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“Light thinks it travels faster than anything but it is wrong. 
 No matter how fast light travels it finds the darkness has 
 always got there first, and is waiting for it…” 

 
from Reaper Man 
by Terry Pratchett 
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1.1 Silicon-based semiconductor devices 
Semiconductor devices are an integral part of our everyday life and without them 
many conveniences that we take for granted would not exist. Fields of application 
include computing, business administration, communication, health-care, 
transport, consumer electronics, and energy. Most modern semiconductor de-
vices still rely on silicon as the principle semiconductor material. Novel device 
concepts of metal-oxide-semiconductor field-effect transistors (MOSFETs) con-
tinue to employ silicon as the material in which the channel region for charge 
carriers is created.1,2 Also current and next-generation memory technology uses 
silicon as the primary semiconductor material.3,4 And although thin film tech-
nologies for new generations of solar cells are emerging, wafer-based silicon pho-
tovoltaics has still the largest market share with currently over 80% of the total 
production volume.5,6 Typical semiconductor devices are built-up from various 
functional materials with the leading dimensions on the nano- and micrometer 
scale. In recent years, there is a trend of introducing new materials in various 
fields of semiconductor technology. This holds in particular for dielectric thin 
films which can add various functionalities to a device. Two fields exist for which 
the introduction of unconventional dielectric films is very prominent: CMOS 
transistor technology and silicon photovoltaics. 
 
CMOS transistor technology 
For decades the dielectric employed to isolate the transistor gate electrode from 
the silicon substrate in MOSFETs has been thermally grown SiO2. This is mostly 
related to the high-quality interface it forms with silicon as well as its superior 
electrical isolation properties.7 However, the ever growing demand for higher 
integrated circuit functionality and performance at lower cost has led to a dra-
matic shrinking of the critical devices dimensions over the years.1,8,9 As a conse-
quence the required SiO2 thickness has become so small that the gate leakage 
current due to direct tunneling of electrons through the SiO2 is too high.10 This 
has resulted in the need to replace SiO2 with dielectric films that have a higher 
dielectric constant (εr or κ) which leads to a beneficial increase in gate capaci-
tance.7 The application of high-κ dielectrics thus loosens the requirement on film 
thickness such that physically thicker films can be used to reduce the leakage 
current.7,10 Frequently reported high-κ dielectrics are metal oxides such as HfO2, 
Al2O3, and ZrO2 as well as silicates or nitrided silicates.7,10 Since the 45 nm tech-
nology node a Hf-based gate dielectric, most likely HfSiO or HfSiON, is imple-
mented by various companies.11,12 A transmission electron microscopy (TEM) 
image of an Intel transistor with high-κ gate dielectric and metal gate is shown in 
Fig. 1.1(a). 
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Besides the enormous technological challenges related to the successful 
implementation of high-κ gate dielectrics several more fundamental issues had 
to, and still have to, be resolved. A major concern of using high-κ dielectrics is 
their interface quality with silicon which determines the ultimate performance of 
the transistor. Most high-κ dielectrics exhibit a much higher interface state densi-
ty compared to SiO2.7,13 Another significant issue is the unintentional formation 
of a silicon oxide, silicate, or silicide interfacial layer.7,10 These interlayers are 
commonly formed due to the thermodynamic instability between high-κ dielec-
trics and silicon, the non-equilibrium conditions during film deposition, or 
diffusion effects at elevated temperatures.7,10 Because the κ-value of the interlayer 
is substantially lower than of the pure high-κ dielectric much of the increase in 
gate capacitance is compromised as the overall capacitance is for a large part gov-
erned by the layer with the lowest κ-value in the stack.7,10 
 

 
Figure 1.1: (a) Transmission electron microscopy (TEM) image of an Intel 
transistor based on 45 nm technology with a Hf-based gate dielectric and metal 
gate [Intel]. (b)  Scanning electron microscopy (SEM) top-view image of an 
Intel 22 nm node Tri-Gate transistor structure with multiple 3D gates and fins 
[Intel]. The TEM images show a close-up of the gate and fin structures which 
consist of several metal and dielectric thin films [Chipworks Inc.]. 

 
Another main disadvantage of unintentionally formed interlayers is that their 
properties are not very well controllable and reproducible which may result in a 
poor interface quality.7,10,14 As an intermediate solution an ultrathin SiO2 inter-
layer is therefore intentionally grown in many cases before preparing the high-κ 
dielectric films. The advantage of this is that the Si-SiO2 interface can be pro-
cessed in a controllable manner such that it has a high quality.10 However, the 
relatively large impact of such a SiO2 interlayer on the gate capacitance means 
that new solutions will be required in the future. It remains therefore crucial to 
get in-depth understanding of interlayer formation. Moreover, an interfacial layer 
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of only a few nanometers thick can also lead to charge trapping due to direct 
tunneling of electrons through the interlayer into defect states at the interlay-
er/high-κ interface or in the high-κ bulk.7,15–20 Such charges induce a space-
charge region in the silicon at the dielectric interface which requires a shift in the 
flat band voltage to obtain again flat energy bands of silicon at the interface. This 
leads to an undesirable change in the threshold voltage for transistor switching. If 
both charge trapping and detrapping occurs during gate voltage cycling the 
threshold voltage becomes transient which is detrimental for stable transistor 
operation. Moreover, the proximity of charges near the silicon interface gives rise 
to an increased scattering of carriers in the channel region, i.e. remote charge 
scattering, as manifested by a reduced effective carrier mobility.21,22 Control over 
the density and polarity of charges in high-κ dielectric thin films is thus essential 
(see also Chapter 5 of this thesis). 

The latest trend in CMOS transistor technology is to bring the channel re-
gion out of the plane of the substrate. The main reason to do so is an increased 
leakage current of traditional planar transistors due to the small distance be-
tween the drain and source giving rise to short-channel effects.2 These effects can 
be counteracted by a better electrostatic control of the channel by the gate. By 
taking the channel into the third dimension the gate can regulate it from multiple 
sides which is referred to as a multi-gate. This is illustrated in Fig. 1.1(b) which 
shows a scanning electron microscopy (SEM) top-view image of the Intel field-
effect transistor based on the 22 nm Tri-Gate technology. Contrary to the tradi-
tional planar transistor [Fig. 1.1(a)] the channel is formed by an ultrathin silicon 
fin sticking out of the substrate which is surrounded by the gate on multiple 
sides. In this specific design multiple fins and gates are employed for higher per-
formance. The TEM images show a close-up of the gate and fin structures which 
consist of several metal and (high-κ) dielectric thin films. It is clear that the in-
fluence of interface and material properties on the performance of multi-gate 
(3D) transistors has even become higher. 
 
Silicon photovoltaics 
In case of photovoltaics the innovation is driven by the need to reduce the price 
of solar electricity so that it can compete with fossil-fuel-based electricity from 
the grid. This is done in two ways: (1) reduce the manufacturing cost of solar 
cells, and (2) improve the solar cell conversion efficiency. One essential approach 
that is taken to reduce manufacturing costs when it comes to wafer-based silicon 
photovoltaics is a continuous decrease in the wafer thickness.5 As a consequence 
surface and interface properties have an increasing influence on the performance 
of such solar cells. To be able to still reach high efficiencies the reduction of re-
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combination through defects states at surfaces and interfaces is a prerequisite. 
This is generally referred to as surface passivation. Surface passivation can be ob-
tained either by reducing the defect density at the interface, i.e. chemical pas-
sivation, or by shielding one type of charge carrier from the semiconductor inter-
face by means of a built-in electric field, i.e. field-effect passivation.23,24 Both pas-
sivation mechanisms can be provided by applying dielectric thin films to the sur-
faces of a solar cell. Hydrogen incorporated in dielectric films can lead to the 
chemical passivation of electronically active defects, while field-effect passivation 
can be induced when a film contains built-in charges. Conventional dielectric 
thin films used for surface passivation are thermally grown SiO2 and amorphous 
hydrogenated silicon nitride (a-SiNx:H, or SiNx for short). The latter is primarily 
applied in industry as it can also act as an antireflection coating due to the fact 
that it has a tunable refractive index and low absorption losses.  

Amorphous Al2O3 has recently emerged as an alternative surface pas-
sivation material for silicon solar cells. It provides an excellent level of surface 
passivation for low-resistivity p- and n-type silicon after annealing at moderate 
temperatures.25–28 The passivation mechanism can be ascribed to both a strong 
chemical and field-effect passivation.23,29 The latter is induced by the high num-
ber density of negative built-in charges in the Al2O3 film that generate a space-
charge region and corresponding electric field in the silicon. The popularity of 
Al2O3 can be explained by two trends in wafer-based silicon photovoltaics. First-
ly, the necessity for a passivation scheme using a dielectric film at the rear side of 
conventional p-type silicon solar cells to improve their efficiency.30,31 The usual 
full-area Al back surface field (Al-BSF), a highly doped layer at the solar cell rear 
side which also lowers the contact resistance, does not provide sufficient pas-
sivation.31,32 In addition, the dielectric layer serves as an optical back-surface mir-
ror, delivering an extremely high internal reflectance.32 Secondly, the develop-
ment of solar cell designs employing n-type silicon as the base material instead of 
the conventionally used p-type silicon. This requires a suitable passivation solu-
tion of p+-emitters† at the front side of the solar cell.31,33 The benefit of n-type 
with respect to p-type silicon is that it can yield higher efficiencies when low-cost 
Czochralski grown silicon is used.34 Thus, in both cases a thin film which is suit-
able for the passivation of p-type silicon surfaces is required. 
  

                                                            
† The emitter is a highly doped region of opposite doping type compared to the silicon 
base, usually at the front side of a solar cell, to form the p-n junction. 
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SiNx films, which are the industry standard on n+-emitters at the front side 
of conventional p-type cells, are not a suitable candidate due to the so-called par-
asitic shunting effect.30 This effect is related to the creation of an inversion region 
in p-type silicon due to the presence of positive built-in charges in SiNx when 
deposited directly on silicon. The use of thermally grown SiO2 is not a first choice 
either due to the adverse impact of the high processing temperature on the bulk 
silicon quality. Also low-temperature synthesized SiO2 does not provide a solu-
tion as it yields relatively poor surface passivation and usually contains a fairly 
high positive charge density (~1011-1012 cm-2).15,35 However, the negative charges 
of Al2O3 are an ideal match for the passivation of p+-emitters and the rear side of 
p-type cells. Since these charges are located close to the Si interface (see also 
Chapter 4 of this thesis),36–39 ultrathin films of Al2O3 can be used for passivation, 
while good antireflection properties can be obtained by adding a SiNx capping 
layer. A high-efficiency solar cell design (PERL) using n-type silicon which in-
corporates a Al2O3/SiNx thin film stack at the front surface is shown schematical-
ly in Fig. 1.2 (top left). At the rear side a thermally grown SiO2 has been applied 
as a passivation layer and a local n+-BSF around the point contacts. Record-
efficiencies of up to 23.9% have been reported on the device level for PERL 
cells.33,40 Al2O3 has been also successfully implemented on device level at the rear 
side of high-efficiency p-type cells (PERC) resulting in efficiencies up to 
21.4%.41,42 

The level of surface passivation afforded by Al2O3 in the as-grown state is 
generally found to be much lower than after anneal, even when the film contains 
a high built-in charge density.23,26,43,44 This is mainly related to electronically ac-
tive defects present at the interface between silicon and the interfacial SiOx layer 
that is typically formed during the Al2O3 deposition process.23,29,36,43,44 These de-
fects are the so-called Pb0 and E’ defect centers that are characteristic for the 
Si/SiO2 interfaces.45–47 Hydrogen in Al2O3 released during annealing leads to the 
passivation of these defect centers.48,49 The improvement of the chemical pas-
sivation during annealing is thus vital to obtain excellent surface passivation 
properties for Al2O3 films. Figure 1.2 shows the presence of an interfacial SiOx 
layer (top right) as well as the location of defect centers at the Si/SiOx interface 
(bottom middle). For high-κ dielectrics in a transistor structure with a SiO2 in-
terlayer, as discussed in the previous sub-section, the situation is basically similar 
to the one sketched in Fig. 1.2.  
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Figure 1.2: Schematic representation of a high-efficiency PERL (passivated 
emitter rear locally diffused) solar cell design with an Al2O3 passivation layer at 
the front surface. The high-resolution transmission electron microscopy (TEM) 
image shows a zoomed-in view of the Si/Al2O3 interface with interfacial SiOx, 
built-in charges, and space-charge region (not to scale) indicated. The atomic 
structure of the Si/SiOx interface shows the presence and location of electroni-
cally active interface defects (Pb0, E’). 

 
It is evident that Al2O3 is an excellent candidate for the passivation of p- and p+-
type silicon surfaces. Although n-type silicon has been also successfully passivat-
ed, the high density of negative charges in Al2O3 makes it not the first choice for 
this purpose because of a similar parasitic shunting effect that occurs when films 
containing positive charges (e.g. SiNx) are applied to p-type surfaces. It would be 
highly beneficial to acquire a passivation scheme that is well-suited for the pas-
sivation of both n- and p-type silicon. This could be done for instance by a pas-
sivation scheme which is based only on chemical passivation or one which allows 
to tailor the field-effect passivation with the type of silicon, i.e. induced by nega-
tive charges for p-type and by positive charges for n-type. These situations show 
that it would be very favorable to control the density and/or polarity of the built-
in charges within a single passivation scheme. 
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From the above discussion it is clear that the performance of both field-effect 
transistors and silicon solar cells are dependent on three common aspects: built-
in charges, interface defects, and interlayer formation. This is true also for vari-
ous other semiconductor devices.12 In general it can be stated that the need of 
alternative dielectric films inherently introduces new interface characteristics and 
film properties which may impact the device performance. A fundamental in-
sight into these interface and film properties, and their dependence on pro-
cessing conditions, allows thus for optimizing the device performance. Moreover, 
such fundamental insight is vital for achieving ultimate control of the material 
properties to tailor the device functionalities. This inevitably means that meas-
urement techniques are required that can probe the various properties of interest. 
Of the many techniques that are available,50 each with their strengths and weak-
nesses, all-optical techniques are very attractive. The next section will address the 
benefits and possibilities of all-optical material characterization and specifically 
of second-harmonic generationthe principal technique used in this work. 
 
1.2 Second-harmonic generation spectroscopy 
With all-optical measurement techniques material properties can be studied 
through the interaction of optical radiation with the material. This means that 
photons act as both the probe and the signal. Optical radiation applies here to 
electromagnetic radiation in the visible, infrared (IR) and ultraviolet (UV) re-
gions of the spectrum. The primary benefits of optical techniques are that they 
allow for non-invasive and contactless probing of material properties. A benefit 
related to this is the capability of performing in situ measurements which allows 
for characterization of material properties during processing. In addition, such 
techniques can offer micron-size lateral resolution and femtosecond temporal 
resolution depending on the optical configuration used. With respect to the work 
described in this thesis a distinction can be made between optical techniques on 
the basis of whether they are predominantly sensitive to interface or bulk proper-
ties. Optical techniques based on linear optical reflection, or absorption, are gen-
erally dominated by the bulk contribution. Only by taking special measures the 
interface contribution can be identified.51 Second-order nonlinear optical pro-
cesses, however, are intrinsically interface specific in case of centrosymmetric 
media.52 Such media include crystalline silicon and amorphous materials, e.g. 
oxides and nitrides. 

