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Abstract

This work focuses on the properties of interfaces in semiconductor devices which are be-
coming ever more important due to increasing surface-to-volume ratios. Built-in charges near
the semiconductor/dielectric interface lead to a space-charge region (SCR) that significantly
influence the operation of metal-oxide semiconductor (MOS) devices and crystalline silicon (c-
Si) solar cells. These two examples indicate the technological importance of insight into the
SCR. The strength and polarity of electric fields in the SCR can be studied by the nonlinear
optical technique of second-harmonic generation (SHG) through the effect of electric-field in-
duced SHG (EFISH). The SH response of the c-Si interface is a coherently, i.e. phase dependent,
superposition of several contributions. To extract the EFISH component the SH spectrum is re-
produced by a critical-point (CP) model. A femtosecond pulsed laser system (2.7-3.5 eV) has
so far been used to perform spectroscopic SHG measurements of dielectric thin films on c-Si.

In this thesis two new approaches are presented to remove the ambiguity in the CP-modeling
of the SHG spectra induced by the narrow spectral range of the laser system: (I) A laser system
with extended spectral range (3.0-4.5 eV), including a new reference channel and a new detec-
tion scheme, is set up. The linearity and sensitivity of the setup were tested. The detection is
validated and it was possible to detect the weak quadrupole contribution of c-Si. It is concluded
that the sensitivity is high enough to study the SHG response of the c-Si interface. Furthermore,
the initial investigation of the spectral second-harmonic response of two representative samples,
including the CP-modeling, are presented in this thesis. (II) The setup is altered to simulta-
neously measure the phase and intensity of the SHG signal. Necessary corrections for linear
optical effects in the phase information are derived. The optical model used for the intensity-
only measurements is rewritten to incorporate the new phase information. Initial results of the
CP-modeling of two samples with the combined phase and intensity information are presented.
It is shown that the complementary phase information reduces the ambiguity in the CP-modeling
of the SHG spectra. It is shown that both approach (I) and (II) significantly reduce the ambi-
guity in the modeling of the second-harmonic response. It was possible to accurately resolve
more contributions to the second-harmonic response and both approaches will be helpful in the
characterization of other technologically relevant materials.
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1
Introduction

Built-in charges that are present in dielectric thin films on crystalline silicon (c-Si) can have a
significant influence on the performance of a semiconductor device. The electric field induced
by the built-in charges in the thin film rearranges the density of mobile charge carriers in the
semiconductor. Therefore, the built-in charges influences the band bending and the position of
the Fermi level within the semiconductor. The spatial region where the built-in charges affect the
charge-carrier density is called the space-charge region (SCR). Figure 1.1 shows schematically
the position of the charges and the electric field ~ESCR due to the charges. From the aforemen-
tioned effects it is clear that it is highly relevant to study the strength and polarity of the electric
field in the SCR. In the case of a metal-oxide-semiconductor (MOS) field effect transistor for
example, the SCR leads to a flat-band voltage shift. This flat-band voltage shift in turn leads to
a shift in applied voltages required to operate the device [29]. In the case of c-Si solar cells the
SCR electric field can reduce the carrier recombination rate by shielding the surface recombina-
tion sites from either the electrons or the holes [22].

+

+

+

+

+

+

- - - - -

SCR z

ESCR

Al2O3

SiO2

c-Si

Figure 1.1: Schematic representation of the built-in charge in the Al2O3 that leads to a region of positive
mirror charge in the c-Si. The interfacial oxide is also shown. The region in the c-Si affected
by the built-in charge of the Al2O3 is the space-charge region (SCR). Other dielectric materi-
als, such as SiO2, can have a built-in positive charge leading to a negative SCR. The strength
of the electric field as a function of distance to the interface is also shown. The direction of
the electric field is perpendicular to the surface.

The strength and polarity of the electric field in the SCR in the c-Si can be studied by
nonlinear optical second-harmonic generation (SHG) through the effect of electric-field induced

5



SHG (EFISH) [3]. Being an all-optical, laser-based technique, SHG is a non-intrusive and
contactless technique. For centrosymmetric media, such as c-Si, SHG is forbidden in the bulk
and as such SHG is intrinsically sensitive for surfaces and interfaces. Furthermore, since the
fundamental (excitation) and the SH light are spectrally separated, strong filtering can be applied
making SHG a virtually background free technique [21]. These properties make SHG an unique
and very powerful tool for the investigation of interfaces and the electric fields of the SCR.
Investigation of the EFISH effect has been successfully applied to measure the electric fields in
MOS structures [20], achieving a sensitivity of 100V/m for this particular system. EFISH has
also been applied to the investigation of passivation by thin films on c-Si, where it has been used
to distinguish between electric-field induced passivation and chemical passivation properties of
Al2O3 films of 2-20 nm thickness [39, 16]. To put this into contrast, the commonly applied
technique of capacitance-voltage (C-V) measurements determines the built-in charge density by
applying an AC voltage over the interface [7]. A device is constructed from the sample under
investigation so that the voltage can be applied. Due to this requirement, it is not possible to
distinguish between as-grown and post-deposition processing related properties nor to perform
in-situ studies during real-time processing conditions.

1.1 Optical Second-Harmonic Generation as a Surface Probe

When a medium is exposed to high intensity electromagnetic (EM) fields the optical response
can be nonlinear of nature. SHG is the nonlinear interaction of two EM fields with the identical
frequency, generating a field with the combined (second-harmonic) frequency of the two exciting
fields. This can be viewed intuitively as the absorption of two identical photons by e.g. an
electron that is subsequently emitted as a single photon with twice the energy. In the case of
EFISH, the nonlinear interaction is between two oscillating fields, i.e. light, and a static electric
field due to the SCR. From the nonlinear response detailed information about the structure of
the material can be extracted.

Typical EFISH measurements on c-Si focus on the spectral region in the vicinity of the
optical E1 (3.4 eV) transition. In this region, at least four different contributions to the SHG
spectra have been identified [11]. In Fig. 1.2 a typical SHG spectrum for a SiO2 film on Si(100)
is shown. The contributions labeled E1,i f and E2 in the figure have been assigned to interband
transitions in Si that originate from Si-Si bonds near the interface. The E1,SRC contribution is
generated by the EFISH effect and is related to the strength and polarity of the SCR electric
field in the bulk of the Si in the region near (≈10nm) the interface. Finally the broad Ri f

contribution is tentatively assigned to the oxygen-insertion related distortion of the Si-Si bonds.
Previously, the SHG studies in the PMP-group have been performed with a tunable Ti:Sapphire
oscillator (2.7-3.5 eV), with its spectral range as indicated in Fig. 1.2. The limited range of
Ti:Sapphire oscillator laser implies that only two contributions are fully resolved. The two other
contributions fall outside this spectral range. This poses the problem that not enough information
is known in order to deconvolute the spectrum very accurately and over a wide range.

In order to resolve the problem of the ambiguity in the modeling of the data, as discussed
above, additional information is required. Two possible solutions exist: (I) Extending the spec-
tral range. The motivation to extend the spectral range is twofold. Firstly, the extended spectral
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Existing Spectral Range
Extended Spectral Range

Figure 1.2: Second-harmonic intensity spectrum of a SiO2 film on Si(100) (data points) and the optical
model fitted to the data (solid line). The dashed lines represent the four different contributions
in the model that are combined by coherent superposition. The spectral range of the newly
available laser system, of which the initial results are presented in this thesis, is indicated in
the figure. For comparison the spectral range of the existing system is also included. Only
two contributions are covered by the existing spectral range whereas all four contributions
fall inside the extended range. Figure adapted from Daum [11].
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range will provide additional information for the modeling of the spectra, improving the accu-
racy with which the electric field induced by the SCR can be studied. Secondly, investigation
of the Ri f contribution might lead to a new approach for studying the interface defects if the
aforementioned bond distortion can indeed be related to the presence of defect states. Estab-
lishing a relation between the Ri f and the defect states would make SHG a technique that can
simultaneously investigate two key parameters relevant for the performance of semiconductor
devices: the characteristics of the SCR and the interface quality. (II) Measuring the complemen-
tary phase information of the SH signal. The motivation behind phase-sensitive approach is that
the phase and the intensity of a SH signal describe a different subset of the fitting parameters.
The phase and intensity information are complementary. Furthermore, the polarity of the SCR
field is extracted from the phase information of the EFISH contribution. In the intensity data the
phase only influences the superposition of the contributions, whereas it is directly measured by
the phase-sensitive SHG experiments. The combined spectral phase and intensity information
should significantly reduce the ambiguity of the modeling of the SHG response.
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1.2 Research Goals and Approach

In this thesis, the development and initial exploration of two new experimental setups will be
discussed. The first research goal (I) is to implement the extended spectral-range setup (3.0-
4.5 eV instead of 2.7-3.5 eV), including a new reference line and detection system, and perform
initial exploratory experiments. The main questions related to this goal are:

• Does the newly-built reference channel compensate for fluctuations in laser power?

• Is it possible to measure a SH response of a c-Si interface with the new setup and can the
origin of this signal conclusively be assigned to SHG from the sample?

• Do the extended spectral range measurements confirm the presence of the contribution
related to oxygen insertion induced Si-Si bending?

The approach to research goal (I) entailed that the new additions to the laser system are first
explored. The tuning of the regenerative amplifier and optical parametric oscillator has to be
understood to obtain a stable output signal. Subsequently the reference channel will be build
and a new type of detector installed. The data acquisition software for the detection system,
including the gated operation synchronized to the laser pulses, is written. With all the elements
in place, the linearity of the response of the new detection and data acquisition system is verified.
A second step is to verify the quadratic power dependence, due to the second order nature of
SHG, of the SH signal of bulk nonlinear crystals. The third step is to verify if the SH signals
are originating from the interface. The Si(100) interface has a distinctive four-fold azimuthal
SHG response that is not present in the linear optical response. This anisotropic effect will be
exploited to verify whether the SH signal is indeed coming from the Si(100) surface. Finally,
spectral measurements of two typical samples are performed. The spectral SH response of the
samples will be modeled and compared to the partially overlapping SH response measured with
the existing laser system.

The second research goal (II) is to implement a phase-sensitive SHG setup and develop the
model and theoretical understanding necessary to interpret the phase data. The main questions
related to the phase-sensitive SHG experiments are:

• Is it possible to verify the quality of the phase information and validate the approach?

• Does the additional phase information reduce the uncertainty in the modeling of the SHG
spectra?

• Is it possible to extract information about the phase of the EFISH contribution?

For research goal (II), the first step is to decide how to implement a phase-sensitive SHG
setup. The required equipment will be obtained and the setup will be build. For the phase-
sensitive experiments a motorized stage is required. The software needed to simultaneously
control the stage and data acquisition is written. In this work two materials that might serve as
a nonlinear reference sample to generate an additional SH signal for the phase sensitive mea-
surements are compared. After selecting the better reference material of the two, the nonlinear
phase of the two typical samples is determined with the new setup. A model will be developed
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describing the linear and nonlinear optical effects which allows to evaluate both the phase and
intensity data simultaneously. The results from this model will then be compared to that of the
intensity-only measurements and the merit of this approach will be assessed.

The structure of this thesis is as follows: In Chapter 2 the background of linear and nonlinear
optical processes in thin-film systems necessary for the interpretation of the data is discussed. In
the third chapter, the experimental details such as the newly available laser system, new detection
system, and sample preparation and properties will be specified. Chapter 4 shows the relevant
results of the exploratory experiments performed with the extended spectral-range setup. In the
5th chapter, the phase-sensitive experiments and results will be discussed and the model for the
interpretation of the phase-sensitive data will be developed. In Chapter 6 the conclusions will be
drawn and recommendations for future work will be given.
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2
Background of Second-Harmonic Generation

The nonlinear optical response of a material contains detailed information on the structure of
the material. Due to the nonlinear effect, EM-fields will interact (i.e. mix) with each other.
Second-harmonic generation (SHG) is the nonlinear interaction of two (fundamental) EM-fields
both with angular velocity ω generating a third (second-harmonic field) EM-field with angular
velocity 2ω . For centrosymmetric media – such as crystalline silicon (c-Si) and amorphous
materials – without external effects breaking this symmetry, second-harmonic generation can
only occur at interfaces. In this chapter the macroscopic and microscopic principle of SHG will
be discussed. Furthermore, this discussion will point out the reason why SHG is such a suitable
technique for investigating surfaces and interfaces in semiconductor materials. In Section 2.1 a
simple microscopic model of SHG is presented to provide some insight into the mechanism at
work. In Section 2.2 the macroscopic description used in the field of nonlinear optics will be
introduced. In Section 2.3 SHG in crystalline silicon will be discussed as c-Si is an important
material for industry and is the main material under investigation in this report. Thin films
deposited on the Si interface might change the response of the Si, however, the Si-Si bonds are
always the origin of the observed signal for the systems under investigation. After these three
sections on the theoretical background of SHG, Sections 2.4 is devoted to the corrections that
need to be made to compensate for linear optical phenomena in the interpretation of the results.

2.1 Microscopic Model of Nonlinear Optics

Optical properties of a medium are determined for a large part by the polarizability of the ma-
terial. For solids the nonlinear mixing of EM-fields can be described by the interaction of light
with the bonds, forming dipoles, from a classical viewpoint [1]. Generalizations can be made
to higher order terms, e.g. quadrupoles. However, this is not required to accurately describe
the response of the material in most cases. The interaction of light with a material will now be
described in more detail. In the case of no external field the system is neutral and no (induced)
dipoles are present. When an external harmonic oscillating field is applied, for example when
light falls on the material, electrical dipoles are induced. The dipoles oscillate with the same
frequency as the driving force, however, they might differ in phase from the external field. The
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refractive index is determined by the phase of the response of the dipoles. The phase difference,
the delay between excitation and light, results in the reduction of the velocity of the light. The
harmonic oscillating dipoles radiate [24, 6] and the combined field from every dipole and the
incident wave form the field inside the medium. The response of the dipole to the incident light
is assumed to be linear: the oscillation due to the electric field doubles when the amplitude of
the field is doubled. When the external field is large, the linear response of the dipoles is no
longer valid. One can imagine that the interaction force between an electron and the atom (with
electron cloud), see Fig. 2.1, is only linear for small displacements. The superposition principle
for EM-fields in the material is no longer valid and mixing of signals starts to play a role. Optical
harmonics, such as the second-harmonic, are formed by the interactions of the fields.

E

(a) Unperturbed state.

E

-
+

(b) Linear interaction.

E

+

-

(c) Nonlinear interaction.

Figure 2.1: Illustration of the influence of light on the electron cloud showing a) the unperturbed state, b)
linear interaction with a shift of the electron cloud proportional to the electric field and c) the
nonlinear interaction where the polarization and external electric field are no longer colinear
and the shift of the electron cloud is not proportional to the external electric field.

A simple yet illustrative model of the second-harmonic response of a bond is that of an
anharmonic oscillator, analogous to the treatment by Shen [33]. In rest the average position
of the electron coincides with the fixed position of the heavy positive core. In the linear optical
response a dipole is created by a electric field ~E oriented parallel with the field. This is illustrated
in the left and middle illustrations of Fig. 2.1. The degree of polarization is determined by the
material properties. The behavior of the harmonic oscillator is given by

F = m
∂ 2x
t2 =−mΓ

∂x
∂ t
−mω

2
0 x+Fexcitation, (2.1)

where Γ is the damping, ω0 the natural frequency and Fexcitation is the driving force given by

Fexcitation = ∑
i=1..2

qEie−iω1t , (2.2)

in which q/mE is the amplitude of the driving force and ω the angular frequency. Typical
solutions for this differential equation are given by

x(t) = ∑
i=1..2

(q/m)Eie−iωit

ω2
0 −ω2

i − iωiΓ
. (2.3)
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In the case that the restoring force is no longer linear function of the position, the driving fields
start to interact. Taking a restoring force that is mω2

0 x+mγx2 yields the following equation

F = m
∂ 2x
t2 =−mΓ

∂x
∂ t
−mω

2
0 x−mγx2 +Fexcitation, (2.4)

where γ is small compared to ω0. Assuming that the solution can be written as the solution of
the unperturbed system x(0)i and a series of small perturbations x(1)i . . .– i.e. x = ∑i=1..2(x

(0)
i +

x(1)i )+O(x(2)i ) – this equation can be rewritten as

Fexcitation/m =
d2
(

x(0)i + x(1)i

)
dt2 +Γ

d
(

x(0)i + x(1)i

)
dt

+ω
2
0

(
x(0)i + x(1)i

)
+ γ

(
x(0)i + x(1)i

)2
(2.5)

=
d2x(0)i

dt2 +Γ
dx(0)i

dt
+ω

2
0 x(0)i +

(
d2x(1)i

dt2 +Γ
dx(1)i

dt

+ω
2
0 x(1)i

)
+ γ

(
x(0)i

)2
+O(γx(1)i ) (2.6)

where higher order terms are included in the O term and assumed to be negligible. Separating the
first order term a new harmonic-oscillator-like equation is obtained now with (x(0)i )2 as driving
force

d2x(1)i
dt2 +Γ

dx(1)i
dt

+ω
2
0 x(1)i =−γ

(
x(0)i

)2
. (2.7)

The driving force is now (x(0)i )2 which is very similar to the driving force in Eq. (2.2). The
second order solution is given by:

x(1) =
γ(q/m)2EiE je−i(ωi±ω j)t

(ω2
0 −ω2

i − iωiΓ)(ω2
0 −ω2

j ∓ iω jΓ)
× 1

ω2
0 − (ωi±ω j)2− i(ωi∓ω j)Γ

(2.8)

with i = 0,1 and j = 0,1 give rise to second-harmonics (i = j) and the sum frequencies (i 6= j).
Note however, this model should not be over interpreted, and especially for a solid this is a crude
approximation.

2.2 Macroscopic Model of Nonlinear Optics

In an experimental context it is much more convenient to describe the generation of nonlinear
fields by a macroscopic theory than to include the microscopic details. In general the polarization
(~P) induced in a material as a result of the external electric field (~E) can be written as,

~P = ε0 f (~E), (2.9)
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where the function f (~E) describes the response of the medium to the external field. For linear
optics the relation is given by f (~E) = χ~E. Since the nonlinear optical response can be seen as a
perturbation of the linear optical response it useful to write the polarization due to the external
electric field as a power series of the electric field in the dipole approximation,

~P = ε0

(
χ
(1) ·~E +χ

(2) : ~E,~E +χ
(3) : ~E,~E,~E + . . .

