, - exp(—22°/w?) - exp(—2cos® 0 - y* /w?) (3.6)
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I, denotes the intensity of the fundamental beam in the center of the
beam (z = 0, y = 0) with w = w(z) the radius of the fundamental beam
at position z along the propagation direction. According to the assumed
Gaussian intensity envelope for the fundamental, w(z) denotes the 1/e-beam
radius of the electric field envelope. The beam radius w(z) is also related to
the Rayleigh length zx through [102]

w=w(z) =wp - (1—|—z2/z]2%)% (3.7)
with

zp = Twi /A (3.8)

and \ = 27¢c/w. wy = w(z) denotes the minimum beam radius at z = 0.
The power of the incident fundamental as a function of the sample po-
sition z can be calculated by evaluating the following integral: P, (z) =

[ [ L(z,y, z)dzdy yielding

s mw(z)?

“0 2cosd
Considering Eq. 2.19, which shows that the measured SH intensity is pro-
portional to the square of the incident intensity, the following expression
describes the transverse spatial intensity distribution

Py(z) = (3.9)

Ly, =7 I2(z,y) =12, - exp(—4a®/w?) - exp(—4 cos® 0 - y* /w?)  (3.10)

assuming that Eq. 3.6 describes the intensity distribution of the fundamental.
Here v has been introduced as the SH conversion efficiency coefficient. In
order to obtain the SH power it is necessary to spatially integrate over the
SH intensity. This yields

2

TWw
Py, =~-12 - 3.11
> T e 4 cos ( )
By comparing Eq. 3.9 and Eq. 3.11 it can be seen that
cos 6 K
Py, =~-P2. == 3.12
2 Y W w2 w2 ( )

with K = - P?. <% By inserting Eq. 3.7 into Eq. 3.12, an equation

™
describing the SH power as a function of z-position is obtained:

K

P = ) =

(3.13)
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Eq. 3.13 can now be fitted to a measurement of the SH power as a
function of z-position, with K and zg as fit parameters. Figure 3.3 shows a
typical measurement with the solid curve being a fit according to Eq. 3.13.
From this fit the Rayleigh length was extracted and found to be 0.19 mm.
This corresponds to a beam waist, according to Eq. 3.8, of wg = 6.9 um.
The spot diameter therefore corresponds to 13.8 pm. In all the experiments
performed here, the sample was placed at z = 0.
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Figure 3.8: Measurement of the beam radius at the sample position. The
solid line is a fit according to Eq. 3.13 which was used to extract the Rayleigh
length, zg = 0.19 mm, which corresponds to a beam waist (radius) of wy =
6.9 pm.

Using Eq. 3.9, and the value for the maximum pulse power P,,,, = 130
kW listed in Table 3.1, the maximum possible peak intensity incident on the
sample is determined as ~ 125 GW /cm?, although this extreme intensity is
never employed in this work.

3.4 Types of SH experiments

This study deals with four types of SH measurements. These measurements
are time dependent SH measurements of virgin samples, SH measurements
of pre-irradiated samples, rotational anisotropy SH measurements and the
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measurement of charge carrier screening through resonantly enhanced two-
photon absorption of highly boron doped p*-type Si/SiOs.

3.4.1 Time dependent SH measurements

A study of the SH response from Si/SiO, is a study of the EFISH signal,
and hence the electric field across this interface. The effect of the doping
induced initial interfacial electric field as well as the effect of photo-induced
charge transfer across the interface can be monitored by measuring the SH
response from the sample. The time dependent SH signal from the sample
gives insight into the charge carrier transfer rates across the interface. By
examining the dependence of these transfer rates on the incident intensity, it
is possible to infer the probable processes involved.

During these experiments, the sample is irradiated with different intensi-
ties, each time starting at a virgin spot, while the evolution of the SH signal
as a function of time is recorded. The polarization of the incident beam
and the detected beam is P-polarized for all the measurements. The results
from the virgin samples were used for comparison with results from previous
studies [11].

3.4.2 Time dependent SH measurements of pre-irradiated
samples

During the irradiation of Si/SiO, two distinct processes occur simultaneously.
Trap sites are generated and subsequently populated. The density of trap
sites eventually reaches a saturation level depending on the applied intensity.
By examining the temporal evolution of the SH signal from pre-irradiated
samples, it is possible to monitor only the charge trapping process, since it
can be assumed that no further trap sites are created. In this fashion the
two independent processes are de-convoluted.

After acquiring the data from the time dependent SH measurements de-
scribed in Section 3.4.1 the beam was blocked for different dark periods.
During these dark periods the background signal was still recorded, to en-
sure that upon recommencing of the irradiation process, the immediate SH
response from the sample is recorded. This results in measurements of the
SH response of pre-irradiated spots and these measurements give an indica-
tion of the role of existing defects in the SHG process and can be used to
compare to those of undoped Si [100].
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3.4.3 Rotational anisotropy SH measurements

Rotational anisotropy measurements are normally used to determine crystal
structure and orientation. It has however been shown that these measure-
ments can also be used to determine a change in the direction of an interfacial
electric field [83, 112]. This is the purpose of the measurement described here.
Rotational anisotropy SH measurements imply measuring the SH response
from the sample as a function of the angle of rotation of the sample around
its azimuth.

Azimuthal angular SH anisotropy measurements were recorded for both
the initial SH signal (¢ < 0.2 s, i.e. <2 x 107 laser pulses) as well as the SH
signal after saturation (¢ > 840 s, i.e. > 7 X 100 laser pulses). The angular
step size was chosen as 9° and the incident beam was displaced from the
axis of rotation to ensure that each measurement was performed on a virgin
sample spot. When recording the azimuthal anisotropy of the initial SH
signal, the measurement was averaged over three different displacements from
the axis of rotation in order to reduce the influence of sample irregularities.
In view of this latter aspect, a single rotational measurement proved sufficient
for the azimuthal anisotropy pattern of the saturated SH signal. Here, for
each angular position the temporal SH evolution was recorded and the data
points between ¢t = 840 s and ¢ = 900 s were averaged to extract the saturated
SH signal height.

3.4.4 Charge carrier screening through resonantly en-
hanced two-photon absorption

It has been shown that the initial SH response from highly boron doped p™-
type Si/SiO, does not follow the expected quadratic power law dependence
on the incident intensity for incident radiation with a wavelength of 782.8
nm |1 1]. This was attributed to resonantly enhanced two-photon absorption
within the bulk Si, which resulted in charge carrier screening of the interfacial
electric field and the subsequent deviation from the quadratic power law
dependence of the SH signal on the incident intensity. This two-photon
resonance was probed by changing the wavelength of the incident radiation
to span this resonance, in order to verify this explanation.

The initial SH signal (¢ < 0.2 s) was recorded for six different center
wavelengths as a function of intensity. The six center wavelengths were cho-
sen such that the two photon energy values fall around and on a two photon
absorption resonance within Si. The center wavelengths employed, and cor-
responding two-photon energies, are given in Table 3.2.

For each wavelength and each subsequent intensity, three measurements,
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Table 3.2: Different center wavelengths used in this study, and their corre-
sponding two-photon energy value.
| Wavelength (nm) | Two-photon energy (eV) |

741.2 3.35
752.4 3.3
764.0 3.25
776.0 3.2
788.3 3.15
801.0 3.1

each on a virgin spot, were recorded of the initial SH signal from p*-type
Si/Si0q. The average of these three measurements was taken as the initial
SH response at the specific wavelength and intensity.