In this thesis, we adopted the nonlinear technique of optical second-
harmonic generation (SHG).  This is a nonlinear optical phenomenon that oc-
curs when high intensity radiation, often generated by femtosecond (~100 fs) 
laser pulses, interacts with a medium. In response to this interaction the medium 
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emits light at twice the frequency as the incident radiation.53 The interface speci-
ficity in case of centrosymmetric media arises because symmetry considerations 
imply that, within the so-called electric dipole approximation, SHG is forbidden 
in the bulk of such media, whereas at interfaces the symmetry is broken and 
SHG becomes allowed.52 When the photon energy of either the fundamental 
(ћω) or the SH radiation (2ћω) is close to an optical transition in the medium the 
SH response is resonantly enhanced. The generation of a SH signal at the buried 
interface between silicon and a thin film is illustrated in Fig. 1.3. Because the fre-
quency of the fundamental radiation is substantially different from the detected 
radiation the measured signal is usually background-free. Furthermore, a typical 
SHG experimental setup is relatively simple and all components are commercial-
ly available. In addition to its noninvasive nature and interface specificity, SHG 
has been selected because the technique is also highly sensitive to internal elec-
tric fields which give rise to symmetry breaking as well. These two characteristics 
make that SHG can probe a broad range of physical properties of which the most 
important are listed in Table 1.1. Consequently, SHG is very powerful in provid-
ing a fundamental insight into interface and material properties that are relevant 
for the performance of semiconductor devices, including those addressed in Sec. 
1.1. 

 
Table 1.1: A selection of the most important physical properties 
which can be probed by SHG. The properties are grouped according 
to whether they are enabled due to the interface specificity or elec-
tric field sensitivity of SHG. 

  physical property reference 

in
te

rf
ac

e 
sp

ec
ifi

ci
ty

 surface and interface roughness 54 

surface and interface strain 55,56 

surface oxidation and hydrogenation 57–59 

surface and interface symmetry 52,60 

ele
ct

ric
 fi

el
d 

se
ns

iti
vi

ty
 density and polarity of built-in charges 16,59,61,62 

doping concentration and type 63,64 

density of electron and hole traps 17,63–68 

electronic interface state density 58,63,69 

 
Because SHG is able to probe such a broad range of physical properties the inter-
pretation of SHG experimental results can be rather difficult. In this respect, the 
combination with linear optical techniques that also probe bulk properties, such 
as spectroscopic ellipsometry, is very useful, if not crucial. Another approach to 
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facilitate a better interpretation is by performing spectroscopic SHG measure-
ments. Spectroscopic data provides much more information and allows for 
different contributions to the SH response to be observed. An important ad-
vantage of SHG spectroscopy is that the space-charge region (SCR) electric field 
in a semiconductor can be characterized under steady-state conditions. This al-
lows for gaining insight into built-in charges that are intrinsically present in a 
device structure depending on the processing conditions employed. In contrast, 
most of the electric-field-induced SHG (EFISH) measurements employ charge 
injection by the incident high-intensity radiation to study the charging dynamics 
of trap sites in dielectric thin films through the time-dependent SH signal at a 
single wavelength.70 Such time-dependent response is, however, undesirable 
when characterizing the steady-state condition of the space-charge field. 

Given these benefits of spectroscopic measurements the main approach of 
this thesis is to employ and advance SHG spectroscopy for the characterization of 
interface and material properties. This will be detailed in the next section. 
 
1.3 Goal and approach of this thesis 
Second-harmonic generation spectroscopy possesses the ability to simultaneous-
ly study two properties that are highly relevant to the performance of various 
silicon-based semiconductor devices: interface quality and built-in charges. 
However, until the start of the work described in this thesis spectroscopic meas-
urements were only performed extensively for the Si/SiO2 system. SHG spectros-
copy of silicon covered with other technologically relevant dielectric thin films 
was hardly explored. Especially comparative studies with regard to the influence 
of material system and processing conditions on relevant properties were barely 
performed. This can be attributed largely to the following two factors: (1) Spec-
troscopic measurements require an advanced laser system producing ultra-short 
pulses of which the wavelength is tunable within a suitable range. (2) The inter-
pretation of spectroscopic data beyond a qualitative description requires complex 
optical modeling. As is the case with any purely optical technique the latter is 
essential to extract the actual physical properties of interest. 
 
The goal of the work described in this thesis is, therefore, two-fold: 

1. To explore the merits and opportunities of spectroscopic SHG for in-
terface studies of alternative (high-κ) dielectric thin films on silicon. 

2. To gain fundamental insight into interface and material properties 
relevant for the performance of semiconductor devices. 
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At the beginning of this work, carried out in the Plasma & Materials Processing 
(PMP) group of the Eindhoven University of Technology, a complete experi-
mental setup to carry out spectroscopic SHG measurements was already availa-
ble. This setup has been previously used to perform interface studies during 
amorphous silicon (a-Si) deposition and plasma etching of crystalline silicon.71,72 
Also, already some first experiments were carried out in the PMP group in which 
SHG was employed to study the space-charge field in silicon and to probe built-
in charges in Al2O3 thin films.16 With the abovementioned goal the previous 
work is continued in this thesis. The two objectives have been addressed using 
several approaches. 

Comparative studies, using SHG spectroscopy, have been performed re-
garding the influence of deposition conditions, post-deposition annealing, mate-
rial system (Al2O3, SiNx, SiO2), and sample structure on the interface and materi-
al properties. This not only allows for obtaining a fundamental insight into the 
mechanisms underlying the physical properties but also for the exploration of 
the added value of spectroscopic SHG measurements. The emphasis has been on 
the characterization of the space-charge field of silicon under steady-state condi-
tions for gaining insight into built-in charges. Furthermore, there were consider-
able efforts to develop SHG spectroscopy as a unique probe for interface quality. 
Because the measured SH intensity spectra are composed of contributions relat-
ed to both the silicon interface as well as the electric field of the silicon SCR an 
optical model is required to isolate them. An existing optical model has been 
further developed to be able to analyze the SH intensity spectra for more com-
plex sample geometries. 

To exploit the full potential of SHG spectroscopy the experimental setup 
has been improved in two ways. Firstly, the maximum two-photon energy reach-
able by the laser system was increased from 3.5 up to 4.5 eV such that all the im-
portant contributions to the SH response from silicon interband transitions can 
be probed. This provides additional information about interface and material 
properties and facilitates the optical modeling. Secondly, the experimental setup 
was adapted to enable also the measurement of the phase-information of the SH 
signal. This information is complementary to the SH intensity and allows to dis-
tinguish better between the different contributions to the SH response. A model 
was developed to interpret the phase data. 

Complementary diagnostics have been applied either to corroborate the 
interpretation of the SHG experimental results or to obtain information that is 
essential for the data interpretation. Spectroscopic ellipsometry (SE) has been 
used to obtain the thickness and optical dispersion of the dielectric thin films. 
This information is vital for the correct modeling of the SHG spectroscopic data.  
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Capacitance-voltage (C-V) measurements and corona charging experiments have 
been performed to determine charge density and polarity. These were used to 
verify the interpretation of the SHG results in terms of the electric-field-induced 
(EFISH) contribution. C-V measurements were also carried out to assess the 
electronic interface state density. Photoconductance decay experiments were 
conducted to obtain the surface recombination velocity which is a measure of the 
surface passivation quality. 

 
1.4 Outline of the thesis with key results 
Following this introductory chapter the basics of optical second-harmonic gen-
eration in thin-film systems on silicon are discussed in Chapter 2 with a focus on 
topics that are relevant to the work described in this thesis. In Chapter 3 the opti-
cal setup to perform spectroscopic SHG experiments is detailed. Most im-
portantly, it is validated that the SH signal, detected when using the extended 
laser system, originates from the sample of interest. The subsequent chapters, 
Chapters 4 to 8, are dealing with specific research topics related to the goal of this 
work. A schematic overview of the key results in this thesis is shown in Fig. 1.3 as 
well as the chapter corresponding to each specified topic. 

In Chapter 4 the sensitivity of SHG to the space-charge field (EFISH) is 
used to distinguish between the influence of field-effect passivation and chemical 
passivation for ultrathin Al2O3 films on silicon. It is shown that the field-effect 
passivation afforded by Al2O3 is virtually unaffected by the Al2O3 thickness down 
to 2 nm. This indicates that the reduced passivation performance for <5 nm thick 
Al2O3 films is caused by a decreased level of chemical passivation. Given the gen-
eral interest in ultrathin films for semiconductor devices this insight is highly 
relevant. Moreover, the results demonstrate that SHG allows for the contactless 
characterization of electric fields in ultrathin film systems. 

SHG spectroscopy is used in Chapter 5 for the steady-state characteriza-
tion of the space-charge field in silicon to gain insight into built-in charges. A 
systematic comparison is made between SH intensity spectra for dielectric thin 
films (Al2O3, SiNx, SiO2) that contain different number densities of either positive 
or negative built-in charges depending on the processing conditions. The results 
show that spectroscopic SHG is a powerful approach to investigate both the 
strength and the polarity of the space-charge field in silicon as induced by such 
built-in charges in the dielectric films. Moreover, by isolating the EFISH contri-
bution from the interface contributions a relation between the EFISH intensity 
and built-in charge density is established. This allows for a quantification of the 
built-in charge density without the need for complementary diagnostics. Because 
SHG is an all-optical technique this makes it possible to gain fundamental in-
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sight into built-in charges in dielectric thin films in situations when other tech-
niques are not applicable. 
 

 
Figure 1.3: Overview of the key results in a schematic representation and the 
thesis chapter dealing with each specified topic. The center image shows the 
interaction of high intensity radiation of photon energy ħω with a silicon-thin-
film system to generate SH radiation of photon energy 2ħω at the silicon/film 
interface. The SH radiation contains information about the interface properties 
of silicon such as the presence of a space-charge region (SCR) and interface 
bond configuration. This has been employed to investigate the influence of 
various sample properties and processing conditions on the density and polari-
ty of built-in charges and interface quality. Starting top left and going clockwise 
the following studies are shown: the influence of (1) Al2O3 thickness, (2) mate-
rial system and processing conditions, and (3) SiO2 interlayer thickness on SCR 
and built-in charges. Subsequently, (4) the added value of SH phase data to 
increase the sensitivity to the strength of the space-charge field is depicted, and 
(5) that by probing bond configurations at the Si/SiO2 interface information 
about interface quality might be assessed. 

 
The relation between EFISH intensity and charge density is employed in Chapter 
6 to show that the charge density as well as the polarity in Si/SiO2/Al2O3 stacks 
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can be controlled by actively tuning the SiO2 interlayer thickness (1-150 nm). 
This is very relevant for the optimization of field-effect passivation for Si surfaces 
of different doping type and density in case of photovoltaics. It also allows for the 
minimization of the voltage required to obtain a flat band condition in CMOS 
devices. The SiO2 thickness dependence was explained by tunneling of electrons 
into defect states at the SiO2/Al2O3 interface as well as the presence of fixed and 
bulk charges at the Si/SiO2 interface and in the SiO2 bulk, respectively. 

Chapter 7 deals with combined SH intensity and phase spectroscopy. The 
phase information is obtained using the newly installed SHG phase-sensitive 
setup. A model is introduced to extract the total SH phase from the measured 
data. Measurements were performed on samples which contain different number 
densities of built-in charges. This sample choice allows us to highlight the benefit 
of simultaneously modeling SH intensity and phase spectra in terms of isolating 
the EFISH contribution from interfering contributions. The analysis revealed that 
not only the polarity of the SCR electric field can be unambiguously determined 
but also that the sensitivity to electric field strength is significantly enhanced. 

The first SHG experiments performed using the extended photon energy 
range are discussed in Chapter 8. A specific motivation for the extension, besides 
the additional information obtained in general, is to accurately probe a unique 
interface contribution to the SH response which contains details about the bond 
configuration at the silicon/film interface. To investigate a possible relation be-
tween the characteristics of this contribution and interface quality, samples with 
varying defect density were analyzed. The principle idea behind these experi-
ments is that by probing the bond configuration information on the physical 
presence of defects (Pb0 or E’) might be obtained. This is not necessarily the same 
as whether or not defects are electronically active which is that what most other 
techniques address. 

The general conclusion of the work described in this thesis is given in 
Chapter 9 as well as recommendations for future research. 
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2.1 Introduction 
Nonlinear optical effects have only been observed since the invention of the la-
ser. This makes the fascinating field of nonlinear optics a relatively young one. 
Optical second-harmonic generation (SHG) was originally observed by Franken 
et al.1 in 1961 from a non-centrosymmetric quartz crystal. The high sensitivity of 
the second-harmonic process to surface conditions was first noted in 1969 by 
Brown and Matsuoka.2 However, SHG studies of the silicon surface and its inter-
face with thin films have only been extensively performed since the mid-1980s.3–

13 The first experiment showing the sensitivity of SHG to electric fields was re-
ported by Lee et al.14 for a silicon/electrolyte interface, but its potential for char-
acterization of electric fields has only been employed since the mid-1990s.15–25 

In this chapter, the basic principles of optical SHG in thin-film systems on 
silicon are briefly discussed on the basis of reports in the literature. A recent re-
view from the PMP group by Gielis et al.26 is hereby used as the main reference. 
Aspects that are of particular relevance to the work described in this thesis are 
discussed in more detail. First, the inherent interface specificity of SHG in cen-
trosymmetric media is introduced as well as the sensitivity of SHG to internal 
electric fields. Subsequently, the resonant enhancement of the SH response due 
to interband transitions in silicon is discussed with a critical-point description of 
the second-order nonlinear susceptibility. Finally, the propagation of radiation in 
multilayer systems using a matrix formalism is described. For further details on 
second-order nonlinear optical effects at surfaces and interfaces extensive re-
views are available in the literature.26–29 The general principles of nonlinear optics 
can be found in several books such as the ones by Shen and Boyd.30,31 

 
2.2 Second-harmonic generation at interfaces 
Second-harmonic generation is a nonlinear optical phenomenon that occurs 
when high intensity radiation, nowadays often induced by femtosecond (~100 fs) 
laser pulses, interacts with a medium. In response to this interaction the medium 
emits light at the second-harmonic frequency, i.e. at twice the incident frequency, 
as described by its second-order nonlinear susceptibility tensor (2)χ .† Within the 
electric dipole approximation, i.e. assuming spatially homogeneous fields, the 
interaction can be represented by a second-order nonlinear polarization 2ωP
via5,32 
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ω ω ω
i ijk j k

jk
P ε χ E E  ,     (2.1) 

                                                            
† Tensors are indicated by double arrows and vectors are printed in bold. 
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where 0ε  is the vacuum permittivity and tensor element (2)
ijkχ  relates the compo-

nents j and k of the incident electric field, ( , ) )ω iωtt e E r E(r , to the second-order 
polarization component i, with  i,j,k  {x,y,z} as defined by the coordinate system 
(Fig. 2.1). Equation (2.1) shows the production of radiation at twice the frequen-
cy of the incident electric field which can by recognized by working out the ex-
plicit frequency dependence as 2 2ω iωt iωt i ωte e e    P E E EE . In principle, the se-
cond-order susceptibility tensor has 27 elements because it describes the interac-
tion of two three-dimensional electric fields inducing a three-dimensional polar-
ization field. Because the two incident electric fields in Eq. (2.1) describe, in fact, 
one electric field interacting with itself, it is irrelevant for SHG in which order the 
incident electric field components appear, i.e. j k k jE E E E . Therefore, the se-
cond-order susceptibility is symmetric in the last two indices ( (2) (2)

ijk ikjχ χ ), which 
reduces (2)χ  to 18 independent tensor elements.26 

According to the Neumann principle,28 a tensor describing the properties 
of a material has to have the same symmetry as the material it describes. Centro-
symmetric media have a center of inversion symmetry that is invariant under the 
transformation  r r , i.e. the physical properties of the material are un-
changed when applying the transformation. As a result of the Neumann princi-
ple, every element of (2)χ  for centrosymmetric media is equal to its inverted 
counterpart, i.e. (2) (2)

ijk ijkχ χ  , within the electric dipole approximation. It is clear 
that this relation only holds for (2) 0ijkχ   and that, therefore, SHG is forbidden in 
the bulk of centrosymmetric media. However, when the inversion symmetry is 
broken not all elements (2)

ijkχ  reduce to zero and SHG becomes allowed. The viola-
tion of inversion symmetry by the structural or chemical discontinuity of inter-
faces† accounts for the high surface and interface specificity of SHG.27 It makes 
that SHG is a unique optical technique for the probing of the interface properties 
of centrosymmetric media. This type of media includes amorphous materials, 
such as amorphous oxides and nitrides, and certain crystalline materials such as 
crystalline silicon. The SH radiation which is generated at the interface is de-
scribed by Eq. (2.1) with (2)

ijkχ replaced by the second-order nonlinear susceptibil-
ity of the interface (2)

,I ijkχ .27 
 

                                                            
† If not specifically stated otherwise, the term “interface” refers to both the top surface of a 
sample as well as the interface between two adjacent materials. 
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Figure 2.1: Definition of the coordinate axes and the polarization geometry 
with respect to the sample surface. Radiation with the electric field parallel to 
the plane of incidence (xz-plane) is referred to as p-polarized and with the elec-
tric field perpendicular to it as s-polarized. The angle θ is the angle of inci-
dence, φ is the polarization angle, and ψ is the azimuthal angle. 