)
, (2.10)

where χ(1) is the well known linear susceptibility that can be related to the complex refractive
index by (1+ χ)µ = n2. The χ(2) and χ(3) tensors, the second- and third-order susceptibility,
describe the nonlinear interaction of the E field. Higher order terms can also be present, however,
they are omitted here for brevity. If the χ tensors are known, the response of a material can in
principle be predicted from Maxwell’s equations. It is possible to calculate the susceptibilities
from a full quantum mechanical description of a material[19]. Furthermore, attempts have been
made to calculate the nonlinear susceptibilities from a classical bond model by Adles et al.
[1]. Most of the theoretical work focuses on the bulk allowed second-harmonic response of
solids in the off-resonant case. Theoretical calculations of the resonant enhancement at the
interface of two media are not readily available. The lack of theoretical predictions does however
not diminish the practical value of the macroscopic description. Experimental work has so
far confirmed the validity of this formalism for the description of the nonlinear response of a
material[21]. In the next paragraph an example of the value of this formalism is shown where it
is used to predict whether SHG is allowed in an ordered medium.

1

1

Figure 2.2: Isometric view of the diamond (Fd3m) or Zinc Blende(F-43m) unit cell. The red spheres are
the atoms at corner of the cube, the light red spheres are at the face centered position and the
yellow spheres represent the internal atoms. In the zinc-blende structure the yellow spheres
represent atoms of a different species than the red spheres. The two atoms labeled with a 1
are the structure repeated over the FCC lattice.

The symmetry and structure of the material under investigation is of crucial importance
for second-harmonic generation. Crystalline silicon has an inversion center located between
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the two-silicon atom system that is repeated over the face centered cube (FCC) lattice. The
atomic arrangement is also known as the diamond crystal structure, as shown in Fig. 2.2. A
tensor describing the properties of a material has to have the same symmetry as the material it
describes. This is known as the Neumann principle in crystallography[32]. Due to this inversion
symmetry all second order tensors elements describing material properties for crystal structure
are 0. This can be verified by applying the transformation T describing inversion, taking the
coordinate at x̂ to x̂∗ = T x̂ =−x̂. The physical properties of the material are unchanged due to
the inversion symmetry so the equation,

~Px = ~Px∗ , (2.11)

has to hold. The material “looks” the same before and after the inversion, so the physics cannot
be different. Writing down the explicit equations,

~Px = ε0χ
(2)
x,x,x : ~E1

x ,~E
2
x (2.12)

~Px∗ = ε0χ
(2)
x∗,x∗,x∗ : ~E1

x∗ ,~E
2
x∗ (2.13)

where χ
(2)
x,x,x is the tensor that describes the process of the two external electric fields ~E1

x and ~E2
x

generating the polarization Px. The subscript x or x∗ denotes the coordinate system that is being
used to describe the fields. Applying the transformation T to Px yields 1

T ~Px = ~Px∗ = T ε0χ
(2)
x,x,x : T ~E1

x ,T ~E2
x , (2.14)

= (−1)3
ε0χ

(2)
x,x,x : ~E1

x ,~E
2
x . (2.15)

Substituting this into Eq. (2.11) yields

χ
(2)
x,x,x : ~E1

x ,~E
2
x = (−1)3

χ
(2)
x,x,x : ~E1

x ,~E
2
x . (2.16)

Equation (2.16) only holds if the tensor is the zero tensor and this implies that SHG is bulk
forbidden in the dipole approximation. For higher (odd) order tensors non-zero elements can
exist.

As just shown, the symmetry in a medium with inversion symmetry – e.g. bulk silicon –
forbids SHG in the dipole approximation. On the other hand if this symmetry is broken, by for
example an interface, SHG is allowed. This interface can be of chemical nature, e.g. a transition
of Si to Al2O3, or by local electric field such as the space-charge region. The bulk-forbidden
nature of SHG in centrosymmetric media is exploited by the use of SHG as an interface specific
technique for probing electronic and vibrational properties of the atoms and bonds at the surface.
In contrast to linear optics, where the bulk contributions dominate the interface contribution,
SHG is a nearly (bulk) background free technique. Furthermore, by employing the fact that
fundamental and SHG light are coherent, collimated and spectrally separated, sensitive detection
can be used which virtually eliminates noise.[32]

1The tensor product is a multi-linear operation so the constants (−1 in this case) can be placed before the tensor
yielding χ(2) :−P,−P = (−1)2χ(2) : P,P.
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2.3 Band Structure, Symmetry and Critical Points of Silicon

In the previous section a general description of optical second-harmonic generation is given.
In this section the focus will be on the specific case of SHG response of crystalline silicon (c-
Si). For the experimental systems under investigation the SHG originates from the interface
of the c-Si with the film, no signal originates from the bulk of the film or the surface of the
film. This implies that the nonlinear response of the Si interface is of paramount importance.
The SHG response of the c-Si interface is closely related to the electronic structure of bulk c-
Si. First, the relation between the bulk electronic structure and optical response will briefly be
introduced. Subsequently, the relation between the electronic transitions and the SHG response
will be discussed.

The band structure of c-Si has been extensively studied theoretically [46, 19] as well as
experimentally. In Fig. 2.3 a band diagram calculated with the k·p method is shown. In this
figure several points of high symmetry can be identified, i.e. the Γ, L and X points, and the
important transitions are shown.

The optical properties of the material are determined by the combination of the density of
states (DOS) for the electrons and the transitions band diagram. Only at several critical points
enough electrons are present to contribute significantly to the response of a material[46]. At
these critical points the electrons can only “jump” between the allowed states represented in the
band diagram. The lowest relevant direct transitions for c-Si listed in ascending energy are the
E ′0,E1 and the E2 transitions. Optical absorption occurs when the photon energy is equal to the
transition energy of these transitions[46]. Most of the atoms at the interface of c-Si are still
tetrahedrally bound and retain most of the bulk-like electronic properties[11]. Due to the altered
backbonding there is a slight shift in energy of the bulk levels. The chance of the SHG process
occurring, i.e. two photon absorption and the emission of a single photon with combined energy,
increases when the single or two photon energy matches an allowed transition. The increased
efficiency implies that the transitions observed in the linear optical response will also be observed
in the nonlinear case. The signal for SHG, however, will only originating from the interface. In
the SHG spectra of c-Si interfaces transitions related to the E ′0,E1, and the E2 critical points are
indeed observed. The bulk-like interface states of Si and complementary experimental evidence
for these states is for example given in Luth [29].

When the symmetry of the diamond lattice is lowered such that the inversion symmetry is
broken, bulk SHG is allowed. A static electric field due to a space-charge region (SCR) can
cause this lowering of symmetry. This is the so called Electric-Field-Induced Second-Harmonic
(EFISH) generation. Because it is bulk generated, the transition is expected to precisely match
that of bulk silicon. The perturbation of resonant energy due to the presence of the static electric
field is negligible. This EFISH signal was first observed by Terhune et al. [38] in the bulk of
calcite and by Lee et al. [28] on Si and Silver (Ag) surfaces respectively. However, interest
in this phenomenon only recently revived in 1996 after a publication of Aktsipetrov et al. [3].
The EFISH contribution near the E1 critical point at 3.4 eV likely originates from the same
transition as the interface contributions (3.3 eV). Furthermore, the electric field of the space-
charge region points parallel or antiparallel to the bond. This hints at the origin of the key
experimental observation that the phase (sign) of the EFISH contribution is an integer multiple

16



Figure 2.3: Band diagram for bulk Si as published in Lautenschlager et al. [27]. The transitions relevant
for the optical response of the system are labeled. The indirect band gap, that cannot be
probed by SHG, is the transition from Γ25′ to the ∆1 point.
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of π (i.e. either 0 or 1) compared to the E1 interface transition. The practical implications of the
EFISH response are evident as it allows an all-optical technique to be used for studying the static
electric field present in a material near the interface [39, 2, 45]. An alternative interpretation
of the breaking of the symmetry by the static electric field is that of a four wave interaction
described by ~P = χ(3)(ω) : ~E(2ω),~E(2ω),~Edc(0) which is, as is any fourth order tensor, bulk
allowed. Both statements, i.e. three wave mixing that is allowed due to lowered symmetry and
four wave mixing always allowed in the bulk of a centrosymmetric medium are equivalent.

All the contributions mentioned in this paragraph up to this point are viewed from the dipole
approximation. One of the assumptions in the dipole approximation is that only local EM-fields
play a role in the optical response of a medium. This is a simplification and nonlocal effects,
such as gradients in the fields, can play an important role. A extension to higher order terms,
such as electric quadrupoles and magnetic dipoles, is necessary to describe the nonlocal response
of a medium. In general these higher order contributions are not bulk forbidden. The electric
quadrupole response of the bulk of Si, BQ, is readily observable in an azimuthal scan of a Si(100)
surface as a angle dependent contribution.

To summarize there are five different contributions to the second-harmonic spectrum that
can be discerned for the case of a c-Si interface:

SE1SE1SE1: A contribution due to the E0’/E1 transition generated at the interface. (≈ 3.3 eV)

SSiOxSSiOxSSiOx: A contribution due to the distorted Si-Si bonds, e.g. due to oxygen insertion in back
bonds at the interface[11]. (≈ 3.7 eV)

SE2SE2SE2: A contribution due to the E2 transition generated at the interface. (≈ 4.3 eV)

BEFISHBEFISHBEFISH: A contribution from the c-Si bulk close to the interface due to the presence of a SCR.
(3.4 eV)

BQBQBQ: A bulk quadrupole contribution in the bulk near the interface. This contribution is in general
small compared to the other terms. See appendix D for a more detailed description.

To extract the individual contributions the overall SH spectrum needs to be deconvoluted.
To this end the spectrum is reproduced by a critical-point (CP) model where the aforementioned
contributions are included using excitonic lineshapes. The nonlinear susceptibility in the CP-
model is given by

χ
(2)(ω) = ∑

i

hieiφi

ω−ωi + iΓi
, (2.17)

where hi is the amplitude, φi the phase coefficient, ωi the resonant energy and Γi the broadening
of contribution i. The phase and amplitude response of the excitonic contributions are studied in
more detail in Section 5.1.

The possible locations where SHG can occur due to broken symmetry in a thin-film/c-Si
geometry are shown in Fig. 2.4. In this case a SiO2 thin film on a c-Si is shown. The air-film
interface might be a source of SHG light. However, if the film material has a band gap outside
the energy range under investigation, this effect will be negligible compared to the resonantly
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enhanced interface signal of Si. The thin-film interface with the c-Si is the origin of the interface
related SHG signal. The SE1, SSiOx and the SE2 originate from the vicinity of the interface. Just
below the interface the BEFISH contribution is generated. The escape depth of the SHG light in
c-Si is ≈ 10 nm, hence the EFISH contribution is related to the electric field near the interface.

The electronic transitions described in the previous paragraph are excited in some fashion by
two-photon absorption. Several processes might occur in the case of SHG with a single photon
energy:

Two photon resonance the sum of the energy of two photons matches a transition, resonantly
enhancing the signal.

Fundamental resonance the energy of a single photon matches a transition, resonantly enhanc-
ing the signal.

No resonance the transition energy does not match either the single or combined photon energy.
No resonant enhancement is observed, however, a finite signal is still present due to the
nonzero second-order susceptibility. The signal is orders of magnitude smaller than the
resonantly enhanced signal.

The two types of resonances yield a SHG signal with (nearly) identical properties. This can lead
to misinterpretation of the SHG spectra. If a material has a transition at 1.1 eV and a transition
at 2 eV, a resonant enhancement will be observed at fundamental energies of 1.0 eV and 1.1 eV.
The enhancement at 1 eV should be asigned to the 2 eV, but can easily be mistaken for a shifted
1.1 eV transition. The inverse problem exists for the resonance observed at the fundamental
energy of 1.1 eV. In order to experimentally determine which type of enhancement is occurring
one has to use sum-frequency generation (SFG) using two different photon energies sweeping
one of the energies to discern between the two cases[32, 21]. The other approach relies on
prior knowledge of the system under investigation. For c-Si no transitions are present below 3
eV, the transitions related to the dangling bonds at the interface mid-bandgap are quenched by
oxidation. A resonant enhancement in the spectral range of the laser systems (2.7-4.5 eV) must
originate from a transition with the two-photon energy, resolving the ambiguity in the origin of
the resonance.

2.4 Linear Optics in Layered Media

The linear optical properties of the system under investigation have to be well known to be able
to interpret the spectral SHG results. In this section reflection and transmission under the plane
wave approximation for a single interface will be discussed. This is a prerequisite for the next
part where a matrix formalism is used to derive the total linear optical response of a thin-film
system. First a convenient coordinate system is defined, subsequently the Fresnel coefficients
will be introduced and applied to the single interface.

Light can be described as a harmonic oscillating electromagnetic wave (EM-wave) with the
electric field perpendicular to the propagation direction and the magnetic field perpendicular to
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Figure 2.4: Location of the various SHG contributions for a typical Si/SiO2 system. The BEFISH and
BQ are generated below the Si/SiO2 interface whereas the SE1,SSiOx and SE2 contributions
originate from the interface. The contribution of the top surface is also shown. However, this
surface contribution is normally negligible compared to the interface signal for the samples
under investigation. The escape depth of the SH light in Si is approximately 10 nm, only
probing the bulk near the surface for BEFISH and BQ .

both the propagation direction and the electric field. When describing the reflection and trans-
mission of EM-waves at a surface it is convenient to discern p-polarization (from the German
parallel) and s-polarization (from the German senkrecht).

In the plane wave approximation, assuming a harmonic dependence on time and position, an
EM-field can be described by,

~Ei = Eiei(kix−ωt)~X (2.18)

(2.19)

where Ei is the amplitude of the electric field, ω is the angular frequency, ki is the wave vector
and X is the ŝ or p̂ polarization vector. The amplitude and wave vector depend on the surrounding
medium, the angular frequency is always constant. In the case of a geometry as sketched in
Fig. 2.5 the driving, incident field (E1) can be related to the reflected (E2) and transmitted (E3)
fields by,

~E2 = tX E1ei(k2x−ωt)~X (2.20)
~E3 = rX E1ei(k3x−ωt)~X (2.21)

where rX and tX are to be determined from the Maxwell saltus conditions2 at the interface, i.e.
2The Maxwell saltus conditions are the boundary conditions derived from the Maxwell equation over two half-

infinite media.
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Figure 2.5: Definition of the unit vectors~k, ŝ, p̂, n̂, t̂ and coordinate system. The light originates from the
left striking the surface under an angle θ . This results in a reflected beam with propagation
vector~k3 and a transmitted beam with propagation vector k̂2. The transmitted beam makes
an angle θ2 to the normal of the interface. The plane of incidence is spanned by n̂ and a k̂
vector. The lower medium has an reflective index n2(λ ), the upper layer has an reflective
index n(λ ).

the well known Fresnel coefficients. The Fresnel coefficients in vector form can be written as,

ts =
2k̂ · n̂

(k̂ · n̂)+
√

n2
2/n2− (k̂ · t̂)2

(2.22)

tp =
2n2/n(k̂ · n̂)

n2/n(k̂ · n̂)+
√

n2
2/n2− (k̂ · t̂)2

(2.23)

rs =
k̂ · n̂−

√
n2

2/n2− (k̂ · t̂)2

(k̂ · n̂)−
√

n2
2/n2 +(k̂ · t̂)2

(2.24)

rp =
n2

2/n2(k̂ · n̂)−
√

n2
2/n2− (k̂ · t̂)2

n2
2/n2(k̂ · n̂)+

√
n2

2/n2− (k̂ · t̂)2
(2.25)

where n(n2) is the refractive index of the upper(lower) medium and the additional definition of
unit vectors,

t̂ = n̂× ŝ (2.26)

ŝ = k̂× n̂ (2.27)

p̂ = ŝ× k̂. (2.28)
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The dot product of k̂, n̂ and t̂ can be written as the familiar geometric relations,

k̂ · n̂ = cosθ (2.29)

k̂ · t̂ = sinθ . (2.30)

In the previous part the reflection and transmission of a single interface has been discussed.
In this part this discussion will be extended to arbitrary stacks of thin films with parallel in-
terfaces. To model complex stacks consisting of multiple thin layers on a semi-infinite opaque
substrate in a numerically efficient way, the so called matrix formalism can be used. The ap-
proach presented here is based upon the work of Sipe [34]. The main benefits of this formalism
over that proposed in Born et al. [6] is that the coefficients can be directly linked to the Fresnel
coefficients and light sources in the medium can be included. A schematic example of a thin-film
system on an opaque substrate can be seen in Fig. 2.6.

Layer l2
Layer l1

Opaque Substrate ẑ

Figure 2.6: A system consisting of 2 layers on top of an opaque, thick substrate. The path of the light
reflected by the substrate is drawn along with two possible interfering beams. Not all the
possible beam paths are shown.

For a single film on a thick opaque substrate an analytical expression for the total transmis-
sion from ambient a, through layer l into substrate b are given by,

ttotal
a,b,x = ta,l,xe−ikde f f tl,b,x ∑

i=0...∞
(rl,b,xrl,a,xe−2ikde f f )i (2.31)

(2.32)

where ttotal is the total transmission of the system, ri, j,k and ti, j,k are the Fresnel coefficient for
the transmission and reflection from i towards j with polarization k and de f f is the thickness of
the film. This can be rewritten as,

ttotal
a,b,x =

ta,l,xtl,b,xeikde f f

1− rl,a,xrl,b,xeikde f f
(2.33)

(2.34)

and the reflection can be found in the same fashion,

rtotal
a,b,x = ra,l,x +

rl,b,xta,l,xtl,a,xe2ikde f f

1− rl,a,xrl,b,xe2ikde f f
, (2.35)

22



This treatment gets exhaustive quickly for several layers and one has to resort to solving the
Maxwell equation with boundary conditions at each interface. With several assumptions these
differential equations can be written in a matrix form. This reduces the problem from (nu-
merically) integrating a set of partial differential equations to matrix multiplications. Arbitrary
complex systems – with the restriction that the interfaces have to be parallel and that the EM
fields can be expanded into harmonic waves – can be implemented. This discussion applies to
both p and s polarized light. The E and B fields are linked[24] and only one of the fields needs
to be discussed.

The approach of Sipe is as follows; at each point there are two fields, one field propagating
“upwards” and one field “downwards”. These fields are written as,

Ei(z) =
(

Ei,+eikz

Ei,−e−ikz

)
. (2.36)

where Ei,− and Ei,+ represent the amplitude of the electric field in medium i, k is the wave vector
and Ei the total electric field at position z.

A transfer matrix M for an interface can now be derived by looking at two cases. If light
coming from medium a passes through the interface towards medium b a part of the light will

be reflected and a part will be transmitted. This can be written as Mab

(
ra,b
1

)
=

(
0

ta,b

)
. The

same can be done for light coming from medium b towards medium a. The transfer matrix is
now defined as3

Ma,b = 1/ta,b

(
1 ra,b

rb,a 1

)
. (2.37)

Multiple interfaces can now be modeled just by multiplying matrices. The propagation between
the interfaces is described by the matrix

Mprop(d) =
(

eikd 0
0 e−ikd

)
, (2.38)

where k is the wave vector and d the thickness of the film. The wave vector is allowed to be
complex which takes absorption into account. If total absorption occurs the formalism fails
because a returning wave is assumed to exist. This layer should then be taken as a half infinite
substrate which matches the boundary condition of no light coming from the absorbing medium.
The single film on a substrate described before can also be modeled by this approach and it can
be verified that this does indeed lead to the same expressions for transmission and reflection.