Each of the center wavelengths listed in Table 3.2 represent spectra with
different widths. This is a result of the gain line shape of Ti:Sapphire which
is non-uniform across its emission range. The laser pulses associated with
each specific center wavelength therefore have slightly different pulse lengths.
The pulse lengths for each center wavelength were measured and were found
to be within 5% of the value obtained for the pulse length at 782.8 nm,
namely 73 fs. This implies that the pulses at different wavelengths are not
all transform limited but this fact should not influence the results, since it is
only the incident intensity that determines the SH response from the sample.
The incident intensity is only determined by the spot size (which remains
nearly unchanged over this small wavelength range), the pulse length and
the pulse energy.

3.5 Sample preparation and properties of p*-
type Si/SiO,

All the samples investigated were obtained from Crystec, GmbH, Germany,
and were Czochralski-grown single crystalline silicon wafers with (100) sur-
face orientation. The as-received samples were first degreased in an ultrasonic
bath with organic solvents (methanol, acetone, tri-chloroethylene), rinsed in
de-ionized water before the native oxide layer was removed by treating the
sample with 20% hydrofluoric acid [113, 114]. The samples were then stored
under dark, normal conditions to regrow a native oxide layer (< 5 nm) [76].
All measurements were performed between 70 and 110 hours after sample
preparation.
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While the oxide layer is removed, the bulk Si is exposed for a short time.
Any contamination during the cleaning process can during this time attach
to the bulk Si. The inclusion of contaminants will strongly influence the
preparation of the interface. Trapped impurities at the interface will influence
the number of naturally occurring defects and the behaviour of these defects.
To avoid this, extreme care has to be taken to ensure a clean environment
during the cleaning process. The presence of contaminants can be easily
seen in the measured SH response from the sample, as the time dependent
SH traces differ considerably from those reported in this study.

All the samples investigated were strongly boron (B) doped p*-type
wafers with resistivity < 0.01 Qcm. This corresponds to a doping concentra-
tion of > 8.5 - 108cm 3.

The absorption coefficient [115, | of Si determines the penetration
depth of NIR light (at 782.8 nm) to be ~11 pm. This is in strong contrast to
the escape depth of the generated SH light (391.4 nm) which is only ~100 nm.
The native SiO, layer is transparent down to the deep UV due to its large
band gap of 8.9 €V |77] and therefore allows for the effective transmission of
both the fundamental and the SH light. These factors imply that SHG from
the Si/SiOy system originates from either the interface or from the ~100
nm Si layer below the interface through bulk effects (higher order multipole
terms or EFISH).

Previous studies have determined that employing the setup described
here, no significant heat accumulation occurs in the Si/SiO, interface [11].
Furthermore, care has been taken to not exceed the damage threshold for Si
which is reported in literature as 10> GW /cm? for laser pulses of 90 fs at a
wavelength of 620 nm [117, 118] and 10* GW/cm? for 120 fs pulses in the
NIR spectral region [119]. All the intensities employed in this study were <
120 GW /em?.



Chapter 4

Experimental results

The following chapter describes the experimental results obtained from a
number of SH measurements examining the Si/SiO, interface using natively
oxidized highly boron doped p*-type Si. The doping concentration in all
cases was > 8.5 - 108cm™ (< 0.01 Qcm). All measurements were performed
using natively oxidized Si with (100) surface orientation from the same man-
ufacturer (Crystec, Berlin, Germany). The samples were prepared using the
method described in Section 3.5. Since the SH response from the samples
shows a dependence on the rotation of the sample around its azimuth (see
Section 4.3) the samples had to be orientated such that comparable mea-
surements could be made. This was done by measuring the SH response
as function of the rotational angle. All measurements were then performed
at an azimuthal maximum of the initial response using incident P-polarized
light and detecting P-polarized SH light. This ensured that recorded signal
heights of different measurements could be compared directly to each other.

The first set of experiments investigated the time dependent SH signal
from natively oxidized pT-type Si/SiO,. These measurements were done in
order to compare to published results |11, | which verify the measure-
ment and sample preparation techniques. Secondly, a systematic study of
pre-irradiated natively oxidized p*-type Si/SiOy was performed, examining
the SH response from the sample as a function of intensity and dark time.
Thirdly, the SH rotational anisotropy of natively oxidized p™-type Si was in-
vestigated. The anisotropy patterns of both the initial response as well as the
saturated response were recorded. Lastly, the initial SH response from the
sample was measured using different fundamental wavelengths, as a function
of incident intensity, probing a two-photon absorption resonance that exist
within bulk Si [62, 87]. These results are each presented in separate sections
in this chapter.
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4.1 SH response from virgin p*-type Si/SiO,

In this section the temporal evolution of the SH signal from natively oxi-
dized highly boron doped pT-type Si/SiOy (> 8.5 - 10®¥cm ™3, < 0.01 Qcm),
prepared as described in Section 3.5, is investigated. All measurements were
performed on the same sample (i.e. same doping, surface orientation (001)
and manufacturer (Crystec, Berlin, Germany)).

Fig. 4.1 shows the temporal evolution of the SH signal for 6 different
incident intensities ranging between 35 and 115 GW /cm?. All curves were
recorded starting with a virgin spot on the wafer. Each spot on the sample
was irradiated for ~15 min with a different intensity while the SH signal was
recorded. The beam was opened ~10 s after the start of data acquisition,
ensuring that the start of the irradiation process is recorded. The solid lines

in Fig. 4.1 are fitting curves according to Eq. 5.2.
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Figure 4.1: Temporal SH response of natively oxidized p*-type Si/SiOs for six
different intensities: 115 GW /em?, 100 GW /em?, 85 GW /em?, 60 GW /cm?,
45 GW /em? and 35 GW /cm?. The solid lines are fitting curves according to
Eq. 5.2.

In each of the curves, the SH intensity shows a strong initial response.
This initial response increases as a function of intensity. After the initial
response, the SH intensity shows a strong decline over many seconds to a
local minimum, after which the signal increases over many minutes. A weak
decrease, appearing on a much longer time scale, is also visible for intensities
> 60 GW /cm?.

Fig. 4.2 shows the results of the same measurement, focusing on the first
90 s of irradiation (0 - 100 s), clearly displaying the strong initial response,
subsequent decline and recovery of the SH signal. The strength of the initial
signal is clearly dependent on the intensity, as is the magnitude of the sub-
sequent decline and rate of decline. The solid lines are again fitting curves
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to the data according to Eq. 5.2.
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Figure 4.2: Temporal SH response of natively oxidized p*-type Si/SiO, for
early times (< 100 s) for six different intensities: 115 GW /cm?, 100 GW /cm?,
85 GW /cm?, 60 GW/em?, 45 GW /em? and 35 GW /em?. The solid lines are
fitting curves to the data according to Eq. 5.2.