 
Figure 2.1 shows the definition of the coordinate axes with respect to the surface 
of the sample (xy-plane) with θ the angle of incidence, φ is the polarization angle, 
and ψ is the azimuthal angle. The xz-plane is the plane of incidence and radiation 
with the electric field parallel to it is referred to as p-polarized. When the electric 
field is perpendicular to the plane of incidence the radiation is referred to as s-
polarized. The interfaces of crystalline silicon and all amorphous films (SiO2, 
Al2O3 and a-SiNx:H) used in this work are part of the 4mm- and ∞m-symmetry 
classes, respectively.27 For both these symmetry classes the nonlinear susceptibil-
ity tensor of the interface (2)

Iχ  has only five nonzero elements of which only three 
are independent, namely: (2)

,I zzzχ , (2) (2)
, ,I zxx I zyyχ χ , (2) (2)

, ,I xxz I yyzχ χ .27 It depends on the 
selected polarization direction of both the fundamental and the SH radiation 
which tensor elements actually contribute to the SH response.26 This can be used 
to select only specific tensor elements which each might provide unique infor-
mation about the origin of the SH signal. All the measurements in this work have 
been performed using p-polarized fundamental and p-polarized SH radiation. 
For this polarization combination, referred to as p/P polarization, all three inde-
pendent elements contribute in principle. However, the prevailing element in 
case of the silicon interface is generally found to be (2)

,I zzzχ .4,33,34 To probe this ten-
sor element a polarization combination is required that has a p-component in 
both the fundamental and SH radiation.26 By using p/P polarization (2)

,I zzzχ  con-
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tributes maximally which also results in the highest SH signal from the silicon 
interface. 

Although treated as purely interface specific within the electric dipole ap-
proximation, in reality, multipole contributions can give rise to bulk-allowed 
SHG.27 These multipole contributions are caused by nonlocal nonlinear interac-
tions which are not bulk forbidden in centrosymmetric materials. In cubic cen-
trosymmetric media, such as crystalline Si, one of the multipole contributions is 
anisotropic with respect to crystal orientation and can thus be suppressed by 
proper choice of the sample azimuth (see Ch. 3, Sec. 3.7).7 Besides the aniso-
tropic bulk contribution also SH radiation from an isotropic quadrupole-type 
bulk contribution is present, which cannot be distinguished from the isotropic 
interface contributions that are allowed within the electric dipole approxima-
tion.7 In case of Si interfaces, however, this isotropic bulk contribution can in 
general be neglected with respect to the interface contributions.35 

 

2.3 Electric-field-induced second-harmonic generation 
Another way to break the inversion symmetry of centrosymmetric media is by 
the presence of a dc electric field within the material. Such a dc electric field is 
present in the space-charge region (SCR) of silicon which can arise for example 
due to built-in charges in a sample (e.g. silicon covered with a dielectric film) or 
by the application of an external dc bias signal. The electric field of the silicon 
SCR extends over a certain distance below its surface (μm-range) depending on 
the silicon doping type and concentration. This gives rise to a dipole-allowed SH 
response from the silicon bulk, in addition to the interface response, which is 
referred to as electric-field-induced SHG, or EFISH for short. EFISH is essential-
ly a third-order process, with one of the driving electric fields being a dc field. 
EFISH is therefore described by the third-order nonlinear susceptibility tensor 

(3)χ  of the medium as:32 

 32 0
0

ω ω ω
i ijkl j k l

jkl
P ε χ E E E  ,     (2.2) 

where 0
lE  is a component of the dc electric field vector 0E . The nonlinear mate-

rial response due to the presence of 0E  can, however, also be described by 

   3 22 0
0 0 ,

ω ω ω ω ω
i j k ijkl l eff ijk j k

jk l jk
P ε E E χ E ε χ E E    ,   (2.3) 

in which the dc electric field components are incorporated into an effective se-
cond-order nonlinear susceptibility tensor (2)

effχ . With the dc electric field in the 
z-direction, which is the case for the space-charge field, this effective susceptibil-
ity has similar symmetry properties as (2)

Iχ  of the interface.32 
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Because of the relatively large probing volume the process of EFISH is 
very efficient compared to the interface response. EFISH is therefore a sensitive 
probe for the contactless measurement of the space-charge field in silicon. In 
principle, EFISH has been shown to contribute to SHG for 0| |E  above ~1 
kV∙cm-1 under ideal circumstances.36 However, the highest attainable sensitivity 
to the electric field depends strongly on the material system, experimental con-
figuration and the method of data analysis. The minimum detectible electric field 
strength may, therefore, be several orders of magnitude lower in less ideal cases. 
A surface charge density of 1012 cm-2, corresponding to an electric field in the 
SCR of 0 || E ~105 V∙cm-1 at the Si interface, has been reported to increase the SH 
signal by a factor 2-3 compared to measurements in absence of EFISH.37 Because 
the various contributions to the SH response add coherently interference effects 
occur as caused by their phase differences. This makes it difficult to discriminate 
between the interface and EFISH contributions and therefore limits the sensitivi-
ty to the strength of the space-charge field. When the various contributions are of 
the same order of magnitude in strength the interference effects are the strongest. 

It is important to note that the steady-state condition of the space-charge 
field may be affected by the incident high intensity radiation. Two effects that are 
well-known to occur are (1) femtosecond carrier-induced screening and (2) mul-
tiple-photon-induced charge injection. The first effect is caused by electron-hole 
(e-h) pairs that are generated in silicon due to the absorption of femtosecond 
laser pulses.38 The density of e-h pairs neh is given by: 

Si
eh

αT Fn
ω




,      (2.4) 

where α is the absorption coefficient (in m-1), TSi is the transmittance of the inci-
dent radiation into the silicon, F the fluence† of the laser pulses (in J∙m-2), and 

ω  is the photon energy of the incident radiation (in J). Under the influence of 
the space-charge field the e-h pairs separate on a characteristic time scale deter-
mined by their plasma frequency ωp which is described as: 

2
2

0

eh
p

r

n eω
ε ε m

 ,      (2.5) 

with e the elementary charge, εr the relative permittivity of silicon, and m* the 
reduced effective mass of electrons in silicon (m*~0.5me, with me the electron 
mass).38 When the separation time is equal or smaller than the duration of the 

                                                            
† The fluence F is defined as the pulse energy per unit of irradiated area Airr on the sample, 
i.e. F=Pavg∙(Airr∙Rrep)-1, where Pavg is the average laser power and Rrep is the repetition rate. 
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incident laser pulse, the electrons and holes separate during the laser pulse which 
causes a partial screening of the electric field in the SCR, and thus a reduction of 
the EFISH response. This is schematically depicted in Fig. 2.2. The threshold e-h 
pair density neh,thres for femtosecond carrier-induced screening to occur during a 
pulse of duration τ can be estimated from the condition: 1

pω τ  . 
 

Figure 2.2: Schematic illustration showing the process of femtosecond carrier-
induced screening: (1) generation of electron-hole (e-h) pairs by femtosecond 
pulses, (2) separation of e-h pairs under influence of ESCR when τ≥ωp

-1, (3) 
screening of ESCR due to the electric field Escreening created by the separated elec-
trons and holes. 

 
The effect of multiple-photon-induced charge injection occurs when the incident 
high intensity radiation gives rise to internal photoemission of electrons due to 
multi-photon absorption in silicon.16,37,39 This leads to the injection of electrons 
from the silicon valence band into the conduction band of thin films covering 
the silicon. For this process to occur the electrons should gain enough energy to 
overcome the energy barrier imposed by the band offset between the silicon va-
lence band and the conduction band of the film. The injected charges are then 
captured by trap sites in the film bulk, at the buried interface, or at the ambient 
surface.16,19,21 The various processes are schematically illustrated in Fig. 2.3. 
Through the same effect hole injection from the silicon conduction band into the 
valance band of the film can also occur. However, the valence band offset be-
tween silicon and most dielectric films is usually larger compared to the conduc-
tion band offset.40 Hole injection requires therefore at least one photon more 
than electron injection which makes the latter the dominant process. 

The charging effect causes a time-dependent change in the EFISH re-
sponse as the injected charges alter the space-charge field. This is undesired when 
probing the space-charge field under steady-state conditions. The rate n

mpir  (in s-1) 
at which n-photon-induced charge injection occurs depends on the fluence of 

hω

(2)
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(3)
(1)

ESCR
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the fundamental radiation F (in J∙m-2), the repetition rate of the laser pulses Rrep, 
and the pulse duration τ as:39,41,42 

1

0

nn
e Si repn n

mpi

λ T τ Rα F
r

n ω n






,     (2.6) 

where αn is the absorption coefficient for n-photon absorption in silicon (in m2n-

3∙W1-n), λe is the electron mean free path in silicon, and n0 is the surface density 
of empty trap sites in the film (in m-2). Given that the repetition rate and pulse 
duration are a characteristic of the laser system the charging process can be sup-
pressed by minimizing F, which, in practice, means reducing the average laser 
power ω

avgP  since 1( )ω
avg irr repF P A R    with Airr the irradiated sample area. How-

ever, a balance should be found between suppressing the charging process and 
generating a detectable SH signal which depends quadraticaly on the average 
laser power, i.e. 2 2( )ω ω

avgI P  with 2ωI  the SH intensity. 
 

 
Figure 2.3: Schematic band diagram showing the process of multiple-photon-
induced electron injection under influence of the incident high intensity radia-
tion: (1) optical excitation of electrons, (2) injection of electrons, and (3) relax-
ation of electrons. The process leaves a hole in the silicon valance band (VB) 
and a trapped electron in defect states at the ambient surface, the buried inter-
face, or in the film bulk. (a) crystalline silicon (c-Si) covered with a relatively 
thick SiO2 film, and (b) a stack of (interfacial) SiO2 (1-2 nm) and a (high-k) 
dielectric film on c-Si. Tunneling is indicated by the dashed lines through the 
top of the SiO2 band gap in (b). 

 
The absorption coefficient αn in Eq. (2.6) is related to the probability of a direct 
electronic transition between the silicon valence band and the conduction band 
of the film via n-photon absorption. For increasing order photon absorption the 
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transition probability decreases rapidly such that the process is very unlikely for 
n>4.41 The transition probability depends strongly on the band offset between the 
silicon valance band and the conduction band of the film. Moreover, for a certain 
band offset and with increasing photon energy, fewer photons are required to 
give the electrons enough energy to get them over the energy barrier. Multiple-
photon-induced charge injection will therefore increase at higher photon ener-
gies. When ultrathin interfacial layers are present that allow for effective quan-
tum tunneling the process of multiple-photon-induced charge injection may re-
quire fewer photons than expected on basis of the band offsets, as indicated in 
Fig. 2.3(b).43,44 

Besides from the silicon valence band to the conduction band of the film, 
injection of electrons can also occur from the ground state of a defect in the film 
to the silicon conduction band when the (multi)photon energy matches the asso-
ciated energy barrier.21 
 
Although the effect of multiple-photon-induced charge injection is undesired for 
the steady-state characterization of the space-charge field in silicon it can also be 
exploited to characterize charging dynamics in silicon-thin-film systems. The 
time-dependence of the SH signal contains information about physical proper-
ties of materials such as the density of electron and hole traps in thin films, the 
electronic interface state density of silicon, and silicon doping concentration and 
type (see also Ch. 6 of this thesis).16,19,21,23,45,46 

 
2.4 Resonant enhancement at silicon critical-points 
So far the frequency dependence of the SH signal has not been considered. When 
performing spectroscopic measurements, i.e. by tuning the frequency of the fun-
damental radiation, resonances in the SH response are observed when either the 
photon energy of the fundamental or of the SH radiation is resonant with elec-
tronic transitions at the interface.4,9,10,47 For silicon covered with transparent thin 
films, i.e. the band gap of the films is significantly larger compared to the photon 
energy range of the fundamental and SH radiation, the SH response is dominat-
ed by bulk-type interband transitions at critical points (CP) of the Brillioun zone 
of silicon.35 Such CPs are regions in k space where direct transitions between va-
lence and conduction band states with a high joint density of states make signifi-
cant contributions to optical spectra. The bulk band structure of silicon along the 
Λ and Δ directions is shown in Fig. 2.4 with the important CP transitions indi-
cated by the double arrows.  
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Figure 2.4: Bulk band structure of silicon for wave vectors along the Λ (Γ-L) 
and Δ (Γ-Χ) directions. Important critical-point transitions are indicated by the 
double arrows. Figure adapted from Daum.35 

 
Table 2.1 shows the characteristic CP transitions of bulk silicon with correspond-
ing symmetry properties and resonance energies indicated.48 Three CP transi-
tions of bulk silicon are particularly important for SHG: the E1 transitions along 
the Λ direction, the E2 transitions along the Δ direction close to the Χ point, and 
the E2 transitions along the Σ direction (not shown). Further CP transitions are 
E0’ at the Γ point and E1’ along the Λ direction close to the L point. 
 

Table 2.1: Critical-point transitions of bulk silicon which are relevant to 
SHG. The corresponding symmetry point and/or direction, crystallograph-
ic direction and resonance energy is indicated. 

