
 Eindhoven University of Technology

MASTER

Study of the Si(100) Al2O3 interface by second-harmonic general and electrically detected
magnetic resonance

Bosch, R.H.E.C.

Award date:
2012

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/b5d0d4b7-9e59-41d3-97da-bfafcd9dce7e


Study of the Si(100)/Al2O3 Interface by
Second-Harmonic Generation and

Electrically Detected Magnetic Resonance

R.H.E.C. Bosch BSc

March 2011 - March 2012
PMP 12-01

Advisors:

ir. V. Vandalon
ir. N.M. Terlinden

prof.dr.ir. W.M.M. Kessels

Eindhoven University of Technology
Department of Applied Physics

Plasma & Materials Processing (PMP)



ii



Abstract

Al2O3 is emerging as the new standard material for surface passivation of wafer-based
silicon solar cells. This is because Al2O3 thin films exhibit strong field-effect and chemical
passivation properties, which are related to their high fixed charge density and the
presence of hydrogen in the films, respectively. In this work we focus on a detailed
investigation of the Si(100)/Al2O3 interface quality by using two advanced spectroscopic
techniques: Electrically Detected Magnetic Resonance (EDMR) and optical Second-
Harmonic Generation (SHG). With EDMR it has been determined that the so-called
Pb0 defect centers, present at the interface, dominate the charge carrier recombination
at the interface. The nonlinear optical technique of Second-Harmonic Generation (SHG)
has been used for non-intrusive and contactless probing of distorted Si-Si bonds at or near
the Si(100)/Al2O3 interface. SHG is also directly sensitive to the electric field present in
the silicon space charge region and allows to determine the polarity and relative density
of the fixed charges in the Al2O3 layer. With the so-called Tsunami SHG setup, which
was used for intensity and phase measurements, it was shown that Al2O3 films have
negative built-in charges and that the fixed charge density increases due to annealing.
The two-photon energy range of the so-called TOPAS-C SHG setup was extended up
to 4.5 eV to improve the accuracy and sensitivity of the spectroscopic intensity SHG
measurements. These TOPAS-C measurements were not sensitive to the electric field
present in the space charge region due to femtosecond carrier-induced screening. From
the results we were able to determine that the Si-Si bond structure at the interface
depends significantly on the type of ALD process used to deposit the Al2O3 films. We
also determined that annealing does not significantly change the Si-Si bond structure.
In conclusion, annealing is necessary to improve the field-effect and chemical passivation
properties of Al2O3, however, the passivation might be further improved when the as-
deposited Si-Si bond configuration at the interface can be optimised.
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”There is a theory which states that if ever anyone

discovers exactly what the Universe is for and why it is

here, it will instantly disappear and be replaced by

something even more bizarre and inexplicable.”

”There is another theory which states

that this has already happened.”

The Hitchhiker’s Guide to the Galaxy
by Douglas Adams
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Chapter I

Introduction

Photovoltaics is one of the fastest growing renewable energy source in the world.1 Record
conversion efficiencies up to 25% for silicon solar cells have been demonstrated by Green
and co-workers.2 The maximum energy conversion efficiency that can be achieved for a
silicon solar cell is theoretically approximately 29%. This is because of the fundamen-
tal loss mechanisms that are intrinsically related to the fact that semiconductors have
a band gap, which is 1.1 eV for silicon.3 Over the years, a lot of high-efficiency solar
cell device architectures have been designed and many different strategies have been
developed to minimise technological losses.4 These improvements led to commercial cell
efficiencies up to 22% for monocrystalline silicon solar cells.1 One strategy to minimise
the losses is surface passivation. Surface passivation stands for the reduction of carrier
recombination at defect states of a semiconductor surface. Effective surface passivation
is a requirement for obtaining high energy conversion efficiencies.

It has been shown in the literature that an Al2O3 thin film has good surface passivation
properties due to chemical passivation as well as field-effect passivation.5–8 The defect
centers at the Si/Al2O3 interface are chemically passivated by hydrogen atoms. These
hydrogen atoms are incorporated in the Al2O3 layer during deposition and neutralise
the silicon dangling bond of a defect. Field-effect passivation occurs due to an electric
field present in the space charge region of the semiconductor. This electric field prevents
minority charge carriers from diffusing to the interface and therefore reduces the proba-
bility of recombination at the interface. In case of Al2O3 the electric field is induced by
negative built-in charges present in the Al2O3 thin film. Due to these excellent passiva-
tion properties Al2O3 is emerging as the new standard material for surface passivation.
By optimising its passivation properties it is possible to increase the energy conversion
efficiency of solar cells even further.

Figure 1.1 shows a high resolution Transmission Electron Microscopy (TEM) image of
the Si/Al2O3 interface combined with a schematic representation. As can be seen a ∼2
nm interfacial SiO2 layer has been formed during the deposition of the Al2O3 layer. The
presence of this interfacial oxide is commonly reported in the literature.9,10 The negative
fixed charges are located at the SiO2/Al2O3 interface and induce a positively charged
space charge region in the c-Si.8
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Figure 1.1 High resolution TEM image of the Si/Al2O3 interface combined with a schematic
representation. A ∼2 nm interfacial SiO2 layer has been formed during the deposition of Al2O3.
The negative built-in charges present at the Al2O3 interface induce a positively charged space
charge region in the c-Si.

This project focusses on the Si(100)/Al2O3 interface. All investigated Al2O3 layers have
been synthesised by Atomic Layer Deposition (ALD) using two distinct processes. One
is plasma-assisted ALD, where an O2 plasma is used as the oxidising agent. The other
deposition technique is thermal ALD, where H2O is the oxidising agent. In both cases
the metal precursor is trimethylaluminium (Al(CH3)3 or TMA). Profijt et al. give an
overview of the ALD processes and show the reaction mechanism involved for deposit-
ing Al2O3 thin films.11 In this project we investigate the differences between the two
ALD processes concerning the Si(100)/Al2O3 interface quality. The main aim of this
and related projects is to determine which defects and bonds are present at or near the
interface, what their relative densities are and how the interface can be improved by
lowering the amount of defects. Therefore, the influence of post-deposition treatments
on the interface quality will be investigated. This has already partly been done by
characterisation of the fixed charge density (Qf ) and interface defect density (Dit) by
capacitance-voltage (C-V ) measurements.12 However, C-V measurements are not inter-
face specific and do not give any information about the type of defect states present at
the interface. To gain detailed information about the Si(100)/Al2O3 interface advanced
interface specific techniques are required.

Within this project two advanced spectroscopic techniques are used: Electrically De-
tected Magnetic Resonance (EDMR) and optical Second-Harmonic Generation (SHG).
EDMR uses microwaves and a magnetic field to probe the paramagnetic properties of
defect centers at the interface. With EDMR we want gain more insight into the types of
defects present at the interface and their relative densities. The nonlinear optical tech-
nique of second-harmonic generation allows for contactless and non-intrusive probing of
Si-Si bonds at or near the interface. In addition, with SHG it is possible to characterise
the Si-Si bonds present at the interface without the necessity of fabricating a special
measurement test sample. This can be important to distinguish between as-deposited
and post-deposition processing related properties. Moreover, SHG is sensitive to the
electric field present in space charge region under the proper conditions. This can be
employed to determine the polarity and relative density of the fixed charges in the Al2O3

layer.
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The main research questions of this work are:

1. Which unique information about the Si(100)/Al2O3 interface can be
obtained by SHG and/or EDMR?

2. What are the intrinsic differences between the two ALD processes con-
cerning the Si(100)/Al2O3 interface quality and what is the influence of
post-deposition treatments?

3. Which defects centers are responsible for carrier recombination at the
Si(100)/Al2O3 interface and what are their relative densities for the two
ALD processes?

The main body of this thesis is divided into four chapters as shown in Fig. 1.2. In
Chapter II the EDMR technique is introduced and the results are shown. Chapter III
is the most important chapter of this thesis and it treats the research done using SHG.
That chapter is divided into four parts. In Part A the theoretical background of SHG
is explained. Part B is devoted to the results obtained with the Tsunami experimental
setup, while Part C treats the results of the recently developed TOPAS-C setup. We

Chapter III

Second-Harmonic Generation

Chapter I

Introduction

Part B 

Tsunami Part C 

TOPAS-C

Part D 

Comparison

Chapter II

Electrically

Detected

Magnetic

Resonance

Chapter IV

General Conclusions and Recommendations

Part A 

Introduction

Figure 1.2 Overview of the main body of this thesis.
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conclude this chapter with a comparison between Tsunami and TOPAS-C in Part D.
The fundamental differences between the two SHG setups are discussed and conclusions
concerning the Si(100)/Al2O3 interface, obtained via SHG, are given. Chapter IV treats
the general conclusions and recommendations for future work.

Bibliography

[1] European Photovoltaic Industry Association. Solar Generation 6: Solar Photo-
voltaic Electricity Empowering the World (2011).

[2] M.A. Green. Progress in Photovoltaics 17, 183–189 (2009).

[3] W. Shockley and H.J. Queisser. Journal of Applied Physics 32, 510 (1961).

[4] A.G. Aberle. Progress in Photovoltaics 8, 473–487 (2000).

[5] B. Hoex, S.B.S. Heil, E. Langereis, M.C.M. van de Sanden, and W.M.M. Kessels.
Applied Physics Letters 89, 042112 (2006).

[6] B. Hoex, J. Schmidt, R. Bock, P.P. Altermatt, M.C.M. van de Sanden, and W.M.M.
Kessels. Applied Physics Letters 91, 112107 (2007).

[7] G. Dingemans, R. Seguin, P. Engelhart, M.C.M. van de Sanden, and W.M.M.
Kessels. Physica Status Solidi-Rapid Research Letters 4, 10–12 (2010).

[8] N.M. Terlinden, G. Dingemans, M.C.M. van de Sanden, and W.M.M. Kessels. Ap-
plied Physics Letters 96, 112101 (2010).

[9] B. Hoex, J.J.H. Gielis, M.C.M. van de Sanden, and W.M.M. Kessels. Journal of
Applied Physics 104, 113703 (2008).

[10] A.R. Chowdhuri, C.G. Takoudis, R.F. Klie, and N.D. Browning. Applied Physics
Letters 80, 4241–4243 (2002).

[11] H.B. Profijt, S.E. Potts, M.C.M. van de Sanden, and W.M.M. Kessels. Journal of
Vacuum Science & Technology A 29, 050801 (2011).

[12] G. Dingemans, N.M. Terlinden, D. Pierreux, H.B. Profijt, M.C.M. van de Sanden,
and W.M.M. Kessels. Electrochemical and Solid State Letters 14, H1–H4 (2011).

4



Chapter II

Electrically Detected Magnetic Resonance

In this chapter the spectroscopic technique of Electrically Detected Magnetic Resonance
(EDMR) is introduced. With EDMR it is possible to detect certain surface and interface
defects of thin film systems. We start with the introduction of the conventional Electron
Paramagnetic Resonance (EPR) technique. Thereafter the relevant interface and surface
defects of several silicon lattice orientations will be discussed. In Sec. 4 the results of four
Al2O3 samples are shown. All the measurements and most of the data interpretation has
been done at the Laboratorio Nazionale MDM-INFM in Agrate Brianza, Italy, under
the supervision of Prof. M. Fanciulli.†

1 Electron Paramagnetic Resonance

An electron constitutes a magnetic moment (µ), which is proportional to the spin angular
momentum of the electron (S):‡

µ = γS (2.1)

with γ the gyromagnetic ratio. When an electron is placed in an uniform magnetic field
(B = B0ez), the magnetic moment experiences a torque (µ×B). Consequently, the spin
angular momentum of the electron has a component (ms) along the z-axis. Because of
the different possible orientations of the magnetic moment in the magnetic field, several
energy states are possible for each electron. The splitting of energy levels of electrons
in a magnetic field is called the Zeeman effect. This effect states that the energy of
an electron with spin up (ms=+1/2) increases proportional to the applied magnetic
field, while the energy of an electron with spin down (ms=-1/2) decreases. The energy
difference between the spin up and down state is determined by

∆E = gµBB0, (2.2)

with µB the Bohr magneton, B0 the applied magnetic field and g the Landé g-factor. This
g-factor describes how sensitive the electron is to an applied magnetic field. According to
Bloch the theoretical g-factor for a free electron is equal to ge = 2.0022908,1 which agrees
with the experimental value listed in the NIST database of ge = 2.002319304381(53).2

The technique of Electron Paramagnetic Resonance (EPR) spectroscopy uses this Zee-
man effect to probe materials which have unpaired electrons. When such a paramagnetic
material is placed in a magnetic field, the electron energy state of the unpaired electrons

†marco.fanciulli@mdm.infm.it
‡All equations given in this thesis are given in SI units
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B0 = 0 B0 = constantincreasing  B0

E

ms = + ½

ms = - ½

ΔE = gµBB0

Figure 2.1 Schematic diagram of the Zeeman effect. The electron energy state splits into two
levels due to the applied magnetic field. One energy level for each quantum spin state.

will split into two levels according to their spin up (ms=+1/2) and down state (ms=-
1/2), as shown in Fig. 2.1. Transitions between these two electronic Zeeman levels may
be induced by either absorbing or emitting electromagnetic (EM) radiation with energy
EEM = ~ω, where ~ is Planck’s constant (h) divided by 2π and ω the angular frequency
of the radiation. When this resonance condition is obeyed, the energy of the radiation
is equal to the right hand side of Eq. (2.2):

EEM = ∆E

~ω = gµBB0.
(2.3)

This equation is the so-called fundamental equation of EPR spectroscopy. Eq. (2.3)
states that there are two approaches to detect the resonant energies of a paramagnetic
sample. In the first case, the separation of the Zeeman levels is fixed by holding the
magnetic field constant and the frequency of the applied radiation is varied until a
resonant absorption is found. In the second case, the frequency is fixed and the magnetic
field is varied. This second method is mostly used, because it is experimentally relatively
easy to vary the magnetic field (e.g. by varying the current in an electromagnet) instead
of varying the frequency of the applied radiation.

2 Crystalline Silicon Lattice and Interface Defects

Silicon atoms in the lattice of crystalline silicon have an even number of electrons and
therefore under perfect conditions no unpaired electrons exist (in the ground state).
Nonetheless, it is possible to perform EPR measurements on silicon due to the presence
imperfections, i.e. the presence of defects (e.g. dangling bonds) at the surface or at the
interface with a thin film (e.g. SiO2). Because these dangling bonds are basically un-
bonded electrons, they do give rise to an EPR signal. As these defects are mostly present
at the surface or interface makes EPR spectroscopy highly surface and interface specific.
Furthermore, the Landé g-factor of these electrons depend on the surrounding of the
electron, since the magnetic moment of the electron interacts with that of neighbouring
electrons. The spatial orientation of the dangling bonds at the surface and interface

6



2 Crystalline Silicon Lattice and Interface Defects

atoms depends on the orientation of the crystalline silicon lattice structure. This can re-
sult in a different surrounding for dangling bonds and therefore different Landé g-factors
detected by EPR spectroscopy. Hence it is necessary to know more about the lattice
structure of crystalline silicon and its corresponding lattice orientations and defects. In
the remaining part of this chapter we abbreviate crystalline silicon to just silicon or Si.