4.2 SH response from pre-irradiated p'-type
Si/SiO,

The following section presents a systematic analysis of the SH response from
the Si/SiO, interface of a natively pre-irradiated highly boron doped p*-type
Si sample (> 8.5 - 10%¢m ™3, < 0.01 Qcm), after varying irradiation inter-
rupts of 10 to 600 s. The samples are initially exposed to NIR femtosecond
irradiation as described in Section 4.1, after which it is given time to relax
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during varying dark periods before being re-irradiated. The temporal SH re-
sponse of the pre-irradiated samples are recorded and the SH response upon
recommencement of irradiation is investigated.
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Figure 4.3: Temporal evolution of the SH signal in natively oxidized p*-type
Si/Si0, irradiated at various peak intensities. A-G indicate dark periods of
10 s (A), 20 s (B), 30 s (C), 60 s (D), 180 s (E), 360 s (F) and 600 s (G).
The solid lines are fitting curves to the data according to Eq. 5.2.

The complete recording of the SH signal with time, including all the
mentioned interrupts, for six different incident intensities (35, 45, 60, 85, 100
and 115 GW /cm? respectively), is shown in Fig. 4.3. The first 900 s of Fig.
4.3 is a duplicate of Fig. 4.1. After 900 s, the beam is blocked for 10 s
(indicated by dashed line A), unblocked for 60 s to allow the SH signal to
recover, blocked again for 20 s (indicated by dashed line B), unblocked for
60 s to allow for signal recovery, and so forth for the rest of the interrupt
periods. The subsequent blocking times are (C) 30 s, (D) 60 s, (E) 180 s,
(F) 360 s and (G) 600 s with irradiation times of 180 s between (D), (E),
(F) and (G) to allow for complete signal recovery. The solid lines in Fig.
4.3 are fitting curves to the data according to Eq. 5.2. The re-irradiation
times are chosen such that the irradiation time is long enough to transport
enough charge carriers across the interface in order to obtain a steady state
SH signal before the next dark period.

For intensities < 60 GW /cm? the SH signal recovers after each interrupt
to the same equilibrium value that was reached before the interrupt. This
recovery occurs over many seconds, but depends on the interrupt time. For
intensities > 60 GW /cm? the SH signal recovers to a value which is higher
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than the equilibrium value obtained before the interrupt. This signal recov-
ery, which occurs over a number of seconds and depends on the interrupt
time, is followed by a decline in the SH signal over a longer period, to the
previous equilibrium value. The time for this decline depends on the dura-
tion of the dark period. The circles in Fig. 4.3 are drawn to indicate the
increased SH response after interrupts exceeding 60 s, as the increase is only
significant after these extended interrupt periods.
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Figure 4.4: Temporal evolution of the SH signal in natively oxidized p™-type
Si/Si0, irradiated at various peak intensities after a dark period of 600 s.
The solid lines are fitting curves to the data according to Eq. 5.2.

Fig. 4.4 shows the last 350 s of the same measurement as in Fig. 4.3,
i.e. the signal recovery after the last interrupt of 600 s. The solid lines
are again fitting curves to the data according to Eq. 5.2. The elevated SH
signal maxima and strong decline after reaching these maxima for intensities
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> 60 GW /cm?, is clearly visible.
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Figure 4.5: First 20 s of the temporal evolution of the SH signal in natively
oxidized pT-type Si/SiO, irradiated at various peak intensities after a dark
period of 600 s. The solid lines are fitting curves to the data according to
Eq. 5.2.

Fig. 4.5 shows the first 20 s (3010 s - 3030 s) after the recommencement,
of irradiation after the interrupt of 600 s. It is clear from this graph that
the SH signal reaches a maximum, for all intensities, only after a couple of
seconds. The time needed to reach these maxima decreases as the intensity
increases. The solid lines in Fig. 4.5 are again fitting curves to the data
according to Eq. 5.2.

4.3 SH rotational anisotropy measurements for
p'-doped Si/SiO,

SH rotational anisotropy measurements are in general performed to obtain
information about the crystal structure or orientation of a sample. Since
it is the anisotropy of the induced nomnlinear polarization which is probed,
the measurement has been shown to provide information on the direction
of interfacial electric fields [33, |. The measurement described here is
a recording of the SH rotational anisotropy of the initial response (clearly
seen in Fig. 4.2) from pT-type Si/SiOy and the anisotropy of the saturated
equilibrium SH response from p*-type Si/SiOs.
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The azimuthal angular dependencies of the initial and saturated SH sig-
nals of highly boron doped natively oxidized p*-type Si/SiOs are displayed
in Fig. 4.6. Both curves show a four-fold symmetry and a phase shift of 45°
relative to each other, i.e. the maxima of the initial signal corresponds to the
minima of the saturated signal and vice versa. The observed phase inversion
in the SH rotational anisotropy from pT-type Si/SiOy purely as a result of
laser irradiation is documented for the first time.
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Figure 4.6: Azimuthal angular dependence’s of the initial (a) and the satu-
rated SH signals (b) recorded at 95 GW /cm? peak intensity when irradiating
natively oxidized pT-type Si/SiOs.

4.4 Charge carrier screening in p*-type Si/SiO»
through resonantly enhanced two-photon ab-
sorption

The influence of the incident wavelength on the initial SH response from p™-
type Si/SiO, was investigated. The initial SH signal from natively oxidized
pT-type Si/SiO,, as a function of incident wavelength and intensity, is plotted
in Fig. 4.7 (a) - (f) as double logarithmic plots. For each of the selected center
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wavelengths, the initial SH signal from the p*-type Si/SiO, was recorded with
the same set of incident powers and hence intensities, since the pulse lengths
measured for each of the center wavelengths did not vary significantly (see
Section 3.4.4). The initial SH signal for all the center wavelengths applied
here show a power law dependence on the incident intensity, for all the applied
intensities. The exponents of these power law dependencies however vary as
a function of wavelength.
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Figure 4.7: Double logarithmic plots of the initial SH signal from highly boron
doped natively oxidized p*-type Si/SiOs as a function of incident intensity,
for six different center wavelengths, (a) - (f). The center wavelengths used,
and their corresponding two-photon energies, were (a) 741.2 (3.35 eV), (b)
752.4 (3.3 eV), (¢) 764.0 nm (3.25 eV), (d) 776.0 nm (3.2 eV), (e) 788.3
nm (3.15 e¢V) and (f) 801.0 nm (3.1 V). The red solid lines represent fits
according to a simple power law, () (I(‘”))n.



Chapter 5

Discussion

In the following chapter, the experimental findings presented in chapter 4 will
be discussed, using physical mechanisms previously proposed |11, |. The
observed SH data will be interpreted using a model involving photo-induced
charge transfer and subsequent trapping as well as doping induced interfacial
defect ionization. This model seems to adequately explain the observed SH
response from p*-type Si/SiO,.

5.1 SH response from virgin p*-type Si/SiO,

The SH response curves from natively oxidized highly boron doped p*-type
Si/SiOy (< 0.01 Qem, > 8.5-10' ¢cm™?), shown in Fig. 4.1, show the same
trends as those reported earlier |11, |, despite small differences in laser
parameters and inevitable changes in sample preparation.

The following explanation for the observed temporal SH trend is sim-
ilar to that proposed by Scheidt [11] with the next three sections lending
corroborating findings.

Fig. 5.1 represents a simplified schematic of the energy band diagram of
an atomically clean, highly boron doped p*-type Si surface [121].