CP 
transition 

Symmetry 
point/direction 

Crystallographic 
direction 

Energy 
(eV) 

E0’ Γ point - 3.32 
E1 Λ direction [111] 3.40 
E2 (Χ) Δ direction, near Χ point [100] 4.27 
E2 (Σ) Σ direction [110] 4.51 
E1’ Λ direction, near L point [111] 5.32 

 
Because, within the electric dipole approximation, SHG is forbidden in the bulk 
of centrosymmetric media, it is remarkable that the SH response of the silicon 
interface shows bulk-like spectral features. According to Daum et al.4 this means 
that the SH signal originates from direct band gap transitions in a thin silicon 
region directly below the interface in which the bonds are configured such that a 
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bulk-like band structure still exists. In general, however, the resonance energies 
of the transitions taking place in this region are shifted with respect to their bulk 
values depending on the exact configuration of Si-Si bonds near the interface. 
Based on their physical origin, four distinct contribution to the SH response of 
the silicon interface were assigned in the literature within the 3 to 5 eV two-
photon energy range.35 Figure 2.5 shows a typical SH spectrum of the 
Si(100)/SiO2 interface obtained by Rumpel et al.22 for a 10 nm SiO2 film prepared 
by dry thermal oxidation of silicon at 1000 oC. The individual resonances repre-
sent the assigned contributions to the SH response as acquired via the deconvo-
lution of the spectrum (see Sec. 2.5).5 Two of them are interface contributions 
from Si-Si bonds modified due to the vicinity of the interface:4,47 one around the 
E1 and one around the E2 critical point of bulk silicon. These contributions are 
usually red-shifted in energy with respect to those of bulk silicon due to bond 
weakening by short-range charge transfer at the interface.4 The E2 interface con-
tribution consists, in principle, of both E2(Χ) and E2(Σ) transitions, but these can 
only be spectrally resolved for Si(111) and not for Si(100).35  

 

Figure 2.5: Typical SH intensity spectrum (markers) of the Si(100)/SiO2 inter-
face for a 10 nm SiO2 film prepared by dry thermal oxidation of silicon. The 
solid line is a model fit to the data [cf. Eq. (2.10)] and the individual resonances 
(dashed lines) represent the four contributions to the SH response as indicated 
in the graph. Figure adapted from Rumpel et al.22 

 
Another contribution is that of EFISH which originates from Si-Si bonds in the 
SCR of silicon at a typical resonance energy of ~3.4 eV as observed by various 
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authors.18,20,22 Because the space-charge field extends into the bulk silicon EFISH 
exhibits essentially bulk spectroscopic properties corresponding to non-modified 
E1 transitions of bulk silicon, i.e. the EFISH contribution is not red-shifted. It 
should be noted that in the vicinity of the E2 critical points no clear EFISH con-
tribution is observed in addition to the interface contribution.22 

A fourth contribution has been assigned by Erley et al.47 to strongly dis-
torted Si-Si bonds in a thin transition region between silicon and (interfacial) 
SiO2 films, i.e. the suboxide region. This so-called Si-SiO interface contribution is 
unique to nonlinear optical spectra and is observed as a spectrally broad feature 
at a resonance energy (~3.7 eV) between that of the E1 and E2 critical points of 
bulk silicon. It is caused by the loss of a long-range bulk symmetry of the Si at-
oms within the suboxide region which results in the breakdown of the bulk band 
structure.47 However, since most of these atoms still have four Si atoms as nearest 
neighbors, their excitation energies are within the range of the interband transi-
tions of bulk silicon. This is most similar to amorphous silicon for which the 
breakdown of a band structure results in a dielectric function that also exhibits a 
broad distribution of transitions with a maximum between the E1 and E2 critical 
points of crystalline silicon.34,49 It is important to realize that Si interface atoms 
with a strong bond distortion are necessary for a well-defined transition from 
crystalline silicon to the SiO2 film. The strength of the Si-SiO contribution is thus 
likely a measure for structural order at the interface. A strong bond distortion is 
not necessarily unique for (interfacial) SiO2 and might be present between top-
layer Si atoms and the Si atoms bonded to the bridging atoms in the first layers of 
a dielectric film in general. 

Figure 2.3 shows a schematic representation of the atomic structure of the 
Si(100)/SiO2 interface with the physical origin of the various contributions to the 
SH response indicated. The arrows indicate the Si-Si bonds in the suboxide layer 
contributing to SHG that are strongly distorted, i.e. the bond length and angle are 
deviating from the values for the tetrahedral configuration of bulk silicon. 
Whether or not the various contributions are actually contributing to the SH 
response depends on the sample properties. It must be stressed that the above 
assignment of certain contributions to only one specific physical origin or critical 
point may not be so strict in reality. Although less dominant, the E0’ critical point 
of bulk silicon may also contribute to the SH response of its interface.35,47 Fur-
thermore, the spectral region within which the E1’ critical point (~5.3 eV) is lo-
cated has not often been probed. However, from the available information it ap-
pears that this critical point does not significantly contribute to SH spectra of 
Si(100) interfaces.5,47 
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Figure 2.6: Schematic representation of the atomic structure at the 
Si(100)/SiO2 interface indicating the physical origin of SHG in case of crystal-
line silicon. SH radiation is generated at Si-Si interface bonds, distorted Si-Si 
suboxide bonds, and Si-Si bulk bonds in the space-charge region. 

 
Due to absorption of radiation in silicon the fundamental radiation has a certain 
penetration depth into the silicon and the generated SH radiation has a limited 
escape depth. Both are given by a characteristic length δ as depending on the 
wavelength λ via:  

1

4
λδ α
πk

  ,      (2.7) 

where α is the absorption coefficient and k is the extinction coefficient, i.e. the 
imaginary part of the complex refractive index. Because the fundamental and SH 
radiation have obviously not the same wavelength the penetration depth can be 
quite different from the escape depth due to the wavelength dependency of the 
extinction coefficient. The escape depth of the SH radiation for the energies of 
the E1 and E2 bulk interband transitions of silicon is only 10.7 and 4.3 nm, re-
spectively. This is specifically important for probing the space-charge field using 
EFISH because the penetration depth of the space-charge field can be significant-
ly larger, i.e. in the μm-range, depending on the doping density and type of the 
silicon. The escape depth thus determines the extent to which the space-charge 
field is probed. 

 
2.5 CP-like description of the 2nd-order susceptibility 
When performing SHG experiments the actual measured quantity is the second-
harmonic intensity. Because the frequency of the SH radiation is twice that of the 
incident fundamental radiation the SH intensity is usually acquired without a 
significant background signal. The SH intensity (ISH) is proportional to the mag-
nitude of the second-order nonlinear polarization via [cf. Eq. (2.1) and (2.3)]:18 

Si(100)

  SiO2

Si-Si interface bonds

Si-Si suboxide bonds

Si-Si bulk bonds in SCR



Optical second-harmonic generation in thin-film systems on silicon 
 

33 
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0

ω ω ω
SH total I eff inI ε χ χ I   

 P P Pinterface EFISH+ ,  (2.8) 

where Iin is the intensity of the incident fundamental radiation, (2)
Iχ  the interface 

second-order nonlinear susceptibility, and (2)
effχ  the effective second-order non-

linear susceptibility describing EFISH. Typically, during spectroscopic measure-
ments the SH intensity is acquired at various fundamental photon energies by 
tuning the frequency of the laser system (Fig. 2.5). The SH intensity spectrum of 
the silicon interface exhibits certain spectral features that relate to the sample 
properties. These spectral features are a result of the coherent superposition of 
the various contributions, with different resonance energies, described in the 
previous section. Since the various contributions usually have different phases 
with respect to each other, interference effects occur that impact the frequency 
dependence of the generated SH radiation. Moreover, the actual measured SH 
intensity spectrum is influenced by linear optical phenomena due to the propa-
gation of the SH radiation in a multilayer system. 

To separate the various contributions to the SH response the measured da-
ta needs to be reproduced by an optical model. Equation (2.8) shows that this 
requires an expression for the second-order susceptibility that represents the crit-
ical-point behavior of silicon. This is done by approximating the frequency-
dependence of each element of the second-order susceptibility tensor by a coher-
ent superposition, i.e. a phase dependent summation, of resonances with an exci-
tonic line shape as5,48 

       2 22 2
2 Γ

qiφ
q

ijk q
q q q q

h e
χ ω χ ω

ω ω i
 

   ,   (2.9) 

where hq denotes the (real) amplitude, ωq the resonant frequency, Γq the lin-
ewidth, and φq the excitonic phase of resonance q. Each resonance represents one 
of the contributions to the SH response of the silicon interface described in the 
previous section, e.g. the EFISH contribution. Note that, in principle, these con-
tributions need to be taken into account for every element (2)

ijkχ  of the second-
order susceptibility tensor that adds to the SH response of the silicon interface, 
i.e. (2)

,I zzzχ , (2)
,I zxxχ , and (2)

,I xzzχ . However, as mentioned earlier, in case of the p-
polarized fundamental and SH radiation, which is used to perform all measure-
ments in this work, 

(2)
,I zzzχ  is the prevailing element for silicon. The analysis of the 

spectroscopic data only in terms of (2)
,I zzzχ  is therefore sufficient.22,35 EFISH is tak-

en into account as one of the contributions using the effective second-order sus-
ceptibility (2)

effχ  defined in Eq. (2.3). 
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With the expression for the second-order nonlinear susceptibility given by 
Eq. (2.9) the frequency dependence of the SH intensity is described, according to 
the critical-point model developed by Erley et al.,5 as 

     
2

22 ,
2 Γ

qiφ
q

SH in
q q q

h e
I ω A ω θ I ω

ω ω i


     (2.10) 

where the complex function ( , )A ω θ  describes the propagation of both the fun-
damental and SH radiation through the thin film system, and includes linear 
optical phenomena such as refraction, absorption, and interference due to multi-
ple reflections. The propagation of radiation through multilayer systems as well 
as handling a source of radiation (SHG) in such a system is evaluated in the next 
section using a matrix formalism approach. 

In case of EFISH it is important to consider that the SH intensity has a 
quadratic relation with the absolute value of the dc electric field 0E  as can be 
understood from Eq. (2.3) and (2.8). Such a quadratic dependence not only leads 
to a rapid decrease in sensitivity to the electric field for decreasing field strengths 
but also to the loss of information on the sign of the electric field. Using the criti-
cal-point model the sign can, in principle, be recovered as this information is 
contained within the excitonic phase of the EFISH contribution (see Ch. 5). 

 
2.6 Propagation of radiation through multilayers 
In systems consisting of multiple layers the propagation of radiation is an im-
portant aspect that should be considered when analyzing SHG experimental da-
ta. Linear optical phenomena such as refraction, absorption, and interference 
due to multiple reflections affect the electric fields of both the fundamental and 
the SH radiation. To reproduce the actual measured SH intensity these propaga-
tion effects should be taken into account. For a single film on a semi-infinite sub-
strate an expression for the propagation of radiation can be explicitly formulat-
ed.26,50,51 However, for stacks consisting of multiple thin layers the explicit ap-
proach becomes too mathematically complex. A more efficient way to describe 
propagation in stacks is through the use of a matrix formalism as is widely 
adopted in linear optics. This is the approach followed in this work which is a 
considerable extension to the previously available model.26 The matrix formalism 
presented here is based upon the work of Sipe.52 The main benefits of this formal-
ism are that the Fresnel coefficients are directly involved and, important when 
describing SHG, that sources of radiation in the stack system can be included. 

In this section the basics of the matrix formalism approach are briefly in-
troduced. The full derivation of the formalism from solving the Maxwell equa-
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tions with appropriate boundary conditions can be found in the work of Sipe.52 
Subsequently, the matrix formalism is applied to derive a more explicit formula-
tion of the SH intensity in terms of the propagated fundamental and SH electric 
fields. Basically, there are three aspects to this: (1) determination of the funda-
mental electric field driving the SH process, (2) determination of the SH electric 
field coming from the sample in reflection due to a SH source in the stack, (3) 
calculating the SH intensity from these two electric fields and the electric field 
resulting from the excitonic line shapes [cf. Eq. (2.9)]. 

 
Matrix formalism basic definitions 
The main concept of the matrix formalism approach is that at each position z in 
medium i there are two electric fields: one propagating upwards iE   and one 
downwards iE   (see Fig. 2.7). These fields can be written in vector notation as: 
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where iE 
  and iE 

  are the amplitude of the electric fields and 2 2 2
iz i ixk n k k   

is the z-component of the complex wave vector ki in medium i, with i in ε  the 
complex refractive index, 0/k ω c  the wavenumber in vacuum, and 

sin( )ix ik kn θ  is the x-component of the complex wave vector. To describe the 
interaction of the electric fields with an interface between media i and j a transfer 
matrix is used which is defined as:  

,
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M ,     (2.12) 

with ijr  and ijt  the Fresnel reflection and transmission coefficients, respectively, 
for radiation propagating from medium i to medium j. These coefficients are de-
fined in the literature in terms of in , jn , izk  and jzk  depending on the polariza-
tion direction (p or s) of the radiation.26,50–52 The propagation of radiation within 
a single medium i, i.e. between the interfaces, is described by a propagation ma-
trix via: 
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where di is the thickness of layer i. 
 



Chapter 2 
 

36 
 

Figure 2.7:  (a) Three-layer optical model consisting of a semi-infinite substrate 
(4) with two layers (2 and 3) of finite thickness (d2 and d3, respectively) and 
vacuum (or air) as medium 1 of infinite thickness. (b) The incident 1

ωE   and 
reflected 1

ωE   fundamental fields are related to the transmitted 4
ωE   and return-

ing 4
ωE   electric fields in the substrate (4) via Eq. (2.14) which allows for the 

derivation of the fundamental field 4
ωE   that drives the SH process at the third 

interface. (c) The generated SH electric fields 2
3

ωv   and 2
3

ωv   at the third interface 
are related to the propagated SH fields above the first interface ( 2

1
ωE   and 2

1
ωE  ) 

and in the substrate ( 2
4

ωE   and 2
4

ωE  ) via Eq. (2.17) which allows to derive the 
SH electric field coming from the stack in reflection 2

1
ωE  . 

 
It should be noted that if total absorption occurs in one of the layers the formal-
ism fails because a returning wave is assumed to exist. This layer should then be 
modeled as a semi-infinite material which effectively simulates that no radiation 
comes from the absorbing medium. The substrate is always modeled as a semi-
infinite material because it is expected to be sufficiently thick that no returning 
wave arrives at the substrate/film interface. For the purpose of reproducing SH 
experimental data it is necessary to know in advance the linear optical properties 
of the different media from which the stack system is built-up, i.e. their layer 
thickness and optical dispersion of the complex refractive index. In this work, 
this information has been obtained from spectroscopic ellipsometry (SE) meas-
urements using an appropriate optical model for each layer and a similar matrix 
formalism to account for propagation effects.53 

 
Propagation of the fundamental electric field 
To illustrate the application of the matrix formalism approach the geometry in 
Fig. 2.7 is analyzed. The properties of interest are the local fundamental electric 
fields at the interfaces where SH radiation is generated [Fig. 2.7(b)]. Because it is 
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sufficient to know these fields relative to the incident electric field all fundamen-
tal fields are normalized to the electric field 1

ωE   at z=0, i.e. 1 (0) 1ωE   . The first 
step is to calculate the reflected electric field 1

ωE  at z=0 and the electric field 
4 ( )ωE D   transmitted into the substrate via:   

   
4

1
1 1,4 4 1,4
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E e




  
      

      


E E ,  (2.14) 

where 1,4 1,2 2 2 2,3 3 3 3,4( ) ( )M d M d M M M  is the total transfer matrix describing 
the radiation propagating from medium 1 to 4. Because there is no returning 
electric field from the substrate, i.e. 4 ( ) 0ωE D   , the matrix product of Eq. 
(2.14) results simply in a pair of uncoupled equations. Both the reflected field 

1
ωE 
 and transmitted field 4

ωE 
 , which are the only unknowns, can therefore easily 

be calculated. When the source of SH radiation is located at the substrate-first-
layer interface, as is the case for silicon covered with transparent films, the local 
field generating a SH response is 44

ω
zik DωE e  and the local fields at the other inter-

faces need not to be calculated. If the SH radiation is, however, generated at any 
other interface, further calculations are required for the local electric fields at 
those interfaces. The general expression to obtain the fields at interface n, with 
n≤3 in the present example, is given as: 
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where 2
n

n iiD d  is the total layer thickness up to interface n and 

1, ,( )m n n n mM d  M  is the total transfer matrix describing the radiation prop-
agating from medium 1 to m with m=n+1. Because 1

ωE 
  is known via Eq. (2.14) 

both ω
mE 
  and ω

mE 
  in medium m at interface n can be solved from Eq. (2.15). 