To illustrate the application of this model the reflection of the geometry in Fig. 2.6 is calcu-
lated. It is assumed that no upwards field is present at the substrate/layer 1 interface (half infinite
or absorbing substrate). The reflection can be found by calculating the matrix representing the
total response,

Mamb,sub = Mambient,1Mprop(dlayer 1)M1,2Mprop(dlayer 2)M2,substrate (2.39)

3The Fresnell coefficient identities ra,b =−rb,a and ta,btb,a− ra,brb,a = 1 has been applied to obtain this form.
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where the Mamb,sub is the transfer matrices of the whole system and dlayer i the thickness of layer
i. In order to calculate the reflection and transmission one could select individual components
of the matrix. Another approach is to write down the equation relating the electric fields above
and below the films:

~Esub = Mamb,sub~Eamb. (2.40)

This can be written explicitly as,(
0

Tamb,sub

)
= Mamb,sub

(
Ramb,sub

1

)
. (2.41)

Solving this equation for Ramb,sub and Tamb,sub yields the desired expression. In the case of a
single layer the equation previously found, Eq. (2.33) and Eq. (2.35) are recovered.

The matrix formalism is frequently applied for layered optical systems. A variant of this
model is applied for example to model spectroscopic ellipsometry results. However, a com-
plication arises for SHG where the source of the light is at the interface of two media. Sev-
eral approaches to model the effect of a source at an interface are presented in Gielis et al.
[16], Bloembergen [5], Sipe [34]. All the approaches are equivalent as long as it is applied
consistently.

The SHG spectra are reproduced (fitted) with the CP-model presented in Section 2.3 and
corrected for the linear optical response of the system using the matrix formalism.
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3
Experimental Details

In this chapter the experimental details and practical considerations related to the SHG setup are
discussed. The chapter consists of five sections. In the first section the laser system used for the
SHG experiments is described. The operating principle of the system will be briefly discussed as
this is needed to explain some of the experimental difficulties encountered when switching to the
new TOPAS-C light source. In the second section the optical components used and the layout
of the setup will be discussed. In the third and fourth section the photon detection mechanisms
and filtering used in the experiments are explained and the measurement procedure described.
In the final section the sample preparation and properties are discussed. An excellent discussion
of the practical considerations of SHG as a tool for probing interfaces is given by Reider et al.
[32] and Heinz [21]. A more in depth discussion of the operating principles of solid-state lasers
can be found in Koechner [26].

3.1 Solid-State Laser Systems

A system of solid-state lasers is used to generate wavelength tunable femtosecond laser pulses.
Such pulses are convenient for SHG experiments because they yield a high peak intensity yet a
low average power. The intensity of the SHG signal depends quadratically on the intensity, hence
it is possible to obtain a relatively strong SHG signals without thermally altering or damaging the
material. The setup is schematically represented in Fig. 3.1. The four different lasers (Milennia,
Evolution, Spitfire and Tsunami) and the optical parametric amplifier (OPA) TOPAS-C can be
seen along with the detection system and the beam path. In this section the different laser
systems and how they interoperate will be presented. The impact of the different properties of
the laser system on second-harmonic generation experiments will be discussed.

There are two diode lasers, an optical oscillator, a regenerative amplifier and an OPA avail-
able that can be combined into two different light sources. The individual laser systems and
OPA will be described first. Then the two combinations that are used for SHG are discussed.
Millenia (Spectra-Physics) is a continuous wave (CW) diode laser with an output power of 5
W at 532 nm that is used to pump the Tsunami (Spectra-Physics). Tsunami is a femtosecond
acoustical mode-locked laser system based on a Ti:Sapphire crystal. The mode-locking theory is
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(a) Layout of the laser systems and detection with the newly available, optional TOPAS-C Config laser system.

L1 F1 Sample/Reference

PMT

F2
P2
L2
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(b) Detailed view of the identical reference-line and
sample-line in Fig. 3.1(a).

Figure 3.1: (a)A schematic of the laser and detection systems. The light from Tsunami is used either
directly for SHG experiments or Tsunami can be used to seed the regenerative amplifier
Spitfire. The fixed wavelength output of Spitfire is then used to pump TOPAS-C (TOPAS-C
Config). The output of either system is directed onto a variable retarder (VR) and a polarizer
(P1). A 90/10 beam splitter (BS) then directs the light towards the sample and reference
lines. (b) Detailed view of the identical reference-line and sample-line, with each two
sets of absorption filters(F), a lens(L1) focusing the beam on the sample/reference, a lens
(L2) focusing the signal on the detector and the Pellin Broca (PelB) dispersive crystals for
addition filtering. The PMTs used for detection are directly attached to the housing of the PB
crystal.
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discussed in more detail in [26]. The Tsunami system is continuously tunable over the 710-930
nm range, it has a repetition rate of 80 MHz and an average power of between 400 and 800 mW.
Evolution (Spectra-Physics) is an nanosecond pulsed Q-switched frequency-doubled 532 nm
diode laser. It can deliver 30W pulsed at a frequency of 3 kHz, however, it is normally operated
at 1kHz yielding approximately 20 W. Evolution is used to pump the Ti:Sapphire crystal in the
Spitfire (Spectra-Physics) which is a regenerative amplifier. The Spitfire is used to amplify a
pulse selected from the wave train of Tsunami. The cavity is intentionally kept at a low Q-factor
preventing lasing such that the energy pumped in the crystal is not depleted. Once a pulse from
Tsunami is inside the cavity the Q factor is raised and this pulse is amplified. The output of
Spitfire is a non-tunable 800 nm laser pulse with a repetition rate of 1 kHz and a power of ∼ 2
W. The output of Spitfire is used to generate continuously tunable fs pulsed light by the use of an
OPA TOPAS-C (Light Conversion Ltd.), see also Appendix E. This is essentially a passive ele-
ment as it uses difference frequency generation (DFG) to first split the photons (generating two
photons) and make the system tunable. TOPAS-C then frequency doubles the light by SHG to
reach energies higher than that of the input light. The bulk DFG and SHG that occurs in TOPAS-
C is sensitive to the characteristics of the pump light from Spitfire. If for example the spectral
shape of the pulse is distorted a sub-optimal operation of TOPAS-C can occur. Frequent retun-
ing of Spitfire and the beam compressor between Spitfire and TOPAS-C are required to keep the
system operating properly. The total output power is also very sensitive to the spectral shape
of the pulses produced by Tsunami and any change of the Tsunami requires a re-optimization
of the whole system. Furthermore the output of an OPA in general contains (combinations of)
harmonics of the desired output wavelength, illustrated in Fig. 3.2. The pump light used to drive
the OPA for example is frequency doubled and can be found in the output and also the undesired
signal created in the DFG – with complementary wavelength – might be found in the output.
The optical oscillator (Tsunami) on the other hand can only emit the chosen wavelength as the
gain is only larger than unity for a narrow spectral range.

Table 3.I: Comparison of the relevant characteristics of Tsunami, Spitfire and TOPAS-C. The operating
power is the power used in SHG experiments limited by damage threshold of optical compo-
nents or the sample. In the calculation of the normalized SHG signal strength S2ω/S2ω

T sunami the
operating powers are used.

Tsunami Spitfire TOPAS-C
Maximum output power (W) 800×10−3 2 200×10−3

Operating power (W) 100×10−3 − 7.5×10−3

Repetition frequency (Hz) 80×106 1×103 1×103

Pulse Energy (J) 1.9×10−9 2×10−3 200×10−6

Pule Duration (fs) 90 90 90
S2ω/S2ω

T sunami (1) 1 - 400

For the c-Si interface the lowest electronic transition has an energy of 3.3 eV(375 nm). The
next higher transition has an energy of 4.3 eV (288 nm). This means that the fundamental
light generated by the laser has to be in the range of 750 to 576 nm in order to probe both
transitions. Two different configurations of the system are used for this purpose. Tsunami
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Figure 3.2: Several of the signals generated in TOPAS-C as a function of the desired wavelength (bold
line). Only the pump, the desired signal from DFG, the undesired signal from DFG (idler)
and the second-harmonic of these signals are shown. Other combinations of mixing will
occur that might play a role.

pumped by Millenia is used standalone for SHG experiments with a spectral range between 710
and 930 nm. Therefore, the wavelength range of Tsunami can only probe the lower of the two
transitions. The Tsunami laser system is inherently stable. The TOPAS-C laser system covers the
spectral range of 550 up to 800 nm. TOPAS-C, therefore, can probe both transitions. The pulse
energy, compared to Tsunami, is approximately 5 orders of magnitude larger. A summary of the
characteristics of the systems relevant to the SHG experiments are listed in Table 3.I. In order
to compare the performance of Tsunami and TOPAS-C for SHG experiments it is interesting to
look at the number of SHG photons generated by each system. The number of radiated SHG
photons, taking the linear and nonlinear term to be unity is given by[32],

S2ω =
ω

ε h̄c3 cos2 θ

P2
av(ω)

tpRrepAs
(3.1)

where Pav is the average power incident on the sample, tp is the pulse duration, Rrep is the
repetition rate of the laser and As is the area on which the beam is focused. To optimize the
signal the average power is maximized and the focal area minimized, while repetition rates
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are fixed for the laser systems. The average power incident on the sample can be limited by
either the maximum output of the system or the damage threshold of the material. There are
two damage thresholds: (1) The sample can be thermally damaged leading to a restriction in
power. (2) The sample can also be damaged due to the large em-fields in the pulse leading to
a restriction in fluence. For fs-pulsed laser systems the thermal damage threshold is rarely the
limiting factor. For the TOPAS-C and Tsunami system, and femtosecond pulses in general, the
maximum usable power level is not limited by the maximum power of the laser system but by
maximum allowable fluence. Hence the maximum power level is Pav = RrepFdamageAs, where
Fdamage is the maximum allowable fluence for the sample. Substituting this relation between
average power and maximum fluence in Eq. (3.1)

S ∝
F2

damageRrepAs

tp
(3.2)

This leads to the insight that the focal area (As) should be chosen such that the maximum output
power can be used. The TOPAS-C system is limited by the damage threshold at 7.5 mW with a
spot diamter of 100 µm. Increasing the focal area is a possible approach to improve the signal-to-
noise ratio, however, optics that can handle these fluences have to be installed. Typical values for
Eq. (3.1) for the different laser systems, relative to the number of photons generated by Tsunami,
are given in Table 3.I. From the table it can be seen that the number of photons per second is
much higher (400 times) for TOPAS-C then for Tsunami. Hence it appears that detection should
be simpler and better signal to noise ratios could be obtained. This comparison is not completely
accurate as there is yet another distinction between the TOPAS-C and Tsunami system. For
TOPAS-C each pulse is detected separately, while for Tsunami a fixed time interval is measured.
So for TOPAS-C it is not S2ω but S2ω/Rrep that needs to be as high as possible. For Tsunami a
high repetition rate is beneficial since it means more photons per second, hence a better signal-
to-noise ratio. For TOPAS-C it does not play a direct role since the detection is pulse by pulse, a
higher repetition rate only speeds up the averaging. To summarize, the benefit of TOPAS-C over
Tsunami of the higher fluencies are partially negated by the (limiting) damage threshold and the
need for pulse to pulse detection.

3.2 Optical Components, Setup and Measurement Procedure

In this section first a broad overview of the layout and the beam path is given. Then the measure-
ment procedure used in the spectral measurements is described. The output of TOPAS-C is first
attenuated by a double Fresnel rhomb retarder and polarizer of the Glan-Thompson type (both
not shown in Fig. 3.1(a)) to avoid damaging the optics such as the mirrors1. The beam from
TOPAS-C is then directed onto the Berek compensator (a variable retarder, New Focus 5540)
labeled VR, while the output of Tsunami is immediately directed towards the same compensator.
The beam path is identical for both systems after they have traversed VR. After VR the beam is

1The damage threshold of the Newport 10D20ER.2 mirrors is not specified for femtosecond pulses. Exposure of
the mirrors to 10 mW at 700 nm for several hours and 50mW for 1 hour did not show any alteration of either the
mirror or the signal.
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passed through a polarizer P1 (Glan-Thompson type, New Focus 5525). The polarizer P1 and
variable retarder V1 combination is used to control the power and the polarization of the light
incident on the sample for the SHG experiments. A part of the light (10%) is then be redirected
towards the reference-line by placing a beam splitter BS in the beam. The light is then focused
on the sample using a plano-convex lens L1 and passed through a long-pass filter F1 to remove
any light at the SH photon energy, described in more detail in Section 3.4. The beam containing
the fundamental light and the SHG signal after the sample are conlinear in first approximation,2

and passed through a band-pass filter F2 transmitting the SHG light. A polarizer of the Glan-
Laser type P2 (Thorlabs GL10-A) is used to select the SHG polarization direction. The light is
spatially filtered by a Pellin-Broca prism, PelB, and focused on the photomultiplier tube (PMT)
detector. All the SHG experiments in this work are performed with p polarized fundamental and
p polarized SHG light.

The aforementioned reference-line is used to compensate for pulse-to-pulse fluctuations and
drift in the average laser power, as is common in complex laser system. The power fluctuations
are amplified by the quadratic power dependence of second-harmonic generation. The reference-
line is an optical duplicate of the sample-line, ensuring an identical optical (spectral) response.
An α-quartz wedge is used as a reference sample since it has a flat response in this spectral
range. This means that the normalization of the sample-line data to the reference-line will not
only correct for power fluctuations, it will also make the system independent of the spectral
response of the system. No corrections are needed for the spectral response of for example the
filters and detection system. Due to the excellent stability of the Tsunami output the use of a
reference-line is not necessary when performing standalone measurements using only Tsunami.
Corrections for the spectral response have to be applied when using the Tsunami system.

A typical spectral measurement starts with the alignment of the sample at a wavelength of
650 nm for TOPAS-C. This entails the optimization of the spectral shape measured by scanning
the Pellin Broca over the signal It is vital to perform this at a short wavelength due to dispersion
in the sample. The signal will be lost if the alignment is performed at longer wavelengths, as
is explained in more detail in appendix C. Subsequently, the laser is tuned back to the longest
wavelength desired, typically around 800 nm. The correct filter set is inserted and the Pellin-
Broca prism is re-tuned for the selected wavelength and the data acquisition is started. The
laser and detection system are iteratively stepped over the desired spectral range. TOPAS-C will
switch to a different set of internal optics when crossing the 720 nm wavelength. The alignment
of the two sets is not identical and this has to be compensated by realigning the optics on the
table. When traversing the fundamental wavelength of 680 nm the filter set has to be changed
because the SHG signal will be blocked by the filters in front of the detection. The measurement
procedure is also illustrated in Fig. 3.3. Typically, after reaching a fundamental wavelength of
600 nm all signal is lost due to absorption by the lens (L2) and polarizer (P2).

2Due to the dispersive nature of the thin films on the sample there is a deviation between the two beams that can
be significant.
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Figure 3.3: Procedure for a spectral measurement with TOPAS-C. For each wavelength the Pellin-Broca
prism and the average incident power have to be tuned manually. Measuring the SHG re-
sponse for fundamental wavelengths shorter than 680 nm requires a different filter set.
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3.3 Detection by Photomultiplier Tube

In this section, first the general principle behind the detection of photons by a photomultiplier
tube (PMT) will be discussed. Two PMT detection modes are used in the SHG experiments and
in order to understand the impact on the measurements, these modes will also be discussed.

The TOPAS-C and Tsunami system differ in the pulse energy, and hence in the number of
SHG photons generated per pulse. In the case of Tsunami at most a single SH photon is emitted
per pulse from a typical sample so a photon counting approach is taken. For this purpose a Hama-
matsu R585 PMT with appropriate electronics and a Electron Tubes PM30D high-voltage(HV)
source is used. For TOPAS-C the higher fluences lead to the generation of multiple photons per
pulse. The single-photon counting approach – with its low noise – has to be abandoned because
it cannot discern between 1 or multiple photons within the rise and fall time of the PMT. The
PMT has to be operated in an integrated detection mode. The integrated detection is performed
by a Hamamatsu R928 PMT with appropriate electronics and HV source. First, the operation
principle of a PMT will be explained, then the two different detection modes will be discussed
in more detail.

A PMT operates on the principle of the amplification of a freed electron by photo-detachment,
see Fig. 3.4. An incident photon detaches an electron from a multialkali film (photocathode).
This electron is then accelerated by the strong electric fields towards the dynodes until it col-
lides thereby generating multiple secondary electrons. These electrons then cascade down via
the dynodes creating an avalanche of electrons and impinge on the anode producing a small
current flowing from cathode to anode[18]. This current can then be detected and related to the
number of photons striking the photocathode. The electric field over the dynodes is generated
by the external HV source. The operating principle of the PMT has several implications. Firstly
a PMT is inherently spectrally insensitive, all photon energies that generate electrons in the pho-
tocathode will be detected. Furthermore, the PMT operates as near ideal current source with the
generated currents in the range of nanoamperes.

Figure 3.4: Schematic of a photomultiplier tube. The photon impinges on the photocathode detaching an
electron. This electron is accelerated towards the dynodes where it collides, generates sec-
ondary electrons and is accelerated towards the subsequent dynode. These electrons cascades
towards the anode where the current is collected.[18]
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Figure 3.5: Schematic of the two different detection modes. In panel a) the integrating mode is depicted,
the capacitor added to store the charge can be seen along with the resistor that drains the
capacitor between shots. In panel b) the photon counting mode is depicted showing the
amplification of the current and pulse counting electronics. [18]

The current produced by the PMT is either dissipated in a resistor or accumulated in a ca-
pacitor. In the photon-counting mode the resulting potential over the resistor is measured and
compared to a threshold. If a voltage above the threshold is detected a photon is deemed to
be detected. In the integrated detection mode, the charges from the PMT are accumulated in
a capacitor. This charge yields a potential over the capacitor that can be measured and that
is related to the number of photons collected over time. The two different modes, illustrated
in Fig. 3.5, have different (dis)advantages and should be applied to different intensity regimes.
As mentioned before, when multiple photons arrive within the response time of the PMT these
events can no longer be temporally separated and the photon counting mode can no longer be
used. The integrating mode is designed to handle the multiple photon events. Compared to the
integrating mode the single-photon detection scheme is more sensitive and also has a larger dy-
namic range then the integrating method. On the other hand, the integrating method is a form
of gated detection, so a constant background will not directly affect the signal. This reduces the
strict requirements on the background light.