In many cases of surface reconstruction, surface dangling bonds are en-
ergetically placed in the band gap [122]. Furthermore, it is well known that
atomically clean Si surfaces can support electrically active defects. An ex-
ample of this is interstitials that are efficiently absorbed in surface defect
states which induces Fermi level (Eg) pinning and near-surface band bend-
ing [121, 122, 123]. This can establish a narrow space charge region (SCR)
and subsequent internal electric field (Eg) that points into the bulk of the
semiconductor (Fig. 5.1). Defect state densities in the order of 10'° - 10!
cm~? are required to globally pin the Fermi level (Eg) at mid-gap [122]. In
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Figure 5.1: A schematic diagram of the energy band structure of atomically
clean highly boron doped p*-type Si, showing near-surface band bending
due to positively ionized dangling bond states, Fermi level (Eg) pinning at
mid-gap and the subsequent space charge region (SCR) and internal electric
field, Eq.

the case of Si that has been doped with a high concentration of p*-type
dopants (boron in this study), the Fermi level (Eg) lies close to the valence
band (VB) edge. In this case, band bending of ~ 0.5 eV occurs at the surface
(Fig. 5.1) [114, 121, 123] which results in an internal electric field (Eq) which
is strong enough to even change the linear optical properties of the surface
[114, 124]. Since SHG is sensitive to internal electric fields, this effect should
be clearly detectable by SHG [74].

It is possible, through thermal growth techniques, to prepare Si/SiO,
interfaces that are virtually free of electrically active defects [114], which
implies a flat band structure at the interface. In the case of natively oxidized
Si/Si02 a high number of natural defects occur at the interface. Recent
experiments have shown that it is possible to induce controlled amounts of
bond rupture (defects) at the interface through ion-bombardment. If the Si
contains a high boron doping concentration (10'® em™?) | this leads to band
bending at the interface of a comparable magnitude to that of the atomically
clean surface [113, , , 123].
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All the samples used in this study were natively oxidized highly boron
doped p*-type Si/SiO,. Tt is assumed that, because of the uncontrolled oxi-
dation process, a large density of incompletely saturated interface bonds exist
which form interface defect states that are energetically situated within the
Si band gap. It has been suggested [11, 120] that the energy band diagram of
natively oxidized p*- Si/SiO5 looks similar to that of the atomically clean p*-
Si surface. The amount of band bending that occurs would be dependent on
the density of the naturally occurring defects and cannot be directly deter-
mined. The energy band diagram of natively oxidized p*- Si/SiO interface
should therefore look like that depicted in Fig. 5.2.

p-Si Sio,

Energy

c Bindirect

m
-
F
i<

VB

VB

Position

Figure 5.2: Schematic energy band diagram of natively oxidized p™-type
Si/Si0q. Positive ionization of the interface defect states leads to Fermi level
(Ep) pinning, near-interface band bending, a narrow space charge region

(SCR) and a built-in electric field (Eq). CB is the conduction band, VB the
valence band and E,. the vacuum energy.

In order to obtain measurable changes in the EFISH signal originating
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from the interface (Eq. 2.25) it is necessary to have interfacial charge densities
in the order of ~ 10'! cm~2, which corresponds to an interfacial electric field
>10* V/m [75]. This relates to fractional interfacial defect coverages between
10~* and 1073, Only at these coverages are interfacial electric fields achieved
that will be detectable by SHG under the conditions applied here. These
defect coverage values seem reasonable for native Si/SiOs.

The considerations mentioned above lead to an explanation for the ob-
served SH response curves in natively oxidized p*-type Si/SiOs considering
a superposition of electric fields as a result of electron and hole effects and
taking the doping induced built-in electric field into account [11, 100]. Under
NIR femtosecond radiation hot electrons are generated in the bulk Si through
three-photon excitation or cascaded one- and two-photon processes. These
hot electrons have sufficient kinetic energy to overcome the band offset of
4.3 eV [77] between the Si valence band and the SiOs conduction band and
hence electron injection into the SiOs occurs. The resulting charge separation
leads to an electric field across the interface, pointing out of the bulk Si. If
the incident laser intensity is high enough to induce multi-photon processes
[11, 100] it is possible to induce hole injection into the SiOy from the bulk Si.
Hole injection has a energy barrier of 5.7 eV |77] implying that a four-photon
process is necessary for the holes to surmount this energy barrier. In undoped
natively oxidized Si/SiOy the contributions from holes only become signifi-
cant at intensities > 45 GW/cm?. The contribution of injected holes to the
nett electric field is delayed due to the lower cross-section of a four-photon
process compared to a three-photon process as well as the lower mobility of
holes compared to electrons in Si. This difference in charge transfer rates can
be seen even more clearly in the SH response from a pre-irradiated sample
(Fig. 4.4, explained in Section 5.2). The superposition of these three contri-
butions to the nett interfacial electric field is shown in Fig. 5.3 which depicts
a schematic energy band diagram of p*-type Si/SiOy under NIR femtosecond
irradiation.

Fig. 5.3 (a) is a schematic of the energy band diagram of natively oxidized
highly p-doped Si showing the superposition of the built-in doping related
electric field Eg and the opposing photo-induced electric field as a result of
electron transfer and trapping at the interface, Eq. Fig. 5.3 (b) shows the
added effect of hole transfer and trapping in the oxide and the subsequent
electric field, Ey, that results at intensities in this study > 60 GW /cm?. The
experimental traces that are observed in Fig. 4.1 are superpositions of these
three (Eo, Eq and Ey,) contributions to the interfacial electric field according
to Eq. 2.25.

It is therefore possible, with the doping induced built-in electric field as a
starting condition and then including the superposition of the photo-induced



5.1. SH response from virgin p™-type Si/SiOq 57

. . . + . . .
£ p -Si Sio, Air E p -Si Sio, Air
Va Vac
A oo A
o O O 5
A ] ;CB ¢ / ECB
5 sl > s f
g CBaea L fee |o g CBawa L fee |o
[= © c ©
L —t 1.59 eV w ——> 1.59 eV
E, — E,, —
CBindirect A e CBingirect A ® A
O,(+N O,(+N
Y
VB r{g?% z( 2) VB v TOQ% 2( z)
\4
)
A
\4
VB VB
L— v L —
@ D@
Position Position

Figure 5.3: Schematic band diagrams of native p*-type Si/SiO, interface
under NIR femtosecond laser irradiation. Schematic (a) shows a superposi-
tion of the doping induced electric field (Eq) and the photo-induced electric
field which results from electron transfer and trapping (Ee). Schematic (b)
includes the weaker effect of photo-induced hole transfer and trapping (Ey)
which only become significant at higher intensities. The nett electric field is
a superposition of all three effects and the resultant SH signal probes this
nett electric field (Eq. 2.25).

electron and hole related electric fields, to explain all the effects observed in
the transient SH signals (Fig. 4.1) obtained from natively oxidized highly
boron doped p*-type Si/SiOs.