The lattice of silicon is face-centered cubic (fcc) and its unit cell is diamond cubic. The
bonds have a tetrahedral bonding configuration, as is shown in Fig. 2.2. Each silicon
atom has four nearest neighbours and twelve next nearest neighbours.3

a

Figure 2.2 The diamond cubic unit cell of the silicon face-centered cubic lattice.

Due to the symmetry of the crystal lattice it is possible to distinguish different crystal
planes, where each plane intersects the lattice periodically. Such a crystal plane is
characterised by three Miller indices h, k, l. By definition (hkl) denotes a plane that
intercepts the three points a/h, a/k, a/l, or some multiple thereof, with a the lattice
constant of a cubic lattice. For the silicon lattice there are three important crystal
planes, namely (100), (110) and (111). The lattice of most silicon wafers is orientated
in such a way that the surface is parallel to one of these crystal planes, therefore silicon
wafers are named after their lattice orientation, thus Si(100), Si(110) and Si(111). In
Fig. 2.3 one can see the unit cell of silicon with these three planes indicated.

(a) Si(100) (b) Si(110) (c) Si(111)

Figure 2.3 The silicon unit cell with the (100), (110) and (111) crystal planes indicated.

7



Chapter II Electrically Detected Magnetic Resonance

The orientation of the surface bonds are different for each type of silicon wafer, as can
be seen in Fig. 2.4 - 2.6, where the surface is terminated with hydrogen atoms. For each
lattice orientation the 3D, top and side view of the interface are shown.

(a) 3D view (b) Top view (c) Side view

Figure 2.4 A schematic representation of the crystal orientation and hydrogen-terminated sur-
face of Si(100).

(a) 3D view (b) Top view (c) Side view

Figure 2.5 A schematic representation of the crystal orientation and hydrogen-terminated sur-
face of Si(110).

(a) 3D view (b) Top view (c) Side view

Figure 2.6 A schematic representation of the crystal orientation and hydrogen-terminated sur-
face of Si(111).
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2 Crystalline Silicon Lattice and Interface Defects

With EPR spectroscopy it is possible to measure the presence of dangling bonds at the
surface or interface of silicon. Due to the differences in lattice orientation it is possible to
distinguish different types of surface dangling bonds. Poindexter et al. gives an overview
of the Si/SiO2 system with its microstructure and imperfections.4

For Si(111) there is only one type of surface defect, called a Pb center. It is a defect which
is characterised by an unpaired electron that is directed perpendicular to the surface
(see Fig. 2.7). A missing oxygen atom in the SiO2-layer, but near the Si/SiO2 interface,
induces a different type of defect, the E′ center. It is characterised by a dangling bond
at a silicon atom which is back-bonded to three oxygen atoms.5 The orientation of the
defect center is not as well-defined as for a Pb center because of the isotropic nature of
the amorphous SiO2-layer.

Pb
Si(111)

SiO2

E’

Figure 2.7 A schematic representation of the Si(111)/SiO2 system with the dangling bonds
corresponding to the Pb and E′ defect centers.

For Si(100) there are two types of surface defects: the Pb0 and Pb1 centers (see Fig.
2.8). For Pb0 an unpaired electron is positioned at a silicon atom which is tetrahedrally
bonded to three other silicon atoms. The Pb0 and Pb centers are essentially identical in
nature and therefore their EPR response is similar.5,6 When a so-called bridge is formed
between two surface silicon atoms, the silicon bonding angles change with respect to their
tetrahedral configuration and the orientation of the dangling bond changes compared to
Pb0 centers. Hence, this gives rise to a different g-factor and EPR response. These
surface defects are called Pb1 centers. However, there is still an ongoing debate about
the exact origin of these Pb1 centers, especially on their electrical activity.4,5,7–9

9
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Pb0

Pb1

Si(100)

SiO2

E’

non-tetrahedral

bridge

Figure 2.8 A schematic representation of the Si(100)/SiO2 system with the dangling bonds
corresponding to the Pb1, Pb0 and E′ defect centers. The non-tetrahedral bridge, formed between
two surface silicon atoms, is plotted in green.

3 Electrically Detected Magnetic Resonance

In traditional EPR measurements one monitors the absorption of microwave radiation
(typically around 9.5 Ghz) as a function of a slowly varying magnetic field.5 Fig. 2.9
shows a schematic diagram of a typical EPR signal. This figure shows the absorbance
of only one type of defect, together with its first derivative, both as a function of the
applied magnetic field. When the resonance condition of Eq. (2.3) is fulfilled there is
a peak visible in the absorbance spectrum. For more complex samples, with more or
different types of defect centers, the absorbance of multiple defect centers may overlap
and it becomes necessary to use the first derivative of the signal to better distinguish
between the contribution of the different defect centers. Therefore, in the literature one
will mostly see the first derivative of the signal instead of the actual absorbance signal.

Figure 2.9 Schematic diagram of a typical EPR signal for a sample with only one type of
dangling bond. The absolute absorbance as a function of the applied magnetic field is shown
together with its first derivative.

Due to the high quality of state-of-the-art silicon/thin film interfaces, conventional EPR
is not sensitive enough to measure the low density of interface defects (down to 1010

defects/cm2).5 A commonly applied approach to circumvent this is to depassivate the
surface or interface by exposing the sample to Vacuum UltraViolet (VUV) radiation, i.e.

10



3 Electrically Detected Magnetic Resonance

increasing the number of dangling bonds.6,8,10 However, this post-deposition treatment
alters the interface of the sample and therefore this method cannot be used to determine
the surface passivation properties of a thin film or determine the influence of annealing
on the interface quality. Therefore, more sensitive EPR-based techniques have been de-
veloped within the last few decades. The common feature of these techniques is that the
spin resonance is not detected by microwave absorption, but is rather observed by the
resonant change of a certain electrical parameter, such as the conductivity, capacitance
or photocurrent.9,11

Lepine was in 1972 the first to discover a link between EPR and the recombination cur-
rent in semiconductor devices.12 In his Spin Dependent Recombination (SDR) technique
he detected EPR via spin dependent changes in the photoconductivity. He proposed a
simple model, which provides a qualitative understanding. The spins of both the free
electrons (which are created by the absorption of a photon) and defect centers are po-
larised due to the applied magnetic field. Imagine the capture of such a free electron
at the dangling bond of a Pb center. If the spin of both the electron and the Pb center
point in the same direction, the recombination event will be forbidden (Pauli exclusion
principle). When the resonance condition of Eq. (2.3) is fulfilled, the spin state of the
defect can flip and recombination can occur, which results in an increase of the recom-
bination current. So, by measuring the recombination current versus applied magnetic
field, while simultaneously applying microwave radiation, one may identify the defects
dominating recombination. These electrically detected SDR measurements are referred
to as Electrically Detected Magnetic Resonance (EDMR) spectroscopy measurements.
An EDMR spectrum will almost exactly match the EPR spectrum of defects involved
in the recombination and it is in principle possible to detect single spins.5,11

There are several types of EDMR techniques available. Three of them will be very briefly
discussed following Fanciulli et al.11 One approach is the so-called Direct Current Pho-
toconductive Resonance (DC-PCR) measurement technique. In this experimental setup
the change in photocurrent is measured by ohmic contacts. There is

√
P dependence

between microwave power (P) and the spin resonance signal. The technique has some
limitations, because (1) the sample is influenced by the ohmic contacts and (2) the
sample layout is constrained. To prevent this a more contactless approach is required.
Microwave Contactless Photoconductive Resonance (MWCL-PCR) is such a contactless
measurement technique. The technique makes use of the fact that the Q-factor of a mi-
crowave resonance cavity changes due to the absorption of microwaves by photo-excited
free carriers. It has been shown that MWCL-PCR is more sensitive than conventional
ESR and DC-PCR, especially when low temperatures (down to T = 4.5 K) are used. In
addition, the signal from the detector is proportional to the incident microwave power.
Another technique is Defect-Assisted Spin Dependent Tunnelling (DA-SDT). In this
method, the spin resonance signal is detected by monitoring the modulated gate current
in a metal oxide semiconductor (MOS) capacitor placed in the microwave cavity. The
measurement is based on the fact that the trap-assisted tunnelling current depends on
the spin state of the electron and trap. With sufficiently high magnetic fields and at
low temperatures the tunnelling takes place only when the spin system is in a singlet
configuration ( 1√

2
{|↑↓〉 − |↓↑〉}). DA-SDT is sensitive to defects in the thin film that are

present within a tunnelling distance from the interface (typically 2-3 nm).
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Chapter II Electrically Detected Magnetic Resonance

4 EDMR Spectra of Al2O3 Thin Films

As mentioned at the beginning of this chapter, four different samples have been charac-
terised by EDMR. All four samples consist of a 30 nm Al2O3 film on top of a Si(100)
wafer. The silicon wafers have received a dip in buffered HF, prior to the Al2O3 de-
position, to remove the native oxide. However, there is still a thin layer (1-2 nm) of
interfacial SiO2 formed in between the Al2O3 thin film and the silicon substrate, as
commonly reported in the literature.13,14 The Al2O3 films have been grown either by
thermal Atomic Layer Deposition (thermal ALD) or by plasma-assisted Atomic Layer
Deposition (plasma ALD). Of each ALD process one sample is annealed for 10 minutes
at 400 ◦C in a N2 environment, while another sample is kept as-deposited. All sam-
ples have been deposited and annealed in Eindhoven in the group Plasma & Materials
Processing (PMP) and further prepared for EDMR measurements at the Laboratorio
Nazionale MDM-INFM in Italy.

The EDMR measurements have been performed by the contactless MWCL-PCR tech-
nique at a temperature of 4.5 K. The sample is placed at the centre of a Bruker rectangu-
lar TE102 electric field cavity, which is operating in the X-band regime (9-9.5 GHz) and
was set to 9.16 GHz. The microwave power is equal to 180 mW. The applied magnetic
field is directed parallel to the crystallographic (011) direction. Light emitting diodes
illuminate the sample with blue 470 nm light to generate carriers near the interface to
enhance the sensitivity to surface defects. Spin dependent changes of the photocon-
ductance induce a detectable change in the Q-factor of the cavity, which allows for the
identification of the electrically active defects, as discussed in the previous section.
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Figure 2.10 EDMR spectrum of the as-deposited and annealed plasma ALD Al2O3/Si(100)
interface (1 G = 10−4 T). The interface defect density of the annealed sample is below the
detection limit of the setup used in this work.
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Figure 2.10 shows the EDMR spectra for the samples grown by plasma ALD. It shows
the EDMR signal as a function of the applied magnetic field (1 G = 1 · 10−4 T). There
is a significant difference between the as-deposited sample and the annealed sample.
The as-deposited sample has signal up to 2.0 · 10−4 V, while the EDMR response of
the annealed sample is almost equal to zero, i.e. below the detection limit of the setup
used in this work. As mentioned earlier, the defect centers are the origin of the EDMR
response. This suggests that the amount of defects is decreased due to annealing. This
is confirmed by other studies reported in the literature. Dingemans et al. showed that
annealing influences the interface defect density of ALD grown Al2O3 thin films. They
showed that the interface defect density (Dit) of plasma ALD Al2O3 decreases from
∼ 1013 eV−1cm−2 to 1 · 1011 eV−1cm−2 due to annealing.15

Figure 2.11 shows the EDMR spectra of the Al2O3 films deposited by thermal ALD.
Again it is visible that the signal intensity decreases due to annealing, thus a decrease
of defect centers. However, the EDMR signal of the as-deposited sample is an order
of magnitude lower compared to the sample deposited by plasma ALD. This effect is
also consistent with the work of Dingemans et al.15 They showed that the Dit value
of the as-deposited thermal ALD is only 3 · 1011 eV−1cm−2 compared to the ∼ 1013

eV−1cm−2 for plasma ALD. The origin of this difference is discussed in conjunction with
the deconvolution of the spectra in the next section.

3220 3240 3260 3280 3300 3320

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 

 

 as-deposited
 annealed

E
D

M
R

 S
pe

ct
ru

m
 

V
 (1

0-4
 V

)

Magnetic Field (G)

Figure 2.11 EDMR spectrum of the as-deposited and annealed thermal ALD Al2O3/Si(100)
interface (1 G = 10−4 T). The interface defect density of the annealed sample is below the
detection limit of the setup used in this work.

13



Chapter II Electrically Detected Magnetic Resonance

Deconvolution of the EDMR Spectra

An EDMR spectrum needs to be deconvoluted to distinguish between contributions of
different defect centers (as is the case for conventional EPR). The data can be fitted
by either Lorentzian or Gaussian line shapes, or a mixture of the two.16 It depends on
the defect which line shape is the most suitable.9 The response of an ”ideal” defect is a
Lorentzian, while due to e.g. hyperfine coupling the shape is more Gaussian. To deter-
mine the Landé g-factors of the defects, a reference signal is added with a well-known
g-factor. The g-factors are commonly determined with respect to the reference signal of
α,α′-diphenyl-β-picryl hydrazyl (DPPH).9

In this study all the EDMR spectra are fitted with the first derivative of a Lorentzian.
Eq. (2.4) shows the mathematical expression for a Lorentzian and its first derivative

f(x) =
I

π

γ

(x− x0)2 + γ2
, (2.4a)

df(x)

dx
=
I

π

−2γ(x− x0)

[(x− x0)2 + γ2]2
, (2.4b)

with I the amplitude or intensity, γ the scale parameter which specifies the half-width at
half-maximum (HWHM) and x0 the median of the function. In our case the parameter
x is the applied magnetic field (B) with x0 the resonance magnetic field (B0) of Eq. (2.3).

Figure 2.12 shows the spectrum obtained from the as-deposited plasma ALD Al2O3 sam-
ple together with a deconvolution. Four different defect centers could be assigned. Two
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Figure 2.12 EDMR spectrum of the as-deposited plasma ALD Al2O3/Si(100) interface (1 G =
10−4 T). Four different defect centers have been assigned, according to their specific g-factors.
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4 EDMR Spectra of Al2O3 Thin Films

Pb0 defect centers, one E′-like center and a so-called isotropic center typical of amor-
phous silicon.9 The exact origin of this isotropic defect center is not well-understood. A
possible physical origin is a dangling bond which is situated in the interfacial oxide, but
which is not tetrahedrally bonded to three silicon or oxygen atoms (as it is the case for
a Pb0 or E′ center respectively). The g-factors of the isotropic center and E’-like center
have been held fixed during the fitting at 2.0055 and 1.999 respectively.

From the spectrum deconvolution several fundamental parameters of the defects can
be extracted, as listed in Table 2.1. Especially the intensity, area and g-factor give
information about the defects. The intensity and area are a measure of the amount of
defects and the g-factor is essential for the identification of the defects.