For practical consideration it is desired to drain the capacitor (in the integrating mode) be-
tween each event such that the voltage remains within the detection range of e.g. the analog-
to-digital converted (ADC). This is done by adding a resistor in parallel to the capacitor with a
resistance such that all the charge is drained before the next event occurs. The signal produced
by the integrating scheme is sampled by an ADC (TUeDACS Transient Records TRC, 2 channel,
100 MHz, 12 bit ADC) synchronized to the laser pulses. The signal levels before and after the
photons impinged on the detector are sampled. The difference of the two levels is proportional
to the number of detected photons.
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3.4 Optical Filtering

Filtering is critical in SH experiments as the PMTs are sensitive to both the fundamental and
second-harmonic light and there is no way to discern the wavelength of the light impinging on
the detector. Exposing the PMT to fundamental light has to be avoided and filtering has to be
strong as the ratio of SH to fundamental photons is small (≈ 10−15). Both optical absorption
filters and dispersive optics are used. Interference filters are not as suited since they normally
show decreased blocking at harmonic frequencies and are usually not as spectrally smooth over
a broad range as absorption filters.

The goal of the absorption filters and pellin broca prism between the sample and the detector
is to transmit only the SHG light. The Pellin Broca prism filters by spatially separating the
fundamental and SHG light. The Pellin Broca prism is described in more detail in appendix
A. However, it is likely that some SH light is already generated in other parts of the setup
between the laser and the sample. To ensure that this signal is not included – as it yields no
information about the sample – long pass filters are placed just before the sample. In the case
of Tsunami most of the SHG light filtered before the sample is likely to be generated at the
interfaces of the optical elements so it is of comparable intensity as the signal coming from
the sample. For measurements performed with TOPAS-C this filtering becomes more critical
as TOPAS-C generates undesired light at the SH wavelength. This means that a signal with
the same wavelength and timing that is orders of magnitudes larger than the signal generated
in the sample is present in the laser beam. Therefore, stronger filtering is required to ensure
that the remainder of this undesired signal that is transmitted through the long pass filters can
be neglected compared to the SH light generated in the sample. Standard filter combinations
are listed in Table 3.II. The BG40 is a bandpass filter between 350 and 550 nm, the BG3 is
a bandpass filter between 275 and 450 nm with and is transparent for wavelength longer than
700nm. The OG570 is a long pass filter for wavelength longer than 570 nm. The U340 filter is
a UV bandpass filter between 275 to 375 nm. The measured transmission spectra of the filters
can be found in Appendix B.

Table 3.II: Standard filter combinations used in the SHG experiments with the Tsunami and TOPAS-C
laser system. In the case of TOPAS-C the BG40 filters are removed after the transmission
peak at 700nm is passed of the U340 filter. The Pellin-Broca filtering after the sample (not
listed) is always used to spatially separate the fundamental and SHG signals.

TOPAS-C Tsunami
Pre Sample 5xOG570 1xOG570
Post Sample (λ < 680) 2xU340 and 2xBG3 -
Post Sample (λ > 680) 3xBG40 and 2xBG3 2xBG40
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3.5 Sample Preparation and Deposition

In this section the motivation for the choice of the samples under investigation is given as well
as the characterization of these samples. Two specific samples were selected for the SHG ex-
periments. A c-Si(100) wafer with a thin silicon oxide (SiO2) film and a c-Si(100) wafer with a
thin aluminum oxide (Al2O3) film are used. The syntheses and characterization of the samples
will now be discussed.

The SiO2 film present on both sides of a RCA cleaned n-type (280 µm, (100), 2-3 Ω·cm)
float zone (FZ) c-Si wafer grown by a wet thermal oxidation – exposing the surface to water
vapor at 900oC– is back-etched to a thickness of 47nm with a HF solution. Subsequent to the
back-etching the samples received a forming-gas anneal for 10-20 min. at 400oC using a mixture
of 10%H2 in a N2 atmosphere. This sample is named the T-SiO2 sample in the rest of the text.
The linear optical properties were determined by spectroscopic ellipsometry (SE) using a J.A.
Woollam Co., Inc. M-2000U rotating compensator ellipsometer which are listed in Table 3.III.
A Cauchy model is used to model the SE data yielding the thickness of the film and the optical
parameters as a function of wavelength. The optical properties obtained from the Cauchy model
are used in the nonlinear optical model used to correct for linear optical effects, see also Section
4.

The 30 nm thick Al2O3 film is deposited on a p-type (280 µm, <100>, 2.5 Ωcm) FZ c-Si
wafer employing an Oxford Instruments Opal reactor using atomic layer deposition (ALD) with
an oxygen plasma as the oxidizing precursor and trimethylaluminum (Al(CH3)3, TMA) as metal
precursor with a substrate temperature set at 200oC. The sample is subsequently annealed in a
nitrogen atmosphere for 10 min. at 400oC. The as-grown sample is analyzed with SE and fitted
with the Cauchy model, see Table 3.III for the characteristics. This sample is referred to as the
ALD-Al2O3 sample in the rest of the text.

Table 3.III: Thickness and refractive index determined from the Cauchy model fitted to the data obtained
with SE for the T-SiO2 and ALD-Al2O3 samples. The wavelength dependent optical prop-
erties obtained from the Cauchy model are used in the linear optical model of the samples.

Sample Thickness (nm) Refractive index at 633nm
T-SiO2 47.0 1.476
ALD-Al2O3 29.7 1.644

The interface of the c-Si with the dielectricum will be different for the two samples. The
chemical composition near the interfaces is different which will result in slightly different in-
terface states. Furthermore, it is known from current-voltage (CV) measurements that in the
T-SiO2 sample no measurable space-charge region (SCR) is present. In the ALD-Al2O3 sample
on the other hand, a large SCR is reported to be present[22]. This SCR gives rise to an electric-
field induced second-harmonic (EFISH) contribution in the SHG response of the sample. The
two samples are expected to have a significantly different SHG spectrum.
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4
Initial Extended Spectral Range Experiments

The extended spectral range, gained by the newly available TOPAS-C laser system, allowes
SHG to be performed in the 3-4.5 eV range. The existing Tsunami system has a spectral range
of 2.7-3.5 eV, hence partially overlapping the TOPAS-C. In the newly accessible spectral range
between 3.5-4.5 eV the SHG response of the Si surface is reported to have two contributions[11].
There is a resonance attributed to bond distortion due to oxygen insertion of the Si-Si bond, the
SSiO contribution discussed in Section 2.3. The SSiO contribution might reveal information about
the defects of the interface. Furthermore, the interface SE2 peak should be around 4.3 eV. The
extended wavelength range should also improve the accuracy of the fitting procedure, and thus
the study of the space-charge region (SCR) through the electric-field induced SHG (EFISH)
effect.

The switch to this new system for SHG experiments had a significant impact on the way
the setup is used. The characteristics of TOPAS-C differ significantly from Tsunami in pulse
energy, stability, monochromatism of the output and repetition rate. The higher energy per pulse
of TOPAS-C requires the use of a new detection mechanism to cope with the increased number
of photons per shot. The differences in monochromatism and stability can be traced back to
the difference in operating principle of the laser systems. TOPAS-C employs nonlinear optical
processes, by the use of nonlinear crystals, to generate a variable wavelength output signal.
A side effect of the presence of the nonlinear crystals in TOPAS-C is that an array of optical
harmonics are present in the signal. For example the second-harmonic of the pump beam (SHG
light of 400nm) is always present. In the case of Tsunami the light is generated by lasing, thus
only a relative narrow spectral range can be generated (710-900nm). Light outside this spectral
range will not be amplified and might even be absorbed by the optics. Due to this difference
in operating principle, the output of Tsunami is much cleaner. The importance of removing
signals in the SHG range produced by TOPAS-C is much greater than with Tsunami. The
longer wavelengths generated in TOPAS-C by the e.g. difference-frequency generation (DFG)
are not an issue as they are partially filtered out by the band pass SHG filter and the detector’s
sensitivity is orders of magnitude less in this range. The nonlinear processes in TOPAS-C are
very sensitive to the properties of the femtosecond pulse such as chirp and temporal shape. This
results in significant power fluctuations in the output. To compensate for the power fluctuations

37



a reference-line is built. The filtering and detection used for the experiments is described in more
detail in Chapter 3. Furthermore, the SHG light itself starts to pose a problem when entering into
the UV range (lambda < 400 nm). Optical components made from (BK7) glass start to absorb
the signal significantly, polarizers stop working and convenient band pass filters are rare. At the
time of writing the full range of the laser system is still not accessible as polarizers and lenses
and adequate filtering in the 250-300 nm wavelength is not yet available.

The initial experiments performed to verify the detection system and reference-line are pre-
sented in this chapter. First the newly build detection system is studied. The linearity of the
integrated detection by the PMT is investigated by measuring its signal as a function of incident
power of the fundamental light. Subsequently, the power dependence of the second-harmonic
generation in the well known nonlinear media of beta barium borate (BBO) and α-quartz are
measured. The signals are expected to scale quadratically with the input power, as SHG is a
second order process. The next step is to investigate the power dependence of the SHG signal
generated by the T-SiO2 and ALD-Al2O3 samples. This will reveal if the response of the sam-
ples is power dependent, e.g. changes due to alteration of the sample by the large pulse energy.
To study the sensitivity of the setup, the weak bulk quadrupole (BQ) contribution is measured.
It is known that the third-order BQ contribution has a four-fold anisotropy for Si(100), whereas,
all the first- and second-order processes are isotropic. In azimuthal measurements of Si(100)
the BQ will show up as the angle dependent component. Finally spectra of the ALD-Al2O3 and
T-SiO2 interface are recorded, modeled, and compared to previous work.

4.1 Verification of the Experimental Procedure

The impact of the different laser systems, the different detection modes and the newly installed
reference-line need to be tested. In this section the linearity of the detection mechanism and the
compensation for power fluctuations by shot-to-shot normalization will be investigated. Subse-
quently, several unique features of the second-harmonic signal are exploited to verify whether it
is possible to measure the SHG response of the c-Si interface and test the sensitivity of the setup.

The linearity of the detection system was investigated by measuring the detected signal of
the PMT as a function of incident fundamental power. The drift in the output of the laser system
implies that the power as well as the PMT signal need to be measured simultaneously and this
was accomplished by splitting-off ∼ 10 % from the main beam and directing it onto the power
sensor (Ophir 3A-FS-SH). A power of 200 µW at the power sensor does roughly correspond to
a exposure of 2 mW at the sample. The power level is kept well below the damage threshold of
the c-Si. The detection system was tuned to the fundamental wavelength and using absorption
filters it was confirmed that the signal was in the fundamental wavelength range. The PMT was
operated at 800 V it was found that this gave the best signal to noise ratio. Figure 4.1 shows the
PMT signal as function of the incident fundamental power. The data was fitted with

Idetection = a0(Paverage)
a1 , (4.1)

where Paverage is the average power incident on the sample, Idetection is the detected signal and
a0,a1 are the fitting coefficients. The detection is found to scale with an power of 0.8± 0.1,
the uncertainty is estimated from the uniqueness of the fit. Swapping the PMTs or the data
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acquisition did not influence this result. The ADC converter is limited to signals between -1 and
1 V corresponding to respectively 0 and 2048 counts. If the signal exceeds this limit the signal
is truncated. The data point at the highest average power is off the trend due to this effect. The
data point at the highest power is not included in the fit.
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Figure 4.1: Power dependence of the fundamental signal (740nm) reflected from the sample. The solid
line is the fit of the exponent of power dependence to the data. The exponent is 0.8±0.1.

After verifying that the detection responds linear to the incident light, the background of
the second-harmonic signal is checked. The detection is scanned over the spectral range until a
signal is found. Using various optical absorption filters it is verified that the detected signal is of
second-harmonic wavelength. The background of the second-harmonic signal can be measured
by placing a long-pass filter (OG570, λ > 750 nm) between the sample and detector. This will
block the second-harmonic signal while still transmitting the fundamental light. Placing the
OG570 filter between the laser and the sample blocks the light in the second-harmonic range
coming from the laser. Inserting an extra SHG bandpass filter (BG40, 330 < λ < 550 nm)
after the sample did not change the response. This confirms that the signal must fall within the
bandpass range of the filter. In Fig. 4.2 the SHG intensity as a function of time is plotted. The
insertion of the two filters is labeled. This procedure was used as a check in all the experiments.

As a second check to verify the nonlinear nature of the detected light is by investigating the
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Figure 4.2: Extinction and transmission of the SHG signal using a band-pass filter (BG40) and a long-
pass filter (OG570) for a fundamental wavelength of 700nm. The long-pass filter reduces
the signal to zero indicating that the observed signal has a wavelength below the edge of
the filter. This excludes the fundamental wavelength. The band-pass filter does not alter the
signal, hence the signal must lie between 330 and 550nm.

power dependence of the signal. The power of the SHG signal should scale quadratically with
the fundamental power due to the second order nature of the SHG process. In this experiment
two well known sources of SHG light are used. A BBO crystal is inserted into the sample-line
and the z-cut α-quartz wedge with an angle of ∼ 5o is used in the reference-line. The SHG
intensity generated by 740 nm fundamental light was measured as a function of incident power.
Both channels showed a quadratic power dependence (exponent of 1.7 and 1.9± 0.1 ), as can
be seen in Fig. 4.3. The error in the number of counts that is plotted is the standard deviation
in the shots and the error in power is the typical fluctuation in the measured power. The slight
deviation in the signal from the BBO is due to the afore mentioned limited range of the ADC.

The pulse energy generated by TOPAS-C (∼ 1 uJ) is significantly higher than the pulse
energy from Tsunami (10−3 uJ). The possible influence of pulse energy and laser power on the
c-Si samples is investigated by measuring the SHG intensity as a function of fundamental power.
Figure 4.4 shows a experiment performed at 740 nm on the T-SiO2 and ALD-Al2O3 sample. The
exponent of the fitted power dependence for both the sample and the reference is 1.9± 0.2 for

40



101 102

Power (µW)

100

101

102

103

Co
un

ts
 (a

.u
.)

SHG BBO
SHG α-quartz

Figure 4.3: Power dependence measurement with a BBO crystal as sample in sample-line and α-Quartz
in the reference-line performed at 740nm. Both signals clearly show a quadratic power de-
pendence. The ADC has a maximum input voltage of 1 V corresponding to 2048 counts.
Data sets with an average close to this value deviate since the statistical distribution is trun-
cated. The diagonal grid lines indicate the slope corresponding to an exponent of 2. The
solid line is the fit of the exponent of power dependence to the data. The exponents are 1.7
and 1.9±0.1 for the BBO and α-quartz respectively.

both samples. This experiment was repeated for over the full spectral range and the results are
summarized in Fig. 4.5. Both signals show a quadratic behavior for both the reference-line with
the α-quartz and the sample-line with the T-SiO2 sample.
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Figure 4.4: SHG response of the T-SiO2 sample as a function of incident power of the 790 nm fundamen-
tal light. The diagonal grid lines indicate the slope corresponding to an exponent of 2. From
the fits to the data (solid lines) the exponent is found to be 1.9±0.2 for both the T-SiO2 and
α-quartz sample.
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Figure 4.5: The exponent of the power dependence for the full spectral range for the T-SiO2 sample (up-
per panel) and the α-quartz reference sample (lower panel). The exponents are obtained from
from fits to a series of power dependence experiments performed at the various wavelengths.
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The Si (100) surface has 4mm, i.e. four fold rotational symmetry. This means that second-
harmonic generation at the interface is isotropic. Rotating a c-Si sample along the Si [100] axis
will yield a constant signal originating from the interface. The bulk dipole contribution, however,
will show a (weak) anisotropic four fold symmetry, as is reported by Tom et al. [40]. The
azimuthal dependence is an excellent test case for the sensitivity of the system. By performing
this azimuthal (i.e. rotation) experiment at several incident average power levels, the shot-to-shot
normalization can be tested. A Si(100) wafer was mounted on a rotating sample holder and the
rotation axis and the sample normal was aligned. After this alignment the SHG intensity as a
function of azimuthal sample angle were recorded. Figure 4.6 shows the measured SH generated
by 740 nm light as a function of rotation angle for three different power levels. The signal from
the sample-line is shot-to-shot normalized to the signal from the reference-line. This should
correct for fluctuations in incident power on the sample. The datasets are fitted with,

I(φ) = a0 +a2 sin(4φ)+a4 sin(8φ), (4.2)

where φ is the azimuthal angle. The coefficients found by the fit are listed in Table 4.I. As can be
seen from both Fig. 4.6 and Table 4.I the response is largely independent of the incident power.
This suggests that the pulse-to-pulse correction is indeed compensating for the long term power
drifts and the measurements are power independent. A slight decrease is observed for increasing
power in the three coefficients. The ratio of the isotropic a0 and the anisotropic a2 is also listed
in the table. A value of 0.465 is reported for the ratio of a2/a0 for the Si(100) interface by Tom
et al. [40] using fundamental light with a wavelength of 532 nm. However, in the experiment of
Tom et al. [40] the surface contribution is virtually absent due to the chosen wavelength. The
data presented here does have a non-negligible surface contribution, which increases only a0 and
hence decreases the ratio of a2/a0.

Table 4.I: Coefficients found by fitting Eq. (4.2) to the measured azimuthal response of Si(100) to 740
nm fundamental light for the three different power levels. The ratio a2/a0 is included for
comparison to the literature.

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

154 0.67 0.21 0.0253 0.31
184 0.65 0.20 0.0154 0.31
214 0.66 0.18 0.0088 0.27

4.2 Spectral Response of the T-SiO2 and ALD-Al2O3 Samples

In the previous section the detection mechanism has been verified and the SHG response of the
c-Si was observed. In this section the initial exploration of the spectral SH response of the T-
SiO2 and ALD-Al2O3 samples will be performed. Collecting the spectral SHG response of a
sample is accomplished by iteratively tuning the laser- and detection system over the available
spectral range. The measurement procedure is described in more detail in Chapter 3.

Two spectral measurements on the T-SiO2 sample, performed with TOPAS-C, are shown in
Fig. 4.7. The spectrum measured by Tsunami (star shaped markers) is included as a reference.
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Figure 4.6: Azimuthal SHG response of the isotropic Si(100) to 740 nm fundamental light at three dif-
ferent power levels. The data is shot-to-shot corrected with the reference-line. Both the
isotropic and anisotropic contributions can clearly be discerned.

Comparing the shape of the SHG response near 3.3 eV measured with Tsunami and TOPAS-
C, the peak position and broadening are similar. When crossing the 3.5 eV point, TOPAS-C
switches to a different mode. The alignment of the internal optics of TOPAS-C are slightly
different for the two modes and the beam needs to be realigned. A misalignment will show up
as a different ratio of the reference signal to the sample signal, i.e. an offset in the data. This
effect can be seen in the data set with the diamond shaped markers. The shoulder at 3.7 eV
corresponds to what has been reported for similar samples by Daum [11]. The data points at
high energies (from ≈ 3.9 eV) suffer from the fact that filtering starts to cut-off the SHG signal,
i.e. a deteriorating signal to noise ratio. By swapping filter sets and polarizers of the reference-
line and sample-line, spectral differences in the filters have been excluded as a source of error.
The influence of the dispersive filters in the partially focused beam on the spot size should be
minimal. For a typical wavelength of 800 nm the beam waste increases a factor

√
2 over a

distance of 4 cm. Background and dark noise levels are negligible, as shown before in Fig. 4.2.
For the ALD-Al2O3 sample, two spectral measurements with TOPAS-C are shown in Fig. 4.8.