Note that the convention chosen in this work is to analyze the local electric fields 
directly below interface n. This is related to the fact that in our case the SH radia-
tion is only generated in silicon and, therefore, the strength of the driving fields 
has to be analyzed below the substrate-first-layer interface. If it is physically more 
correct, however, to analyze the local driving fields directly above the interface 
this can be easily adapted, i.e. replace m with n in Eq. (2.15) and use the total 
transfer matrix 1, 1, ( )n n n n nM d M . 
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Generation and propagation of the SH electric field 
The fundamental local fields drive the SH process which can be treated as a 
source of radiation. In general a source iv  of radiation in medium i can be writ-
ten in vector notation as:52 

i
i

i

v
v




 
   

v ,      (2.16) 

where 1
0(2 )i iz i iv ik ε k 

  q P , with iP  the polarization source in medium i, e.g. 
the second-order nonlinear polarization in the case of SHG. When the source of 
radiation is p-polarized ˆi i q p  and when s-polarized ˆi q s  with ˆip  and ŝ  
defined in Fig. 2.8. Under the assumption that a source of SH radiation is located 
at the substrate-first-layer interface (n=3), as indicated in Fig. 2.7(c), the SH elec-
tric field 2

1

E at z=0, which is the property of interest, can be calculated via: 

    2
4

22
32 2 2 1

1 1,3 3 1,4 4 1,3 1,42 2
3 4

0
0

0 ω
z

ωω
ω ω ω

ik Dω ω

vE
D

v E e


 

   
         

          


E v E , (2.17) 

where 1,3 1,2 2 2 2,3 3 3( ) ( )M d M d M M  is the total transfer matrix relating the 
source fields to the field 2

1
ωE  , and 1,4 1,2 2 2 2,3 3 3 3,4( ) ( )M d M d M M M  is the 

total transfer matrix relating the field 2
4

ωE 
 , arising because of the source fields, to 

the field 2
1

ωE  . As before, there is no returning SH electric field from the substrate, 
but in this case, there is obviously also no incident SH electric field, i.e. 

2
1 (0) 0ωE   . Considering the fact that the SH electric fields of the source will be 

the imposed fields when reproducing the SHG experimental data, Eq. (2.17) pro-
vides two equations from which the two unknown SH electric fields 2

1
ωE 
  and 

2
4

ωE 
  can be solved. Equation (2.17) can be also applied to calculate 2

1
ωE 
  for a SH 

source at any other interface, or for that matter, at an arbitrary position in a me-
dium. 
 
Calculating the SH intensity from the electric fields 
To calculate the SH intensity it is necessary to determine the fundamental elec-
tric field that is effectively present due to the upward and downward electric 
fields in terms of the (x,y,z)-coordinate system. The values of ( )α

iE z  and ( )α
iE z  

which are determined using the matrix formalism, with { ,2 }α ω ω , represent 
the strength of an upward and downward propagating electric field, respectively, 
at position z in a direction that depends on the polarization direction (p or s) of 
the radiation. The strength of these electric fields is defined with respect to a sys-
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tem of unit vectors. Figure 2.8 shows the system of unit vectors defined by Sipe52 
with respect to the (x,y,z)-coordinate system of Fig. 2.1. 

 

Figure 2.8: System of unit vectors defined by Sipe ( ˆ ˆˆ ˆ,̂ , , ,   s p p k k ) with respect 
to the unit vectors ( ˆˆ ˆ, ,x y z ) that define the (x,y,z)-coordinate system. Both the 

sets ( ˆˆ,̂ , s p k ) and ( ˆˆˆ, , s p k ) form a right-handed orthonormal system. The 
unit vectors ˆp and ˆp  represent the polarization direction for p-polarized 
upward and downward propagating electric fields, respectively. In case of s-
polarization both the upward and downward propagating electric fields have 
the polarization direction ŝ . The unit vectors ˆ

k  and ˆ
k are the wavevectors 

for upward and downward propagating electric fields, respectively. Notice that 
ˆp  and ˆ

k  can be complex, according to their definition,52 and the situation is 
here sketched for when they are real. 

 
In case of p-polarized radiation ( )α

iE z  is directed along ˆp , while ( )α
iE z  is di-

rected along ˆp . However, for s-polarized radiation both ( )α
iE z  and ( )α

iE z  are 
directed along ŝ . In case of p-polarized radiation, with electric field components 
in both the x- and y-direction, the effective fundamental electric field ,

ω
eff iE  can 

be expressed in terms of ( )ω
iE z  and ( )ω

iE z  as (see Fig. 2.8): 

   , cos cosω ω ω
eff i i iE E θ E θ    (x-direction), 

   , sin sinω ω ω
eff i i iE E θ E θ    (z-direction),  (2.18) 

where θ is the angle of incidence. 
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For s-polarized radiation, with only a y-component, the effective fundamental 
electric field is given by 

,
ω ω ω
eff i i iE E E      (y-direction),  (2.19) 

which is independent of the angle of incidence because ˆ ˆs y . 
It depends on the second-order susceptibility tensor element that is ad-

dressed in which direction (x, y, or, z) the effective fundamental electric field has 
to be analyzed in conjunction with the chosen polarization direction. For exam-
ple, the (2)

zzzχ  element, which is dominant for the silicon interface, is only excited 
by the z-component of the fundamental electric field, while the (2)

zxxχ  element is 
only excited by the x-component. Although a similar reasoning also holds for the 
generated effective SH electric field it is not necessary to determine the x-, y-, and 
z-components of this field because the polarizer in the detection line (see Ch. 3) 
does not distinguish between them, i.e. for p-polarized SH radiation both the x- 
and z-component contribute to the detected intensity (s-polarization remains the 
same). The effective SH electric field can therefore be calculated from 2 ( )ω

iE z  
and 2 ( )ω

iE z  using Eq. (2.19), with ω replaced by 2ω, for both s- and p-polarized 
radiation. 

The frequency dependence of the measured SH intensity originating from 
the silicon interface can now be expressed in terms of the effective fundamental 
and SH electric fields according to 

               
2

2 2 2 2
0 , ,1 ,2 2 2ω ω ω

SH eff i eff excitonic q in
q

I ω ε E ω E ω E ω I ω     ,   (2.20) 

where 2
,

ω
excitonic qE  is the SH electric field as a result of the excitonic line shape for 

each resonance q to the SH response as given by Eq. (2.9). The fundamental elec-
tric field ,

ω
eff iE  has to be evaluated, according to Eq. (2.15), at the silicon-first-

layer interface N as function of frequency ω with i=N+1 and, for the situation 
sketched in Fig. 2.7, n=N=3. The incident fundamental radiation is normalized 
which means that ( ) 1inI ω  . The SH electric field 2

,1
ω

effE  is coming from the sam-
ple in reflection (i=1), resulting from a normalized SH source term at interface N 
as described by Eq. (2.17), evaluated at z=0 as function of 2ω. Equation (2.20) 
represents a more explicit formulation of Eq. (2.10) which can be used to decon-
volute SH spectra. It should be noted that all the Fresnel coefficients and layer 
thicknesses are contained within the actual expressions for 2

,1
ω

effE  and ,
ω
eff iE  via 

the total transfer matrices. The above description for a three-layer system (Fig. 
2.7) can obviously be extended to stack systems with an arbitrary number of lay-
ers. 
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3.1 Introduction 
In this chapter the optical setup to perform second-harmonic generation exper-
iments (SHG) is introduced. Such a setup consists of several components of 
which a very essential one is a laser system producing ultra-short pulses to obtain 
the required high intensity radiation. To perform spectroscopic measurements 
the laser system also has to be tunable in wavelength. The femtosecond laser sys-
tem originally available within the PMP group has a small wavelength range 
(710-930 nm) which only covers the E1 region of silicon. To obtain more infor-
mation the wavelength range of the laser system was therefore extended (550-810 
nm) during this work such that both the E1 and E2 regions are covered. Due to 
the different operation principle of the new laser system, however, the spectro-
scopic SHG measurements have become more complex, as will be addressed in 
this chapter. 

 
3.2 Optical setup overview 
The SHG optical setup can be divided into four main parts, namely: (1) femto-
second laser system, (2) laser beam tailoring, (3) second-harmonic generation, 
and (4) detection. This is schematically shown in Fig. 3.1. Before treating each 
part in detail in the upcoming sections their purpose is shortly explained first. 
The lasers system produces femtosecond laser pulses (~ 90 fs) of a selected wave-
length at a specific repetition rate. The resulting laser beam is tailored which en-
compasses tuning of the average power, removing of unwanted wavelength com-
ponents, and selecting the polarization direction of the laser radiation. Subse-
quently the laser beam is focused on the sample and a second-harmonic (SH) 
signal is generated in reflection. This signal is separated from the laser radiation 
using optical filters and a Pellin-Broca prism before it is detected by a photomul-
tiplier tube. For the measurements making use of the extended wavelength range 
a portion of the laser beam is split off and focused on a quartz sample. The result-
ing SH signal is used for normalization of the signal from the sample of interest. 

 
 

 
Figure 3.1: Schematic overview of the second-harmonic generation optical 
setup with the four main parts indicated. 
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3.3 Femtosecond laser system 
The laser system is the most critical part of the setup. Figure 3.2 shows a sche-
matic representation of the total laser system with separate components indicat-
ed. Two configurations are available which produce wavelength tunable femto-
second laser pulses suitable to perform spectroscopic SHG experiments. The first 
one is referred to as the Tsunami setup. This setup consists of a femtosecond 
Ti:Sapphire oscillator (Spectra-Physics “Tsunami”) which is manually tunable in 
the 710-930 nm range. This oscillator is regeneratively mode-locked with an 
acousto-optic modulator and operates at a repetition rate of 80 MHz with an av-
erage output power of ~800 mW at 800 nm. To pump the Ti:Sapphire crystal of 
Tsunami a continues wave (cw) Nd:YVO4 laser (Spectra-Physics “Millennia-Vsj”) 
is used that is intracavity frequency doubled (532 nm) using a lithium triborate 
(LBO) crystal providing ~5 W of pump radiation. The Millennia-Vsj is pumped 
by a fiber coupled diode bar. For the SHG experiments performed with the Tsu-
nami setup the spectral width at each wavelength was set to 12 nm full width half 
maximum corresponding to a pulse duration of ~90 fs. The Tsunami setup has 
been extensively used in our research in the recent past and also plays a major 
role in this work. 

To perform spectroscopic measurements over an extended wavelength 
range a new laser setup has been implemented. This setup consists of four addi-
tional components to the Tsunami setup and is referred to as the TOPAS setup. It 
employs the tunable output from a two-stage optical parametric amplifier (OPA) 
of white-light continuum (Light Conversion Ltd. “TOPAS-C”). The white-light 
continuum is generated in a sapphire plate and overlapped non-collinearly with 
pump radiation (ω1) in a beta-barium borate (BBO) crystal to generate a signal 
beam (ω2). Depending on the crystal angle a specific wavelength from the white-
light continuum is selected, due to phase matching conditions, and rotating the 
crystal thus allows for wavelength tuning. The generated signal beam is over-
lapped collinearly with pump radiation in a second BBO crystal for power am-
plification. This results in a signal (ω2) and idler (ω3=ω1-ω2) beam as output for 
TOPAS-C which covers the 1100-2860 nm wavelength range. This wavelength 
range is shifted towards lower wavelengths (550-1430 nm) by a separate mixer 
stage using frequency doubling of either the signal or idler beam in another BBO 
crystal. TOPAS-C is pumped by a regenerative amplifier (Spectra-Physics “Spit-
fire-HPR”) providing a non-tunable 800 nm femtosecond pulse train with a repe-
tition rate of 1 kHz and an average laser power of ~1.7 W. This amplifier first 
stretches the pulse duration of 800 nm seed pulses from the Tsunami system. A 
selected pulse is then amplified while multipassing a Ti:Sapphire rod after which 
the pulse is compressed to nearly its original duration. The Ti:Sapphire rod is 
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optically excited by an intracavity frequency doubled (532 nm) Q-switched 
Nd:YLF laser (Coherent Inc. “Evolution-30”) operated at 1 kHz repetition rate 
yielding an average output power of ~20 W.  

 

 
Figure 3.2: Schematic representation of the femtosecond laser system consist-
ing of six separate laser components. The input and output laser wavelengths 
are indicated. The tunable output of the Tsunami can be either used stand-
alone (output 1) or serve as an input for the Spitfire to generate tunable laser 
radiation with the TOPAS-C (output 2). 

 
The TOPAS-C is extremely sensitive to the characteristics of the pump radiation 
provided by Spitfire because its operating principle depends on nonlinear optical 
processes. Minor changes in the settings or alignment of the components of the 
laser system can induce a sub-optimal operation of TOPAS-C. This results in a 
reduced output power of TOPAS-C as well as power fluctuations. Frequent re-
tuning and realigning of the whole laser system are required to keep TOPAS-C 
operating properly. TOPAS-C is also sensitive to fluctuations in temperature, 
humidity and air flow. Hence it is important to have stable conditions in the lab. 
The maximum average laser power of the TOPAS setup is about 120 mW at 700 
nm. Although this is lower than for the Tsunami setup, the energy per pulse is 
increased by a factor ~104 due to the kHz instead of MHz repetition rate. A fur-
ther advantage of the TOPAS setup is that the wavelength tuning is computer-
controlled, which substantially reduces the time to acquire a complete SH spec-
trum. 

 
3.4 Laser beam tailoring 
After generating a femtosecond pulsed laser beam its properties need to be tai-
lored before irradiating the sample. This tailoring has three purposes: tuning of 
the average power, removing of unwanted wavelength components, and selecting 
the polarization direction of the laser radiation. A schematic representation of 
the tailoring section of the optical setup is shown in Fig. 3.3. The laser beam is 
guided through the optical path using broadband silver coated mirrors or broad-
band dielectric mirrors. 
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The femtosecond laser pulses created by the TOPAS setup are very intense 
(~102 μJ per pulse) and the average power of the laser beam needs to be reduced 
directly at the output of TOPAS-C. Otherwise the optical components in the 
beam path will get damaged even though their damage threshold is not specified 
for this type of short and intense pulses. To only partly transmit the laser radia-
tion from the TOPAS setup (Fig. 3.3) a double Fresnel rhomb (Thorlabs 
FR600HM) in combination with a polarizer (Thorlabs GL10-A) is used. In case 
of the Tsunami setup this not required as the energy per pulse is significantly 
lower (~10-2 μJ per pulse). 

 

Figure 3.3: Schematic representation of the laser beam tailoring section of the 
optical setup with the important optical components indicated. The average out-
put power of TOPAS-C is strongly reduced using a Fresnel rhomb and polarizer 
and undesired wavelengths in its output are blocked using a set of color filters. A 
variable wave plate and polarizer are used to accurately tune the average power 
of the laser beam and to select the desired polarization direction for both laser 
systems. When using TOPAS-C the laser beam is split into two by a beam split-
ter. The transmitted beam is used to irradiate the sample and the reflected beam 
is used to irradiate a reference sample. 