Table 2.1 Parameter values resulting from the deconvolution of the EDMR spectrum of Fig.
2.12. Four different defect centers have been assigned. The g-factors postfixed with an asterix
are fixed values.

Defect g-factor B0 (G) γ (G) I (·10−4 V) Area (·10−3 V·G)

Pb0 2.0087 3258.0 3.93 4.25 1.04
Isotropic 2.0055* 3263.2 4.05 4.14 1.04
Pb0 2.0036 3266.3 3.10 7.50 1.45
E′ 1.999* 3273.3 3.64 0.86 0.19

The Pb0 defect centers are the most dominant centers with relatively high intensities and
areas. The isotropic defect center has also a significant contribution due to the broader
peak (as indicated by a higher γ value). The E′-like center has a minor contribution
to the EDMR spectrum. Hence recombination occurs more at the interface than in the
thin film near the interface.

Also the as-deposited thermal ALD Al2O3 sample has been deconvoluted by Lorentzians.
Figure 2.13 shows the EDMR spectrum together with a deconvolution. The same types
of defects centers (Pb0, E

′ and isotropic) have been used for the deconvolution. Again
the g-factors of 2.0055 and 1.999 have been held fixed for the isotropic and E′ centers.

Table 2.2 Parameter values resulting from the deconvolution of the EDMR spectrum of Fig.
2.13. Four different defect centers have been assigned. The g-factors postfixed with an asterix
are fixed values.

Defect g-factor B0 (G) γ (G) I (·10−4 V) Area (·10−3 V·G)

Pb0 2.0089 3258.8 4.24 0.53 0.14
Isotropic 2.0055* 3264.0 8.58 0.59 0.30
Pb0 2.0043 3266.0 5.01 1.09 0.34
E′ 1.999* 3274.9 4.27 0.77 0.21
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Figure 2.13 EDMR spectrum of the as-deposited thermal ALD Al2O3/Si(100) interface (1 G
= 10−4 T). Four different defect centers are assigned, according to their specific g-factors.

Table 2.2 gives a summary of the parameter values obtained from the fit. All four defect
centers have approximately an equal contribution to the EDMR spectrum. Thus the
recombination is less dominated by Pb0 defect centers. Several conclusions can be drawn
when the values in Table 2.2 are compared to the values of the plasma ALD sample
shown in Table 2.1. First, the intensity (and related area) of the Pb0 and isotropic cen-
ters are an order of magnitude higher for the sample deposited by plasma ALD than
for the thermal ALD Al2O3, while the E′ center is almost equal. This suggests that
the plasma ALD proces is, without annealing, less suitable to saturate the majority of
dangling bonds or causes significant damage to the interface due to plasma exposure.
Profijt et al. showed that the O2 plasma, used in plasma ALD, can damage the inter-
facial oxide region due to the presence of vacuum ultraviolet (VUV) radiation in the
O2 plasma and will therefore induce more defects at the interface.17 Hence, the EDMR
response of the interface defects is higher compared to the thermal ALD samples where
the VUV radiation is absent. Secondly, the fact that the the intensity of the E′ center
is similar for both processes indicates that these defect centers are not at the interface,
but in either the interfacial oxide or the Al2O3 layer at a tunnelling distance away from
the interface, as expected.

Baldovino et al. also investigated the Si/Al2O3 interface with EDMR.9 Their Al2O3

layers were grown by thermal ALD. The native oxide on the silicon wafer was either left
intact or removed by an aqueous HF solution. For both cases they showed that Pb0-
like and isotropic centers are present at the interface. They conclude that the g-factor
properties of the Pb0-like center are similar to the Pb0 center reported by Stesmans et
al. for the Si/SiO2 system.6 This confirms (1) the presence of an interfacial oxide layer
and (2) that the dominant defects centers are present at the Si/SiO2 interface and not
in the Al2O3.
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5 Conclusion

In this chapter the EDMR technique has been introduced together with an overview of
the most important surface and interface defect centers present at the crystalline silicon
surface or interface. In Sec. 4 the results of EDMR measurements for several Al2O3 thin
films on silicon have been shown. It turned out that the Pb0 interface defects dominate
the charge carrier recombination at the Si/SiO2 interface. This indicates that carrier
recombination mostly occurs at this interface.

In addition E′-like centers are present in the interfacial oxide layer. However, the con-
tribution to the EDMR response, i.e. the recombination, is minor. The density of E′

centers is independent of the deposition technique and this indicates that the E′ defect
centers are not directly at the interface, as is the case for Pb0 centers, but at a tunnelling
distance away from it.

The as-deposited Al2O3 thin film deposited by thermal ALD has less interface defects
than the film deposited by plasma ALD. This is most likely caused by the vacuum ultra-
violet radiation present in the O2 plasma used for the plasma process, which damages
the interface. Annealing reduces the number of interface defect centers significantly for
both ALD processes. Hence this explains why the annealing process leads to reduced
recombination losses at the interface.

In conclusion, EDMR provides detailed information about the defect centers present at
the Si(100)/SiO2 interface for the Si/SiO2/Al2O3 system and it is possible to determine
their relative densities.
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Chapter III

Second-Harmonic Generation

When a medium is exposed to high intensity electromagnetic radiation, a significant part
of the optical response can be nonlinear in nature. Second-Harmonic Generation (SHG)
is a nonlinear optical technique which makes use of the nonlinear response of a material
and can be used to study the surface and interfaces of thin film systems. In a simplified
picture, the SHG effect can be seen as the absorption of two identical photons (with
energy ~ω) by the medium, which subsequently emits one single photon with exactly
twice the energy (2~ω). From the second-harmonic response fundamental properties of
the thin film system can be extracted.

This chapter is divided into four parts. Part A gives a general introduction of SHG. Sec-
tion A1 gives an overview of the theoretical background. In Sec. A2 the data modelling
is discussed. Section A3 is devoted to linear optical phenomena. In the last section of
this part (Sec. A4) the sample preparation is discussed. Part B is about the Tsunami
experimental setup which has been used to perform intensity and phase measurements,
as will be discussed in Sec. B2 and B3 after an introduction in Sec. B1. The Tsunami
intensity and phase results are simultaneously analysed as will be shown in Sec. B4. In
Part C the TOPAS-C experimental setup is treated. Section C1 gives an overview of the
setup with all the important components. The TOPAS-C is a relatively new setup and
we used it for the first time to systematically study thin film systems. In Sec. C2 the val-
idation of the TOPAS-C setup is treated. TOPAS-C has an extended wavelength range
and is used to carry out intensity measurements as shown in Sec. C3. The modelling of
the TOPAS-C results is treated in Sec. C4. We end this chapter with a comparison in
part D where the fundamental differences between the two SHG setups are given and
conclusions concerning the Si(100)/Al2O3 interface, obtained via SHG, are given.
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Part A

Introduction
Second-Harmonic Generation
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1 Theoretical Background

1 Theoretical Background

Electric Dipole Approximation

Electromagnetic radiation with an electric field E† interacts with a medium by inducing
a polarisation P in this medium:‡

P = f(E). (3.1)

In linear optics, the induced polarisation has the same frequency as the incident electric
field, as given by

P(ω) = ε0
↔

χ ·E(ω), (3.2)

where ε0 is the vacuum permittivity and
↔

χ the electric susceptibility, which is a second-
rank tensor describing the response of the medium. Linear optical phenomena, e.g.
refraction, reflection and absorption, are described by this susceptibility tensor. How-
ever, for high intensity electric fields, higher order (i.e. nonlinear) contributions start
to play a significant role. Within the electric dipole approximation, i.e. assuming spa-
tially homogeneous fields (∇E = 0), the induced polarisation can be represented as an
expansion of the electric field

P = ε0
↔

χ
(1) ·E+ ε0

↔

χ
(2)

: EE+ ε0
↔

χ
(3)

: EEE+ ..., (3.3)

where
↔

χ
(n)

is the nth-order susceptibility, which is a tensor of rank n+1. An impor-
tant consequence of Eq. (3.3) is that also components at other frequencies than the
fundamental frequency of the incident radiation contribute to the polarisation, as can
be recognised by explicitly including the frequency of the electric field, E(ω) = Ẽe−iωt.
The nonlinear optical effect of second-harmonic generation is described by the second
term at the right hand side of Eq. (3.3):

P(2)(2ω) = ε0
↔

χ
(2)

: ẼẼe−i2ωt. (3.4)

The second-order nonlinear susceptibility tensor
↔

χ
(2)

is a tensor with 27 components

χ
(2)
ijk, that relates the second-order polarisation component i to the components j and
k of the incident electric fields, where i, j, k ∈ {x, y, z} are defined by the coordinate
system. In addition, these tensor components have the unit V−1m. For SHG it is
irrelevant in which order the incident electric field components appear:

P
(2)
i = ε0

∑

jk

χ
(2)
ijkEjEk = ε0

∑

jk

χ
(2)
ijkEkEj , (3.5)

when EjEk=EkEj , which is the case for SHG. Therefore, the second-order susceptibility

is symmetric in the last two indices (χ
(2)
ijk = χ

(2)
ikj). Due to this permutation symmetry,

↔

χ
(2)

is reduced to 18 independent components. Materials with a center of inversion

symmetry are invariant under the transformation r → −r. Since
↔

χ
(2)

is a material

†Symbols denoted in bold denote vectors, whereas tensors are indicated by double arrows
‡All equations given in this thesis are given in SI units
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property, it has the same symmetry properties as the material itself (known as the Neu-

mann principle). As a consequence, every component of the
↔

χ
(2)

tensor is equal to its

inverted counterpart, χ
(2)
ijk = −χ(2)

ijk. This relation only holds for χ
(2)
ijk = 0. Consequently,

for centrosymmetric media no SHG will occur. Examples of centrosymmetric materials
are crystalline materials, e.g. crystalline silicon (c-Si), and amorphous materials, such as
amorphous silicon (a-Si) and amorphous oxides (e.g. SiO2 and Al2O3). At the surface
or at interfaces the inversion symmetry of a material is broken and not all components of
↔

χ
(2)

reduce to zero, i.e. SH radiation can be generated at surfaces and interfaces. This
makes SHG an unique surface and interface specific optical technique for centrosymmet-
ric materials.

Figure 3.1 shows the definition of several coordinate axes with respect to the surface of
the sample (the xy-plane). The xz-plane is the plane of incidence and defines the p-
polarisation, i.e. the electric field parallel to the plane of incidence. The s-polarisation
is directed perpendicular (German senkrecht) to the plane of incidence, thus parallel to
the y-axis. The angle θ is the angle of incidence, ϕ is defined as the polarisation angle
and ψ is the azimuthal angle.

ψ

θ

φ

y

x

z
p

s

ω2ω

Figure 3.1 Definition of the coordinate axes with respect to the surface (the xy-plane) of
the sample. The xz-plane is the plane of incidence, which defines the p-polarisation. The s-
polarisation is directed parallel to the y-axis. The angle θ is the angle of incidence, ϕ is the
polarisation angle and ψ the azimuthal angle.

Which elements of
↔

χ
(2)

are non-zero at the surface or interface of a centrosymmetric
material depends on the symmetry of the material. Table 3.1 shows the non-vanishing
elements for several symmetry classes, following Heinz.1 In this work we mainly focus
on surfaces and interfaces of Si(100) and amorphous Al2O3. The surface and interfaces
of these materials are part of the 4mm and ∞m, respectively.2 Thus the second-order
nonlinear susceptibility tensor has only five nonzero components of which only three are

independent (χ
(2)
zzz, χ

(2)
zxx = χ

(2)
zyy, χ

(2)
xxz = χ

(2)
yyz).
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Table 3.1 The independent non-vanishing elements χ
(2)
ijk for several symmetry classes, with

i, j, k ∈ {x, y, z} according to Fig. 3.1. The permutation symmetry components for SHG are in
between brackets.

Symmetry class Independent non-vanishing elements χ
(2)
ijk

1 xxx, xxy, xyy, yxx, yxy, yyy, xxz, xyz, yxz,
yyz, zxx, zxy, zyy, xzz, yzz, zxz, zyz, zzz

m xxx, xyz, xzz, xzx, yzy, yxy, zxx, zyy, zxz, zzz

2 xzx, xyz, yxz, yzy, zxx, zyy, zxy, zzz

mm2 xzx, yzy, zxx, zyy, zzz

3 xxx = -xyy = -yyx (= -yxy), yyy = -yxx = -xyx (= -xxy),
yzy = xzx, zxx = zyy, xyz = -yxz, zzz

3m xxx = -xyy = -yxy (= -yxx), xzx = yzy, zxx = zyy, zzz

4, 6, ∞ xxz = yyz, zxx = zyy, xyz = -yxz, zzz

4mm, 6mm, ∞m xxz = yyz, zxx = zyy, zzz

Electric-Field-Induced Second-Harmonic Generation

Apart from the electric dipole term (Eq. (3.4)), other sources can break the centrosym-
metry of a material which result in radiation at the second-harmonic photon energy. A
dc electric field breaks the centrosymmetry of a crystal and therefore allows a bulk elec-
tric dipole contribution, instead of only a surface contribution.3 Electric-Field-Induced
Second-Harmonic (EFISH) generation is a third-order effect where a dc field is one of the
driving fields. Such a dc electric field can be present in the Space Charge Region (SCR)
near the interface of a semiconductor due to fixed charges present in the thin film or by
the application of an external dc bias signal.2 The nonlinear polarisation responsible for
generating SHG radiation can now be written as

P(2ω) = ε0
↔

χ
(2)

: E(ω)E(ω) + ε0
↔

χ
(3)

: E(ω)E(ω)Edc, (3.6)

where the first term denotes the surface electric dipole contribution of Eq. (3.4) and
the second term the EFISH contribution. The susceptibility tensor describing the third-
order effect of EFISH is a tensor of rank four, i.e. 81 components. However, when the
dc field is directed perpendicular to the surface (i.e. parallel to the z-axis) the symmetry
properties of the EFISH terms are similar to the surface electric dipole contribution.2

This makes it experimentally difficult to distinguish between the different contributions.
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Multipole SHG

The SHG contributions discussed so far resulted from the electric dipole approximation,
which assumes that the electric fields are spatially homogenous. When this constraint
is abandoned, other sources of SHG are revealed, i.e. multipole contributions start to
play a role. Especially the electric quadrupole and magnetic dipole contribution play an
important role, as shown by1

PQ(2ω) = ε0
↔

χ
(2)

Q : E(ω)∇E(ω). (3.7)

This multipole term represents the electric quadrupole and magnetic dipole contribu-
tions. The nonlocal character of these multipole contributions is reflected by the gradient

operator acting on the electric field (∇E).
↔

χ
(2)

Q is the second-order quadrupolar suscep-
tibility, which is a tensor of rank four with 81 components. Again the actual independent
and nonzero components depend on the symmetry of the medium. For cubic centrosym-

metric media the only independent non-vanishing elements of
↔

χ
(2)