The spectrum measured with Tsunami (star shaped markers) is also included as a reference.
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Figure 4.7: Spectral response of the T-SiO2 sample measured with the Tsunami and with the TOPAS-C
setup. Tsunami data is scaled to match the TOPAS-C data. The shape measured by TOPAS-C
is in good agreement with the shape observed with Tsunami.

Comparing the spectral SH response measured with TOPAS-C to the response measured with
Tsunami near 3.4 eV, the peak is shifted to lower energies (red-shifted) but the broadening of
the peak is similar. In the TOPAS-C data an increase is observed near the SE2 contribution at 4.3
eV. The shoulder observed in Fig. 4.7 is less visible for this sample. Comparing the two spectra
collected with TOPAS-C, the repeatability – influenced for example by the alignment – can be
judged from the overlap. The general trend is reproduced, however a difference in peak height
is observed. This is likely due to a different alignment of the sample, altering the ratio of the
sample and reference signals.

The TOPAS-C measurements accurately reproduced the shape of the T-SiO2 sample mea-
sured by Tsunami. The spectral response measured by TOPAS-C of the ALD-Al2O3 sample,
however, deviates from the Tsunami measurement. The mechanism of femtosecond carrier
screening, proposed by J. I. Dadap et al. [23], is the likely explanation for this discrepancy.
The high energy femtosecond pulses generate electron-hole pairs in the c-Si. The amount of
electron-hole pairs generated depends linearly on the incident laser power. The distribution of
the additional free charge carriers, i.e. the electrons of the electron-hole pairs, will readjust to
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the built-in electric fields present, partially screening the fields. Under the assumption that the
free charges can be described by an electron plasma, the reaction time of the electrons can be
estimated by the plasma frequency

ω ∝
√

neh ∝
√

Fα, (4.3)

where neh is the electron-hole pair density, F is the fluency and α is the absorption coefficient. At
relatively low power levels (< 3 Jcm−2) the generated charges can not react to the built-in fields in
duration of the pulse (90 fs) and no screening occurs. At higher fluences the charges can react to
the built-in field and will partially screen it. The amount of screening will depend on the density
of screening electrons. The screening reduces the amplitude of the electric-field induced SHG
(EFISH) contribution and therefore influences the shape and position of the combined peak. For
the Tsunami the screening is negligible, whereas, for TOPAS-C the screening is significant. This
explains the difference in the spectra of ALD-Al2O3 sample. In the T-SiO2 sample no built-in
fields are present, hence, the screening does not occur. This explains why the spectra of the
T-SiO2 sample is reproduced by both the Tsunami and TOPAS-C laser system.

Multi-photon-induced charge injection is known to alter the SHG response of a sample[30].
Electrons are excited to the valence band by n photon absorption. These electrons are then
trapped and a space-charge region (SCR) is formed. This process scales with a exponent n
of the average power incident on the sample. When the SHG response is measured over time
this charge injection will lead to a time dependent SHG signal. The average power used for
TOPAS-C experiments is ∼ 1 mW, compared to the ∼ 100 mW power with Tsunami. Even for
n = 1 this implies that the impact of charge injection is at least 2 orders of magnitude smaller.
Charging is not observed for the T-SiO2 and ALD-Al2O3 samples measured with TOPAS-C. For
the Tsunami experiments charging is significant and the exposure to the laser light is actively
minimized.

4.3 CP Modeling of Intensity Spectra

The intensity spectra measured with TOPAS-C for the ALD-Al2O3 and T-SiO2 sample were
deconvoluted using a critical-point (CP) model. The linear optical effects, e.g. interference
effects, were taken into account by the matrix formalism approach as presented in Section 2.4.
In this section the CP-modeling of the data will be shown and the resulting CP-model parameters
will be discussed.

For the CP-modeling of the T-SiO2 sample data from TOPAS-C and Tsunami measurements
was combined. The TOPAS-C data set that had the smoothest transition was chosen. All three
interface contributions, SE1, SSiO and SE2, were included in the CP-model. The T-SiO2 sample
is known to have no measurable space-charge region (SCR) so the BEFISH was not included in
the fit. The energies of these resonances were fixed to values reported in literature[11]. The CP
parameters obtained from this modeling are listed in Table 4.II(a). The uncertainty in the fit is
partially due to the actual error, i.e. the mismatch of the fit to the data. However, due to the co-
dependence of the CP-model parameters an significant error can be introduced. It is not possible
to provide an error for each of the fitting coefficients. In Fig. 4.9 the fit of the CP-model (solid
line) to the data (square and round markers) can be seen along with the individual contributions
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Figure 4.8: Spectral response of the ALD-Al2O3 sample measured with the Tsunami and with the
TOPAS-C setup. Tsunami data is scaled to match the TOPAS-C data. The peak measured by
the TOPAS-C system is slightly shifted compared to the peak measured with Tsunami.

(dashed lines). The CP-model cannot fully represent the sharp dip at 3.5 eV in the experimental
data. Fitting either or both the resonant energies of the SSiO and SE2 leads to unrealistic results.
This can probably be resolved by measuring the maximum of the SHG spectra near the 4.3 eV,
i.e the maximum near the E2 CP. However, to measure beyond 4.3 eV polarizers and lenses that
are transparent in the UV are required.

For the CP-modeling of the ALD-Al2O3 sample only the TOPAS-C data was used. The
discrepancy between the spectrum measured with Tsunami and TOPAS-C is an indication that
the two data sets should be represented by different parameters in the CP model. For the ALD-
Al2O3 sample, the EFISH contribution has been taken into account in addition to the SE1, SSiO

and SE2 contributions, resulting in a total of four contributions. The CP parameters obtained
from the fit of the TOPAS-C data of the ALD-Al2O3 sample are listed in Table 4.II(b). In
Fig. 4.10 the fit of the CP-model (solid line) to the data (square markers) can be seen along
with the individual contributions (dashed lines). In this case fitting the resonant energies of
the peaks leads to unrealistic results. To put this into perspective, in the CP-modeling of the
SHG spectrum measured with Tsunami (2.7-3.4 eV) the amplitudes of all the contributions are
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Figure 4.9: Spectral response of the T-SiO2 sample measured with the TOPAS-C setup and the fit of
CP-model to the data with the SE1,SSiO and SE2 contributions (solid line). The dashed lines
are the individual contributions of the CP-model.

fitted. The positions, broadening and phase of the contributions are fixed to values reported in
the literature. Occasionally the position of the SE1 or the BEFISH contribution is fitted. The phase
of the BEFISH contribution is set to the expected value, i.e. 0 or π , depending on the polarity of
the expected charge. The SE2 contribution (∼4.3 eV) is not included in the CP-modeling of the
Tsunami spectra.

The CP-model parameters, see Table 4.II, will now be compared with the results published
by Terlinden et al. [39] and Daum [11]. Comparing absolute values amplitudes can not be per-
formed due to different normalization schemes. In the work of Terlinden et al. the SE2 contribu-
tion is not included in the CP-model. The influence of the SE2 is therefore absorbed into the SSiO

contribution in the work of Terlinden et al.. In the work of Daum three different Si(100)/SiO2
samples are modeled, however, no Al2O3 samples are investigated. The BEFISH amplitude of the
CP-model of the ALD-Al2O3 sample will not be discussed as it strongly depend on the prepa-
ration of the sample and is influence by the femtosecond screening. The phases of the SE1 and
BEFISH are fixed. The phase of the SSiO contribution does not match with the values reported by
Daum (0.3−0.45π radians). The phase of the SE2 contribution falls inside the range reported by
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Figure 4.10: Spectral response of the ALD-Al2O3 sample measured with the TOPAS-C setup and the fit
of CP-model to the data with the SE1,BEFISH ,SSiO and SE2 contributions. The dashed lines
are the individual contributions of the CP-model.

Table 4.II: The CP model parameters obtained from the fits to the intensity data of (a) the T-SiO2 and (b)
ALD-Al2O3 samples. The parameters postfixed with an asterix are fixed values.

(a) T-SiO2

h (1) φ (π rad) ω0 (eV) Γ (eV)
SE1 0.21 0.00 3.32* 0.07
SSiO 0.71 1.79 3.70* 0.29
SE2 1.00 0.83 4.30* 0.24*

(b) ALD-Al2O3

h (1) φ (π rad) ω0 (eV) Γ (eV)
SE1 1.37 0.00 3.32* 0.09
BEFISH 1.24 1.00* 3.40* 0.06
SSiO 1.87 1.91 3.70* 0.32
SE2 2.73 1.49 4.30* 0.24*
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Daum 0.55−1.60π radians. Now the broadening and subsequently the relative amplitudes will
be discussed: (1) The values found for the broadening of the SE1 and BEFISH are similar – the
BEFISH is slightly lower – to what is reported by Terlinden et al. (0.16 and 0.117 eV respectively)
and Daum (0.07 and 0.12 eV respectively). The broadening of the SSiO is also comparable to
the values reported by Daum (0.22-0.36 eV). The SE2 broadening is fixed to what is reported
by Daum. (2) The relative amplitudes of the SSiO contribution to the SE1 reported by Daum is
between 3 and 15. In the work of Terlinden et al. the relative amplitude of the SSiO contribution
is between 1.6 and 0.3 for Al2O3 films on Si(100). The relative amplitude obtained from the
TOPAS-C measurements for the SSiO contribution is 3 for the T-SiO2 sample, and thus compara-
ble to what is reported by Daum. The relative amplitude of the SSiO for the ALD-Al2O3 sample
is 1 and does agree with what is reported by Terlinden et al.. The relative amplitude of the SE2
is reported to be between 3 and 8 by Daum which is comparable to the relative amplitude of 2
and 5 for respectively the ALD-Al2O3 and T-SiO2 sample.

4.4 Concluding Remarks

In this chapter it was shown that the TOPAS-C system is operational and can be used for SHG ex-
periments. The detection system and data acquisition software have been tested. SHG spectra of
the T-SiO2 and ALD-Al2O3 sample were collected and the low energy part compared to results
obtained with Tsunami. The spectra of the T-SiO2 sample overlap for both setups, validating the
results obtained with the TOPAS-C. The spectra of the ALD-Al2O3 sample show a discrepancy
in the broadening near the E1 critical point (3.4 eV). A probable explanation is the ultra-fast
charge screening that occurs due to the high energy TOPAS-C pulses. This effect is absent
for the lower energy Tsunami pulses. The SHG spectra of the T-SiO2 and ALD-Al2O3 sample
were successfully reproduced with the critical-point model. This implies that physically relevant
information can be obtained from the TOPAS-C measurements.
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5
Phase-Sensitive SHG

A SHG spectrum needs to be deconvoluted to obtain physically relevant information of the
individual contributions. This deconvolution can be performed by a critical-point (CP) model
expressing that the response is made up by a coherent superposition – i.e. a phase dependent
summation – of several interband transitions. A longstanding issue with this deconvolution for
SHG intensity data is the unknown phase of the contributions. A priori there are no physical
assumptions that can be made about the phase of a resonance. The intensity-only setup was
therefore changed such that the phase of the SHG signal can be measured by interferometry and
in this chapter this procedure will be explained. In this introduction first the background of the
phase-sensitive SHG experiments is given.

Several approaches are possible to resolve the unknown phase constants of the resonances. If
intensity-only information is available over a broad spectral range the phase of the overlapping
contributions can be viewed as an extra fitting parameter in the fit of the CP-model. For the
intensity-only approach, a too narrow spectral range will lead to ambiguous results. A different
approach is to directly measure the phase of the SHG response by measuring the interference of
the SHG signal and a signal with known phase. This is the same principle that is used in e.g. a
Michelson interferometer. The first interferometric SHG experiments were performed by Chang
et al. [8]. Two types of interferometric experiments can be discerned: (i) One approach is to use
broad band pulses to generate second-harmonic light in both the sample under investigation and a
phase reference sample (PRS) with known and fixed phase response. By using a static dispersive
element to retard the SH generated light in the PRS a spectral interferogram is formed [44]. This
approach is rapid, but it requires a sub-10 femtosecond laser and a high-end CCD to spectrally
record the SHG light by the broad band pulse. (ii) An alternative approach is to use a narrow
band tunable∼100 femtosecond source to generate second-harmonic generated light in both the
PRS and the sample. By varying the phase of the reference signal, to be discussed below, an
interferogram is obtained. For both methods it is very convenient to have the fundamental, SHG
light from the PRS and the SHG light from the sample in a co-linear geometry. This co-linear
geometry eliminates the need to compensate e.g. for fluctuations in the refractive index of the
ambient air, changes in temperature and vibrations in the optics on the micro and nanometer
scale. The focus in this work will be on the second method and will be discussed in detail in this
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chapter.
For the interferometric measurements a reference signal with tunable phase is required. The

generation of the reference beam is accomplished by using a nonlinear medium. A thin film on
a transparent substrate is ideal for this application. The tunable phase can be derived from the
different propagation velocities of the fundamental and second-harmonic light. The phase of
the reference signal needs to be tunable with respect to the signal under investigation. Inducing
a phase shift of the reference signal relative to the fundamental signal is sufficient as the same
fundamental light generates the second-harmonic signal which is under investigation. Altering

Reference Pulse
Generation &
Retardation Signal Generation

φmeasured

φset

Fundamental Light

SH Light

Reference Sample
c(ω)

c(2ω)

Figure 5.1: Principle of the interferometric SHG setup using the dispersion of the propagation velocity of
light in air to retard the reference pulse. A SHG reference pulse is generated in the reference
sample. This pulse propagates co-linear with the fundamental pulse over a distance, inducing
a delay between the two pulses. The fundamental pulse then generates a SHG pulse in the
sample. The phase difference between the two SHG pulses is measured (φmeasured). The
phase difference of the fundamental and reference pulse (φset ) is known, hence, the phase
of the SHG generation can be calculated. For simplicity the SH generation at the sample is
sketched in transmission mode, the actual setup is in reflection mode. The SH beam path is
offset from the fundamental beam path for clarity.

the distance over which the fundamental and SH reference signals propagate co-linearly or alter-
ing the refractive index accomplishes this goal. This process is sketched in Fig. 5.1. To provide
some context, Stolle et al. [36] summarizes several techniques that can be applied. A gas cell
can be used with variable pressure, and thus controllable refractive index. Another approach
is rotating a glass plate placed in the beam path, thereby effectively changing the path length
through the dispersive medium. A more common approach uses a movable stage on which the
PRS is mounted to vary the distance – and thus the phase – between the PRS and the sample.
This spatial phase shift method is employed in this work and it is also used by Wilson et al.
[45, 44], Veenstra et al. [41], Dolgova et al. [12] and Dolgova et al. [13]. In this chapter the
following issues are addressed:

• Implementation, characterization and optimization of the setup for phase measurements.

• Comparing two candidate phase reference materials: zinc oxide (ZnO) and indium tin
oxide (ITO).
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• Derivation of the influence of linear optical effects on the phase information such as the
propagation phase shift from the measured phase data for a layered medium.

• Deconvolution of the total SHG response into the individual resonant contributions using
combined phase and intensity data.

In the following section the phase behavior of the critical-point (CP) model using a excitonic
line shape will be discussed. Next, the experimental details and fitting procedure are described.
In Section 5.3 the influence of linear optical phenomena on the phase and intensity are derived.
Subsequently, two reference materials – ZnO and ITO – are investigated. Finally, the phase
data of the T-SiO2 sample with no space-charge region (SCR) and the ALD-Al2O3 sample with
positive SCR, both described in Chapter 3, are compared. The spectra are deconvoluted and the
information obtained from these measurements is discussed.

5.1 Phase of Excitonic Transitions

The SHG response of the silicon interface can be modeled by several excitonic interband tran-
sitions in a critical-point model [2]. It is useful to briefly study the behavior of the phase of
a single excitonic transition and to address how several transitions combine and how the CP-
model parameters are contained in the phase and intensity information. For a single excitonic
contribution the response, χ(2), can be described by,

χ
(2)(ω) ∝

heiφ

ω−ω0 + iΓ
, (5.1)

where h is the amplitude, φ the phase factor, ω0 the resonant energy, and Γ the broadening
parameter. All parameters are taken to be positive and real. There are three defining points
in the phase shape of the excitonic resonance, at ω = −∞ the phase is that of π − φ , when
ω = ω0 the phase is φ−1/2π and at ω = ∞ the phase is φ . The intensity response of a excitonic
resonance peaks at ω0 with a broadening related to Γ and a amplitude of h/Γ. Spectral intensity
measurements of a single excitonic transition measure the following quantities,

|χ(2)|2 = |h|2

|ω−ω0 + iΓ|2
, (5.2)

in which h is a “direct” parameter in that it is quadratic with the measured quantity and the
phase φ does not appear. Spectral phase measurements of a single excitonic transition measure
the following quantities,

arg(χ(2)) = φ −arg(ω−ω0 + iΓ), (5.3)

= φ − arctan
(

Γ

ω−ω0

)
, (5.4)

where φ is the “direct” parameter and the amplitude h does not appear. Furthermore, Γ plays a
prominent role. From these examples it is clear that the phase and intensity represent a different
subset of the CP-model parameters.
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In the case of several overlapping resonances i typical for the c-Si interface, the response is
given by a summation of each resonance,

χ
(2)(ω) ∝ ∑

i

hieiφi

ω−ω0i + iΓi
. (5.5)

When multiple contributions are added, the phase coefficient φ , determines (i.e. “weights”)
how the intensities are added. The amplitude, h, determines how the phases are added. This also
implies that the total phase – i.e. the argument of the sum – differs from the sum of the individual
phases. Furthermore, the total amplitude is not equal to the sum the individual amplitudes.
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Figure 5.2: Phase shape of two combined excitonic contributions with equal amplitude and broadening
and slightly different resonant energies for BEFISH in phase (upper panel) and out of phase
(lower panel) with SE1. This already indicates that just by observation of the change and the
slope of the phase it should be possible to discern whether the BEFISH component is in phase
or out of phase. However care has to be taken because the slope can also be altered by linear
effects.

To illustrate the superposition of several resonances, two examples will be shown. In Fig. 5.2
the phase shape of two individual, free standing contributions with slightly different resonant en-
ergies is shown. The behavior sketched of a single transition (the dashed lines) is clearly visible
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in the figure, a phase shift of π degrees is observed and the phase is increasing monotonous. Also
plotted in Fig. 5.2 is the phase shape of the combination of the two resonances when they have
similar amplitudes (solid lines). In the upper panel both contributions are in phase and in the
lower panel the contributions are out of phase. In general the shape of the combined transition
will depend on all the parameters describing the excitonic transitions.