 
Due to the nonlinear optical processes occurring inside TOPAS-C the output 
does not only consist of the desired wavelength. It also contains higher harmon-
ics of this wavelength and of the 800 nm radiation of the pump beam. Further-
more, it contains a fraction of the pump beam itself. Although the contribution 
of these additional wavelengths is minor compared to the intensity of the desired 
wavelength, some of them are in the range of the SH radiation generated at the 
sample. If these additional wavelengths are not filtered out, the signal of interest 
will be lost as this signal is usually significantly smaller compared to the unwant-
ed signals. It is therefore extremely important to use filters which block all the 
SH-like radiation produced by TOPAS-C. The Schott OG515 and OG570 colored 
glass filters are suitable for this. Table 3.1 shows the filter sets used directly after 
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TOPAS-C depending on the output wavelength. The Tsunami system on the oth-
er hand can only emit the chosen wavelength as the gain is only larger than unity 
for a narrow spectral range. No filtering is therefore required directly at the out-
put of the Tsunami.  

 
Table 3.1: Sets of color filters used directly at the TOPAS-C output for 
different wavelength ranges. The filters remove any SH-like signals pro-
duced by TOPAS-C. 

Wavelength of TOPAS (nm) Filter set used 
λ ≤ 640 4x 3 mm OG515 
λ > 640 1x 2 mm OG570, 4x 3 mm OG515 

 
For both laser setups a variable wave plate (New Focus 5540) and a Glan-
Thompson polarizer (New Focus 5525) are used to accurately tune the power of 
the laser beam and select the desired polarization direction. In case of the Tsu-
nami setup the tailored laser beam is used to irradiate the sample directly. When 
using TOPAS-C the tailored laser beam is split into two by a beam splitter. The 
transmitted beam is then used to irradiate the sample and the reflected beam is 
used to irradiate a reference sample. The SH signal generated at the reference is 
employed to compensate for pulse-to-pulse fluctuations of the TOPAS-C as will 
be explained in the following section. 

 
3.5 Second-harmonic generation 
When using the Tsunami setup the tailored laser beam is focused on the sample 
using a plano convex BK7 lens (CVI Melles Griot PLCX C-series, f=250 nm). 
Any SH-like radiation, possibly generated in the Tsunami system or at the optical 
components in the beam path, is removed by an OG570 filter directly placed 
after the lens. 

In case of the TOPAS setup an achromatic doublet lens (Thorlabs AC254-
200-A-ML, f=200 mm) is used for focusing of the beam. With a doublet it is pos-
sible to achieve a tighter focus than with a (singlet) plano convex lens. Further-
more, the focal length of an achromatic doublet lens is nearly constant across a 
wide wavelength range. The removal of SH-like radiation from the optical com-
ponents in the beam path is done using OG515 filters and, when using funda-
mental wavelengths below 640 nm, a SP650 short-pass filter (Edmund Optics 
High Performance 650 nm OD4) is added to remove any radiation with a wave-
length above 650 nm. The exact filter sets applied when using the TOPAS setup 
are listed in the “pre-sample” column of Table 3.2. 
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At the sample the SH radiation of interest is generated and reflected to-
wards the detection part of the optical setup. 

 

Figure 3.4: Schematic representation of the second-harmonic generation part of 
the optical setup. The laser beam is focused on the sample (and reference) using 
a lens and a SH signal is generated in reflection after “pre-sample” filtering of any 
possible remaining radiation at the SH wavelength from the incoming beam. 
When using TOPAS-C a portion of the laser beam is split off and used to gener-
ate a SH signal at a z-cut α-quartz wedge which is used to normalize the signal 
from the sample. The latter is done to correct for pulse-to-pulse fluctuations and 
for the spectral response of the system 

 
As mentioned before, the TOPAS setup is relatively complex and very sensitive to 
the conditions of the surroundings. Unlike Tsunami, which is very stable in time, 
the output power of TOPAS-C therefore fluctuates in time. To compensate for 
pulse-to-pulse fluctuations a reference line is needed when using the TOPAS set-
up. The reference line is an optical duplicate of the sample line ensuring an iden-
tical optical response. A z-cut α-quartz wedge (CVI Melles Griot, φ=~3o, L/10 
flatness) is used as a reference sample since it has a wavelength independent SH 
response in the visible spectral range. This means that normalization of the SH 
signal of the sample to that of the reference will not only correct for pulse-to-
pulse fluctuations, but it will also make the signal independent of the spectral 
response of the system. This is an advantage compared to the Tsunami setup 
where the power and optical response corrections have to be done manually. 

 
3.6 Detection 
The SH radiation generated in reflection from the (reference) sample is collinear 
with the fundamental laser radiation. Furthermore, there is typically a factor of 
1016 difference between the SH and fundamental signal. This serves as a challenge 
for the SH signal detection using a photomultiplier tube (PMT) which is sensi-
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tive to any impinging photon within its bandwidth and not wavelength specific. 
Hence it is essential to filter out the fundamental radiation to be able to measure 
any SH signal with the PMT. This is done by optical filtering using colored glass 
filters as well as spatial filtering using a Pellin Broca prism (Laser Components 
GmbH, fused silica) as shown in Fig. 3.5.  

 

 
Figure 3.5: Schematic representation of the detection part of the optical setup 
with all important optical components indicated. A plano convex lens is used to 
collimate the SH radiation. The fundamental laser radiation is suppressed “post-
sample” by color filters. After selecting the polarization direction of the SH ra-
diation it is separated from the fundamental radiation using a Pellin-Broca prism 
and detected using a photomultiplier tube (PMT). For both the sample and ref-
erence line the detection part is identical. 

 
In case of the Tsunami setup, two BG40 colored glass filters (Schott, 3 mm) are 
used to suppress the fundamental radiation by a factor >106 while transmitting 
more than 90% of the SH radiation. For the extended wavelength range of the 
TOPAS setup it is not possible to use only one set of filters for the whole spec-
trum as no filters with appropriate transmission curves exist. Table 3.2 gives an 
overview of the different filter sets (third column) used for TOPAS measure-
ments to remove the fundamental radiation in the beam “post-sample”. At those 
wavelengths where there is a switch of the filter sets the SH signal is measured 
twice: one time with the original filter set and a second time with the new filter 
set. This allows to check whether the normalized SH response for each filter set is 
the same. If not, another change in the optical setup has apparently occurred 
which is not taken care of by the normalization process. With this knowledge the 
problem can then be resolved. 

The remaining fundamental radiation after the optical filtering is spatially 
separated from the SH radiation by a Pellin Broca (PB) dispersing prism. Before 
the beam enters the PB-box it passes through a polarizer and a plano convex 
lens. The polarizer (Thorlabs GLB-10 for TOPAS and GL10-A for Tsunami) is 
used to select the desired polarization direction of the SH radiation. The lens 
(BK7 or UV-grade fused silica, f=150 mm) focusses the beam on a slit which is 
positioned after the PB prism. This slit prevents the spatially separated funda-
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mental radiation from reaching the PMT. To reduce the angular spread of the SH 
beam due to its wavelength-dependent refraction within the sample structure, a 
UV-grade fused silica lens can be placed between the sample and the filters, with 
the sample in its focus, to collimate the beam. This has been done for all TOPAS 
measurements but not for the Tsunami measurements unless explicitly specified 
otherwise. The reason for this is that the angular spread becomes more apparent 
for lower wavelengths and it represents a detection issue only for the extended 
wavelength range of TOPAS-C. 

 
Table 3.2: Filter sets used directly before and after the sample for different 
wavelength ranges of TOPAS-C. The filters remove any SHG-like signals 
“pre-sample” and suppress the fundamental radiation “post-sample”. 

Wavelength (nm) Filter sets pre-sample Filter sets post-sample 
λ ≤ 640 1x 3 mm OG515 

1x 3 mm SP650 
 

4x 2.5 mm U330 

640 ≤ λ ≤ 690 1x 3 mm OG515 
 

4x 2.5 mm U340 

λ > 690 1x 3 mm OG515 2x 3 mm BG40 
1x 3 mm BG3 

  1x 2 mm BG3 

 
When using the Tsunami setup at most one single SH photon is emitted per laser 
pulse from a typical sample. The PMT (Hamamatsu R585) is therefore operated 
using a single-photon-counting mode. In the photon-counting mode the poten-
tial over a resistor due to the charge from the PMT is compared to a threshold. If 
a voltage above the threshold is measured a photon is deemed to be detected and 
a TTL pulse is generated by the electronics. Each pulse is counted using a pulse 
counter (National Instruments BNC-2121 with 8-channel PCI-6602 card, 80 
MHz, 32 bit). This approach is highly sensitive and has a dark count rate below 4 
Hz. The data is represented in terms of the SH intensity as calculated from the 
number of photons counted after correction for the applied laser intensity and 
the response of the optical system. The optical response comprises the optical 
transmission of the colored glass filters and polarizer in the exit beam path and 
the quantum efficiency of the PMT. 

In case of the TOPAS setup multiple SH photons are generated per laser 
pulse due to the much higher fluence.† Because a PMT cannot distinguish be-

                                                            
† The fluence F is defined as the pulse energy per unit of irradiated area Airr on the sample, 
i.e. F=Pavg∙(Airr∙Rrep)-1, where Pavg is the average laser power and Rrep is the repetition rate. 
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tween one or multiple photons within its response time (>>fs) the sensitive sin-
gle-photon counting approach has to be abandoned. As an alternative the charge 
from the PMT (Hamamatsu R928) is stored in a RC circuit. The discharging of 
the capacitor in the RC circuit is sampled by an analog-to-digital converter 
(TUeDACS Transient Recorder, 2-channel, 100 MHz, 12 bit) which is synchro-
nized to the kHz repetition rate of the laser system. The difference in the signal 
levels before and after the laser pulse is proportional to the number of generated 
SH photons. To ensure a proper normalization the detection part is identical for 
both the sample and reference line. The SH intensity is in this case directly pro-
portional to SH signal from the sample line after normalization to the SH signal 
of the reference line.  

The measurements are controlled and processed using self-written Lab-
VIEW-based software on a computer.  

 
3.7 Validation of the SH signal 
It is important to validate that the measured signal truly corresponds to SH radi-
ation from the sample. As mentioned earlier the Tsunami setup has been used 
extensively to perform SHG measurements in the past. The SH signal has often 
been validated and this data is presented elsewhere.1 The TOPAS setup, however, 
will be used for the first time to perform SHG experiments. Due to the complexi-
ty of this setup it is even more important to validate the measured signal. This 
has been done using two types of measurements. Firstly, the dependence of the 
SH signal on the power of the fundamental beam has been determined. Accord-
ing to Eq. (2.8) in Ch. 2 the SH intensity should depend quadraticaly on the in-
tensity (i.e. power) of the fundamental radiation. Secondly, the azimuthal de-
pendence of the SH response has been determined which reflects the symmetry 
properties of the sample and is unique for SHG. 

The power dependence of the SH response for 790 nm fundamental radia-
tion is shown in Fig. 3.6 for the sample and reference detection line with both p-
polarized fundamental and SH radiation. The reference line contains the z-cut α-
quartz wedge and the sample line a wet thermally oxidized Si(100) sample with 
50 nm SiO2. For both detection lines the exponent of the fitted power depend-
ence, using a simple power function, is 1.9±0.2. This confirms the quadratic de-
pendence of the SH intensity on the power of the incident radiation and thus 
validates the measured signal. The small deviation of purely quadratic behavior is 
caused by the non-linearity of the PMT. Although not shown here the quadratic 
dependence holds also for other fundamental wavelengths.2 
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Figure 3.6: Power dependence of the SH response from wet thermally oxidized 
Si(100) sample with 50 nm SiO2 and a z-cut α-quartz wedge for p-polarized 
fundamental and SH radiation on a double logarithmic scale. The measure-
ments were performed at a fundamental wavelength of 790 nm and angle of 
incidence of 35o. The solid lines represent a fit to the data with a simple power 
function resulting in an exponent of (1.9±0.2). 

 
Figure 3.7 shows the azimuthal response of the SH intensity from the Si/SiO2 
sample for three different powers with both p-polarized fundamental (740 nm) 
and SH radiation. At an azimuthal orientation of 0o the plane of incidence is 
aligned with the [011] crystal axis. Every data point represents the SH signal 
from the sample detection line normalized to the SH signal from the reference 
line. All three graphs show a four-fold azimuthal symmetry with a background 
level and amplitude independent of the power. This indicates that the pulse-to-
pulse normalization using the signal from the reference line compensates indeed 
for any power fluctuations. 
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Figure 3.7: Azimuthal dependence of the SH intensity from wet thermally oxi-
dized Si(100) for p-polarized fundamental and SH radiation at three different 
powers. At an azimuthal angle of 0o the plane of incidence is aligned with the 
[011] crystal axis. The measurements were performed at a fundamental wave-
length of 740 nm and angle of incidence of 35o. The solid lines represent the fits 
to the data using Eq. (3.1). 

 
The data in Fig. 3.7 can be described with the following equation: 

     0 2 4sin 4 sin 8I ψ a a ψ ξ a ψ ξ      
   0 2 sin 4aI a ψ ξ         (3.1) 

where ψ  is the azimuthal angle, ξ  an arbitrary phase correction term, and ia  
are amplitudes. Because the signal-to-noise ratio of the experiment is not suffi-
cient to be sensitive to the eight-fold symmetry in the SH intensity the 4a -term 
in Eq. (3.1) was neglected in fitting it to the data in Fig. 3.7. The values of the 
parameters obtained from the fit are listed in Table 3.3. All amplitude values are 
similar for the three different powers which again confirms that the normalized 
SH response does not depend on the power of the laser beam. From the 2 0/a a  
ratio it can be concluded that about one-third of the SH response is anisotropic 
of nature, while the rest has an isotropic origin. Hence, it is important to perform 
all intensity measurements with the same azimuthal angle, or else the data can-
not be compared due to azimuthal response differences. 
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Table 3.3: Parameter values resulting from the fit to the azi-
muthal response shown in Fig. 3.7 using Eq. (3.1) 

Power 
(μW) 

0a (μW) 2a (μW) 2 0/a a  ξ (rad.) 

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

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

Although the data shown in Fig. 3.6 and 3.7 represent truly unique signa-
tures of SHG they were obtained at a few wavelengths only. Because the TOPAS 
setup has been mainly developed to perform spectroscopic measurements over 
an extended wavelength range it is also important to examine whether a com-
plete spectrum can be properly obtained. As a “test sample” the wet thermally 
oxidized Si(100) is chosen because spectroscopic data for the Si/SiO2 interface is 
available in the literature within the same spectral range for comparison. The top 
panel in Fig. 3.8 shows the SH signal of the sample and reference line as a func-
tion of two-photon energy in the range 3.06-4.51 eV. Each data point is an aver-
age value of in total 18000 acquisitions. The SH signal of the reference line was 
kept approximately at 1200 counts by tuning the average power of the laser beam. 
This reference signal is used to normalize the SH signal of the sample. The bot-
tom panel shows the normalized SH spectrum of the sample with every data 
point shot-to-shot corrected, i.e. first sample acquisition #n is normalized to ref-
erence acquisition #n, and then averaged over all 18000 normalized acquisitions. 