Q are χ
(2)
Q,iiii, χ

(2)
Q,iijj,

χ
(2)
Q,ijij, χ

(2)
Q,ijji, with i 6= j and i, j, k ∈ {x, y, z}.1 These components are usually rep-

resented by the phenomenological parameters β, γ, δ and ζ, which consist of a linear
combination of the four independent tensor components1,4

β = χ
(2)
Q,iijj (3.8a)

γ =
1

2
χ
(2)
Q,ijij (3.8b)

δ = χ
(2)
Q,ijji − χ

(2)
Q,iijj − χ

(2)
Q,ijij (3.8c)

ζ = χ
(2)
Q,iiii − (χ

(2)
Q,ijji + χ

(2)
Q,iijj + χ

(2)
Q,ijij) (3.8d)

By using these parameters the quadrupole polarisation can be written in components
as1

PQi(2ω) = ε0(δ − β − 2γ)(E ·∇)Ei + ε0βEi(∇ ·E) + ε0γ∇i(E ·E) + ε0ζEi∇iEi. (3.9)

The first three terms of Eq. (3.9) are present in isotropic media, while the last term,

which is proportional to ζ, only occurs in anisotropic media. The
↔

χ
(2)

of cubic cen-
trosymmetric media, such as c-Si, are anisotropic with respect to their crystal orienta-
tion. Therefore, their SHG intensity depend on the crystal orientation with respect to
the incident radiation, i.e. depend on the azimuthal angle of Fig. 3.1. The response is
different for Si(100), Si(110) and Si(111). The several responses are described by the
following set of equations1
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For Si(100)

Ep(2ω) = a+ b(4) cos(4ψ) (3.10a)

Es(2ω) = c(4) sin(4ψ) (3.10b)

For Si(110)

Ep(2ω) = a+ b(2) cos(2ψ) + b(4) cos(4ψ) (3.10c)

Es(2ω) = c(2) sin(2ψ) + c(4) sin(4ψ) (3.10d)

For Si(111)

Ep(2ω) = a+ b(3) cos(3ψ) (3.10e)

Es(2ω) = c(3) sin(3ψ) (3.10f)

with Ep(2ω) and Es(2ω) the electric field of p and s polarised SH radiation, respectively.
The isotropic contributions are represented by a and the anisotropic contributions by b
and c, where the superscripts (m), withm = 2, 3, 4, denote them-fold rotational symme-
try axis of the surface. In addition, a, b and c include linear optical properties, therefore

it is not so self-evident to express these three parameters in
↔

χ
(2)

Q tensor components.

Microscopic Origin

Shen derived a quantum mechanical expression for
↔

χ
(2)

of solids which are characterised
by band structures (e.g. semiconductors such as silicon).5 His model describes SHG as a
sequence of electronic transitions. This is schematically shown in Fig. 3.2. An electron
is, due to the absorbtion of a photon with energy ~ω, excited from the ground state |v〉
to an intermediate or virtual state |c′〉. With the absorption of a second photon (again
with energy ~ω), the electron is excited to the |c〉 state. When the electron relaxes back
to the ground state, it emits a photon with energy 2~ω, i.e. a SH photon. Thus, in
a very simplified picture, SHG is microscopically the conversion of two photons with
energy ~ω into a single SH photon with energy 2~ω.

2ħω

ħω

ħω

c

c’

vΨ0

Ψ1

Ψ2

Figure 3.2 Microscopic origin of second-harmonic generation, the conversion of two photons
with energy ~ω into a single SH photon with energy 2~ω. |v〉, |c′〉 and |c〉 are electron energy
states and Ψ0, Ψ1, Ψ2 are real band transitions in the medium.
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Chapter III Second-Harmonic Generation

It must be stressed that the process of SHG is always present when a material is irra-
diated with an electric field, but the response is resonantly enhanced when either the
fundamental photon energy ~ω or SH photon energy 2~ω coincides with real band tran-
sitions in the medium, i.e. the energy difference between the |v〉 and |c′〉, |c′〉 and |c〉 or
|c〉 and |v〉 states match respectively the transition of Ψ0 to Ψ1, Ψ1 to Ψ2 or Ψ2 to Ψ0.

2 Critical-Point Modelling

Crystalline Silicon Band Structure

As explained in the previous section, the SHG process is resonantly enhanced when the
photon energy ~ω or the two-photon energy 2~ω coincides with the band transitions of
the irradiated medium. Crystalline silicon wafers are one of the most widely used sub-
strates in the semiconductor industry and it is also the primary material investigated
within this project. Therefore it is important to know more about the band structure
of silicon and its corresponding optical transitions.

Figure 3.3(a) shows the Brillouin zone of bulk silicon. In the graph several important
symmetry points (Γ, X, K, L) and directions (Λ, Σ, ∆) are shown. The Λ direction from
Γ to L corresponds to the crystallographic [111] direction, the ∆ direction from Γ to X
corresponds to the crystallographic [100] direction.

(a) (b)

Figure 3.3 (a) The Brillouin zone of bulk silicon. Some directions (Λ, Σ, ∆) and points (Γ, X,
K, L) of high symmetry are indicated. (b) Bulk band structure of silicon for wavevectors parallel
to the Γ−L and Γ−X directions. Important critical point transitions are indicated. Both figures
have been adapted from Daum6

The SHG response of silicon is dominated by bulk-type interband transitions at critical-
points (CPs) of the bulk Brillioun zone, despite the fact that SHG is, for centrosymmetric
media, only sensitive to surfaces and interfaces.6 CPs are regions in k space where direct
transitions between valence and conduction states with a high joint density of states
make significant contributions to optical spectra. The bulk band structure of the Λ
and ∆ directions are given in Fig. 3.3(b), where important CPs are indicated with the
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2 Critical-Point Modelling

arrows. Three critical-point transitions are particulary important for SHG, namely the
E1 transitions between the Λ bands, the E2 transitions close to the X point and the
E2 transition along the Σ direction (not shown in Fig. 3.3(b)).6 Further CP transitions
are E′

0 at the Γ point and E′
1 close to the L point. Table 3.2 gives an overview of the

important CP transitions, with some typical values for the resonance energies. The
resonance energies are valid for bulk silicon, however, at the interface the resonance
energy can be different due to loss of the silicon tetrahedral structure. The resonance
energies are also temperature dependent as shown by Lautenschlager et al., however not
all resonances are equally affected by temperature changes.7

Table 3.2 The important critical-point transitions for SHG with their characteristics and typical
corresponding resonance energies.6

CP transition Symmetry point/direction Crystallographic direction Energy (eV)

E′
0 Γ point - 3.32

E1 Λ direction [111] 3.40
E2(X) ∆ direction, near X point [100] 4.27
E2(Σ) Σ direction [110] 4.51
E′

1 Λ direction, near L point [111] 5.32

Excitonic Critical Points

Lautenschlager et al. found that for silicon an excitonic line shape represents best a
critical point transition.7 This excitonic line shape can also be used to model the SHG
response of the silicon surface. The contribution of a single excitonic transition to the
nonlinear susceptibility can be described by

χ(2)(2ω) =
heiφ

2ω − ω0 + iΓ
, (3.11)

where h is the amplitude, φ the excitonic phase factor, ω0 the resonant frequency and Γ
the broadening. All parameters are taken positive and real. For materials with multiple
interband transitions, i.e. more excitonic transitions, one has to take the summation over
all the transitions. Thus, the SHG response is modelled by a coherent superposition, i.e.
a phase dependent summation, of several excitonic interband transitions.8 The nonlinear
susceptibility is now expressed as

χ(2)(2ω) =
∑

k

hke
iφk

2ω − ω0k + iΓk

, (3.12)

where all relevant resonances are considered in the summation over k.
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Chapter III Second-Harmonic Generation

Intensity Spectra

Erley et al. developed the critical-point model to deconvolute SHG intensity spectra,
i.e. the SHG signal as a function of the two-photon energy, into a number of separate
resonant contributions.8 The spectroscopic SHG intensity is reproduced by

ISHG(2ω) ∝
∣

∣

∣

∣

∣

∑

k

Ak(ω, θ)
hke

iφk

2ω − ω0k + iΓk

∣

∣

∣

∣

∣

2

I2in(ω) (3.13)

with Ak(ω, θ) a complex function that describes the propagation of both the incident
and the SH radiation through the thin film system and corrects for linear optical phe-
nomena such as reflection, refraction and absorption. The angle of incidence is defined
by θ according Fig. 3.1. As can be seen from equation 3.13 the SHG intensity depends
quadratically on the intensity of the incident fundamental radiation.

Figure 3.4 shows a typical SHG intensity spectrum of silicon interband transitions at
the Si(100)/SiO2 interface (data points), where the data is fitted (solid line) using the
model of Eq. (3.13).

Figure 3.4 Typical SHG intensity spectrum (data points) of the Si(100)/SiO2 interface, with
the optical model fitted to the data (solid line). The four dashed lines represent four different
critical-point transitions. E1,if and E2 contributions are due to electric dipole interactions,
E1,SCR is an EFISH contribution and Rif is caused by distorted Si-Si bonds in the suboxide
region. Figure has been adapted from Daum.6

The dashed lines in the figure represent four different critical-point transitions. All four
contributions originate from Si-Si bonds at either the interface or near the interface.
The E1,if and E2 contributions are due to electric dipole interactions (Eq. (3.4)) and
originate from interband transitions at the E1 and E2 critical-points of the bulk-like
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2 Critical-Point Modelling

band structures of Si at the interface. The E1,SCR originates also from the E1 interband
transition, but this time it is caused by the electric field in the space charge region
(SCR), i.e. it is an EFISH contribution (second term of Eq. (3.6)). The broad resonance
Rif (also known as the Si-SiO contribution) has been assigned to interband transitions
in Si-Si bonds with a strong distortion of the tetrahedral bond configuration in a thin
transition layer between c-Si and SiO2 (the so-called suboxide layer).9,10 The presence
of the Rif contribution is not observed in linear optical spectra of bulk silicon and it
is influenced by the oxide on top. It is important to realise that Si interface atoms
with a strong bond distortion are necessary for a well-defined transition from the c-
Si to the SiO2 layer. Therefore, the presence of a significant Rif resonance in SHG
spectra should be interpreted as the presence of a well-defined interface with a minimum
of dangling bonds.6 Summarising, the E1,if and E2 contributions are produced at the
interface, the EFISH-term (E1,SCR) originates from the SCR near the interface and the
Rif contribution originates from the suboxide layer on top of the interface. This is
schematically shown in Fig. 3.5.

Si-Si suboxide bonds

Si-Si interface bonds

Space charge region

Si-Si bulk bonds

Rif

E1,if  E2

E1,SCR

Si(100)

  SiO2

Figure 3.5 Schematic representation of the Si(100)/SiO2 interface. The Si-Si interface bonds
contribute to the E1,if and E2 contribution, the Si-Si bulk bonds in the SCR are the origin for
the E1,SCR signal and the distorted Si-Si suboxide bonds (bonds in green) are responsible for
the Rif signal.

The phase dependent summation of the individual excitonic interband transitions is
visible in Fig. 3.4, because (1) the intensity of some of the individual peaks is higher
than the overall SHG spectrum and (2) at 3.5 eV the SHG response is equal to zero,
which is only possible with a coherent superposition.

Phase Spectra

A SHG spectrum can be deconvoluted to obtain more detailed information about the
interface, as discussed in the previous section. However, there are no physical assump-
tions that can be made about the phase of an excitonic transition for nonlinear optical
spectra. Therefore, the Phase sensitive Second-Harmonic Generation (PSHG) technique
has been developed to directly measure the phase of the SHG response. This is done by
employing interference between the SHG signal from the sample of interest and a SHG
signal with known phase, based on the technique proposed by Aktsipetrov et al. and
Wilson et al.11,12
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Chapter III Second-Harmonic Generation

The reference signal, with a known phase, is produced by irradiating a glass substrate
with an Indium Tin Oxide (ITO) thin film on top of it. This sample is called the Phase
Reference Sample (PRS) and it produces a wavelength independent SHG signal for the
used wavelength range. Both the SHG radiation of the PRS and the sample are in a
co-linear geometry. By changing the distance between the PRS and the sample, one can
induce constructive or deconstructive interference between the two signals and create an
interferogram.
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2.92

3.31

3.49

Figure 3.6 Obtained interferograms for several two-photon energies (2.92, 3.31 and 3.49 eV).
The data points are fitted with Eq. (3.14).

Figure 3.6 shows typical obtained interferograms for several two-photon energies. From
these interferograms it is possible to extract the phase of the silicon sample by fitting
the data with the following equation:

ISHG(d) ∝ E2
sample +

[

Ereference

1 + (d/d0)2

]2

+ 2Esample

[

Ereference

1 + (d/d0)2

]

cos(k′d+ φ), (3.14)

where d is the distance between the two samples and ISHG(d) the distance-dependent
SHG intensity. Esample and Ereference are the SHG electric fields of the sample and
PRS, respectively. The Gaussian focus factor [1 + (d/d0)

2] is added to correct for the
decreasing spot size on the PRS when the distance d is decreased. The Rayleigh length
d0 is related to the beam waist w0 via:

d0 =
πw2

0

λ
. (3.15)
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3 Linear Optics

The oscillation length k′ is in theory defined by

k′ =
2π

λ0
[n2ω − nω] (3.16)

with λ0 the fundamental wavelength and nω the corresponding refractive index of air.
n2ω is the refractive index of air for the SHG wavelength. The difference in refractive in-
dex is important for PSHG measurements, because it induces a phase difference between
the SH radiation generated at the PRS and the fundamental radiation. Without this
difference no distance dependent interference effects would occur at the sample. The
φ of Eq. (3.14) is the total phase of both the sample and the PRS. This total phase
contains also the linear propagation phase shifts of linear optics. One has to take this
into account when the nonlinear optical response is modelled.

3 Linear Optics

For the critical-point modelling, described by Eq. (3.13), it is necessary to know more
about the linear optical response of both the fundamental and SHG radiation, because
both linear responses influence the signal one measures. The Ak(ω, θ) parameter in Eq.
(3.13) corrects for all the linear optical responses, where reflection (and corresponding
transmission) at the surface and buried interfaces is the most dominant linear response
for the Si(100)/Al2O3 thin film system. The Fresnel coefficients describe the transmission
and reflection of electromagnetic waves at an interface between two media with different
(complex) refractive indices (n1 and n2). The reflection (r) or transmission (t) coefficients
depend on the polarisation (p or s) of the radiation:

r12,p =

(

E0r

E0i

)

p

=
n2 cos θi − n1 cos θt
n1 cos θt + n2 cos θi

, (3.17a)

t12,p =

(

E0t

E0i

)

p

=
2n1 cos θi

n1 cos θt + n2 cos θi
, (3.17b)

r12,s =

(

E0r

E0i

)

s

=
n1 cos θi − n2 cos θt
n1 cos θi + n2 cos θt

, (3.17c)

t12,s =

(

E0t

E0i

)

s

=
2n1 cos θi

n1 cos θi + n2 cos θt
, (3.17d)

where E0i, E0r, E0t represent the electric field component of the incident, reflected and
transmitted beam, respectively. The radiation travels from medium 1 to medium 2. The
angles θi and θt are the angle of incidence and refraction, respectively. For p-polarised
radiation this is schematically shown in Fig. 3.7.