A more realistic example is that of the c-Si interface. The response can be composed of
four different contributions as described in Chapter 2. The phase factor of the SE1 transition is
set to zero, in the case of a positive SCR the phase factor expected for the BEFISH contribution
relative to the SE1 contribution is π radians. The phase factor reported for the SSiOx contribution
relative to the SE1 is reported to be 1/3π radians for a system comparable to the T-SiO2 sam-
ple [11]. The SE2 resonance is omitted when fitting intensity spectra measured by the Tsunami
laser system and is also not included in the figure. All values used here have been obtained
by fitting the intensity spectrum. In Fig. 5.3 a typical example is shown of the combination of
these contributions for a realistic sample. In the upper panel of Fig. 5.3 the phase of the indi-
vidual contributions are plotted as well as the phase of the combined response. The combined
phase increases by 0.6π radians over the spectral range shown. In the bottom panel of Fig. 5.3
the intensity spectra of the different contributions are plotted combined with the coherent su-
perposition of the contributions. The intensity spectrum shows a single peak that is the result
of the sum of the three contributions. It can clearly be seen that the addition of the individual
contributions does not result in the same shape as the sum of the individual components.
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Figure 5.3: In the upper panel the phase of the different contributions is plotted as well as the resulting
combined phase of three contributions in the CP-model. In the lower panel the intensity
of three different components and combined intensity is plotted. The CP-model parameters
used to generate these figures are those obtained from a CP-model fit to intensity-only data
of the ALD-Al2O3 sample.

58



5.2 Experimental Details and Fitting Procedure

In this section the experimental details of the phase-sensitive SHG experiments are discussed.
Only differences with the intensity-only measurements, as described in Chapter 3, will be de-
scribed. The phase-sensitive measurements in this thesis are performed with the Tsunami laser
system. The detection is performed by the photon-counting PMT as described in Chapter 3.
Special attention will be paid to the requirements on the phase reference sample (PRS) and the
measurement procedure including the extraction of the data from the interferograms.

The tunable reference signal is generated by a thin film of a nonlinear medium on a glass
substrate mounted on a Thorlabs LTS300S stage. Figure 5.4 shows a schematic representation
of the phase-sensitive SHG setup. The phase reference sample is placed between the lens and
the sample with the nonlinear medium towards the sample. Placing the sample in this fashion
ensures that the phase shift remains small since the SHG light created in the nonlinear medium
does not pass through the highly dispersive glass substrate. When the phase shift becomes very
large, different parts of the femtosecond pulse interfere. In the extreme case the leading(trailing)
part of the SHG reference pulse might interfere with the tailing(leading) part of the sample SHG
pulse. This will deteriorate the quality of the interferogram. The partially focused fundamental
light generates a SHG response of the nonlinear medium, generating the reference beam. The
reference beam is reflected by the sample and directed towards the detector. At the c-Si interface
SHG occurs due to the focused fundamental light. Behind the sample, the two second-harmonic
signals and the fundamental signal propagate towards the detector. The fundamental light is
removed by an optical absorption filter and the two second-harmonic signals lead to a interfering
signal at the detector. It was observed that placing the phase reference sample at an oblique
angle increased the signal to noise ratio. This is likely due to the fact that this angle eliminates
multiple passes of the fundamental pulse through the thin film and consequently the reference
pulse is better defined. The focusing, and thus the intensity of the reference signal, depends on
the position. Hence, it is also possible to separate the contributions from the phase reference
sample and the sample. Although rarely used, this also allows extraction of intensity data from
the phase measurement in conjunction with the phase data.

The thickness of the nonlinear medium should be optimized such that the SHG reference
signal is of comparable magnitude to the signal coming from the sample. Second-harmonic
light will be generated everywhere in the bulk of the nonlinear medium, and it would seem that
the SH intensity scales linear with the thickness of the film. However, the total SH signal is given
by a coherent (phase-related) integration over the depth of the medium. The relative phase of the
SH light generated at a position x, will be determined by the phase of the fundamental light at
position x. For a thin film the phase shift of the fundamental light will be small (∝ thickness/c).
In a thick film a large relative phase shift will occur. The effective location of the source of the
SHG light is determined by interference and is very wavelength dependent. In order to avoid
this phenomena the film should be kept thinner than a fraction of the wavelength.

59



x =−d
d x = 0

SHG from PRS

SHG from sample

+ Len
s

SHG
blo

ck
ing

filte
r

PRS on
Stag

e

Non
lin

ea
r film

Si substrate
with film

Fundamental
light

Fundametal
filtering by
absorption &
Pellin Broca

Figure 5.4: The interferometric setup using the dispersion of the propagation velocity of of light in a gas
(in this case air) to induce a variable phase difference between two SHG pulses. The fun-
damental light generates second-harmonic light in the PRS and in the sample. By changing
the distance between the sample and the reference the relative phase is varied. The origin
of the coordinate system is at the sample-film interface with the positive x axis along the
propagation direction of the light.
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Figure 5.5: Schematic representation of the measurement procedure for the interferometric experiments.
Except for the automated translation of the stage and the acquisition of multiple dataset per
wavelength the work flow is the same as for intensity-only measurements with Tsunami.
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The data acquisition and control of the stage is implemented in LabVIEW software. In order
to collect an interferogram – i.e. intensity as function of phase shift – the measurement procedure
illustrated in Fig. 5.5 is performed. A measurement starts with the manual tuning of the laser
system and the tuning of the detection system to the desired starting wavelength. The LabVIEW
application then measures the intensity as function of the position of the PRS by stepping the
stage over a preset range. The dataset of SH intensity as function of the position of the stage
for a single wavelength is a single interferogram. A spectrum of interferograms is collected by
repeating this procedure for several wavelengths. In order to extract spectral phase and intensity
information, the individual interferograms are fitted using a least squares algorithm implemented
in the Python programming language by the equation that describes the interference of the two
signals:

I(d) = Isample +
Ire f erence

1+(d/d0)2 +2

√
Ire f erenceIsample√

1+(d/d0)2
cos(k′d +φ), (5.6)

where the Isample, Ire f erence, k′, d0 and φs terms are fitted. Isample and Ire f erence are the intensity
of the signals coming from the sample and the PRS, k′ = 2π

λ0
(n(2ω)− n(ω)) is the oscillation

length, d0 is the Rayleigh length related to focusing and φ is the total phase. This relation will be
discussed in more detail in the next section. The starting conditions for the fit are important since
the fit has many degrees of freedom. A reliable starting point for the fit can be obtained from
statistical information of the interferogram. This starting point is derived from the following set
of equations:

X̄ = mean(X) = Isample + Ire f erence, (5.7)

Iosc = max(X)−min(X) =
√

IsampleIre f erence, (5.8)

where X indicates the data of the interferogram. These definitions are also shown in the idealized
interferogram sketched in Fig. 5.6. Solving the equations for Isample and Ire f erence yields the
starting values listed in Table 5.I for the intensity fit parameters. The spot size and thus the
Rayleigh length(d0) can be estimated by what is known about the aberration of the lens used,
the oscillation period k′ can be estimated using tabulated dispersion data for air or just fixed to a
realistic value.

Table 5.I: The starting values for the fitting of the interferograms calculated for the data set (X). The
notation X̄ indicates the average of the dataset.

Variable Starting Value

Isample = X̄/2±
√

X̄2−4I2
osc

2
Ire f erence = X̄− Isample

k′ = 4π

λ
(nair(λ/2)−nair(λ ))

z0 = π(80µm)2

λ

The phase that is found from the fit of Eq. (5.6) to the data is a combination of the following
contributions,

φ = φ
tot
spl +φ

tot
prs = (φ +L)spl +(φ +L)prs, (5.9)
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Figure 5.6: The initial values for the fitting routine are derived from two statistics parameters of the data.
An idealized interferogram is shown and the parameters max(X), min(X), X̄ and Iosc are
indicated.

where φ tot
spl and φ tot

prs are the total phase of the sample and the PRS. This total phase can be split up
into a part φ related to the second-harmonic generation and L related to propagation phase shifts
of linear optics for the sample and the PRS respectively. When modeling the nonlinear optical
response of a sample these linear phase terms are taken into account. To be able to perform
these corrections for linear optics, the precise nature of these terms need to be known, and this
is discussed in the next section.

5.3 Linear Phase Shift Corrections and Modeling

The phase measured by the procedure described in the last section is a combination of phase
shift due to linear optics, the phase of the PRS and the desired phase of the sample. In order
to correctly interpret the measured phase and intensity of the optical system, the linear optical
effects that alter the response have to be known. The description of the optical response is split
up in several parts. First the propagation of the light from the two individual SHG sources will
be described. The second part describes the propagation of the fundamental light through the
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system. The results are combined yielding an expression for the response of the system to the
fundamental light. Using this response the measured intensity as a function of the position of
the PRS is calculated. The final result will be the derivation of the relation shown in Eq. (5.6),
expressed such that all the relevant optical effects are included and identified. The critical-point
modeling of the spectral phase and intensity response of the samples is also corrected for the
same linear optical effects.

Lspl(ω)

Lspl(2ω)

Sample

(a) Linear terms that influence the SHG light
generated at the sample.

L′spl(2ω)

Sample

(b) Linear term that influences the SHG gener-
ated light by the phase-reference sample.

Figure 5.7: Visualization of the L terms relevant for the SHG signal pulse (a) and the SHG reference
pulse (b). The bold line parts are the origin of the L terms. The dashed red lines are the
fundamental beam paths, the solid green lines represent the SHG beam paths. In panel (b)
the fundamental light is shifted for clarity.

The SHG light originating from the sample has a “starting” phase difference to the funda-
mental light equal to arg(χ(2)

spl ). For the sample the light then propagates through the film system
on top of the Si interface. This can be described by,

~Espl(x, t,2ω) = ei(kx−ωt)Lspl(2ω)χ
(2)
spl : ~E(0, t−Dspl,ω),~E(0, t−Dspl,ω), (5.10)

where ~E(x, t,2ω) is the SHG field, E(0, t,ω) is the fundamental field at the Si/film interface,
χ
(2)
spl is tensor describing the second-harmonic response of the sample, k is the wave vector,

ω the angular frequency, Dspl represents the propagation time of the light from the sample to
position x and Lspl(2ω) describes the propagation of the SH light generated at the interface to the
surface. The linear optical response terms, Lspl is treated by the matrix formalism presented in
Section 2.4 to include interference effects. All of the following Lspl terms, illustrated in Fig. 5.7,
are treated by the same matrix formalism. The origin (x = 0) of the spatial coordinates is placed
at the interface between the silicon wafer and the layer(s) on top, see also Fig. 5.4. The second-
harmonic light generated in the phase reference sample propagates through the air towards the
sample where it is partially reflected. In this reflection interference effects have to be taken into
account in both intensity and phase. The propagation of the SH light from the PRS is described
by,

~Eprs(x, t,2ω) = ei(kx−ωt)L′spl(2ω)Lprop(2ω,d)χ(2)
prs : ~E(−d, t−Dprs,ω),~E(−d, t−Dprs,ω),

(5.11)

where d is the position of the PRS, ~Eprs(x, t,2ω) is the field generated by the phase reference
sample observed at position x and time t, L′spl(2ω) is the reflection of the SHG light by the
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sample, Lprop(2ω,d) is the propagation of the SHG light over distance d through the ambi-
ent atmosphere, χ

(2)
prs is the tensor describing the second-harmonic response of the PRS and

~E(−d, t−Dprs,ω) is the fundamental field at the position of the phase reference sample. The
term Dprs takes into account the propagation time of the light from the PRS to position x. The
propagation term ei(kx−ωt) that describes the propagation after the sample will be omitted from
now on for the second-harmonic light. The term is equal for the reference signal and the sample
signal.

The fundamental light is focused by a lens on the sample, as can be seen in Fig. 5.4. The
field is given at the location of the PRS (x =−d) and at the sample (x = 0) by,

~E(−d, t,ω) = L f ocus(−d)Latt,PRS(ω)e−i(−kd+ωt)~E0, (5.12)
~E(0, t,ω) = L f ocus(0)Latt,PRS”(ω)Lspl(ω)e−iωt~E0, (5.13)

where Latt,PRS,Latt,PRS” are the term describing the attenuation by the PRS including the partial
wavelength dependent reflection (at the air glass interface), interference and absorption. The
term Lspl(ω) represents the propagation of the fundamental light from the surface of the sample
to the interface, the wavenumber k = ωn

c and ~E0 the initial field. The focusing and attenuation
term are taken to be real. Due to the oblique angle there is no contribution by interference from
the glass substrate in the PRS. There can be an effect of interference in the thin nonlinear film,
however, this is neglected. The focusing is taken to be Gaussian, expressing the fact that the
focusing has to be finite in the focal point. The spot size is likely determined by aberrations
and the insertion of the glass filters in the partially focused beam and not diffraction limited.
However, this finite spot size is still described well by the Gaussian relation [6],

L f ocus(x) =
1√

1+(x/x0)2
, (5.14)

where x0 is the Rayleigh length. In the limit of x→∞, Eq. (5.14) simplifies to x0/x, the descrip-
tion of focusing in geometrical optics.

Equations (5.10), (5.11), (5.12) and (5.13) are combined to obtain the total response. Fields
interfering at (x, t) have been generated at (0, t−x ·n(2ω)/c0+δspl) for the sample and (−d, t−
(x+ d) · n(2ω)/c0 + δprs) for the phase reference sample. The δ terms represents the effective
delay that is induced by the propagation through the films on top of the substrate. Comparing the
δ term with the uncertainty in the position, ∆d ·nair >> d f ilm ·n f ilm, this term can be neglected
for thin (∼ 100nm) film stacks. Combining the equations and selecting one component for the
χ(2) tensor yields the relation for the total field at (x, t), 1,

Ei(x, t,2ω) = Lspl(2ω)χ
(2)
spl,i jk

(
L f ocus(0)Latt,PRS”(ω)Lspl(ω)e−iωDspl

)2
E j,0Ek,0

+Lspl(2ω)Lprop(2ω,−d)χ(2)
prs,i jk

(
L f ocus(−d)Latt,PRS(ω)e−ikd−iωDprs

)2
E j,0Ek,0 (5.15)

where Dspl = t− x · n(2ω)/c0 + δspl and Dprs = t− (x+ d) · n(2ω)/c0 + δprs are the temporal
point when the light was generated. Expression (5.15) describes the total response of the optical

1The subscript i jk for the χ(2) tensor will be omitted from now on.
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system. However, this equation can be written in a more intuitive form by introducing the Lspl,mix
and Lprs,mix terms to gather all the L terms. The Lspl,mix is defined as,

Lspl,mix = Lspl(2ω)
(
L f ocus(0)Latt,PRS”(ω)Lspl(ω)e−iωDspl

)2
, (5.16)

separating amplitude and phase of this equation yields,

Lspl,mix = |Lspl,mix|eiφlin,spl ,

φlin,spl = arg(Lspl(2ω))+ arg(Lspl(ω))+2ω(x ·n(2ω)/c0 +δspl). (5.17)

The second term, Lprs,mix, is defined as,

Lprs,mix = Lspl(2ω)Lprop(2ω,−d)
(

Latt,PRS(ω)e−ikd−iωDprs
)2

, (5.18)

separating amplitude and phase of this equation yields,

Lspl,mix = |Lspl,mix|eiφlin,prs ,

φlin,prs = arg(L′spl(2ω))−2kd +2ω ((x+d) ·n(2ω)/c0 +δr) . (5.19)

With these definitions Eq. (5.15) can be written as,

E(x, t,2ω) = E0

(
Lspl,mix|χ

(2)
spl |e

iφspl +Lprs,mixL f ocus(−d)|χ(2)
prs|eiφprs

)
. (5.20)

The intensity of the signal is then given by,

I(d) ∝ E ·E∗ = E2
0

(∣∣∣Lspl,mixχ
(2)
spl

∣∣∣2 + ∣∣∣Lprs,mixL f ocus(−d)χ(2)
prs

∣∣∣2
+L f ocus(−d)Lspl,mixL∗prs,mix|χ

(2)
prsχ

(2)
spl |e

i(φspl−φprs)

+L f ocus(−d)L∗spl,mixLprs,mix|χ(2)
prsχ

(2)
spl |e

−i(φspl−φprs)
)
. (5.21)

Using Eq. (5.16) and Eq. (5.18) to calculate the L∗L term,

L∗spl,mixLprs,mix = E2
0 |Lspl,mixLprs,mix|ei(φlin,prs−φlin,spl), (5.22)

where the phase term can be writted explicitly as,

φlin,prs−φlin,spl = arg(L′spl)−2kd +2ω (d ·n(2ω)/c0 +δprs)−arg(Lspl(ω)Lspl(2ω))−2ωδspl

(5.23)

= arg(L′spl/(Lspl(2ω)Lspl(ω)))+
2d

λ0, f und
(n(2ω)−n(ω))+2ω(δprs−δspl).

(5.24)
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This gives the final results for the intensity using Eq. (5.14) yields

I(d) ∝ E2
0

(∣∣∣Lspl,mixχ
(2)
spl

∣∣∣2 +
∣∣∣Lprs,mixχ

(2)
prs

∣∣∣2
1+(d/d0)2

+2
|χ(2)

prsχ
(2)
spl Lspl,mixLprs,mix|√
1+(d/d0)2

cos(φspl−φprs +φlin,prs−φlin,spl)

)
. (5.25)

From this it can be seen that the signal oscillates as a function of d with a period of λSHG/(n(2ω)−
n(ω)) yielding an expression for k′ in Eq. (5.6),

k′ =
2(n(2ω)−n(ω))

λ0
, (5.26)

where n(λ0) is the refractive index of air at the fundamental wavelength λ0. In Eq. (5.25) the
phases of the PRS, the phase of the sample and the phase due to linear optical phenomena
such as reflection and propagation are combined. When performing the measurements it is this
combined phase – both linear and nonlinear contributions – that will be observed.