As an example of the transient SH response curves from p*-type Si/SiOs,
Fig. 5.4 shows the temporal SH signal recorded at 115 GW /em?, taken from
Fig. 4.1. Upon the start of the laser irradiation, an instantaneous SH signal
(EFISH) is observed as a result of the doping induced built-in electric field,
Eg, which points into the bulk Si. A decline in the SH signal is subsequently
observed as photo-induced electron transfer and trapping sets up an electric
field, E., that opposes the built-in electric field until a local minimum is
reached. This local minimum is non-zero and amounts to ~ 55% of the satu-
rated SH signal (Fig. 4.1 and 5.4). It should be noted that if the nett electric
field across the interface was zero, the SH signal should also drop to zero as
it is assumed that the field-independent contributions to the SH signal are
negligible under the applied conditions. The non-vanishing SH signal is thus
attributed to an incomplete cancellation of the competing interfacial electric
field contributions, Ey and Eg. This incomplete cancellation is explained
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Figure 5.4: Temporal SH response curve of p™-Si/SiO; from Fig. 4.1 recorded
at 115 GW/cm?; instantaneous SH signal due to doping induced built-in
electric field Eg, superposition with electric field E. induced by electron
transfer into SiOs.

considering the spatial functionalities of Eq and E [120]:

It is realistic to assume a Gaussian function of 1/e-width wy for the spatial
envelope of the fundamental laser intensity (see Section 3.3). Since SHG is a
second order nonlinear process, it can be realistically assumed that it mainly
takes place in the beam center characterized by a Gaussian SHG envelope
function of 1/e-width wy/v/2. Since Eq results from a uniform distribution of
dopants, it can be assumed to be spatially uniform within the SHG-envelope
(wo/v2 =~ 4.9 pum) and to remain nearly constant within the irradiation
time |120]. The electron injection process responsible for the build-up of E
is mainly driven by a third order optical process |76, 77, 78|. This implies that
E. is mainly induced within a Gaussian spatial envelope of 1/e-width w/v/3
(< w/+/2) that is narrower than the SHG envelope. If one thus considers
the spatial functionalities of Ey and Eo = Eq (¢, z,y) it is apparent that the
superposition of these two electric field components can never result in a zero
nett interfacial electric field E(t, x,y) = Eq— Eq(t, z,y) for all positions (z,y)
within the SHG envelope. It can therefore be seen, especially since the SH
signal is independent of the sign of the nett interfacial electric field (absolute
square in Eq. 2.25), that the SH signal should deviate significantly from zero
at its minimum during its temporal evolution. This can be confirmed by
evaluating the spatial integral
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This integral is consistent with Eq. 2.25 and proves to be significantly non-
vanishing for realistic ratios of Eq/E. when the spatial functionalities of the
respective field components are taken into account.

Two further observations can be made from the experimental SH traces
of Fig. 4.1. One is that the increase in the SH signal as a result of elec-
tron transfer and trapping occurs on a much delayed time scale to that of
undoped Si/SiOq |11, |. Secondly, the decrease in the SH signal after
reaching a maximum is reduced in both magnitude and speed in natively
oxidized highly boron doped p*-type Si/SiOy (Fig. 4.1) compared to that
of undoped Si/SiO,. This second effect is an apparent consequence of the
built-in electric field [11, 120]. The positive ionization of a significant density
(> 10" ¢m™2) of interface defect states in native p*-type Si/SiOy before the
start of irradiation, seems to hamper the laser induced hole trapping at the
interface, since a large number of trap sites that would otherwise be avail-
able for hole trapping, are already ionized. This leads to a less pronounced
decline towards equilibrium in the observed SH signal for intensities > 60
GW /em? for p™-type Si/SiO; than for undoped Si/SiO, [11, 100]. This can
be further rationalized by assuming that photo-induced hole trapping and
doping related ionization of interface defect states are competing processes
that both involve trap sites that are located near the Si/SiO interface.

The experimental time dependent SH traces observed in Fig. 4.1 can
numerically be reproduced on the basis of an empirical model first introduced
by Mihaychuk et al. [76, 77| and expanded on by Scheidt et al. [11, 100]
to include hole effects and the built-in doping induced electric field. The
following relation consists of a constant parameter ay > 0 which takes the
built in electric field into account and four exponential functions that account
for the electron and hole effects.

T2 (ao + Z a; exp(—t/n)) (5.2)

By using this relation with a;, a4 > 0 and as, az < 0, the time-dependent
traces of Fig. 4.1 are accurately reproduced (The solid lines in Fig. 4.1 are
produced using this empirical model.). Fig. 5.5 shows the time constants, 7;,
in a double logarithmic plot as extracted from the numerical fits to the data
versus the incident peak laser intensity. The time constants are also listed in
Table 5.1. The time constant 7; describes the initial decline in the observed
SH signal (ag > 0) after the instantaneous SH signal in Fig. 4.1 and follows
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the power law 1/ o< I™ (Fig. 5.5). The exponent n; = —3.05(£0.23) is
similar to that reported earlier (n; = —2.9 [11]) and is very similar to the
exponent found for undoped samples. The value of n; = —3.05 indicates
a three-photon process and supports the explanation that the decrease in
SH signal after the initial signal is a result of electron transfer and trapping
in the SiO, layer that creates an electric field E. that opposes the built-in
electric field Ey.

Table 5.1: Time constants 7; for the temporal SH evolution as a function of
the incident laser peak intensity I extracted from the numerical data fits for
native pT-type Si/SiOs.

| Intensity (GW/em?) | 71 (s) | () | m(s) | m(s) |

35 ~ 60 ~ 370 | ~ 3200 -
45 32+7 ~ 130 | ~ 1050 -
60 93+£0.6 | 8727 | ~ 260 -
85 27+0.13 ] 49£8 | ~ 150 | ~ 32310
100 1.7£0.09 | 32£3 | ~93 | ~ 23900
115 1.0+£0.06 | 261 ~91 | ~ 11300

The time constant 74 describes the slow signal decrease (ay > 0) over a
period of many minutes at high incident peak intensities (> 60 GW /cm?). 74
follows the power law 1/74 oc I"™ (Fig. 5.5). The exponent ny = —2.92(40.88)
is close to that reported earlier (ny = 3.2 |[L1]). The value of 74, although
maybe not apparent from these measurements unless the error margin is
taken into account, supports the notion of a four-photon process and hence
hole injection and trapping in the SiO, layer. The deviation from a pure
fourth order intensity dependence is attributed to cascaded multiple one-,
two- and three-photon processes [100, 120].

The dependence of the time constants 75 and 73 on the intensity was also
fitted according to a simple power function. As can be seen from Fig. 5.5 the
fit to the data for these two time constants is not very accurate. If one exam-
ines the extracted exponents (ny = —3.07(£0.46) and n3 = —4.48(40.21)),
75 does seem to indicate a three-photon process and 73 a four-photon pro-
cess. Since the fit to the data is not conclusive, this cannot be stated with
confidence. This implies that the empirical model described fails to conclu-
sively attribute any defined processes to these two time constants and shows
the limitations of the model. This is similar to what was found in earlier
measurements [I1]. The model does however reproduce the experimental
curves (Fig. 4.1) very accurately and supports the notion of doping related
ionization of the interface defect states (E¢) and subsequent charge dynamics
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and trapping (Eq and Ey,) in the SiO, layer under NIR femtosecond irradia-
tion. The correlation between these measurements, along with the extracted
time constants, and measurements that were performed previously |11, |
supports the reproducibility of these and subsequent measurements.
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Figure 5.5: A double logarithmic plot of the time constants 7; as extracted
from the numerical fit to the data in Fig. 4.1 using Eq. 5.2.