One needs to correct for the reflection and transmission coefficients at every interface
to determine the intensity of fundamental radiation that reaches the region where the
SH radiation is generated. The Fresnel equations are also valid for the SH radiation,
thus SH electromagnetic waves also reflect at interfaces when they propagate through
the system. The refractive index is for most materials wavelength dependent. There-
fore, it is necessary to know more about the refractive index of the Si(100)/Al2O3 thin
film system to determine the Fresnel coefficients. Also the thickness of the thin film is
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Figure 3.7 Reflection and refraction of a p-polarised electromagnetic wave at an interface be-
tween two media with different refractive indices (n1 and n2). The three electric field components
and angle of incidence and refraction of Eq. (3.17) are indicated.

important, because interference can occur due to multiple reflections. One has to take
these interference effects into account when the critical-point model is used to model the
SHG spectra. The propagation and interference corrections for a two-layer system (one
surface and one buried interface) is described by Gielis et al.2 The propagation of fun-
damental and second-harmonic radiation through a multilayer system can be evaluated
using the transfer matrix formalism of Sipe.13
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4 Sample Preparation

4 Sample Preparation

Four different samples have been characterised with SHG. The resistivity of the p-type
Si(100) substrate is 1-5 Ωcm. The Al2O3 films have been synthesised by either thermal
Atomic Layer Deposition (thermal ALD) or by plasma-assisted Atomic Layer Deposition
(plasma ALD). Of each ALD process one sample is annealed for for 10 minutes at 400
◦C in a N2 environment, while another sample is kept as-deposited. The silicon wafers
have received a dip in buffered HF, prior to the Al2O3 deposition, to remove the native
oxide. However, there is still a thin layer (1-2 nm) of interfacial oxide present in between
the Al2O3 thin film and the silicon substrate, as commonly reported in literature.14,15

The refractive index and thickness of the Al2O3 layers have been determined by Spec-
troscopic Ellipsometry (SE). SE is a linear optical technique which measures the change
in polarisation due to reflection at a sample. The group Plasma & Materials Processing
(PMP) has a spectroscopic ellipsometer of J.A. Woollam Co., Inc. (DUV-VASE ). With
this SE it is possible to determine the refractive indices between 193-1100 nm (1.24-
6.42 eV), which covers the whole visible spectrum and a part of the UV and IR. The
CompleteEASE software (version 4.48) from Woollam is used extract the thickness and
refractive index from the SE measurement. The Al2O3 layer is modelled with a Cauchy
on top of a silicon substrate. In Table 3.3 the thickness of the four different samples are
shown.

Table 3.3 The thickness of the Al2O3 layer for the four different samples, values are determined
by spectroscopic ellipsometry.

Deposition Method Thickness Al2O3 (nm)

Plasma-assisted ALD Al2O3

Annealed 33.3±0.5
As-deposited 33.3±0.5

Thermal ALD Al2O3

Annealed 27.8±0.5
As-deposited 33.0±0.5
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Tsunami
Intensity and Phase Measurements
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1 Tsunami Setup

In this part the experimental SHG setup called Tsunami is introduced and explained.
Tsunami has been used to perform intensity and phase measurements on the four Al2O3

samples. First the setup itself is described in Sec. 1, introducing the components needed
to perform the measurements. In Sec. 2 and 3 the intensity and phase measurements
are discussed. Section 4 shows the combined critical point modelling of the phase and
intensity measurements, which allows to extract detailed information about the excitonic
interband transitions.

1 Tsunami Setup

A high intensity laser system is one of the requirements to perform SHG measurements,
because the nonlinear response of Eq. (3.3) has only a significant contribution to the
induced polarisation for high intensity electric fields. Solid-state lasers which generate
wavelength tunable femtosecond laser pulses are convenient for SHG experiments, be-
cause they have a high peak intensity with a low average power, under such conditions
damaging of the sample can be avoided. The tunability of the wavelength allows for
spectroscopic measurements.

The Tsunami setup contains two laser components. A 5 W continuous wave (CW)
diode laser, called Millenia VsJ (Spectra-Physics), which is used at 532 nm to pump the
femtosecond Ti:Sapphire oscillator Tsunami (Spectra-Physics). Tsunami is an acoustical
mode-locked laser system based on a Ti:Sapphire crystal producing femtosecond laser
pulses. The Tsunami system is continuously tunable over the 710-930 nm range, it has
a repetition rate of 80 MHz and a maximum average power between 400 and 800 mW
depending on the wavelength. For SHG experiments the spectral width was set to 12
nm full width at half maximum, which corresponds to a pulse duration of ∼90 fs. Figure
3.8 shows a picture of the Tsunami Ti:Sapphire oscillator.

Figure 3.8 Picture of the femtosecond Ti:Sapphire oscillator Tsunami.
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Figure 3.9 Schematic representation of the Tsunami setup with the important optical compo-
nents indicated.

In Fig. 3.9 the optical setup used for the Tsunami measurements is schematically shown.
The laser beam generated by Tsunami passes through a Berek’s variable wave plate
(New Focus 5540) and a Glan-Thompson polariser (New Focus 5525) to tune the power
of the laser and select the desired polarisation direction for the fundamental radiation
(p-polarisation in this work). The laser beam is subsequently focused onto the sample
using a plano convex BK7 lens (f=250 mm). Any radiation at the SH wavelength,
generated in the laser or in one of the optical components, is suppressed by a factor
> 104 using a Schott OG570 coloured glass filter. At the sample the SH radiation is
generated collinearly with the fundamental beam. A UV-grade fused silica plano convex
lens (f=150 mm) is placed after the sample, with the sample in its focus, to collimate the
beam. Both the SH and fundamental radiation pass through a Schott BG40 coloured
glass filter to block fundamental radiation while the SH radiation is transmitted with
a transmission above 90%. Initially there is typically a factor 1016 difference between
the intensity of the SH beam and the fundamental beam. Therefore it is also necessary
to spatially filter the two beams using a Pellin Broca crystal. Before the beam enters
the Pellin Broca box, it passes through a polariser and another plano convex lens. The
polariser (Thorlabs GLB-10) is used to select the desired polarisation of the SH radiation
(p-polarisation in this work). The lens is again made of UV-grade fused silica (f=150
mm) and it is used to focus the beam on a slit which is positioned after the Pellin Broca
crystal. This slit prevents the (remaining) fundamental beam or any stray light from
entering the detector. The detector consists of a Photomultiplier Tube (Hamamatsu
R585 PMT) which is sequentially connected to single-photon counting electronics and
the LabVIEW -based measurement software on a computer. Figure 3.10 shows how the
Tsunami setup is physically situated on the optical table.
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2 Intensity Measurements

Millennia-VsJTsunami

Figure 3.10 Schematic view of the optical table with the actual lay-out of the Tsunami setup.

2 Intensity Measurements

Within a typical spectral SHG measurement the whole Tsunami wavelength range (710-
930 nm) is scanned. This is done by tuning the laser system to the desired wavelength
and thereafter measure the corresponding SHG signal. For each wavelength the SHG
signal is measured for ten seconds in blocks of 0.5 s to get a good signal-to-noise ratio and
an estimation of the spread in the data. It is also necessary to tune to power of the laser
beam because (1) the output power of Tsunami is wavelength dependent and (2) at longer
fundamental wavelengths (>800 nm) the SHG signal that is generated at the sample is
very small, due to the absence of CP interband transitions, which requires higher powers
at these wavelengths to measure a reliable SHG signal. When the measurement data
is analysed one has to correct for the power that is used at each wavelength, because
the SHG intensity depends quadratically on the intensity of the incident fundamental
radiation as is indicated by Eq. (3.13). Therefore the SHG spectrum is divided by the
squared power. One also has to correct for the wavelength dependent transmission of
the optical components after the sample, and for the quantum efficiency of the PMT,
because both effects alter the SHG signal intensity. These corrections are done by
dividing the SHG spectrum with the tabulated optical response of both the optical
components and the PMT. Figure 3.11 shows the measurement of the annealed plasma
ALD Al2O3 sample (top graph) together with the power and optical response corrected
version (bottom graph). Both graphs show a peak at 3.35 eV, where the peak of the
corrected data is slightly narrower compared to the one of the uncorrected data.
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Figure 3.11 SHG intensity spectrum of the annealed plasma ALD Al2O3 sample. The top
graph shows the uncorrected measurement data, the bottom graph shows the power and optical
response corrected data.

The Tsunami setup has been used to perform spectroscopic intensity measurements on
all four Al2O3 samples. In Fig. 3.12 the (corrected) results of these four measurements
are shown.

Figure 3.12 SHG intensity spectra of all four Al2O3 samples. For both ALD techniques the
SHG intensity increases due to annealing.
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2 Intensity Measurements

The graph shows that there is a significant difference in SHG intensity between the two
deposition techniques. Also the post-deposition annealing influences the SHG response
significantly. It is known from the literature that the negative fixed charge density (Qf )
in the Al2O3 layers depends on the deposition process and the post-deposition treatments
(e.g. annealing).16 The Qf is higher for annealed samples than for as-deposited samples
as listed in Table 3.4. A higher fixed charge density increases the dc electric field in
the silicon space charge region and consequently induces a higher EFISH contribution
(according Eq. (3.6)).

Table 3.4 The negative fixed charge density (Qf ) of Al2O3 thin films for different ALD processes
and post-treatments. Adapted from Dingemans et al.16

Deposition Method Qf (cm−2)

Plasma ALD Al2O3

Annealed 5.8·1012
As-deposited 1-3·1012

Thermal ALD Al2O3

Annealed 2.4·1012
As-deposited 1.3·1011

In Sec. 4 we will discuss the combined critical-point modelling of the intensity spectra of
this section together with the results of the phase measurements of the upcoming section.
From the deconvolution one can obtain more detailed information about the EFISH
contribution between the four Al2O3 samples and confirm that the EFISH contribution
is mainly responsible for the differences shown in Fig. 3.12.
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3 Phase Measurements

The Tsunami setup has been adapted to perform phase-sensitive SHG measurements.
This has been done to improve the determination of the phase of the excitonic interband
transitions. The Phase Reference Sample (PRS) is placed on a Thorlabs LTS300S stage
to accurately and sequentially tune, for each wavelength, the distance between the two
samples as discussed in Sec. A2. In Fig. 3.13 one can see a schematic representation of
the PSHG setup, with the geometry of the two samples.

Focusing lens

Phase Reference Sample

ITO on glass

Silicon substrate

with thin !lm

x = -d x = 0

d

Fundamental

light

Fundamental light and  

interfered SHG light

Figure 3.13 Schematic representation of the interferometric setup. The fundamental light
generates a SHG signal at the ITO thin film and at the sample. The distance (d) is sequentially
changed to tune the relative phase between the sample and the reference sample, i.e. to create
a interferogram.

For each Al2O3 sample an interferogram has been measured at each wavelength. Using
Eq. (3.14) it is possible to extract several relevant parameters, including the total SHG
phase, from these interferograms. The parameter values, all obtained via Eq. (3.14), for
the annealed plasma ALD sample are shown in Fig. 3.14. Fig. 3.14(a) shows the total
SHG phase as function of the two-photon energy. This graph can be combined with an
intensity spectrum to determine the phase of the several excitonic contributions in the
critical-point model. There is an increase of 0.8π radians due to the SHG contributions
around 3.4 eV as shown in the intensity spectrum of Fig. 3.14(c). The SHG intensity of
the ITO PRS is minor compared to the Al2O3 sample and is also wavelength independent.
The fitted oscillation lengths (Fig. 3.14(b)) match the values predicted by Eq. (3.16),
which validates the technique. The obtained beam waist is about 90 µm.
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3 Phase Measurements

(a) (b)

(c) (d)

Figure 3.14 All the parameter values obtained from the phase fit (Eq. (3.14)) of the annealed
plasma ALD sample.

Figure 3.15 shows the total phase of all four Al2O3 samples.
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Figure 3.15 SHG phase spectra of all four Al2O3 samples. The phase data is extracted from
the interferograms by fitting Eq. (3.14) to the data.
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The phase spectrum of both plasma ALD samples and the annealed thermal ALD sam-
ple are very similar. They all show a phase increase of 0.8±0.1π radians. The phase
spectrum of the as-deposited thermal ALD sample is significantly different, the increase
is almost 2π radians. However, the SHG phase in the range 3.3-3.5 eV is the almost the
same as for the rest of the samples, due to a steeper slope between 3.25-3.35 eV. This is
a strong indication that there is a CP transition in that energy range, as is expected.

The results shown in Fig. 3.15 will be simultaneously fitted with the intensity spectra of
Sec. B2 using the critical-point model. In the next section we will discuss this combined
critical-point modelling.

4 Combined CP Modelling

In this section the results of the intensity (Fig. 3.12) and phase measurements (Fig.
3.15) are deconvoluted using the critical-point model. To improve the uniqueness of the
obtained parameters both the phase and intensity data are simultaneously fitted. The

SHG spectra have been analysed in terms of tensor element χ
(2)
zzz, as the influence of

elements χ
(2)
zxx and χ

(2)
xxz is expected to be minor.2,6,17 Figure 3.16 shows a deconvolution

2.6 2.8 3.0 3.2 3.4 3.6
Two-Photon Energy (eV)

−0.4

−0.2

0.0

0.2

0.4

0.6

0.8

1.0

S
H

G
 P

h
a
se

 (
π
 r

a
d
ia

n
s) Model

Data

2.6 2.8 3.0 3.2 3.4 3.6
Two-Photon Energy (eV)

0

200

400

600

800

1000

1200

1400

1600

1800

S
H

G
 I
n
te

n
si

ty
 (

a
rb

.u
n
it

)

E0 '/E1

EFISH

Si-SiO

E2

Model

Data

Figure 3.16 Combined critical-point modelling of the intensity and phase data of the annealed
plasma ALD Al2O3 sample. The deconvolution shows four contributions. Two of them are
related to critical-point transitions at the interface (E′

0/E1 and E2), one contribution originates
from the Si-Si bonds in the suboxide region (Si-SiO contribution) and the EFISH contribution
is related to the electric field in the space charge region.
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4 Combined CP Modelling

of the annealed plasma ALD Al2O3 sample. Four contributions could be assigned. Two
of them are related to critical-point transitions at the interface (E′

0/E1 and E2), where
E′

0/E1 is a combined peak of the E′
0 and E1 CP transition as is common the litera-

ture.9,18 The Si-SiO contribution originates from the Si-Si bonds in the suboxide region,
as has been discussed in Sec. A2. The EFISH contribution is related to the electric field
in the space charge region. As can be seen both the intensity and phase spectra are
reproduced by the model. The phase related summation of the excitonic contributions
is visible, as for example the EFISH contribution has a noticeable higher intensity than
the overall SHG response.