To illustrate the importance of correcting the SHG signal for linear optical effects, an exam-
ple is given. A sample with a 30 nm Al2O3 film on a c-Si substrate is modeled with χ(ω) = 1.
The spectral response obtained from this model, solely due to the linear optical effects such as
interference, are shown in Fig.5.8. As can be seen, both the phase and intensity change signifi-
cantly over the spectral range used in these experiments.
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Figure 5.8: The phase and intensity of the SHG signals that would be observed if the SHG was generated
by a χ(2) = 1 tensor (a flat response). The change in both the phase and intensity induced
by the linear optics are significant indicating that linear optical effects can not be neglected
when modeling the spectra with the excitonic contributions.
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5.4 Phase Sensitive Measurements with a ZnO PRS

Polycrystalline Zinc Oxide (ZnO) is a candidate to be used as a phase reference material because
it has a relatively large bulk second-harmonic response [43]. There are several applications for
ZnO in semiconductor devices, such as as a transparent-conductive oxide [31], and the material
is therefore readily available. Furthermore, the ZnO can be deposited on fused silica substrates
and it can be produced in-house. The ability to deposit the films in-house means that any desired
thickness can be produced. This in turn allows the tuning of the SHG intensity that is produced
by the PRS. Polycrystalline ZnO normally has a wurtzite or zinc-blende structure depending on
the growth conditions, however, both structures allow bulk second-harmonic generation to occur.
For amorphous materials, which are always centrosymmetric, bulk SHG is not allowed. The
ZnO used here is synthesized by chemical vapor deposition (CVD) with an expanding thermal
plasma (ETP) and has a thickness of 240± 10 nm. It has been observed that films of this
thickness and deposition method have a polycrystalline structure[4, 17, 42]. One of the main
drawbacks of the zinc oxide is the fact that this material has a direct band gap of approximately
3.4 eV [37, 35] which is very close to the transitions under investigation for c-Si. This implies
that both the intensity and the phase of the generated SH signal in the ZnO are wavelength
dependent.

Interferometric SHG experiments have been performed using the ZnO reference sample on
both the T-SiO2 and ALD-Al2O3 samples. For the ALD-Al2O3 sample the results of these mea-
surements for three wavelengths are shown in Fig. 5.9. The interferograms presented here are
selected from a set and show the results for the longest, shortest and an intermediate wavelength.
All the interferograms clearly shown the expected oscillations of intensity as a function of po-
sition. Looking at one of the measurements it can be seen that the amplitude of the oscillation
increases when the phase reference approaches the position of the sample. This increase is ex-
pected since the focusing on the PRS improves approaching the focal point that is on the sample.
Comparing the results at the different wavelengths it can be seen that the amplitude of oscilla-
tion increases for shorter wavelengths. This is due to the fact that the photon energy approaches
the resonant energy of both the sample and the phase reference. Interferometric measurements
performed on the T-SiO2 sample yield data as shown in Fig. 5.10. The oscillations of the in-
tensity as function of position are observed and the amplitude of the oscillation increases when
the phase reference sample approaches the zero position. Comparing the interferograms of the
ALD-Al2O3 sample with the T-SiO2 sample, the signal shows a different behavior close to zero.
For the ALD-Al2O3 sample the oscillations dominate indicating that the signal from the sample
and PRS are roughly equal. For the T-SiO2 sample the signal from the PRS is the dominant
contribution which is proportional to 1/x2. This can be seen in Fig. 5.10 from the increase of
the signal when the position of the PRS approaches x = 0. This is also confirmed by the fact that
the signal from the T-SiO2 sample is known to be significantly weaker than the signal from the
ALD-Al2O3 sample. Each of the interferograms is fitted with Eq. (5.6). This results in a set of
fitting parameters for each interferogram collected for a each wavelength. The intensities Isample
and Ire f erence, the phase φ and the period of oscillation (k′) are determined as a function of wave-
length. Each of these parameters will now be discussed. The period of oscillation as a function
of wavelength is plotted in Fig. 5.11. The markers represent the values found by the fit and the
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Figure 5.9: Three interferograms obtained with the ZnO PRS on the ALD-Al2O3 sample for the lowest,
highest and an intermediate wavelength of the Tsunami system. The solid lines are the fit of
Eq. (5.6) to the data.

solid line is calculated using tabulated data for the refractive index of air from Ciddor [10]. The
agreement between the results obtained from the experimental data and tabulated dispersion is
excellent. This agreement between the fitted and theoretical values validates the measurement
method. The phases obtained from the fits to the interferometric data for each wavelength in
the photon range available for the Tsunami for both the ALD-Al2O3 and the T-SiO2 sample are
plotted in the upper panels in Fig. 5.12 and Fig. 5.13. The phase behavior is clearly different for
the two samples. The phase of the ALD-Al2O3 sample, upper panel of Fig. 5.12, shows a single
minimum whereas the phase of the T-SiO2 sample, upper panel of Fig. 5.13, has two peaks. The
difference between the samples can be explained by the fact that the ALD-Al2O3 sample has
a large BEFISH contribution in addition to the c-Si interface related contribution, whereas, the
T-SiO2 only has contributions related to the c-Si interface.

In the lower panels of Fig. 5.12 and Fig. 5.13 the intensity information obtained from the
interferometric measurements is plotted. The intensity data measured by the intensity-only ap-
proach (star-shaped markers) is also included as a reference. The intensity data in Fig. 5.12 and
Fig. 5.13 were corrected for the spectral response of the detection system and the input power.
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Figure 5.10: Three interferograms obtained with the ZnO PRS on the T-SiO2 sample for the lowest,
highest and an intermediate wavelength of the Tsunami system. The solid lines are the fit
of Eq. (5.6) to the data.

The intensity spectra of the T-SiO2 and ALD-Al2O3 samples measured by the phase measure-
ment are in agreement with the intensity-only spectra with a slight deviation at high energies.
The deviations might be explained by the absorption of the fundamental light by the ZnO. Such
absorption by the PRS is not taken into account and will distort the spectrum. Transmission
spectra of the ZnO were measured and indeed absorption was observed in this spectral range,
see appendix B. Furthermore, it is noted that a systematic error in the position of the PRS will
not significantly influence the phase data, it will only introduce a constant offset. The intensity
spectra extracted from the interferometric data, however, will be affected by an systematic error
in the position. The reference signal is assumed to depend on the focusing by Eq. (5.6), and the
offset will skew the ratio of the reference and sample intensities. The ZnO intensity spectrum
shows a resonance at 3.0eV for both measurements of both samples and for the measurement of
the T-SiO2 sample a resonance at 3.4eV is also observed. From what is known of the electronic
structure of ZnO a transition is expected around 3.35 eV[9, 35]. The absence of the 3.4eV peak
in Fig. 5.12 might be explained by the fact that this exactly coincides with the BEFISH reso-
nance; the resonant contribution of the ZnO could be incorporated into the sample intensity data
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Figure 5.11: The k′ parameter as function of wavelength, related to the dispersion of the refractive of air,
obtained from the fit of the interferograms. The markers are the data for the T-SiO2 sample
and ALD-Al2O3 sample obtained with ZnO as a phase-reference sample. The solid line
is the result obtained for k‘ = 2(n(2ω)− n(ω))/λ0 using the tabulated values[10] for the
refractive index of index of air.

by the fit. The response of the ZnO is similar to what has been reported by Wilson et al. [44] for
the related tin oxide (SnO2). It clearly is not spectrally flat and thus will not have a flat phase
response.

The phase data can not directly be compared with the theoretical behavior of the excitonic
model of either of the samples as the varying phase of the ZnO contributes to the total measured
phase. The unknown phase of the ZnO could be measured in a “absolute phase” measurement
with α-quartz as a sample. The α-quartz has a flat phase response in this photon energy range
(≈ 3eV), due to its high band gap of 8 eV. A sample of α-quartz is thus suited for this application.
Another approach would be to perform a Kramers-Kronig inversion on the intensity spectra to
obtain the phase information. Both approaches will introduce significant uncertainties in the
procedure.
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Figure 5.12: Phase and intensity spectra obtained from the interferometric experiments with ZnO as PRS
on the ALD-Al2O3 sample. In the intensity spectra I0 corresponds to the signal originating
from the sample and I1 is the SHG light generated in the PRS. The intensity spectra obtained
by the phase measurement of the samples agrees with the intensity-only measured spectra.
The ZnO shows a resonance around 3 eV.
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Figure 5.13: Phase and intensity spectra obtained from the interferometric experiments with ZnO as PRS
on the T-SiO2 sample. In the intensity spectra I0 corresponds to the signal originating from
the sample and I1 is the SHG light generated in the PRS. The intensity spectra obtained by
the phase measurement of the samples agrees with the intensity-only measured spectra. The
ZnO shows a resonance around 3 eV and a resonance at 3.4 eV. Note that the scale of the
intensity data is significantly different from Fig. 5.12.
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5.5 Phase Sensitive Measurements with a ITO PRS

Indium Titanium Oxide (ITO) is a material that has many applications in industry, such as trans-
parent front-side contacts on solar cells [31], and therefore it is widely available. It has also
been reported that ITO has a large bulk second-harmonic response, and it can therefore generate
a reference signal. Furthermore, ITO has been used to generate a reference SHG signal in in-
terferometric experiments by Dolgova et al. [13, 12]. Two different thicknesses of ITO films on
glass have been selected: the thinnest commercially available film 2 with a thickness of 30-60
nm and a somewhat thicker film of 75-125 nm. The thinnest sample did not yield enough SHG
signal to reliably perform interferometric measurements. However, the 75 - 125nm film yielded
excellent results. Although even thicker films of ITO can be obtained, more signal is not re-
quired. Furthermore, in general an increasing roughness when going to thicker films is observed
which results in undesired scattering of the fundamental and SH light.

Interferometric measurements were performed with the thicker ITO film on both the ALD-
Al2O3 and the T-SiO2 samples. The interferograms presented here are selected from the full set
showing the results for the longest, shortest and an intermediate wavelength. Figure 5.14 shows
the results for the T-SiO2 sample. Similar results were obtained with the ALD-Al2O3 sample,
included in Appendix F for brevity. The oscillations are clearly visible and the changing phase
can be observed by considering at the relative position of the starting point in the interferogram.
The change in focus on the PRS, the 1/x2 term in Eq. (5.6), can also be observed in Fig. 5.14.
The interferometric data is fitted with Eq. (5.6). From this fit the intensities (Isample, Ire f erence),
the phase and the period of oscillation are determined. Each of these parameters will now be
discussed.

Figure 5.15 shows the period of oscillation as a function of photon energy for the T-SiO2 and
ALD-Al2O3 samples(round & square marker) found from the fit. Comparing the fitted values
with the expected behavior from the tabulated data of the refractive index of air[10] (solid line)
reveals an excellent agreements. This result validates the measurement method. Figure 5.16 and
Fig. 5.17 show the phase (upper panel) and intensity data (lower panel) obtained from the fits
of the interferometric data of the T-SiO2 sample and the ALD-Al2O3 sample respectively. The
intensity data obtained with an intensity-only measurement is also included in both Fig. 5.16 and
Fig. 5.17 (star shaped markers) as a reference. The intensity data is corrected for the spectral
response of the detection system and input power . The intensity spectra (lower panels) recorded
by the interferometric measurement are in agreement with the intensity-only data. This implies
that the interferometric data, and thus the phase data, is related to the sample. The intensity
spectra of the ITO are monotonously increasing for both data sets, showing no resonances in
this spectral range. The real and imaginary part of χ are linked by the Kramers-Kronig relation.
Because the intensity does not contain resonances it is likely that the phase response is also flat.
Furthermore, transmission spectra of the ITO were measured and no absorption was observed
in this spectral range, see also appendix B. The data at a SH photon energy of 3.18 eV has been
measured twice to give an indication of the repeatability of the experiments. Overall, the data
points have been measured from lowest to highest photon energy, the repeated data points were

2A range resistivity of the film is specified by the manufacturer. Using the information published by Kim et al.
[25] this leads to a thickness range. The two films have a resistivity of 70-100 Ω/sq and 30-60 Ω/sq.
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Figure 5.14: Results of interferometric scan performed with ITO on the T-SiO2 sample (markers) and the
fit to the data (solid line). The phase shift is visible as the three measurements have their
maxima at different positions. The difference in height is due to the spectral response of the
sample.

measured after the spectral sweep was completed. Alteration of the sample due to e.g. multi-
photon induced charge injection would be visible in this repeated data point. The phase data
of the two samples are clearly different. Furthermore, the phase response of the T-SiO2 sample
is determined by the three contributions related to the c-Si interface, see Chapter 2. The ALD-
Al2O3 sample has an BEFISH contribution in addition to the c-Si interface related contributions.
In the next section the simultaneous modeling of the intensity and phase data with the critical-
point model is presented for both samples.
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Figure 5.15: The k′ parameter as function of wavelength, related to the dispersion of the refractive of air,
obtained from the fit of the interferograms. The markers are the data for the T-SiO2 sample
and ALD-Al2O3 sample obtained with ITO as a phase-reference sample. The solid line
is the result obtained for k‘ = 2(n(2ω)− n(ω))/λ0 using the tabulated values[10] for the
refractive index of air.
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Figure 5.16: Phase (upper panel) and intensity (lower panel) spectra of the ALD-Al2O3 sample obtained
with the ITO reference sample. The intensity spectra measured by the interferometric ex-
periment reproduces the shape found by direct measurement (stars) accurately; the ITO is
found to to have a flat spectral response. The plotted data is uncorrected for linear optical
effects such as interference. The linear effects will influence the spectral shape of both the
phase and intensity, and therefore obscure the (real) SH response of the interface.
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Figure 5.17: Phase (upper panel) and intensity (lower panel) spectra of the T-SiO2 sample obtained with
the ITO reference sample. The intensity spectra measured by the interferometric experiment
reproduces the shape found by direct measurement (stars) accurately; the ITO is found to to
have a flat spectral response. The plotted data is uncorrected for linear optical effects such
as interference. The linear effects will influence the spectral shape of both the phase and
intensity, and therefore obscure the (real) SH response of the interface. Note that the scale
of the intensity data is significantly different from Fig. 5.16.
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5.6 Deconvolution of the SHG Phase and Intensity Spectra

In this section the modeling of the nonlinear optical phase and intensity response of the ALD-
Al2O3 and T-SiO2 samples will be treated. The critical-point (CP) model is used to simultane-
ously reproduce the phase and intensity response by a superposition of several excitonic contri-
butions. The linear corrections discussed in Section 5.3 are included to model the total response
of the samples that is fitted to the experimental data. The phase data used for the CP-modeling is
the data presented in Section 5.5. The intensity data used for the modeling is the intensity-only
data also shown in Section 5.5. First the modeling of the ALD-Al2O3 sample will be discussed.
The goal of modeling the ALD-Al2O3 sample is to verify whether the phase of the BEFISH rel-
ative to the phase of SE1 is indeed a integer multiple of π . Subsequently, the modeling of the
T-SiO2 sample will be discussed. The goal with the T-SiO2 sample is to verify whether more
parameters can be fitted without ambiguity. To put this into perspective, in the CP-modeling of
the intensity-only data the amplitudes of the contributions are fitted. The positions, broadening
and phase of the contributions are fixed to values reported in the literature. Occasionally the po-
sition of the SE1 or the BEFISH contribution is also fitted. The phase of the BEFISH contribution
is set to the expected value, i.e. 0 or π radians, depending on the polarity of the expected charge.
The SE2 contribution (∼4.3 eV) is not included in the CP-modeling of the intensity-only spectra.
Only when spectra of multiple samples are fitted simultaneously more parameters can be varied
with intensity-only data.

The ALD-Al2O3 sample has four contributions in the CP-model, as described in Chapter
2. Three of the contributions are related to the c-Si interface: SE1, SSiO and the SE2 transition.
The bulk BEFISH component is related to the strength and polarity of the electric field in the
space-charge region (SCR). The amplitudes, broadening and phases of the SE1, BEFISH and SSiO

contributions are fitted. The SE2 transition at 4.3 eV is too far outside the spectral range to allow
the broadening to be fitted. Figure 5.18 shows the measured phase and intensity data (markers)
and the best fit of CP-model to the data (solid line). As can be seen both the intensity and phase
data can be reproduced well with the aforementioned four excitonic contributions. The space
charge region of this sample is known to have a positive polarity. This should be modeled by
a BEFISH contribution out of phase with the SE1. The uniqueness of the fit can be tested by
attempting to fit an phase of the BEFISH that is known to represent not an positive but a negative
SCR. For the negative SCR it is known that the SE1 and BEFISH are in phase (φ = 0). The dashed
gray line is the fit found if the phase of the BEFISH contribution is forced to be in phase with the
SE1 resonance. The fit represents the data well, however, the amplitude of the SE1 resonance is
reduced by two orders of magnitude. This implies that the SE1 contributions is absent, effectively
removing the constraint on the phase. Furthermore if one of the other resonances is omitted the
fit deteriorates rapidly indicating that all the contributions are required.

In Table 5.II the parameters found by the fit of the CP-model to the experimental data for
the ALD-Al2O3 sample are listed. Inspection of the fitting parameters of the CP-model of the
ALD-Al2O3 sample does indeed confirm that the phase of the BEFISH contribution is found to
be π radians, i.e. out of phase, relative to the SE1 resonance. The uncertainty in the fit is partially
due to the mismatch of the fit to the data. Furthermore, due to the co-dependence of the CP-
model parameters an significant error can be introduced. Is is possible to find the bounds of
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Figure 5.18: Phase and intensity spectra (data points) for ALD-Al2O3 and the CP-model fit the data (solid
line). The dashed line shows the fit with the BEFISH phase fixed to 0 with respect to the SE1
transition. The “fixed” fit is able to fit the intensity data to a reasonable extent. However, the
CP-model parameters are not physically meaningful since the SE1 contribution is reduced
by two orders of magnitude. This is well below values reported for c-Si samples.

a parameter by fixing the parameter to a value and trying to fit the data. This trial and error
is performed for the phase coefficient of the BEFISH . The phase of the BEFISH contribution of
the ALD-Al2O3 sample can be compared with the literature because the BEFISH originates from
the Si bulk and is thus not influenced by the thin-film material directly. Comparing results for
the BEFISH contribution of the ALD-Al2O3 sample with the result published in Refs. [14, 11]
for SiO2 films on c-Si the phase of the BEFISH contributions are in agreement. Comparing the
other parameters is less straight forward as the response of the ALD-Al2O3 does not have to be
the same as that of the SiO2/c-Si interface due to different bonding configurations. No spectral
results for c-Si/Al2O3 films analyzed by a critical-point model have been published so far for an
extended spectral range and/or phase measurements.

The T-SiO2 sample is modeled with the SE1, SSiO and the SE2 transition related to the c-
Si interface. In the T-SiO2 sample no detectable built-in charge is present, thus, no BEFISH

contribution is included. The amplitude and phases of all the contributions are fitted along with
the broadening of the SE1 and SSiOx resonance. There is not enough information in this dataset
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Table 5.II: Fitting parameters found for the combined phase and intensity fits of the ALD-Al2O3 sample.
The phases are fixed in the intensity fitting routine and were free in the combined fit. Fixed
parameters are indicated in by an asterix ∗.