5.2 SH response from pre-irradiated p™-type
Si/SiO,

The observed time dependent SH response from pre-irradiated natively oxi-
dized pT-type Si/SiO,, shown in Figs. 4.3 - 4.5, displays a unique temporal
behaviour. This temporal SH response from pre-irradiated native p*-type
Si/Si0Oy is reported for the first time. Similar to what was observed in
the case of undoped Si/SiOy |11, |, the temporal SH evolution of pre-
irradiated native pT-type Si/SiO, shows an accelerated dynamic behaviour
upon re-irradiation after dark periods A to G in Fig. 4.3 compared to the
temporal SH signal from virgin native p™-type Si/SiOs. Unlike the case of
undoped Si/SiO,, the SH signal from pre-irradiate native p*-type Si/SiO,
upon re-irradiation takes longer than the temporal resolution of the experi-
ment (0.2 s) to reach a maximum for all the intensities applied here. The time
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taken to reach the respective maximum decreases with increasing intensity.
For intensities < 60 GW /cm? the SH signal takes a number of seconds before
reaching an equilibrium value approximately the same as before the inter-
rupt. For intensities > 60 GW /cm?, the SH signal increases to a maximum
that is higher than the equilibrium value before the interrupt, before rapidly
decreasing to the previously established equilibrium value. The magnitude of
this enhanced SH signal amplitude (empty circles in Fig. 4.3) increases with
the duration of the dark period up to approximately 600 s. The subsequent
SH signal decrease takes place on a much accelerated time scale compared
to the decrease experienced from virgin samples. The increase in SH signal
is however much less pronounced than was found for pre-irradiated undoped
native Si/SiO, [11, 100]. The decline after reaching a maximum is also not
as swift in the case of pre-irradiated native pT-doped Si/SiO, as was seen
with pre-irradiated native undoped Si/SiOq [11, 100].

The SH response from pre-irradiated native highly boron doped p*-type
Si/SiO, is reproduced following a straight forward approach using Eq. 5.2.
This takes into account the fact that the initial electric field Eq still exists
across the interface. For intensities < 60 GrVV/cm2 Eq. 5.2 is used with
az = a4 = 0 since hole effects play no noticeable part at these low intensities.
The extracted time constants 77 for the pre-irradiated samples are shown in
Table 5.2.

Table 5.2: Time constants 77" for the temporal SH evolution as a function of
the incident laser peak intensity I extracted from the numerical data fits for
pre-irradiated native p*-type Si/SiO,.

‘ Intensity (GW /cm?) ‘ 7 (s) ‘ % (s) ‘ 72 (s) ‘ 77 (s) ‘
35 0.84 +0.004 | 0.84 £ 0.007 - -
45 0.87 £ 0.005 | 0.87 £ 0.006 - -
60 0.64 +=0.05 | 0.64 +0.05 - -
85 ~ 0.18 ~ 0.18 ~63 | ~63
100 ~ 0.12 ~ 0.12 ~ 48 | ~ 48
115 ~ 0.24 ~ 0.22 ~29 | ~29

All four time constants 77 (i = 1...4) are orders of magnitude smaller
than those for virgin samples, confirming the observed trend of accelerated
charge dynamics. Furthermore, it is worth noting that 77 has very similar
values to 75 while 71 and 7§ are also alike for all intensities. Since 7] ~ 75
and 77 ~ 77, only 77 and 7§ are plotted versus intensity in Fig. 5.6. All four
time constants 77 (i = 1...4) have values that are noticeably larger than

the corresponding time constants found for pre-irradiated undoped Si/SiOs
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[11, |. This indicates delayed electron and hole dynamics in the case of
pre-irradiated p*-type Si/SiOy compared to pre-irradiated undoped Si/SiOs.
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Figure 5.6: A double logarithmic plot of the time constants 71 and 75 as
extracted from the numerical fit to the data in Fig. 4.1 using Eq. 5.2. The
dotted lines are merely to guide the eye.

From Fig. 5.6 it is clear that the time constants 77 show complex non-
monotonic intensity dependencies, which are not easily attributed to defined
multi-photon processes. This indicates that the simple numerical model (Eq.
5.2) used to describe the SH behaviour of virgin samples to a degree, is
inadequate in describing the behaviour from pre-irradiated samples.

The accelerated electron and hole dynamics in pre-irradiated samples
compared to virgin samples can be explained, analogously to the case of
undoped native Si/SiOy [11, |, by considering the photo-induced trap
generation at the Si/SiOs interface under NIR femtosecond laser irradiation.
A proposed schematic energy band diagram, including photo-generated elec-
tron and hole trap sites, for pre-irradiated native p*-type Si/SiO under NIR
femtosecond irradiation is shown in Fig. 5.7.
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Figure 5.7: A schematic band diagram for the pre-irradiated native pT-type
Si/Si04 interface under NIR femtosecond laser irradiation showing photo-
generated electron and hole trap sites located close to the Si/SiO, interface.
The dashed blue arrows indicate proposed direct population mechanisms.

The photo-induced trap generation presumably occurs due to hot elec-
trons and holes, which upon injection into the SiO, layer, have excess kinetic
energy. These photo-generated trap sites show characteristics that differ from
the naturally occurring defects present in natively oxidized Si/SiO,. It is as-
sumed that these photo-generated trap sites are located close to the Si/SiOq
interface and are at relatively low energetic levels. Furthermore it is pro-
posed that these photo-generated trap sites have different cross-sections as
well as de-trapping times to the native naturally occurring trap sites at the
interface.

These assumptions, along with the proposed band structure of pre-irradiated
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native p*-type Si/SiOq, explain the accelerated charge kinetics across the in-
terface upon re-irradiation with NIR femtosecond radiation. A large density
of photo-generated trap sites (both for holes and electrons) is present upon
recommencing of the irradiation process. This leads to accelerated charge
carrier separation processes which is reflected in the change in time constants
between virgin and pre-irradiated samples. The breakdown of the power law
dependencies of the time constants 77 (Fig. 5.6) for pre-irradiated samples
can be taken as indications that direct photo-induced population mechanisms
(dashed blue arrows in Fig. 5.7) as means of populating the photo-induced
trap sites play an important role in the charge separation process of pre-
irradiated samples. This direct population of trap sites dominates the normal
multi-photon contribution and is responsible for the accelerated behaviour
that can be seen from the pre-irradiated samples. This explanation seems
plausible considering the assumed low energy values of the photo-induced
trap sites as well as their proximity to the Si/SiOs interface.

5.3 SH rotational anisotropy measurements for
p'-type Si/SiO,

The form of the SH rotational anisotropy patterns recorded from boron doped
natively oxidized p*-type Si/SiOs shown in Fig. 4.6 provides a verification
of the model used to explain the observed temporal SH response from virgin
pt-type Si/SiOq described in Section 5.1. The rotational anisotropy patterns
of the initial SH response and that of the saturated SH response from highly
boron doped natively oxidized pT-type Si/SiO both show a four-fold symme-
try but with a relative 45° phase shift between them. Two groups have previ-
ously independently studied phase shifts in the rotational anisotropy pattern
of Si/SiOs. The groups of Dadap et al. [83, | studied the SH response
from MOS devices with externally applied DC voltages. They recorded a
four-fold SH anisotropy pattern from the device under investigation when
large external voltages were applied. When they reversed the voltage polar-
ity, they observed a 45° phase shift in the SH anisotropy pattern originating
from the MOS-device under examination. They attributed this phase shift
to a reversal of the direction of the applied electric field.