The excitonic parameter values obtained from the deconvolution of all four Al2O3 sam-
ples are given in Table 3.5. The most important values are indicated in bold. The
parameter values reported by Daum and Terlinden et al. have been used as starting
values for the fit routine.6,18 The values indicated in italic have been fitted while the
other values have been manually determined. The values postfixed with an asterix are
fixed values.

The resonance energies of the Si-SiO and E2 contributions are outside the Tsunami two-
photon energy range. Nevertheless, both contributions influence the SHG response due
to their relatively large broadening. Especially the SHG phase response is influenced
by both contributions and cannot be fitted when the Si-SiO and E2 contributions are
omitted.

From the excitonic phase of the EFISH contribution one can conclude that all four Al2O3

samples have a positively charged space charge region, because the φk values are around
π.17 A positively charged space charge region corresponds to a negative fixed charge
density in the Al2O3 layers, as expected. For a layer with a positive fixed charge (i.e.
negative space charge region) the excitonic phase of the EFISH contribution should be
around 0π or 2π as shown by Rumpel et al.17

Due to annealing the electric field in the space charge region increases as indicated by the
higher EFISH amplitude for both annealed samples compared to the as-deposited sam-
ples. This agrees with the results of Dingemans et al., who showed that the fixed charge
density (Qf ) of an Al2O3 layer increases due to annealing (see Table 3.4). This also
agrees with other increasing Qf values upon annealing reported in the literature.14,19

The difference in the EFISH contributions is the main cause of the different SHG re-
sponses for the four Al2O3 samples shown in Fig. 3.12.
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Chapter III Second-Harmonic Generation

Table 3.5 Parameter values resulting from the deconvolution of the intensity and phase spectra
of Fig. 3.12 and 3.15. The most important values are indicated in bold. The values indicated in
italic are fitted while the other values are manually determined. The values postfixed with an
asterix are fixed values.

Sample: Annealed Plasma ALD Al2O3

E′
0/E1 EFISH Si-SiO E2

~ω0k (eV) 3.30 3.41 3.87 4.34
Γk (eV) 0.16 0.11 0.30* 0.24*
hk (arb.units) 0.81 2.71 4.29 1.72

φk (π radians) 0 0.98 0.37 1.59

Sample: As-deposited Plasma ALD Al2O3

E′
0/E1 EFISH Si-SiO E2

~ω0k (eV) 3.30 3.41 3.87 4.34
Γk (eV) 0.16 0.11 0.30* 0.24*
hk (arb.units) 1.27 1.30 0.80 0.94

φk (π radians) 0 0.96 0.37 1.59

Sample: Annealed Thermal ALD Al2O3

E′
0/E1 EFISH Si-SiO E2

~ω0k (eV) 3.30 3.41 3.87 4.34
Γk (eV) 0.16 0.11 0.30* 0.24*
hk (arb.units) 0.79 1.69 3.59 4.03

φk (π radians) 0 0.97 0.37 1.59

Sample: As-deposited Thermal ALD Al2O3

E′
0/E1 EFISH Si-SiO E2

~ω0k (eV) 3.30 3.41 3.87 4.34
Γk (eV) 0.16 0.11 0.30* 0.24*
hk (arb.units) 0.60 0.49 0.13 0.34

φk (π radians) 0 1.05 0.36 1.59
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Chapter III Second-Harmonic Generation

In this part the TOPAS-C setup is introduced and explained. This setup has been devel-
oped to perform spectral SHG measurements over a larger wavelength range compared
to the Tsunami setup. The TOPAS-C setup is a relative new setup and for the first time
used for a systematic study of Al2O3 thin films. In Sec. C1 the laser systems and optical
components for the TOPAS-C setup are extensively discussed. The validation of the
setup is shown in Sec. C2. Section C3 shows the results of the intensity measurements
of the Al2O3 samples and in Sec. C4 the results are analysed using the critical-point
model.

1 TOPAS-C Setup

The Tsunami setup has only a limited wavelength range (710-930 nm). A SHG setup
with an extended wavelength range is preferred to reduce the ambiguity of the results
in the range of the Si-SiO and E2 contributions. That is one of the reasons why the
present TOPAS-C setup has been developed within the last two years. With TOPAS-C
it is possible to produce light with a wavelength between 550 nm and 11 µm, however,
for the current SHG measurements only the 550-810 nm range is used.

The TOPAS-C setup can be divided into four main parts: (1) the laser system, (2)
the beam manipulation, (3) the generation of SHG radiation at the sample and at a
reference sample and (4) the detection part. This is schematically shown by Fig. 3.17.
The laser system is the most critical part of the setup and frequent optimising of this
system is necessary to provide a stable output. The laser beam is split and directed
into two separate measurement lines instead of a single measurement line, as used for
Tsunami. One beam is used to radiate the sample, the other beam is used to generate
a SHG signal at a special reference sample. The detection is also different and more
complex than for Tsunami. In the remaining part of this section the four main parts of
the setup are discussed one-by-one. All the important optical components are mentioned
and their role is explained.

Laser 

system

Beam

Manipulation

Sample &

Reference
Detection

Figure 3.17 Scheme of the TOPAS-C setup with the four main parts indicated.

1.1 Laser System

The laser system is the most critical part of the setup. The Tsunami setup consist of
only two laser components, while six components are needed to produce any light with
the TOPAS-C setup. Figure 3.18 shows schematically the laser system of the TOPAS-
C setup. The Tsunami Ti:Sapphire oscillator (Spectra-Physics), which is pumped by
the 5 W 532 nm continuous wave diode laser Millenia-VsJ (Spectra-Physics), is used
to produce 800 nm femtosecond pulses, where the pulse duration is around 90 fs. The
repetition rate of Tsunami is 80 MHz and has an average power of 800 mW at 800 nm.
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1 TOPAS-C Setup

The Tsunami laser beam is directed into Spitfire HPR (Spectra-Physics). Spitfire is a
regenerative amplifier, which uses a Ti:Sapphire crystal to amplify a pulse selected from
the wave train of Tsunami. The Spitfire Ti:Sapphire crystal is pumped by Evolution 30
(Coherent Inc.). This nanosecond pulsed Q-switched 532 nm diode laser can deliver 30
W pulsed radiation at a frequency of 3 kHz, however, it is operated at only 1 kHz yielding
approximately 20 W. The output of Spitfire is a non-tunable 800 nm femtosecond pulsed
with a repetition rate of 1 kHz and a power of ∼1.7 W.

550-11000 nm
800 nm

532 nm

mixer

Evolution-30

Millennia-VsJ

Spit!re-HPRTsunami TOPAS-C

532 nm

800 nm

Figure 3.18 Schematic representation of laser system for the TOPAS-C setup, where all six
laser components are indicated with their corresponding wavelengths.

The laser beam from Spitfire is used to generate wavelength tunable femtosecond laser
pulses using the Optical Parametric Amplifier (OPA) TOPAS-C (Light Conversion Ltd.).
This passive element is extremely sensitive to the characteristics of the fundamental radi-
ation of Spitfire. Minor changes in the settings or alignment of Spitfire and/or Tsunami
can induce a sub-optimal operation of TOPAS-C, which results in a drop in the output
power of TOPAS-C. Frequent retuning and realigning of the whole setup are required to
keep the system operating properly. TOPAS-C is also very sensitive to any temperature,
humidity and air flow fluctuations. Hence it is important to have a constant climate in
the lab. The maximum average power of TOPAS-C is about 120 mW at 700 nm, which
is lower than for the tunable Tsunami setup, however, the energy per pulse is increased
by a factor 105 due to the kHz instead of MHz repetition rate.

1.2 Beam Manipulation

The femtosecond laser pulses created by TOPAS-C are very intense compared to Tsunami
pulses, 1.2·10−4 J per pulse for TOPAS compared to 1·10−8 J per pulse for Tsunami.
The damage threshold of the optical components used in the setup are not specified for
this type of short and intense pulses. Hence it is important to manipulate the laser beam
to avoid damaging of the optics.

Directly after the OPA a double Fresnel rhomb (Thorlabs FR600HM) is placed to change
the polarisation angle of the laser beam. With a polariser (Thorlabs GL10-A) placed
after the double Fresnel rhomb (as shown in Fig. 3.19) it is possible to only partly
transmit the light and therefore lower the average power of the laser beam.

TOPAS-C uses Difference Frequency Generation (DFG) and SHG to generate the de-
sired wavelength somewhere between 550 nm and 11 µm. Unfortunately, the output
of TOPAS-C contains not only the desired wavelength, but it also contains higher har-
monics of this wavelength. Also the 800 nm pump beam of Spitfire is always (partly)
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Figure 3.19 Schematic representation of the beam manipulation part for the TOPAS-C setup
with the important optical components indicated. The beam is split into two beams by a beam-
splitter (T70:R30). The transmitted beam is used to irradiate the sample and the reflected beam
is used to irradiate a special reference sample.

present. Although the contribution of these additional wavelengths is minor compared
to the intensity of the desired wavelength, some of them are in the range of the SH radi-
ation generated at the sample. As a consequence, the signal produced at the sample will
be lost in the signals produced by TOPAS-C if these other signals are not filtered out.
Therefore it is extremely important to use filters which block all the SH-like radiation
produced by TOPAS-C. The Schott OG515 and OG570 coloured glass filters are suitable
for this. It depends on the wavelength which filter set is used, as is listed in Table 3.6.
The transmission characteristics of several Schott OG filters are shown in Appendix A.

Table 3.6 The two filter sets directly used after TOPAS-C to remove any SHG-like signals
produced by TOPAS-C.

Wavelength of TOPAS-C (nm) Used filter set

λ ≤ 640 4x 3 mm OG515
λ > 640 1x 2 mm OG570, 4x 3 mm OG515

After the Schott OG filters the laser beam passes through a variable wave plate (New
Focus 5540) and a Glan-Thompson polariser (New Focus 5525), to accurately tune the
power of the laser beam and select the desired polarisation (which is p-polarisation in
this work). The beamsplitter (T70:R30) splits the beam into two beams. One beam
is used to irradiate the sample, the other beam is used to irradiate a special reference
sample.

1.3 Reference and Sample

The laser system of the TOPAS-C setup is relatively complex and extremely sensitive to
the conditions of the surroundings. Therefore the output power fluctuates in time, unlike
Tsunami which is very stable in time. To compensate for these power and other pulse-to-
pulse fluctuations a reference line is needed. A z-cut α-quartz wedge is used as a reference
sample since it has a wavelength independent SHG response in the visible spectral range.
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1 TOPAS-C Setup

The reference line is an optical duplicate of the sample line (as shown in Fig. 3.20),
ensuring an identical spectral optical response. This means that the normalisation of
the signal of the sample line to the signal of the reference line will not only correct for
power fluctuations, it will also make the system independent of the spectral response of
the system. This is an advantage compared to the Tsunami setup where the power and
optical response corrections have to be done manually.

Laser 

system

Beam

Manipulation

achrom
atic 

    doublet

!lter

sample

reference sample
z-cut α-quartz wedge

Detection

Detection

Figure 3.20 Schematic representation of the reference and sample part of the TOPAS-C setup.
Both samples are irradiated with fundamental radiation to generate a SHG signal. The SHG
response of the reference sample is used to normalise the SHG response of the sample.

The radiation originating from the beamsplitter passes through an achromatic doublet
(Thorlabs AC254-200-A-ML, f=200 mm) to focus the beam on the (reference) sample.
With a doublet it is possible to achieve a tighter focus than with a (singlet) plano convex
lens. The spot size is basically diffraction limited. The focal length of an achromatic
doublet is nearly constant across a wide wavelength range (400-700 nm). After the dou-
blet another OG515 filter is placed to remove any SH-like radiation possibly generated
at the optical components. For fundamental wavelengths shorter than 640 nm a short-
pass filter (Edmund Optics High Performance 650 nm OD4 Shortpass filter) is used to
remove any light with a wavelength above 650 nm. The spectral transmission of this
shortpass filter is shown in Appendix A. At the (reference) sample the SHG radiation
is created and reflected towards the detection part of the setup. Also the detection part
is identical for both detection lines to ensure an identical spectral optical response for
the purpose of the normalisation.

1.4 Detection

For second-harmonic generation the two-photon radiation is collinear with the funda-
mental radiation. The SH radiation created at the (reference) sample passes through
an UV-grade fused silica plano convex lens (f=75 mm) to collimate the beam. There
is initially typically a factor 1016 difference between the intensity of the SH and fun-
damental radiation. Hence it is necessary to filter out the fundamental radiation to be
able to measure the SH radiation with the detector. The light is optically filtered using
coloured glass filters and spatially filtered using a Pellin Broca crystal, as shown in Fig.
3.21.
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Figure 3.21 Schematic representation of the detection part of the TOPAS-C setup with all
important optical components are indicated. For both the sample and reference line the detection
part is identical.

Due to the extended wavelength range of TOPAS-C it is not possible to use only one
set filters for the whole spectrum. Table 3.7 gives an overview of the different filter sets
used for TOPAS-C measurements to remove the fundamental radiation in the beam.
Appendix A shows the spectral transmission of these filters. It is preferred to measure
the SHG response twice at 640 and 685 nm: one time with the old filter set and a second
time with the new filter set. This is just to check if the normalised SHG responses for
different filter sets are the same. If this is the case, it confirms the identical optical
response of the sample and reference detection line.

Table 3.7 The filter sets used for TOPAS-C measurements to remove the fundamental radiation
in the beam.

Wavelength of TOPAS-C (nm) Used filter set

λ ≤ 640 4x 2.5 mm U330
640 ≤ λ ≤ 685 4x 2.5 mm U340
λ ≥ 685 2x 3 mm BG40, 1x 3 mm BG3,

1x 2 mm BG3

Millennia-VsJTsunami

TOPAS-Cmixer
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v
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n

-3
0

Spit re-HPR

Figure 3.22 Schematic view of the optical table with the actual lay-out of the TOPAS-C setup.
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2 SHG Signal Validation of the TOPAS-C Setup

The polariser (Thorlabs GLB-10) positioned after the filter set is used to select only
a specific polarisation of the SH radiation, which is p-polarisation in this work. The
second lens is again a UV-grade fused silica plano convex lens (f=150 mm) and is used
to focus the beam on a slit in the Bellin Broca box. This slit is used to prevent the
remaining fundamental radiation and any stray light from entering the photomultiplier
tube (Hamamatsu R928 PMT). This PMT has to be operated in an integrated detection
mode, unlike the single-photon counting approach of Tsunami. This is because the PMT
cannot distinguish between one or multiple SH photons, created by one laser pulse, within
the rise and fall time of the PMT. The PMT is sequentially connected to the integrating
electronics and the LabVIEW -based measurement software on a computer. Figure 3.22
shows a schematic view of the optical table with all components of the TOPAS-C setup.