The corrected spectrum of Fig. 3.8 shows two distinct peaks, one at ~3.3 
eV and the other at ~4.4 eV, which correspond to the E1 and E2 resonances of 
bulk silicon, respectively (see Sec. 2.4 in Ch. 2). In between these peaks a broad 
feature is clearly visible with no apparent peak value. As discussed in Ch. 2, this 
contribution to the SH response is related to the sub-oxide region between Si and 
SiO2 where Si-Si bond distortions strongly shift the bulk silicon resonance ener-
gies. But more essential to the present discussion, it is a contribution unique to 
nonlinear optical spectra which validates the SH nature of the obtained data. The 
overall spectral shape matches very well the SH spectrum obtained by Rumpel et 
al.3 from a similar thermally oxidized Si(100) sample (see Fig. 2.5 in Ch. 2). To 
gain more insight into each contribution to the overall spectral response the data 
needs to be deconvoluted using the critical-point model introduced in Ch. 2. The 
deconvolution is presented and discussed in Ch. 8 of this thesis. 
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Figure 3.8: (top panel) SH average signal as a function of two-photon energy 
from the z-cut α-quartz reference and the wet thermally oxidized Si(100) sample. 
(bottom panel) SH intensity as a function of two-photon energy for the wet 
thermally oxidized Si(100) sample after shot-to-shot normalization to the refer-
ence signal. The measurements were performed using p-polarized fundamental 
and SH radiation at an angle of incidence of 35o. 

 
As a final remark, the SH intensity spectrum in the bottom panel of Fig. 3.8 
shows that the TOPAS setup has been successfully implemented and allows for 
spectroscopic SHG measurements over a significantly extended wavelength 
range. This is not only relevant for measurements of silicon-based samples but 
also for studying technologically and scientifically emerging materials such as 
germanium and graphene. 
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74, 81303 (2006).  
  

N
o

rm
. S

H
 i

n
te

n
si

ty
 (

1
)

C
o

u
n

ts
 (

a
rb

. u
n

it
)

Two-photon energy (eV)



Chapter 3 
 

58 
 

 



 59 
 

 
 

Chapter 4 
 

 

 
Role of field-effect on c-Si surface passivation by 
ultrathin atomic layer deposited Al2O3
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Summary 
Al2O3 synthesized by atomic layer deposition (ALD) yields excellent surface pas-
sivation of crystalline silicon (c-Si). For decreasing Al2O3 film thickness the pas-
sivation quality reduces below ~5 nm in case of plasma-assisted ALD Al2O3 and 
below ~10 nm for thermal ALD Al2O3. Optical second-harmonic generation was 
employed to distinguish between the influence of field-effect passivation and 
chemical passivation through the measurement of the electric field in the c-Si 
space-charge region. It is demonstrated that this electric field−and hence the 
field-effect passivation−is virtually unaffected by the Al2O3 thickness between 2 
and 30 nm. This indicates that for Al2O3 films with a thickness below the typical 
values of approximately 5 and 10 nm for plasma-assisted and thermal ALD, re-
spectively, a decrease in the chemical passivation causes the reduced surface pas-
sivation performance. 
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4.1 Introduction 
The reduction in surface recombination losses is of prime importance for next 
generation crystalline silicon (c-Si) solar cells because the interface characteris-
tics play a vital role in the overall solar cell performance. Surface passivation can 
be obtained either by reducing the interface defect density, i.e., chemical pas-
sivation, or by shielding the minority carriers from the semiconductor interface 
by means of a built-in electric field, i.e., field-effect passivation.1 Such passivation 
mechanisms can be induced by applying functional thin films to the surface of c-
Si. It has been shown that amorphous Al2O3 thin films synthesized by (plasma-
assisted) atomic layer deposition (ALD) provide excellent surface passivation of 
n, p, and p+-type c-Si.2–4 In addition to the chemical passivation, a strong field-
effect passivation was found to play a key role in the passivation mechanism of 
Al2O3, due to the presence of a high negative built-in charge density in Al2O3.1,5 

Recently, it was demonstrated that Al2O3 films synthesized by plasma-
assisted ALD yield an excellent, constant level of surface passivation of c-Si for 
films down to 5 nm thickness, but deteriorates significantly for film thicknesses 
below this typical value.6 In case of Al2O3 films prepared by thermal ALD the 
passivation performance starts already to reduce for films <10 nm. Whether the 
deterioration is related to a decrease in the chemical or field-effect passivation, or 
both, has not yet been elucidated. Therefore, in this Chapter, we investigate the 
influence of Al2O3 film thickness on the c-Si surface passivation quality, as the 
film thickness is a critical parameter considering the ALD processing speed. We 
employ the nonlinear optical technique of second-harmonic generation (SHG), 
which is contactless, nonintrusive, and has intrinsically no requirement on min-
imum film thickness, unlike more conventional techniques. Moreover, SHG is 
sensitive to internal electric fields in silicon-thin-film systems through the effect 
of electric-field-induced SHG (EFISH) and can thus be used to investigate field-
effect passivation. 

We demonstrate that the field-effect passivation is virtually unaffected by 
the Al2O3 film thickness down to at least 2 and 5 nm for the plasma-assisted and 
thermal ALD process, respectively. This indicates that for Al2O3 films with a 
thickness below the typical values of 5 and 10 nm for plasma-assisted and ther-
mal ALD, respectively, a decrease in the chemical passivation causes the reduced 
surface passivation performance. 
 

4.2 Experimental details 
Ultrathin films of Al2O3 were deposited at both sides of p-type (275 μm, 100 , 
~2 Ω·cm) float zone c-Si wafers preceded by a HF dip to remove the native oxide. 
The films were synthesized by thermal (5-30 nm) and plasma-assisted (2-20 nm) 
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ALD at a substrate temperature of 200 °C, yielding films with an O/Al ratio of 
1.5–1.6, negligible carbon content (<2 at. %), and a small amount of hydrogen 
(~2–4 at. %).6,7 Previously, also the presence of an interfacial SiOx layer (1.2–1.5 
nm) between the Si wafer and the Al2O3 was observed by high-resolution trans-
mission electron microscopy.3 After deposition, the samples received a post dep-
osition anneal (PDA) for 10 min at 400 °C in N2, necessary to activate the pas-
sivation.3,4  

To provide a measure for the level of field-effect passivation, the electric 
field in the c-Si space-charge region (SCR), as caused by the negative built-in 
charge in Al2O3, was probed using SHG. Being surface and interface specific for 
centrosymmetric media (e.g., certain crystalline and most amorphous materials) 
and resonant with optical transitions, SHG allows for the contactless probing of 
the properties of the interface between thin films and the c-Si substrate. SHG 
measurements were performed using p-polarized femtosecond (~90 fs) laser ra-
diation from a Ti:sapphire oscillator (Spectra-Physics Tsunami), tunable in the 
1.33–1.75 eV photon energy range, and focused on the sample at a 35° angle of 
incidence to a beam waist of ~150 μm. SH radiation generated in reflection, us-
ing a fluence at the sample of ~4 μJ·cm−2 per pulse, was separated from the fun-
damental radiation using optical and spatial filtering and detected in p-
polarization with a photomultiplier tube (PMT) connected to single photon 
counting electronics.8 The SHG data are represented in terms of the SH intensity 
as calculated from the detected SH signal after correction for the applied laser 
intensity and the response of the optical system. The optical response comprises 
the optical transmission of the colored filters and the polarizer in the exit beam 
path and the quantum efficiency of the PMT. In all experiments the Si(100) sub-
strates were oriented with the [011] crystal axis parallel to the plane of incidence 
of the laser beam. See Ch. 3 for more details. 

In addition, the surface passivation quality, depending on both chemical 
and field-effect passivation, is given in terms of the effective lifetime (τeff) of the 
minority carriers at an injection level of 1015 cm−3. The τeff values were obtained 
by contactless photoconductance decay measurements performed in transient 
mode using a Sinton WCT-100 lifetime tester.9 

 

4.3 Surface passivation properties 
In Fig. 4.1 the obtained τeff values are shown as a function of Al2O3 film thickness 
for both the thermal and plasma-assisted ALD process.6 The values were normal-
ized to the highest τeff measured for samples of both ALD processes. In case of 
plasma ALD, a virtually constant level of surface passivation is obtained for films 
down to ~5 nm thickness, while for thermal ALD a constant level is obtained 
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down to ~10 nm thickness. Below these critical thicknesses the passivation quali-
ty reduces as indicated by the decrease in the normalized lifetime values. At an 
Al2O3 thickness of ~2 nm the thermal ALD film results in a significantly lower 
lifetime compared to the plasma ALD ones. In general, the passivation perfor-
mance of thermal ALD Al2O3 films is found to be slightly lower than for plasma 
ALD Al2O3 films which can be also observed from Fig. 4.1.7,10,11 It must be 
stressed that the lifetime values depend also on the bulk lifetime of the silicon 
wafers. 

 

 
Figure 4.1: The effective lifetime normalized by the highest τeff measured for ~2 
Ω∙cm p-type Si(100) passivated on both sides with either plasma or thermal 
ALD Al2O3 as function of film thickness. The dashed lines serve as a guide to 
the eye. The closed markers represent the samples for which SHG measure-
ments were performed (Fig. 4.2 and 4.3). 

 
Because τeff is ruled by both passivation mechanisms, it is not clear whether the 
decrease in passivation quality can be attributed to changes in chemical or field-
effect passivation. To investigate the influence of the film thickness on the level of 
field-effect passivation, spectroscopic SHG measurements were performed on 
samples of three different Al2O3 thicknesses for both thermal (5, 10 and 30 nm) 
and plasma (2, 5, and 20 nm) ALD. These samples correspond to the data points 
in Fig. 4.1 that are represented with closed markers. In case of thermal ALD 
these three samples received an additional capping layer of as-deposited thermal 
ALD Al2O3 up to a total film thickness of 50 nm. This was done to seal blisters in 
the Al2O3 layer which are formed during the annealing process. The capping lay-
er does not influence the passivation properties as can be understood from the 
fact that the data points for the thermal ALD series in Fig. 4.1 with closed mark-
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ers follow the same trend as the samples without a capping layer. For the 10 nm 
thermal ALD Al2O3 sample also an open marker data point is present at the same 
position (not visible). 

 

4.4 Extracting the electric-field-induced contribution 
In Fig. 4.2 the SHG spectra are shown in the 2ħω=2.6–3.6 eV two-photon energy 
range for both ALD process. The distinct resonance in all spectra at a two-
photon energy of ~3.4 eV corresponds to interband transitions near the E1 criti-
cal point (CP) of bulk silicon. For each ALD process slight variations in the over-
all SH intensity can be observed with film thickness but there is no distinctive 
trend. It is clear, however, that the maximum SH intensity of the thermal ALD 
series is approximately a factor 0.7 lower compared to the plasma-assisted ALD 
series for all Al2O3 film thicknesses. Because multiple contributions add coher-
ently to the SH response of the silicon/Al2O3 interface, including the aforemen-
tioned electric-field-induced contribution, it is not directly evident from the data 
which contribution causes the difference in SH intensity between the ALD pro-
cesses. 

To separate the different contributions, allowing to isolate the EFISH con-
tribution, the spectra were reproduced using a model in which the SH intensity 
(ISH) is approximated by a coherent superposition of CP-like resonances with 
excitonic line shapes evaluated at the substrate/film interface via (see Ch. 2, Sec. 
2.5)8,12,13 
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where Iin is the intensity of the incident fundamental radiation and (2)
zzzχ  a tensor 

element of the second-order nonlinear susceptibility (2)χ . In this equation, hq 
denotes the (real) amplitude, ωq the frequency, Γq the linewidth, and φq the exci-
tonic phase of resonance q. The spectra were analysed in terms of tensor element 

(2)
zzzχ , as the other elements contributing to p-polarized fundamental and SH ra-

diation, i.e. (2)
zxxχ  and (2)

xxzχ , do not modify the spectral parameters significantly.14,15 
The complex function A(ω,θ) in Eq. (4.1), with θ the angle of incidence, describes 
the propagation of both the fundamental and SH radiation through the thin film 
system and includes linear optical phenomena, such as absorption, refraction, 
and interference due to multiple reflections (see Ch. 2, Sec. 2.6). The required 
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optical constants and film thicknesses were determined by spectroscopic ellip-
sometry. 

 

 
Figure 4.2: SH intensity as function of the two-photon energy for Si(100) cov-
ered with Al2O3 films of indicated thickness as synthesized with thermal and 
plasma ALD. The solid lines are fits to the data using a superposition of three 
CP-like resonances as represented by the dashed lines. 

 
Following the approach of Rumpel et al.14 for the c-Si/SiOx interface, three dis-
tinct contributions are used in the model to fit the experimental data, which has 
proven to also be viable for the c-Si/Al2O3 system.5 It must be stressed at this 
point that the resonant feature observed in all spectra originates from interband 
transitions in the vicinity of the E1 critical point of silicon. No resonant SHG oc-
curs at the SiO2/Al2O3 interface or at the surface of Al2O3 due to the fact that 
there are no optical transitions of these amorphous materials within the funda-
mental photon energy range. To obtain a stable and unique fit, as few as possible 
independent fit parameters were used and the modeling was done simultaneous-
ly for all six spectra. The parameters resulting from this multi-sample analysis are 
listed in Table 4.1. 
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Table 4.1: Excitonic parameters of the various contributions to the SH re-
sponse as obtained from simultaneously modeling the SH intensity spectra in 
Fig. 4.2 using a multi-sample fitting procedure.† In the analysis 1 is set to 
zero. Parameter values printed in italic had a single variable in the multi-
sample fit and those printed in bold were fixed according to the literature. 

 plasma ALD thermal ALD 
Parameter 2 5 20 5 10 30 
 Si-Si interface contribution (E1) 
h1 (arb. unit) 0.4 0.4 0.4 0.4 0.4 0.4 
ħω1 (eV) 3.29 3.29 3.29 3.29 3.29 3.29 
Γ1 (eV) 0.08 0.08 0.08 0.08 0.08 0.08 
 EFISH contribution (E1) 
h2 (arb. unit) 4.6 4.1 3.6 2.7 2.7 2.5 
ħω2 (eV) 3.39 3.40 3.41 3.39 3.41 3.41 
Γ2 (eV) 0.115 0.115 0.115 0.115 0.115 0.115 
φ2 (π rad) 0.9 0.9 0.9 0.9 0.9 0.9 
 Si-SiO interface contribution 
h3 (arb. unit) 1.0 1.0 1.0 1.0 1.0 1.0 
ħω3 (eV) 3.65 3.65 3.65 3.65 3.65 3.65 
Γ3 (eV) 0.34 0.34 0.34 0.34 0.34 0.34 
φ3 (π rad) 0.36 0.36 0.36 0.36 0.36 0.36 

 
The spectra in Fig. 4.2 can be fitted very well with a main contribution at ~3.4 eV 
and additional contributions at 3.29 and 3.65 eV for both ALD processes. Note 
that the separate contributions shown in Fig. 4.2 are summed taking their phase 
differences into account [cf. Eq. (4.1)]. The resonance frequency, linewidth, and 
excitonic phase of the 3.65 eV contribution were fixed, as within the current ex-
perimental photon energy range the parameters of contribution cannot be de-
termined unambiguously, and their values were taken from literature.14 This so-
called Si-SiO interface contribution originates from strongly distorted Si bonds 
in a thin transition layer between Si and the interfacial SiOx.14,16 The contribution 
at 3.29 eV can be assigned to interband transitions related to Si–Si bonds modi-
fied due to the vicinity of the interface with the film.17,18 The amplitudes of both 
the Si-Si and Si-SiO interface contributions could be fitted with a single parame-
ter. From the obtained amplitude values (h1 and h3) it can be seen that both these 
contributions have only a minor impact. 
                                                            
† Some values listed here are different from the values published earlier.25 This is due to the fact that 
an extended data-set (thermal ALD) is used in the multi-sample fitting procedure. Furthermore, the 
fact that the Si-Si and Si-SiO interface contributions are not very well defined due to the relatively 
strong EFISH response is playing a role. 
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The most dominant contribution at ~3.4 eV is a clear signature of EFISH 
originating from the bulk SCR in c-Si. Its excitonic phase was manually opti-
mized, taking typical values from the literature into account, because an uncon-
strained fit results in unrealistic values. The obtained energies and linewidth for 
this resonance are very close to the values for bulk Si (3.40 and 0.10 eV, respec-
tively12). Note that in general, EFISH is a third-order nonlinear process, de-
scribed by a rank-four susceptibility tensor, while the other contributions are 
second-order. However, with a dc electric field perpendicular to the interface, 
symmetry considerations allow EFISH to be effectively described as a second-
order effect (see Ch. 2, Sec. 2.3).19 As shown in Table 4.1 the EFISH amplitude h2 
slightly decreases with increasing film thickness for both ALD processes. In case 
of the thermal ALD process the EFISH amplitudes are approximately a factor 0.7 
lower compared to the plasma-assisted ALD process which corresponds to the 
observed difference in SH intensity between the two ALD processes (Fig. 4.2).  