An and Cundiff examined the SH anisotropy response from Si for different
incident wavelengths and different surface terminations. They also observed
the above mentioned 45° phase shift in the four-fold anisotropy pattern from
Si, but dependent on the incident frequency of the the fundamental light [68]
as well as the surface termination [125]. The 45° phase shift as a function
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of the photon energy is ascribed to the presence of resonances in the surface
contribution. This is because the phase is actually a relative phase between
the surface and bulk contributions, and hence, the resonance must be a pure
surface state that does not originate from the bulk band structure. These
surface resonances have been described in earlier spectroscopic studies [61].

Both groups worked with incident intensities below that necessary to in-
duce significant EFISH effects (~ 2 orders of magnitude smaller than in this
study). Since the measurement described here employed only a single wave-
length for the fundamental, and intensities high enough to induce significant
electric fields across the Si/SiO, interface, the explanation of Dadap et al.
|83, 112] is followed, where large electric fields were present across the inter-
face, and the phase shift in the anisotropy pattern was attributed to a change
in the direction of the applied electric field (curvature of band bending).

The anisotropy patterns (Fig. 4.6) measured here show comparable be-
haviour, both in the amplitude of the anisotropy pattern as well as the ob-
served phase shift, to that measured by Dadap et al. |33, |. Looking at
part (a) of Fig. 4.6, the maxima of the SH signals are observed at the (rel-
ative) azimuthal angles of 45°, 135°, 225° and 315°. These same angles are
the positions of the SH signal minima in Fig. 4.6 (b). The SH signal in part
(a) of Fig. 4.6 represents the virgin sample with the Electric field Ey induced
by pt-doping of the Si sample and directed into the bulk of the Si sample.
The SH signal in Fig. 4.6 (b), on the other hand, represent the SH response
from the sample with the nett electric field across the interface dominated
by E2', which is obtained after prolonged electron (and to a lesser degree
holes) injection into the SiO, layer. This field has an opposite sign relative
to Eg. This observation can be compared to the findings and interpretations
of Dadap et al. |33, |, where the reversal in the sign of the externally
applied electric field was held responsible for the observed phase shift in the
anisotropy pattern.

This induced phase shift in the SH anisotropy pattern supports the in-
terpretation that the doping related and electron induced interfacial field
components Ey and Eg have opposite signs and represent competing contri-
butions to the temporal SH evolution observed in p*-type Si/SiO, (Figs. 4.1,
4.2 and 5.4).
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5.4 Charge carrier screening in p*"-type Si/SiO,
through resonantly enhanced two-photon ab-
sorption

The dependence of the magnitude of the initial SH response from p*-type
Si/Si0O9 on the incident intensity varies as a function of the incident wave-
length. This can be seen in Fig. 4.7 which shows the initial SH response as a
function of intensity for six different wavelengths. From Eq. 2.25 a quadratic
dependence of the initial SH signal on the incident fundamental intensity is
expected. These measurements deviate from this quadratic dependence, as
can be seen in Fig. 4.7 and summarized in Table 5.3. The measurements
for all the center wavelengths applied here show a simple power law depen-
dence, with no deviation from the power law at higher intensities, as have
been reported earlier |11, |. The deviation from the expected quadratic
power law is not attributed to limitations in the temporal resolution of the
experiment, as previous measurements have shown that the time resolution
of the experimental setup is sufficient to ensure the accurate recording of the
initial SH signal |11, 120].

Table 5.3: Summary of incident wavelengths, corresponding two-photon en-
ergies and exponents of the power law dependence of the initial SH signal as
a function of intensity for different wavelengths.

‘ Incident center wavelength (nm) ‘ Two-photon energy (eV) ‘ Exponent

741.2 3.35 1.79£0.11
752.4 3.3 1.16 £0.04
764.0 3.25 1.73£0.11
776.0 3.2 1.93 £0.06
788.3 3.15 1.99 £0.05
801.0 3.1 2.13£0.16

It has been suggested that the deviation from the quadratic intensity
dependence of the SH signal, seen in Fig. 4.7, is due to photo-induced charge
carrier screening |11, , | of the doping induced built-in electric field
Eo. The E; direct interband transition within Si has an energy value of 3.3
eV [62, 87]. This corresponds to the two-photon energy of a laser beam with
a center wavelength of 752.4 nm. Two-photon absorption at this wavelength
is therefore resonantly enhanced. The other center wavelengths used in this
study were chosen such that their corresponding two-photon energies lie close
to this two-photon resonance (see Table 5.3). The enhancement of the two-
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photon absorption, experienced by light with a center wavelength of 752.4
nm, will decrease sharply for light with a center wavelength that is far away
from this resonance. The enhanced two-photon absorption on resonance
leads to enhanced screening of the interfacial electric field by charge carriers.
This screening of the electric field leads to a deviation from the expected
quadratic dependence of the initial SH response on the incident intensity.
This effect is clearly illustrated in Fig. 5.8 where the value of the exponent of
the power law dependence of the initial SH signal on the incident fundamental
intensity was plotted as a function of the two photon energy of the incident
center wavelength. The broad nature of the two-photon resonance peak can
be attributed to the broad spectrum of the incident fundamental laser pulses.
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Figure 5.8: The dependence of the exponent in the power law dependence of
the initial SH signal on the incident fundamental intensity, as a function of
two-photon energy. The red line represents a Lorentzian fit to the data.

Upon laser irradiation, a large density of (> 10" ¢m™2) |11] of electron
hole pairs is photo-generated in Si over an absorption depth of < 30 um
at the NIR frequencies applied in this study. Since an electric field is al-
ways present across the interface as a result of the doping induced ionization
of the interface defect states, the photo-generated electrons and holes start
to separate, with the electrons being attracted to the ionized defect states.
The movement of the electrons towards the ionized defect states results in
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a photo-induced screening of the doping induced interfacial electric field Ey.
This screening will occur on a timescale which is inversely proportional to the
the plasma frequency w, of the electron-hole plasma [126]. This implies that
it is an ultra-fast effect and is therefore completely distinct from the electron
and hole transfer across the interface and subsequent trapping (EFISH ef-
fects) which occur on the multi-second or multi-minute timescales. Since the
charge carrier screening process occurs on a time scale that is orders of mag-
nitude shorter than the experimental resolution of the experiment (0.2 s), the
observed initial SH signal is always that originating from a screened built-in
interfacial electric field Eg. By screening the electric field Eq, the distance
over which the interfacial electric fields acts is reduced. Since the observed
SH signal only originates from the volume where an electric field is present,
the observed EFISH signal is weaker since the volume that contributes to
the EFISH signal is smaller [11, 120]. The amount of screening that occurs
depends on the number of electron-hole pairs, and hence on the intensity of
the fundamental laser irradiation. In this study however, the proportionate
screening seems to increase in a very systematic and well defined way with
an increase in intensity, resulting in a strict power law dependence of the
initial SH intensity on the incident intensity. This dependence varies only
with wavelength and hence the overlap of the incident spectrum with the
two-photon energy resonance in Si.