2 SHG Signal Validation of the TOPAS-C Setup

It is the first time that the present TOPAS-C setup systematically has been used for
the characterisation of thin films. Due to the complexity of the setup it is important to
validate if the measured signal truly corresponds to SH radiation from the sample. This
has been done by performing two types of measurements. Firstly, the power dependence
of the SHG signal has been determined. According to Eq. (3.13) the SHG intensity
should depend quadratically on the intensity (i.e. power) of the fundamental radiation.
Secondly, the azimuthal dependence of the SHG response has been determined to verify
the theoretical azimuthal response of a sample according to Eq. (3.10), which is unique
for SHG.

The power dependence of the SHG intensity for 790 nm fundamental radiation is shown
in Fig. 3.23. For each power the SHG intensity is measured for both the α-quartz
reference sample and a Si/SiO2 sample obtained by wet thermal oxidation. For both
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Figure 3.23 Power dependence of the SHG response of a Si/SiO2 sample and the z-cut α-quartz
wedge. The exponent of the fitted power dependence is 1.9±0.2.
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samples (i.e. the sample and reference detection line) the exponent of the fitted power
dependence is 1.9±0.2, which confirms the quadratic dependence of the SHG intensity
on the power of the incident electric field. The small deviation of 2 is caused by the
non-linearity of the PMT.

The azimuthal response of the SHG signal is shown in Fig. 3.24, where the response is
determined for three different powers at a fundamental wavelength of 740 nm. A Si/SiO2

sample obtained by wet thermal oxidation is used for this experiment. For every spec-
trum the sample SHG response is normalised with respect to the SHG signal generated
at the reference sample. All three graphs show a four folded azimuthal dependence. The
amplitude is independent of the power. This indicates that the pulse-to-pulse normali-
sation by the reference line compensates for any power differences or fluctuations.

Figure 3.24 Azimuthal response of the SHG signal generated at a Si/SiO2 sample for three
different powers. The data points are fitted with Eq. (3.18).

The data points have been fitted with to following equation:

I(ψ) = a0 + a2 sin(4ψ + ξ) + a4 sin(8ψ + ξ), (3.18)

where ψ is the azimuthal angle and ξ an arbitrary phase correction term. The values
of the parameters obtained from the fit are listed in Table 3.8. The values are similar
for the three different powers, which again confirms that the normalised (azimuthal) re-
sponse does not depend on the power of the laser beam. From the a2/a0 ratio it can be
concluded that about one-third of the SHG response is anisotropic in nature, while the
rest has a isotropic origin. Hence it is important to perform all intensity measurements
with the same crystallographic orientation, i.e. same azimuthal angle, or else the spectra
cannot be compared due to azimuthal response differences.
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3 Intensity Measurements

Table 3.8 Parameter values resulting from the fit by Eq. (3.14) of Fig. 3.24.

Power (µW) a0 (µW) a2 (µW) a4 (µW) a2/a0 ξ (radians)

154 0.67 0.21 0.0253 0.31 -0.094
184 0.65 0.20 0.0154 0.31 -0.095
214 0.66 0.18 0.0088 0.27 -0.092

Both the power dependency and azimuthal response validate the SHG signal measured
with the TOPAS-C setup, i.e. the signal measured with the PMT truly corresponds to
SH radiation originating from the sample.

3 Intensity Measurements

The TOPAS-C setup has been used to perform spectroscopic intensity measurements
for the four Al2O3 samples discussed in Sec. A4. The fundamental wavelength range is
varied between 550 and 810 nm, which corresponds to a SH photon energy 3.06-4.51 eV.
In Fig. 3.25 one can see the SHG intensity spectrum of the plasma ALD Al2O3 sample.
The top graph shows the SHG intensity of the sample and the α-quartz reference sample
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Figure 3.25 SHG intensity spectrum of the annealed plasma ALD Al2O3 sample. The top graph
shows the SHG intensity of the sample and the α-quartz reference sample, where the error bars
represent the standard deviation of the data. The bottom graph shows the normalised spectrum.
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as a function of the two-photon energy. The SHG signal intensity of the reference sample
has been kept at approximately 1200 counts, by tuning the average power of the laser
beam. This reference signal has been used to normalise and correct the SHG spectrum
of the sample. Each data point is an average value of in total 18000 acquisitions, where
the error bars represent the standard deviation of the data. The bottom graph shows
the normalised spectrum, where every data point is shot-to-shot corrected, i.e. sample
acquisition #n is normalised with respect to reference acquisition #n, and than averaged
over all 18000 normalised acquisitions.

The corrected spectrum of Fig. 3.25 shows two peaks, one at 3.4 eV and the other at
approximately 4.5 eV, which agrees with the spectrum of Daum (Fig. 3.4). However,
the Rif contribution of Daum is not clearly visible in the overall SHG response of Fig.
3.25. This suggests that the interface of Si/Al2O3 is less ideal (despite the interfacial
oxide) compared to the Si/SiO2 interface shown in Fig. 3.4, because Daum states that a
significant Rif contribution corresponds to a well-defined interface with a minimum of
dangling bonds. The data needs to be deconvoluted to gain more insight about the Rif

contribution for the Si(100)/Al2O3 interface. The deconvolution of the spectrum showed
in Fig. 3.25 is represented in Sec. C4, where the contributions of the critical-point inter-
band transitions are assigned.

Figure 3.26 shows the intensity spectra of all four Al2O3 samples. The SHG intensity is
again normalised with respect to the reference sample.
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Figure 3.26 SHG intensity spectra of all four Al2O3 samples, where the signal is normalised
with respect to the α-quartz reference sample.

At 3.4 and 4.5 eV, which corresponds to the E1 and E2 resonances of bulk silicon, no
significant difference between the as-deposited and annealed samples can be observed for
both ALD processes. This seems inconsistent with the SHG results obtained by Tsunami
(as shown in Fig. 3.12). A higher EFISH contribution is expected for the annealed sam-
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ples, because of the larger fixed charge density (Qf ) in the annealed samples compared
to the as-deposited samples, as listed in Table 3.4. This difference in Qf should result
in a higher EFISH contribution to the SHG spectrum for annealed samples, however,
this increase is not observed. The absence of this increase for the TOPAS-C results is
most likely caused by femtosecond carrier-induced screening of the electric field in the
space charge region caused by electron-hole (e-h) pairs, as explained by Dadap et al.20

These e-h pairs are generated by the high intensity laser pulses generated by TOPAS-C.
The incident fundamental photons create electron-hole pairs over a penetration depth
δ(ω) = 1

α(ω) ∼ 1µm, where α is the absorption coefficient.20 These electrons and holes
separate due to the electric field present in the space charge region, which results in a
screening of the electric field. The (effective) dc electric field (Edc) of Eq. (3.6) drasti-
cally decreases, resulting in a significant decrease of the EFISH contribution.

Femtosecond screening occurs on a time scale ω−1
p , with ωp the plasma frequency as

given by:20

ω2
p =

nehe
2

εrε0m∗ . (3.19)

In this equation is e the elementary charge, ε0 the vacuum permittivity, εr the relative
permittivity of silicon, m∗ the reduced effective mass (m∗ ∼ 0.5me, with me the electron
mass) and neh is the electron-hole pair density. This density is given by:20

neh =
Fα(1 −R)

~ω
, (3.20)

with F the fluence of the laser pulse (in Jcm−2), α the absorption coefficient (in cm−1),
R the reflectance of the sample, and ~ω the photon energy of the incident radiation
(in J). The threshold neh for screening during a pulse of duration τ can be estimated
from the condition: ω−1

p ≈ τ . For a 90 fs pulse this corresponds to a neh of 2.3·1017
cm−3, which requires a threshold fluence of approximately 2.7·10−4 Jcm−2 for a 720
nm pulse. The average power of the TOPAS-C laser pulses used to generate SHG is
about 2 mW, which corresponds to 2 µJ per pulse. With a beam waist of 95 µm, the
fluence at the sample is 2.3·10−2Jcm−2, which is two orders of magnitude larger than the
threshold fluence. As a consequence the Edc is effectively screened by the electron-hole
pairs. However, it is possible that some EFISH contribution is generated in the first
few femtoseconds of the laser pulse, because (1) the Edc is not completely screened yet,
(2) the creation of electron-hole pairs is not instantaneous and (3) when Edc becomes
smaller due to screening the separation of e-h pairs becomes less effective and thus a
residual Edc can be present. Thus an EFISH contribution is not necessarily completely
absent, however, the contribution is most likely below the detection limit of our experi-
mental SHG configuration. This means that the interface contributions are dominating
the SHG spectral response. The average pulse energy of a Tsunami laser pulse is three
orders of magnitude lower. Hence the fluence is three orders of magnitude lower and
below the threshold fluence, i.e. no femtosecond screening occurs with Tsunami laser
pulses.
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Annealing drastically reduces the interface defect density (Dit) of both thermal and
plasma Al2O3 samples, because hydrogen present in the Al2O3 film passivate the defects
at the interface due to diffusion at elevated temperatures, as reported by Dingemans et
al.16 However, this change in Dit upon anneal is not reflected by the SHG spectra shown
in Fig. 3.26, as for both ALD processes the SHG response of the as-deposited samples
is nearly identical to the SHG response of the annealed samples. This is most likely
explained by the concept that the interface Si-Si bonds, which can be probed with SHG,
are unaffected by annealing. In other words, annealing does not change the Si-Si bond
configuration at the interface.

Figure 3.26 also shows a large SHG intensity difference between the plasma ALD and
thermal ALD deposited samples. The difference between the two ALD processes cannot
be explained by the EFISH contribution, because the electric field in the space charge
region has been effectively screened by e-h pairs as just discussed. Thus, the observed
difference between the ALD processes is related to different interface properties. This
suggests that the Si-Si bonds at the interface of a plasma ALD deposited Al2O3 sample
are more distorted from the ideal tetrahedral bond structure compared to thermal ALD
samples. However, it is at this moment not clear what the actual cause of this difference
of the interfaces is. A possible explanation is the impact of the plasma on initial growth
of the interfacial oxide. Dingemans et al. and Profijt et al. showed that the O2 plasma,
used in plasma ALD, can damage the interfacial oxide region due to the presence of
vacuum ultraviolet (VUV) radiation in the O2 plasma and will therefore induce more
defects at the interface.16,21 A higher interface defect density for as-deposited plasma
ALD samples compared to as-deposited thermal ALD samples possibly results in more
distorted Si-Si bonds that can be probed by SHG, hence a higher SHG response for
plasma ALD Al2O3 samples.

In the region between 3.7 and 3.9 eV there are some differences in intensity visible. These
differences are most likely caused by the Rif contribution, also known as the Si-SiO
contribution. This contribution originates from the Si-Si bonds in the suboxide region,
as can be seen in Fig. 3.5. For both as-deposited samples there is a Si-SiO contribution
visible in the overall SHG spectrum, while this contribution cannot be observed for
the annealed samples. This is an indication that the suboxide layer changes due to
annealing. However, the spectra need to be deconvoluted before any definite conclusions
can be drawn. This might also give some more insight about the differences between the
ALD processes. The results of the deconvolution of these spectra are discussed in the
upcoming section.
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4 CP Modelling Extended Wavelength Range

In this section the results of the intensity measurements shown in Fig. 3.26 are deconvo-
luted using the critical-point model of Eq. (3.13). The SHG spectra have been analysed

in terms of tensor element χ
(2)
zzz, as the influence of elements χ

(2)
zxx and χ

(2)
xxz is expected

to be minor.2,6,17

The present TOPAS-C setup, with the extended two-photon energy range, is for the
first time used to study the Si(100)/Al2O3 interface. Hence it is the first time that a
TOPAS-C SHG spectrum has been deconvoluted. The values of the CP model parame-
ters reported in the literature have been used to deconvolute the spectra of Fig. 3.26 as
accurately as possible with the present knowledge.6,9,10,17

Figure 3.27 shows a deconvolution of the annealed plasma ALD Al2O3 sample. Five con-
tributions could be assigned. Four of them are related to critical-point transitions at the
interface (E′

0, E1, E2(X), E2(Σ)) and the Si-SiO contribution is related to strongly dis-
torted Si-Si bonds in the suboxide region (see Fig. 3.5). Figure 3.27 shows evidently the
phase related summation of the excitonic contributions, because several of the individual
peaks have a higher intensity than the overall SHG response.
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Figure 3.27 Deconvolution of the SHG intensity spectrum for the annealed plasma ALD Al2O3

sample. Five contributions could be assigned: four contributions are related to the bulk-like
critical point transitions at the interface (E′

0, E1, E2(X), E2(Σ)) and the Si-SiO contribution is
related to strongly distorted Si-Si bonds in the suboxide region.
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It has been chosen to fit the peak at 4.5 eV with two separate E2 contributions, in-
stead of only one combined peak which is generally done in the literature for Si(100)
samples.6,9,17 It has been tried to combine these two peaks into one combined peak,
however, in that case the resonance energy of the Si-SiO contribution tends to move
towards 4.0-4.2 eV. As a consequence, the CP model did not match the data points
present in the 3.6-4.0 eV range. In this range the Si-SiO contribution is expected based
on results in the literature.6,9 This is a possible indication that the peak at 4.5 eV is a
superposition of two separate peaks. Nonetheless, it is known from the literature that
two separate E2 contributions are present in SHG spectra.8–10 These contributions are
related to the bulk critical-point transitions E2(X) and E2(Σ) of Fig. 3.3(b) and Table
3.2. For Si(111) samples the two contributions are even visible in the overall spectrum
as shown by Bergfeld et al.10

The values of the parameters obtained from the deconvolution of all four Al2O3 samples
are given in Table 3.9. The most important values have been indicated in bold. The val-
ues indicated in italic have been fitted while the other values are manually determined.
The energies of the four interface contributions (E′

0, E1, E2(X), E2(Σ)) are closely re-
lated to the bulk critical-point resonance energies shown in Table 3.2. These energies
are manually determined and were held constant for the four different samples.

The resonance energy of the Si-SiO contribution is rather different for the two deposi-
tion processes. For the two plasma ALD samples the energy is around 3.9 eV, while it is
around 3.7 eV for the thermal ALD samples. The broadening of the Si-SiO contribution
is small (0.06 eV) for the thermal ALD samples and relatively large (0.21 eV) for the
plasma ALD samples. Also the amplitude is rather different for the two processes. All
these differences suggest that the two ALD processes lead to a different suboxide region.
This might be related to the differences in interface defect density (Dit), as found by
Dingemans et al.16 They showed that for as-deposited layers the Dit of plasma ALD
Al2O3 is two orders of magnitude higher than for thermal ALD (∼ 1013 eV−1cm−2 com-
pared to 3 · 1011 eV−1cm−2). A different interface, as reflected by aforementioned Dit

values, results in a different suboxide region. Hence, a different Si-SiO contribution to
the SHG spectrum.