Peak Type h (a.u.) φ (π rad) ω0 (eV) Γ (eV)
SE1 0.75 0.00 3.30* 0.13
BEFISH 3.49 1.04 3.40* 0.13
SSiOx 10.12 0.56 3.70* 0.30*
SE2 19.73 1.74 4.34* 0.24*

to include the broadening of the SE2 transition at 4.3 eV. Figure 5.19 shows the measured phase
and intensity response of the T-SiO2 sample (markers) along with the representation found by
the fit of the CP-model (solid line). Both the intensity and phase response are reproduced by the
simultaneous fit of the CP-model. Including the BEFISH contribution in the fit leads to unrealistic
parameters of the SE1 contribution. If the SE2 transition is omitted – as is normally done for
intensity only measurements – the fit does not simultaneously describe both phase and intensity
accurately. The fit without the SE2 transition is shown in the figure as the dashed black line. This
clearly shows that new information is contained in the phase data and the ambiguity present in
analysis of the intensity-only data is removed.

In Table 5.III the parameters found by the fit of the CP-model to the experimental data for
the T-SiO2 sample are listed. The ratios of the amplitudes do match with the values reported
by Daum [11] for Si/SiO2 samples. The broadening of the SE1 is also similar to the 0.07 eV
reported by Daum [11]. The phase parameters are distinctly different. The differences are likely
due to the different preparation method of the SiO2/Si(100) samples that are treated by Daum
[11]. For example, the samples investigated by Daum [11] do have a built-in electric field due to
a space-charge region, whereas the T-SiO2 sample does not.

Table 5.III: Fitting parameters found for the combined phase and intensity fits of the T-SiO2 sample. The
phases are fixed in the intensity-only fitting routine (not shown) and are free in the combined
fit. Parameters postfixed with an asterix are fixed values.

Peak Type h (a.u.) φ (π rad) ω0 (eV) Γ (eV)
SE1 0.53 0.00 3.30* 0.11
SSiOx 6.10 1.32 3.70* 0.30*
SE2 12.30 0.47 4.30* 0.24*
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Figure 5.19: Phase and intensity spectra of the T-SiO2 sample and the fit using the critical-point model
with excitonic line shape. The dashed black line represents the fit obtained with the SE1 and
SSiOx resonance without the SE2 resonance. The intensity agrees reasonably well however
the phase can not be fitted accurately without the SE2 transition.
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5.7 Concluding Remarks

In this chapter the newly implemented phase-sensitive SHG experiments and the corresponding
initial results have been presented. The spectral response of two reference materials, zinc oxide
(ZnO) and indium tin oxide (ITO), have been investigated. The reference material should have a
flat spectral response. From the spectral intensity data extracted from the interferometric exper-
iments, the ITO was found to be spectrally flat. The interband transition of ZnO at 3.4 eV was
observed in the SHG spectra. Furthermore, a resonance was observed at 2.9 eV. The absence
of resonances makes ITO the better reference material. In order to interpret the SHG phase and
intensity spectra, the optical response was modeled with a critical-point model. Corrections for
linear optical phenomena, such as interference, were derived. Two samples were measured with
the phase-sensitive SHG setup and subsequently the response was modeled. From the modeling,
the phase of the BEFISH contribution relative to the SE1 contribution was found to be an integer
number of π radians. This confirms the results obtained from intensity-only measurements over
a broad spectral range. Furthermore, a resonance well outside the measured spectral range had
to be included in order to reproduce the phase data for the T-SiO2 sample. The importance of the
SE2, even though outside the spectral range, for the T-SiO2 sample is due to the small amplitudes
of the other resonances. This clearly demonstrates that the phase data yields new information
that increases the accuracy of the modeling.
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6
General Conclusions and Recommendations

Two new additions to the setup used for second-harmonic (SH) experiments have been imple-
mented. Firstly, a newly available laser system with extended spectral range and a new detection
system has been set up. In this work the initial experiments with this setup were presented. The
goal of the SHG experiments with this extended spectral range was to acquire additional infor-
mation such that the ambiguity in the modeling of the SHG response of Si(100) based samples
is reduced. Another goal was to resolve a SHG contribution in the response of the silicon (Si)
interface that is tentatively assigned to the distortion of the Si-Si bond due to oxygen insertion.
Secondly, the setup was altered such that phase-sensitive SHG experiments could be performed.
The goal of the phase-sensitive SHG measurements was to gain new complementary information
to significantly reduce the ambiguity in the modeling. Another goal was to measure the phase
of the EFISH contribution which is directly related to the polarity of the electric field in the
space-charge region (SCR). The phase-sensitive SHG setup was designed, built and tested. To
verify the merit of the additional phase information, two samples have been investigated using
the phase-sensitive SHG approach. The critical-point (CP) model that is used to fit the intensity-
only data has been rewritten to simultaneously reproduce the phase and intensity information.
Furthermore, the corrections for linear optical effects in the phase information have been de-
rived and applied to the model. From the CP-modeling the phase of the EFISH contribution, and
thus the polarity of the SCR, was determined. It was shown that the addition of the phase data
significantly reduced the ambiguity in the modeling. In Section 6.1, detailed conclusions will
be drawn on the impact of the two main additions. This is followed by the conclusions drawn
from the combined results. In Section 6.2 recommendations for future work will be made and
possible additions to the setup will be proposed.

6.1 General Conclusions

The initial results with the extended spectral range show that it is indeed possible to detect a SHG
signal. From the control measurements using the extended wavelength range setup it can be
concluded that the detection is operating correctly. The azimuthal scans show that the SH signal
indeed originates from transitions in the Si at the interface. From the overlap of the azimuthal
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measurements at different power levels it is concluded that the normalization corrects for power
fluctuations. The spectra that have been collected with TOPAS-C overlap with the SH response
near the E1 critical-point (CP) measured with the Tsunami system. The discrepancy between
the spectra measured with Tsunami and TOPAS-C of the ALD-Al2O3 sample can be explained
by multi-photon-induced charging and by ultrafast carrier screening that influence the BEFISH

contribution. The ultrafast screening effect is only present for samples with a SCR, explaining
why the spectra of the T-SiO2 sample (no SCR) are reproduced by both systems and why the
spectra ALD-Al2O3 sample (positive SCR) differ. From this it should also be noted that a direct
comparison between results from the Tsunami and TOPAS-C system is not straightforward and
care should be taken when doing so. The spectral shape at higher energies of the T-SiO2 sample
is similar to what is known from the literature for SiO2 films on c-Si. The SSiO contribution
related to the Si-Si bond bending due to oxygen insertion was observed for the T-SiO2 sample.
For the ALD-Al2O3 sample no spectra have been published in this energy range, however, we
do see the expected onset of the resonance near the E2 CP. The SSiO contribution needed to be
included in the fit of the ALD-Al2O3 sample. As a final remark with respect to the TOPAS-
C measurements, the overlap between the Tsunami and TOPAS-C data validates the spectral
corrections applied to the Tsunami data. Up till now, these corrections to the Tsunami data were
only tested by measuring the spectral response of α-quartz.

The phase-sensitive measurements have yielded more usable information than expected from
the onset. The agreement between the tabulated data for the dispersion of air and the measured
oscillation period, directly related to the refractive index, validates the principle of the technique.
Furthermore, the measurements did provide spectral intensity information about the sample un-
der investigation and the phase reference sample (PRS). Studying the spectral information of
the PRS provides a check for flatness of the phase response of the PRS. Using the spectral re-
sponse of the PRS the ITO was selected as the material for phase-sensitive SHG experiments.
The intensity spectra of the sample extracted from the phase-sensitive SHG measurement can be
compared with the intensity-only data as a check of the phase-sensitive experiment. From the
fits of the CP-model to both the phase and intensity spectra and with the correction for linear
optical phenomena, several conclusions can be drawn. The phase information contains new in-
formation since it was found that fitting of more parameters was required. Furthermore, it was
not possible to fit the spectrum of the T-SiO2 sample without the SE2 contribution even though
it is outside the spectral range. For the ALD-Al2O3 sample, the phase difference between the
SE1 and BEFISH was found to be (1± 0.2)π radians. This is in agreement with results from
intensity-only measurements on systems with a positive SCR. Similar values are also reported
for phase-sensitive SHG experiments on MOS structures as reported in the literature.

The combination of the phase measurements and the extended spectral range does yield
sufficient information to unambiguously model the SHG response of the thin-film dielectric/c-Si
samples.

6.2 Recommendations

Future work on the extended spectral range setup should entail a systematic survey of the be-
havior of the SSiO contribution. By comparing the SHG results to a complementary technique
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that can characterize the type and density of interface defects, it should be possible to conclude
whether the SSiO contribution is related to specific defects as has been speculated in the litera-
ture [11]. New material systems are also within reach due to this extended spectral range. For
example, interband transitions of Germanium and also a phonon related resonance in Graphene
at 4.5 eV can now be investigated.

Future work on the phase-sensitive measurements should include measuring the phase of
the ITO reference sample. This could be performed using an “absolute” phase measurement
with an α-quartz wedge in reflection mode as a sample with arg χ = 0. From this is should be
possible to conclude whether the phase is indeed spectrally flat. Another avenue of investigation
is the measurement of several samples with a charge density in between the ALD-Al2O3 and
T-SiO2 sample and the measurement of samples with an opposite charge polarity. Initial steps
have been taken to measure samples with different charge polarity by measuring silicon nitride
(α-SiNx:H) samples. However, the analysis of these a-SiNx:H samples is nontrivial and an ad-
ditional surface contribution from the a-SiNx:H to the SHG response should be investigated first.
In principle the phase-sensitive measurements should be more sensitive, allowing even weaker
SCR to be detected. This (additional) sensitivity of the phase-sensitive measurement should be
investigated. Finally, the resonances observed in the ZnO phase reference sample could be stud-
ied. The resonance near 2.9 eV is not observed or reported in the linear optical response. A
final recommendation for future work would be to perform extended wavelength scans with the
phase-sensitivity SHG setup. This can, in fact, be performed without any additional changes to
the setup.

An important addition of the setup that should be performed is replacing the lenses and
polarizers between the sample and detector with components transparent in the UV range. With
this addition it should be possible to extend the spectral range to beyond the peak of the SE2
contribution. This would yield additional information for the fitting of the spectra.
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A
Transmission of a Pellin Broca Prism

In this appendix the use and transmission of a Pellin-Broca (PB) crystal, sketched in Fig. A.1,
is discussed. The PB crystal is a type of constant deviation prism that is used to select a single
wavelength from a beam containing several spectral signals. The wavelength of constant devia-
tion is selected by rotation the prism around point O in Fig. A.1. The alignment of the selected
beam does not change due the rotation, this makes the PB crystal useful for practical applica-
tions. By placing a slit after the prism at the correct position strong spectral filtering can be
achieved. Furthermore, the PB crystal is known to have a near perfect transmission of p polar-
ized light due to the near Brewster incidence on all interfaces. In this appendix the transmission
and tuning of the PB crystal is discussed in more detail. To this end the PB crystal is numerically
modeled.

A

B

C

D

90o

75o

135o

60o

·O

90o

Figure A.1: A schematic of a Pellin Broca crystal, the specific angles for the crystal are given in the
figure. The figure is not to scale.

The matrix formalism proposed by Sipe [34] and discussed in Chapter 2 can be adapted to
describe the PB crystal. The main deviation from the formalism proposed by Sipe [34] is that
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nonparallel surfaces are present, however, this can be incorporated. The PB crystal is modeled
and the rotation angle is determined by minimizing the dot product of the input and output
propagation vectors. When the dot product is zero the two beams make an angle of 90oC. The
refractive index of the crystal is assumed to be dispersive, i.e. wavelength dependent. In Fig. A.2
the transmission (upper panel) and the required rotation angle (lower panel) of the PB crystal is
shown as function of wavelength. The transmission of p polarized light is indeed found to be
near unity. No absorption is taken into account in this description, hence, the actual transmission
will be lower. In Fig. A.3 the lines represent the exit angle as a function of wavelength for various
tunings of the crystal. Following one of the curves, as expected the deviation reaches zero for
the tuned wavelength. It can be seen that the performance of the PB crystal is better for shorter
wavelengths.

Figure A.2: Rotation angle and transmission of a fused silica Pellin Broca prism at various wavelength.
For p polarized light transmission is close to perfect and has a minor wavelength dependance;
S polarized light is attenuated much more.
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Figure A.3: Dispersion of a Pellin Broca crystal tuned at 300nm. Shorter wavelength light is dispersed
more than the longer wavelengths. The prism simulated here is fused silica.
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B
Spectral Response of Optical Components

The transmission spectra of the filters used in the SHG experiments, measured with a J.A.
Woolamn Co., Inc. M-2000U spectroscopic ellipsometer , are shown in Fig. B1 and Fig. B2.
The BG40 and BG39 are bandpass filters in the visible. The BG3 and U340 are used as bandpass
filters in the UV. The OG570 and OG515 are used to block light with a wavelength similar to
the SHG coming from the setup. The transmission of the beamsplitter shows that it can be used
over the full spectral range of TOPAS-C (550-850 nm).
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Figure B.1: Spectral response of the filters measured with transmission SE used in the experiments. The
BG40 and BG3 filters can be used to filter out the fundamental light and transmit the SHG
light. The OG570 and OG540 filters are used to remove light with the SH wavelength before
the sample.
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Figure B.2: Spectral response of the filters measured with transmission SE used in the experiments. The
U340 is the bandpass filter in the UV.
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C
Considerations for SHG in Layered Media

In a two layer system with dominant harmonic generation at the interface the dispersion of the
top layer will act as a prism. This effect should be taken into consideration when aligning
the SHG signal. For the fundamental beam the angle of incidence is equal to the angle of the
reflected beam due to symmetry of the refractive indices in the beam path. The second-harmonic
light will have the same propagation direction due to momentum conservation in the layer where
it is generated however at the surface it will be refracted differently. For an illustration see
Fig. C.1.

θ0(ω)

θ0(2ω)

θ f ilm

ns

n f ilm

n0

Figure C.1: A schematic representation of the two layer system with the fundamental and the harmonic
beam paths.

The angle of the second-harmonic beam exiting the system is given by

θ f ilm = θ(2ω) f ilm = θ(ω) f ilm = arcsin
(

n0(ω)

n f ilm(ω)
sin(θ0(ω))

)
(C.1)

θ(2ω)0 = arcsin
(

n f ilm(2ω)

n0(2ω)
sin(θ f ilm)

)
(C.2)

= arcsin
(

n f ilm(2ω)n0(ω)

n0(2ω)n f ilm(ω)
sin(θ0(ω))

)
, (C.3)

where θ is the angle of incidence (for the fundamental beam), θ f ilm is the angle of incidence
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in the film which is wavelength independent and n(ω) is the wavelength dependent index of
refraction. Figure C.2 shows the angle dependence for a Si/SiO2 system assuming an angle of
incidence of 55o. When aligning the system one should start with alignment of the fundamental
beam. The alignment is then close enough to yield SHG signal at wavelengths around 400nm
(800nm fundamental) and should be realigned on this. This alignment should then be used
to align a SHG signal of of 325nm (650nm fundamental). Trying to obtain a SHG signal of
275nm directly after alignment with the fundamental frequency can be fruitless as no initial
signal might be present; The deviation can be as large as 2 degrees (which translates to 7 mm at
a typical distance of 200mm distance).
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Figure C.2: Exit angle of second-harmonic beam (top panel) and internal angle of both the fundamental
and harmonic light as function of wavelength (bottom panel) for an incident angle of 55o on
a SiO2 film.
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D
Bulk Quadrupole moment in Silicon

For the c-Si interface near resonance the main contribution in the SHG signal is due to (local)
dipole interaction with the EM fields near the interface. This is the so-called dipole approxima-
tion. However, other nonlocal interactions, such as electric quadrupoles, can also contribute to
the SHG signal. The nonlocal nonlinear interaction can be written as

~PNL(2ω) = ε0χ
(2)
NP : ~E(ω),∇,~E(ω) (D.1)

where the polarization ~P is related to combinations of the gradient of the two driving fields ~E by
the χ

(3)
Q tensor with 81 elements. For cubic centrosymmetric media the quadrupole contribution

can be rewritten as

Pq(2ω)i = (δ −β −2γ)(~E ·∇)Ei +βEi(∇ ·~E)+ γ∇i(~E ·~E)+ζ Ei∇iEi (D.2)

where δ ,β ,γ and ζ are phenomenological parameters. The first three terms are present in
isotropic media. The last term is only present in anisotropic media such as c-Si. This can be ver-
ified by switching to a coordinate system that is spanned by the propagation vector the incident
light and the s and p vector. The first term disappears when only a single field is present, i.e.
~E ·∇ = ∑i=s,p,k

∂Ei
∂ i = 0. The second term vanishes when the electric fields has zero divergence

in the medium. The third term does only contribute to the p polarized SHG signal. The last term
vanishes when a single field is present.

For Si(100) it can be derived[15] that only the elements χii j j, χi ji j and χi j ji nonzero. Sim-
ulating both the χ(2) and the χ(3) contributions as a function of the orientation of the Si[110]
direction rotating along the Si [100] direction for the Si(100) interface, Fig D.1, the second order
term is isotropic and the third order term has a four fold symmetry.
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Figure D.1: Simulation of SHG intensity for p polarized light as a function of orientation of the Si [110]
direction rotating along the normal vector of the Si(100). In the upper panel the interface
contribution and in the lower panel the bulk quadrupole contributions are shown.
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E
TOPAS-C Speci�cations and output

Since TOPAS-C has been upgraded with a new mixer module (3-4.5 eV) it can be utilized
for SHG experiments. In this appendix the properties of the new TOPAS-C system are listed.
Figure E.1 shows a photograph of the TOPAS-C system installed in the setup. The telescope
shown in the figure needs to be tuned frequently for stable TOPAS-C operation. In Table E.I the
specification of the TOPAS-C system and the relevant operation modes are shown.

Figure E.1: Photograph of the TOPAS-C system as installed. The pump beams enters the picture from
the left, after passing through the telescope. On the right the mixer and filter wheel can be
seen.
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Table E.I: Specification of the TOPAS-C output signal. The specified energy instability is not met in
the experimental setup. This is probably due to the long beam path of the pump signal and
instabilities in the Spitfire.

Property
Pulse duration 70-110 fs
Repetition rate 1 kHz
Pulse energy <100 µJ
Energy instability 2% RMS
Pulse contrast 5% of output energy in background
Spectral range SH of signal 570-800 nm
Spectral range sum frequency of idler 533-600 nm
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F
Interferograms

In this appendix the interferogram of the ALD-Al2O3 with the ITO is shown. The signal strength
at 850 nm is considerably lower compared to 780 nm and 710 nm. The ALD-Al2O3 sample has
a maximum in SHG response at 730 nm, explaining why the interferograms collected at 710
nm has the highest average intensity. All three interferograms show the 1/x2 trend due to the
position dependent focusing on the phase reference sample. The solid lines are the fit of Eq. (5.6)
to the data.
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Figure F.1: Results of interferometric scan performed with ITO on the ALD-Al2O3 sample (markers)
and the fit to the data (solid line). The phase shift is visible as the three measurements have
their maxima at different positions. The difference in height is due to the spectral response
of the sample.
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