The above argument for charge carrier screening being responsible for the
non-quadratic dependence of the initial SH signal on the incident fundamen-
tal intensity is supported by a recent study by Fomenko et al. [127]. They
observed a non-quadratic SH signal dependence on the fundamental laser
intensity from the buried interface between Siy9Gegiand its oxide. This ef-
fect is not doping related but supports the interpretation that charge carrier
induced screening can severely perturb the intensity dependence of the ob-
served SH signal. This is especially true if the creation of electron-hole pairs
by two-photon absorption is resonantly enhanced.

Since the interfacial electric field Ey influences the observed SH signal
over a timescale of minutes, it is assumed that it remains nearly constant
throughout the irradiation process. This implies that neutralization of the
positively charged interface states by photo-excited electrons (which would
change the interfacial electric field Eg) plays no significant role in the observed
SH signal.
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This results contained within this study expands the knowledge base with
regard to the charge transfer processes across the Si/SiO, interface in the case
of natively oxidized highly boron doped p*-type Si. The dynamical processes
involved in defect generation and charge trapping at the p™-type Si/SiO,
interface were investigated by means of second harmonic (SH) generation.

The SH generated signal from highly boron doped p*-type Si/SiOj is
interesting since it originates from a narrow region (the Si/SiO, interface)
where a strong electric field exists across the region as a result of ionization
of naturally occurring defect states at the interface. The ionization occurs
as a result of the high concentration of dopants in the bulk Si. This built-in
electric fields contributes an additional polarization to the medium which
influences the generated SH signal significantly, yielding a strong initial SH
response.

By irradiating the p*-type Si/SiO, with high intensity near infra red
(NIR) femtosecond laser pulses additional photo-induced defects are created
near the interface. These photo-induced defects act as trap sites for both
electrons and holes. Electrons are transported via a three-photon process
from the Si valence band into these trap sites. Holes are transported via
a four-photon process from the Si conduction band into trap sites at the
interface.

The transport of electrons from the Si valence band into the photo-
induced trap sites at the interface sets up an electric field that opposes the
built-in electric field. This electron induced electric field dominates the in-
terfacial electric field and hence the SH signal shortly after (> 20 s) the start
of the irradiation process.

Since the hole transport process is a four-photon process compared to the
three-photon process of electrons, it occurs on a much delayed time scale to
that of the electron transport. The transport of holes into the interfacial trap
sites sets up an electric field that opposes the one caused by the electrons,
reducing the nett interfacial electric field.

The superposition of these three contributions to the nett interfacial elec-

70
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tric field can be monitored by measuring the generated SH signal from the
interface. This is because the three contributions occur on different time
scales. The built-in doping induced electric field is present from the start of
the irradiation and is assumed constant throughout the irradiation process.
The electron induced electric field increases in strength with irradiation time,
starting from zero, until an equilibrium state is reached. This occurs over
a couple of minutes. Although the hole induced electric field also increases
in strength from the start of the irradiation process, because it is so much
slower than that of the electron induced electric field, the effect only becomes
apparent after the electron induced field has reached an equilibrium value (>
5 min).

By stopping the irradiation process for long enough periods to allow for
the diffusion of electrons and holes from the photo-induced trap sites back
into the Si valence- and conduction bands respectively, it is possible to exam-
ine the effect that pre-existing photo-induced trap sites have on the charge
transfer processes. The pre-existence of these photo-induced trap sites re-
sults in accelerated charge transfer, for both electrons and holes. These
accelerated dynamics are however slower than the experimental resolution of
the experiment, which is in contrast to similar observations that were made
in the case of undoped Si/SiOs. Direct population mechanisms due to the
proximity and density of trap sites are held responsible for the accelerated
dynamics.

Since the doping induced interfacial electric field and the electron induced
electric field have opposite signs, the induced effective second order polariza-
tion is different for these two fields. This is due to the tensorial nature of the
third order optical susceptibility which governs electric field induced second
harmonic (EFISH) generation. This effect of electric field sign reversal was
investigated by measuring the rotational anisotropy pattern of both the ini-
tial SH signal, when the built-in electric field dominates, and the equilibrium
SH signal, when the electron induced electric field dominates. These two
rotational anisotropy patterns both show a 4-fold symmetry but with a rela-
tive 45° phase shift in the anisotropy pattern between them. This 45° phase
shift has been shown, in the case of externally applied electric fields, to be
an indication of electric field sign reversal across the Si/SiO, interface. The
observed 45° phase shift is therefore taken as confirmation of the electric field
sign reversal and as verification of the model used to explain the observed
time dependent SH traces.

Furthermore, since the wavelength employed to perform the time-dependent
SH traces lies close to a two-photon absorption resonance within the bulk Si,
a large number of electron-hole pairs are generated within the Si due to
two-photon absorption. These electron-hole pairs separate because of the
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presence of the interfacial electric field, and effectively screen the interfacial
electric field. This screening of the interfacial electric field results in an ap-
parent deviation from the quadratic dependence of the strength of the initial
SH signal on the incident intensity. This deviation from quadratic depen-
dence is stronger the closer to the resonance the measurement is performed.
This explanation was probed my measuring the dependence of the initial SH
signal on the incident intensity for different wavelengths. It was found that
the strongest deviation from the expected quadratic dependence occurs ex-
actly on the two-photon resonance wavelength, confirming the explanation
used for the observed results.

These results highlight the amount of research that still needs to be done
regarding the defect generation and charge transfer processes at the Si/SiOs
interface. It is clear from these results that no clear picture yet exists to
explain all the observed phenomena regarding defect generation and charge
transfer at this interface, especially in the case of pre-irradiated samples. It
is based on the results contained within this dissertation, as well as work
done earlier, that a number of questions and ideas for further experimental
and numerical investigations of the Si/SiOysystem, are brought forward.

The temporal evolution of the SH signal from pre-irradiated natively oxi-
dized p*-type Si/SiO is accurately reproduced by a simple four exponential
model. The time constants extracted from this model still needs physical
interpretation. Further numerical investigations might yield insight into the
exact processes responsible for the charge separation across the interface in
this case.

A further investigation into the nature of the photo-induced defects could
be made by annealing the samples after irradiation. This will investigate
whether it is possible to remove the defects by heat treatment. An accelerated
SH response from the pre-irradiated spots would indicate that the defects are
still present, while the standard SH response, observed for virgin samples,
would indicate that the defects have been baked out.

The observed EFISH signal is in essence a bulk effect, since the interfacial
electric field induced an effective polarization in the bulk Si. By examining
the EFISH signal for thin layers of oxidized Si, insight might be gained into
the role of the bulk Si in the generated EFISH signal. The use of suffi-
ciently thin Si layers may allow for the investigation of the EFISH signal in
transmission, which may yield even further information.

The defect generation process is also not fully understood. This could be
further investigated by generating the interface defects by a different means
than the multi-photon processes employed in this study. One such method
would be to use a single photon technique, which implies a laser source with
photon energies in the vacuum ultraviolet.
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Lastly, it might be interesting to see whether the same defect generation
and charge separation that occurs in Si/SiOs under femtosecond irradiation,
will also occur in a similar system, namely Ge/GeO,y. By comparing results
for this system to that of Si/SiOy further insight into the processes involved
in defect generation and charge separation may be gained.

Overall, the results obtained within this work stimulate further investiga-
tions into the field of buried solid-solid interfaces, in particular the Si/SiOs
system, using SHG. This may lead to an improvement in the construction of
technologically important MOS devices which could lead to enhanced con-
sumer electronic products.
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