Annealing influences the Si-SiO bonds present in the suboxide region as indicated by
the decreasing amplitude of the Si-SiO contributions for both deposition processes. A
possible explanation is the rearranging of the interfacial oxide layer due to the elevated
temperature. Due to this rearranging more oxygen atoms are incorporated and the
number of Si-Si bonds in the suboxide region decreases. This results in a lower Si-SiO
contribution for the annealed samples.

In conclusion, the TOPAS-C setup can be used to qualitatively study the Si-Si bond
structure of the Si(100)/Al2O3 interface by SHG, due to the absence of an EFISH con-
tribution. It provides us with a tool to determine the influence of the deposition process
and post-deposition treatments on the interface quality. This is in contrast with the
Tsunami setup, because Tsunami is sensitive for the electric field present in the space
charge region. Therefore it can be used to determine the polarity and relative density
of the fixed charges present in the Al2O3 layer.

58



4 CP Modelling Extended Wavelength Range

Table 3.9 Parameter values resulting from the critical-point deconvolution of the intensity
spectra of Fig. 3.26. The most important values have been indicated in bold. The values
indicated in italic are fitted while the other values are manually determined.

Sample: Annealed Plasma ALD Al2O3

E′
0 E1 Si-SiO E2(X) E2(Σ)

~ω0k (eV) 3.32 3.41 3.94 4.27 4.50
Γk (eV) 0.14 0.15 0.21 0.29 0.27
hk (arb.unit) 2.70 10.6 7.39 6.74 14.0

φk (π radians) 0 0.81 0.47 1.52 0.17

Sample: As-deposited Plasma ALD Al2O3

E′
0 E1 Si-SiO E2(X) E2(Σ)

~ω0k (eV) 3.32 3.41 3.94 4.27 4.50
Γk (eV) 0.14 0.15 0.21 0.29 0.27
hk (arb.unit) 6.07 13.1 10.2 8.24 14.3

φk (π radians) 0 0.91 0.56 1.62 0.21

Sample: Annealed Thermal ALD Al2O3

E′
0 E1 Si-SiO E2(X) E2(Σ)

~ω0k (eV) 3.32 3.41 3.68 4.27 4.50
Γk (eV) 0.14 0.13 0.06 0.24 0.24
hk (arb.unit) 2.39 4.81 0.97 1.63 7.67

φk (π radians) 0 0.91 0.41 1.46 0.25

Sample: As-deposited Thermal ALD Al2O3

E′
0 E1 Si-SiO E2(X) E2(Σ)

~ω0k (eV) 3.32 3.41 3.76 4.27 4.50
Γk (eV) 0.14 0.13 0.06 0.24 0.24
hk (arb.unit) 1.82 3.54 1.20 4.41 7.27

φk (π radians) 0 0.91 0.41 1.39 0.25
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Comparison
Tsunami vs. TOPAS-C
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1 Fundamental Differences

In this part a comparison is made between the SHG results obtained with Tsunami and
TOPAS-C. In Sec. 1 the fundamental differences of the SHG response are discussed.
Section 2 is devoted to the properties of the Si(100)/Al2O3 interface that have been
obtained via SHG measurements.

1 Fundamental Differences

The most obvious difference between the Tsunami and TOPAS-C setup is the two-photon
energy range. With Tsunami it is possible to determine the SHG response between 2.7
and 3.5 eV, while TOPAS-C is used between 3 and 4.5 eV. With this extended wave-
length range of TOPAS-C it is possible to determine the excitonic parameters of the
Si-SiO and E2 contributions more accurately.

Another difference between the two setups is the energy of the femtosecond pulses:
1 · 10−8 J for Tsunami compared to 1.2 · 10−4 J for TOPAS-C. The fluence at the
sample of a TOPAS-C laser pulse is therefore much higher. This results in femtosecond
carrier-induced screening of the electric field in the space charge region as discussed in
Sec. C3. Due to this femtosecond screening it is not possible to measure a significant
EFISH contribution with TOPAS-C, unlike Tsunami which is highly sensitive for the
electric field in the space charge region. On the other hand, due to the absence of EFISH
TOPAS-C is more sensitive to the Si-Si bond configuration at the interface. Therefore,
the TOPAS-C setup is more suitable to determine the influence of the deposition process
and of post-deposition treatments (e.g. annealing) on the Si-Si bonds present at the
interface. However, the TOPAS-C setup has recently been developed, therefore more
measurements are needed to determine and confirm all the capabilities of the setup.

2 Properties of the Si(100)/Al2O3 Interface

The results of the Tsunami measurements showed that all four Al2O3 samples have a
positively charged space charge region, which indicates that the Al2O3 layers have a
negative fixed charge density. The fixed charge density increases due to annealing and
is the highest for an annealed Al2O3 layer grown by plasma ALD.

The interface quality is strongly influenced by the deposition process, as shown by the
differences in SHG response measured by the TOPAS-C setup. The Al2O3 samples de-
posited by plasma ALD have a stronger SHG response compared to the thermal ALD
samples. This suggests that more distorted Si-Si bonds are present at the interface for
the plasma ALD Al2O3 samples and possibly indicates that the interface is less defined.
For as-deposited Al2O3 layers this less defined interface would agree with Dit values
reported in the literature.

Remarkably, annealing does not change the interface Si-Si bond configuration signifi-
cantly, as indicated by the nearly identical SHG response for as-deposited and annealed
samples measured by TOPAS-C. However, the Si-SiO contribution is slightly affected by
annealing. The amplitude of the Si-SiO contribution decreases for both deposition pro-
cesses. A possible explanation is the concept that more oxygen atoms are incorporated
in the suboxide layer and more Si-O bonds are formed, while the number of Si-Si bonds
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decreases. These bonds are probed by SHG, consequently, the Si-SiO contribution in
the SHG response decreases.

In conclusion, the Tsunami setup is more suitable to determine the polarity and relative
density of the fixed charges present in the Al2O3 layers. While the TOPAS-C setup allows
better to indicate differences between Si-Si bond structures of the Si/SiO2 interface for
the Si/SiO2/Al2O3 system.
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Chapter IV

General Conclusions

Within this project the Si(100)/Al2O3 interface has been investigated by two advanced
spectroscopic techniques: Electrically Detected Magnetic Resonance (EDMR) and opti-
cal Second-Harmonic Generation (SHG). In this chapter the general conclusions about
the interface properties obtained via EDMR and SHG are presented in Sec. 1. In Sec. 2
recommendations for future work are given.

1 Si(100)/Al2O3 Interface

The Al2O3 films investigated in this work were either prepared by plasma ALD or ther-
mal ALD. From the EDMR results it could be concluded that the amount of defects
at the interface is higher for as-deposited samples prepared by plasma ALD than for
thermal ALD. These so-called Pb0 defect centers are present at the interface between
the silicon substrate and the interfacial oxide layer that has been formed between the
silicon and Al2O3 film. The SHG measurements performed with TOPAS-C showed that
plasma ALD samples have a stronger SHG response than thermal ALD samples. This
indicates that more distorted Si-Si bonds are present at the interface for plasma ALD
samples and this suggests that there is a larger transition region, i.e. less well-defined
interface, between the silicon substrate and the interfacial oxide layer. This agrees with
the higher Pb0 defect density for plasma Al2O3 determined by the EDMR measurements
and reported Dit values in the literature. In other words, we can conclude that the
interface is less well-defined for samples deposited by plasma ALD.

Also the influence of annealing on the Si/Al2O3 interface quality has been investigated.
The Tsunami SHG measurements showed that the negative fixed charge density present
in the Al2O3 increases due to annealing. This increases the positively charged electric
field present in the space charge region and improves the field-effect passivation proper-
ties of the Al2O3 film.

The EDMR measurements showed that the number of defect centers present at the
interface decrease due to annealing. This reflects the improved chemical passivation. The
TOPAS-C results showed that the Si-Si bond configuration at the interface is relatively
unaffected by annealing, because the SHG response did not show a significant change
due to annealing. This indicates that annealing does not reduce the number of defects by
improving the Si-Si bond configuration at the interface, but that defects present at the
interface are chemically passivated by indiffusing hydrogen present in the Al2O3 layer.
It also indicates that the initial growth is important for the interface quality, and should,
if possible, be optimised to improve the surface passivation properties of Al2O3.
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2 Recommendations

Due to the fundamental differences of the Tsunami and TOPAS-C setup it was within
this work not possible to directly compare the SHG results of both setups. It provides
valuable information when the results could be compared. For instance, the values of the
CP model parameters obtained by TOPAS-C could be used to more accurately model
the Tsunami results, and vice versa. When undoped substrates, i.e. wafers with a high
resistivity, are used instead of p- or n-type it is possible to compare the SHG responses
of the Tsunami and TOPAS-C setup, because no EFISH contribution can be present
due to absence of a significant space charge region. It is also possible to externally bias
a sample to reduce the electric field in the space charge region or use samples known for
their very small fixed charge density. A fourth option to compare the two experimental
setups is to normalise the Tsunami SHG spectra with respect to the SHG response of
the z-cut α-quartz wedge, i.e. also use two detection lines for Tsunami.

Future work on the interface quality of Si/Al2O3 should include measuring the EDMR
and SHG response of Si(111) substrates. There is for EDMR only one type of Pb cen-
ter active at the interface, thus it should be easier to more accurately deconvolute the
EDMR spectrum. The SHG response of Si(111) substrates is expected to be different in
the 4.5 eV energy range, because the two E2 contribution should be visible in the overall
spectrum. This makes it easier to determine the resonance energy of both contributions.
These energies could be used to more accurately fit the SHG spectra of Si(100) samples.

The Si-SiO contribution in SHG spectra is unique for SHG and not observed in linear
optics. As a consequence, no assumptions, based on linear optics, can be made about
the origin or properties of this contribution. Other samples might provide additional
information about the Si-SiO contribution. For instance a sample with a well-defined
Si/SiO2 interface or Si/SiO2/Al2O3 stack samples. The former should give a large Si-SiO
contribution, while the interface of the latter might be improved compared to a Si/Al2O3

sample with a less-defined interfacial oxide.

The two-photon energy range of TOPAS-C is already extended to 4.5 eV. However, it is
preferred to extend it even further to reduce the ambiguity of the fit in the E2 region.
It is expected that the maximum of the peak in the E2 region is visible in the overall
spectrum when the two-photon energy range is extended to approximately 5 eV.

The Tsunami setup is adapted to perform phase-sensitive SHG measurements. With
some small changes the TOPAS-C setup can also be extended to perform phase-sensitive
SHG. These measurements would give more valuable information about the phase of the
Si-SiO and E2 contributions and significantly reduce the ambiguity of the fit.

Within this project the polarisation of both the fundamental as well as the SH radiation
is set to p-polarisation. It is also valuable to look at s-polarisation or a mixture of the
two, because these measurements provide additional information about other suscepti-
bility tensor elements. Moreover, in the critical-point modelling the spectra have been

analysed in terms of tensor element χ
(2)
zzz. By including the other elements (χ

(2)
zxx and

χ
(2)
xxz) additional information might be obtained.
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Appendix A

Optical filters

Within this work several optical filters are used. In this appendix we give a brief overview
of the different filter sets and the spectral characteristics of the filters, with special
interest in the transmission spectra as measured with the UV-VIS spectral ellipsometer.

Overview Filter Sets

There are three positions in the TOPAS-C setup where optical filters are needed. Directly
after TOPAS-C, to remove any SH-like radiation generated inside TOPAS-C. Some filters
are needed directly before the sample is illuminated (pre-sample), to remove any SH-
like radiation possible generated at the optical components. The detection part of the
setup (post-sample) contains several optical filters to block the fundamental radiation.
Table A.1 gives an overview of the different filter sets used for different positions and
wavelength ranges.

Table A.1 The filter sets used within the TOPAS-C setup at three different positions and several
wavelength ranges.

Wavelength (nm) At TOPAS-C Pre-sample Post-sample

λ ≤ 640 4x 3 mm OG515 1x 3 mm OG515, 4x 2.5 mm U330
1x 3 mm SP650

640 ≤ λ ≤ 685 4x 3 mm OG515, 1x 3 mm OG515 4x 2.5 mm U340
1x 2 mm OG570

λ ≥ 685 4x 3 mm OG515, 1x 3 mm OG515 2x 3 mm BG40,
1x 2 mm OG570 1x 3 mm BG3,

1x 2 mm BG3

In the next three sections the filter characteristics will be discussed.
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Appendix A Optical filters

1 Longpass filters

The output radiation of TOPAS-C contains besides the desired wavelength some ad-
ditional wavelengths, where some of them are in the range of the SH radiation. As a
consequence, the SH radiation produced at the sample is lost in the SH-like radiation
produced by TOPAS-C. Therefore, it is important to remove all the SH-like radiation be-
fore the sample is illuminated. The Orange Glass (OG) longpass absorption filters from
Schott are suitable for this. With these OG filters it is for instance possible to filter all
wavelengths shorter than 570 nm, while longer wavelengths have a 90% transmission.
The 10% loss is caused by Fresnel reflections at the air/glass and glass/air interfaces.
Figure A.1 shows the measured transmission spectra of several OG filters, including the
OG515 and OG570 filters that have been used within the TOPAS-C setup.

Figure A.1 Measured transmission spectra of several Schott OG filters in both a linear and
logarithmic scale. These filters have been used to block any SH-like radiation.
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2 Shortpass filter

2 Shortpass filter

As can be seen from Table A.1 an extra filter has been used at the pre-sample position
for wavelengths shorter than 640 nm, the so-called SP650 filter. It is a dielectric filter
from Edmund Optics (High Performance 650 nm OD4 Shortpass filter). This filter has
been used to block any visible light above 650 nm. Figure A.2 shows the measured
transmission spectrum of the SP650 filter.

Figure A.2 Measured transmission spectrum of the SP650 filter in both a linear and logarithmic
scale. This filter has been used to block visible light with a wavelength above 650 nm.
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Appendix A Optical filters

3 Bandpass filters

The SH radiation generated at the sample is collinear with the fundamental beam. For
the detection method with a PMT it is important to filter the beam. For fundamental
wavelengths shorter than 640 nm U330 filters from Hoya have been used. For fundamen-
tal wavelengths between 640 and 685 nm U340 filters from Hoya have been used to block
the fundamental radiation. Both filters are transparant below 300 nm, while blocking
light above 400 nm (see Fig. A.3). This transmission characteristic is very difficult to
achieve with an absorption filter.

Figure A.3 Measured transmission spectra of the Hoya U330 and U304 filters in both a linear
and logarithmic scale. These Hoya UV-filter glasses have been used to block fundamental light
shorter than 640 nm (U330) or 685 nm (U340).
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3 Bandpass filters

For fundamental radiation with a longer wavelength than 685 nm a BG3/BG40 filter set
is used to block the fundamental radiation while transmitting the SHG radiation.

Figure A.4 Measured transmission spectra of the Schott BG3 and BG40 filters in both a linear
and logarithmic scale. This filter combination has been used to block fundamental light with a
wavelength longer than 685 nm.
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