 

4.5 Al2O3 thickness dependence of the field-effect 
As previously shown, a strong electric field is created at the silicon interface by 
the large negative charge density in the Al2O3.5 Indeed, the phase difference be-
tween the Si–Si interface resonance and the EFISH contribution of ~π (Table 4.1) 
indicates a positively charged SCR in the Si according to the literature.14 The am-
plitude of the EFISH contribution is proportional to the magnitude of the electric 
field in the Si SCR. As this electric field is responsible for the induced field-effect 
passivation, the EFISH amplitude can be used as a measure for the level of field-
effect passivation. In Fig. 4.3 the EFISH amplitude as normalized to the value 
obtained for the 2 nm plasma-assisted ALD Al2O3 sample is plotted as a function 
of film thickness for both ALD processes. 

Within the error, estimated from the accuracy of the experiments and the 
modeling, the normalized EFISH amplitude is independent of the film thickness 
for both ALD processes. Moreover, the actual changes are very small compared 
to the changes in normalized effective lifetime as shown in Fig. 4.1. This means 
that the magnitude of the electric field in the silicon SCR, and hence the negative 
built-in charge density (~1012-1013 cm−2) present in the Al2O3, is virtually con-
stant with film thickness. As this electric field is responsible for the field-effect 
passivation, a constant magnitude implies that also the field-effect passivation is 
independent of film thickness. Moreover, it also implies that the charges are lo-
cated at the SiOx/Al2O3 interface. This is in good agreement with conventional C-
V measurements that we performed for TiN/Al2O3 capacitor stacks on p-type c-
Si, where the films were deposited by plasma-assisted ALD at 400 °C in a similar 
reactor as used for this study.20 These measurements showed a linear dependence 
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of the flat band voltage Vfb with Al2O3 film thickness (10–30 nm). This result also 
suggests that built-in charges, (9.6±0.2)×1012 cm−2 in this specific case, are locat-
ed near the c-Si/Al2O3 interface, corresponding to what has been reported by 
other authors.21,22 The lower EFISH amplitudes obtained for the thermal ALD 
samples with respect to the plasma-assisted ALD samples indicate that the ther-
mal ALD Al2O3 films contain less built-in charges. However, the built-in charge 
density cannot be quantified because this requires at least one sample for which 
the built-in charge density is known in order to calibrate the EFISH amplitude 
values.5 Such calibration sample is not available for the data set of this work. 

 

Figure 4.3: The EFISH amplitude as function of film thickness for the Al2O3 
films corresponding to the solid data markers in Fig. 4.1. The amplitudes are 
normalized to the value of the 2 nm plasma-assisted ALD Al2O3 sample. The 
dashed lines serve as a guide to the eye. 

 

4.6 Chemical versus field-effect passivation 
From the fact that the field-effect passivation is (virtually) independent of the 
film thickness, it can be concluded that the deterioration of the surface pas-
sivation quality shown in Fig. 4.1 is caused by a decrease in the level of chemical 
passivation for both ALD processes. Moreover, taking into account the slight 
increase in the EFISH amplitudes for decreasing Al2O3 thickness (Table 4.1) the 
level of field-effect passivation is expected to be only stronger for thinner films. 
As the chemical passivation is related to the defect density at the Si interface, a 
plausible hypothesis for a decrease in chemical passivation is related to the hy-
drogen present in Al2O3. Hydrogen, available via diffusion from the Al2O3 bulk, 
is expected to provide chemical passivation by eliminating dangling bonds at the 
Si interface. Therefore, when the Al2O3 film thickness decreases, the amount of 
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hydrogen available for chemical passivation will decrease and/or the hydrogen 
will become less effective in passivating the surface defect states. This will reduce 
the surface passivation quality despite of the remaining high level of field-effect 
passivation. The influence of other interfacial effects (e.g., stress-induced) can, 
however, also not be excluded. 

As discussed above, the critical Al2O3 thickness below which the surface 
passivation quality reduces (Fig. 4.1) is different for the thermal ALD process 
(~10 nm) than for the plasma-assisted ALD process (~5 nm). This difference can 
be attributed to the difference in the level of field-effect passivation (Fig. 4.3) be-
tween the samples obtained by the two ALD processes. The stronger field-effect 
passivation provided by the plasma ALD Al2O3 allows for a smaller thickness 
before the loss of chemical passivation starts to have a significant effect. Moreo-
ver, if the level of chemical passivation is high enough the field-effect passivation 
appears to largely impact the surface passivation quality. This is apparent from 
the similar difference in normalized effective lifetimes (Fig. 4.1) and in EFISH 
amplitudes (Fig. 4.2) between the ALD processes above the critical Al2O3 thick-
nesses. 
 

4.7 Conclusions 
In conclusion, we have shown that the field-effect passivation of c-Si is virtually 
unaffected by the Al2O3 film thickness down to 2 nm in case of plasma ALD and 
down to at least 5 nm for thermal ALD. This indicates that a decrease in chemical 
passivation causes the reduced passivation performance for films below the criti-
cal thickness values, i.e. approximately 5 and 10 nm for plasma and thermal 
ALD, respectively. Moreover, the results demonstrate that SHG allows for the 
contactless characterization of electric fields in (ultra)thin film systems, which is 
not feasible by conventional techniques such as C-V measurements and corona 
charging. Being all-optical, SHG is also applicable in situ and real-time during 
processing of passivating thin films (Al2O3, a-SiNx:H, a-Si:H, and SiOx) as has 
recently been demonstrated for experiments in which a-Si:H was deposited.23,24 
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Summary 
Optical second-harmonic generation (SHG) spectroscopy has been employed to 
probe the electric field of the silicon space-charge region (SCR) for dielectric thin 
films of aluminium oxide, silicon dioxide and silicon nitride that contain either 
positive or negative built-in charges. The SH intensity spectra have been deconvo-
luted using a critical-point model to isolate the electric-field-induced (EFISH) 
contribution from which knowledge about the electric field strength and polarity 
of the SCR has been obtained. A systematic comparison is made between the 
different dielectric thin films for various deposition and post-deposition pro-
cessing conditions. In addition, a relation between the EFISH intensity and built-
in charge density has been established using results from capacitance-voltage and 
corona measurements. This relation enables a contactless and accurate quantifi-
cation of the charge density and polarity in dielectrics on silicon by SHG as rele-
vant for thin film technology. 
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5.1 Introduction 
The impact of built-in charges in (high-k) dielectric thin films on the perfor-
mance of modern silicon-based semiconductor devices is significant. Such 
charges lead to the development of a space-charge region (SCR) in crystalline 
silicon at the dielectric interface. For microelectronic devices (e.g. MOS transis-
tors and capacitors) the space-charge field results in flat band voltage shifts which 
requires an adjustment in operating voltage.1 Moreover, the proximity of built-in 
charges near the silicon interface gives rise to an increased scattering of carriers 
in the channel region, i.e. remote charge scattering, as manifested by a reduced 
effective carrier mobility.2 For optoelectronic devices on the other hand, such as 
nanocrystal light-emitting diodes and crystalline silicon solar cells, the presence 
of built-in charges can be also beneficial for the reduction of charge carrier re-
combination losses at interfaces. Depending on its polarity the space-charge field 
induced by the charges can lead to shielding of minority carriers from the semi-
conductor interface; an effect referred to as field-effect passivation.3 

From the above it is clear that insight into and control of the influence of 
built-in charges on the silicon SCR is of prime importance. This implies that it is 
desirable to directly measure the electric field in the silicon SCR. In specific cases 
it can be even preferable to do this during processing of the semiconductor de-
vice, which would require a contactless technique. Most commonly, capacitance-
voltage (C-V) measurements are used for electronic characterization of thin films 
and their interfaces with Si.4 From C-V data the charge density and polarity in a 
dielectric film can be obtained along with other parameters of interest, e.g. inter-
face state density and k-value. However, such measurements require the fabrica-
tion of a C-V test structure (or adapting a mercury probe configuration) which 
can influence sample and interface properties. Moreover, applying a direct-
current (dc) bias voltage with an alternating-current modulation leads to 
transport of mobile charges across the oxide and charge trapping at the ox-
ide/silicon interface or in the oxide.5 Another approach to probe built-in charges 
in dielectric thin films is by performing surface (photo)voltage measurements 
combined with corona charging.6 Although being a contactless technique that 
does not require device fabrication, it is not fully non-intrusive and has re-
strictions towards sample properties, e.g. difficulties can exist with charging due 
to a high leakage current through the dielectric layer. 

In contrast, the nonlinear optical technique of second-harmonic genera-
tion (SHG) is directly sensitive to the silicon space-charge field through the effect 
of electric-field-induced SHG (EFISH).7 Moreover, being an all-optical, laser-
based technique, SHG is contactless, relatively independent of sample properties, 
and non-intrusive under proper measurement conditions. Consequently, SHG 
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enables characterization of the space-charge field without the necessity of fabri-
cating a measurement test sample. The latter can be important to distinguish be-
tween as-grown and post-deposition processing related properties, for in situ 
measurements, or for measurements under real-time processing conditions. 

One of the first measurements showing the effect of EFISH has been re-
ported by Aktsipetrov et al. for a n-type Si(111)/SiO2 structure with a InGa top 
electrode.8 Depending on the applied dc voltage between the Si substrate and the 
electrode the SH intensity at a wavelength of 532 nm was shown to vary signifi-
cantly. Spectroscopic measurements were first performed by Godefroy et al. 
showing pronounced changes in spectral features depending on the applied dc 
voltage for a Si/SiO2 MOS structure.9 The sensitivity of EFISH to the polarity of 
space-charge fields has been demonstrated by Rumpel et al. for Si(100)/SiO2 
samples.7 A negative SCR was caused by K or Na ions accumulated in a near-
interface region of the oxide, while a positive SCR was induced by laser-induced 
charging of surface traps. Depending on the sign and strength of the space-
charge field the spectral features altered drastically. The application of SHG as a 
probe for the space-charge field is evidently not limited to the Si/SiO2 system and 
can be applied likewise to other (high-k) dielectric thin films.10 Carriles et al.11 
showed the influence of dielectric composition and post-deposition annealing on 
the EFISH response for HfO2 structures. In a study by Price et al.12 charge trap-
ping kinetics of as-grown Si/SiO2/HfO2 stacks indicated the presence of a long-
lived in-gap defect which is specific to HfO2. Previously, studies in our lab have 
shown that SHG is directly sensitive to the electric field in the silicon SCR as in-
duced by negative charges in thin films of Al2O3.13,14 For Al2O3 synthesized by 
atomic layer deposition (ALD) we found that upon post-deposition annealing of 
as-grown films the charge density increased drastically. This increased charge 
density contributed to an excellent level of surface passivation of the silicon due 
to very effective field-effect passivation.13 We also utilized SHG to distinguish 
between the influence of field-effect passivation and chemical passivation for 
ultrathin Al2O3 films. We showed that the field-effect passivation was virtually 
unaffected by the Al2O3 thickness down to 2 nm, indicating that the reduced pas-
sivation performance for 5 nm thick Al2O3 films was caused by a decreased level 
of chemical passivation.14 In a more recent study, we elucidated the differences in 
the passivation mechanism between Al2O3 films grown by H2O-based and plas-
ma-based ALD.15 EFISH indicated profound differences in built-in charge densi-
ty, as corroborated by C-V measurements, leading to different levels of field-effect 
passivation between the two types of ALD films. 

In the literature the effect of EFISH has mainly been used in a single-
wavelength dynamic approach to investigate the SCR characteristics of Si covered 
by various dielectric thin films. Spectroscopic SHG measurements have only 
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been carried out extensively for the Si/SiO2 system. Moreover, these spectroscop-
ic measurements were often conducted by applying a bias voltage to MOS struc-
tures instead of comparing the EFISH response induced by intrinsic built-in 
charges as depending on the materials processing conditions. Furthermore, ex-
cept for Al2O3 the SH spectral response of silicon for other dielectric thin film 
systems that contain built-in charges has not yet been systematically compared. 
In this paper, we therefore report on spectroscopic SHG employed to character-
ize the technologically relevant15–17 dielectric thin films of Al2O3, a-SiNx:H, and 
SiO2 on Si(100). As mentioned above, Al2O3 is known to contain negative charg-
es, while both a-SiNx:H and SiO2 usually contain positive charges.16,18,19 Also, the 
influence of various deposition conditions (e.g. oxidizing agent during ALD) and 
post-deposition processing conditions  (e.g. annealing) on the EFISH signal, and 
consequently on the built-in charges, was investigated. In this respect it is im-
portant to note that the contactless nature of SHG allows for gaining insight into 
the presence of built-in charges in the as-processed films prior to further device 
manufacturing steps. To corroborate the SHG results the built-in charge density 
and polarity in the various dielectric films were quantified using C-V measure-
ments and corona charging experiments. Moreover, a relation between the 
EFISH intensity and the charge density, measured by these more commonly ap-
plied techniques, was established. This enables the use of SHG as a contactless 
and non-intrusive tool to acquire absolute charge densities as present in dielec-
tric thin film systems, even in situations when other (conventional) techniques 
are not applicable. 

This chapter is organized as follows: In Section 5.2 we give a brief over-
view of EFISH theory aiding the interpretation of the results presented in this 
work. Subsequently, the experimental details, regarding sample preparation and 
materials analysis, are described (Sec. 5.3). In Section 5.4, the SH spectra ob-
tained for the various dielectric thin film systems are discussed. A nonlinear op-
tical model is used to discriminate between different resonant contributions of 
which the SH spectra are constituted. In the subsequent section (Sec. 5.5), the 
effect of a post-deposition anneal on spectra of silicon covered with ALD Al2O3 
films is discussed and an assessment of the data reproducibility is made. In Sec-
tion 5.6, a relation between the intensity of the EFISH contribution and built-in 
charge density is established using results from capacitance-voltage and corona 
measurements. The relation is validated using charge density values reported in 
the literature for the various dielectrics. Finally, the conclusion is given address-
ing the implications of this work and directions for future research (Sec. 5.7). 
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5.2 Electric-field-induced second-harmonic generation 
The electric-field-induced contribution 
Second-harmonic generation (SHG) is a nonlinear optical phenomenon that oc-
curs when high intensity radiation, often generated by femtosecond (~100 fs) 
laser pulses, interacts with a medium. Within the electric dipole approximation, 
SHG is only allowed for centrosymmetric media, such as crystalline silicon and 
amorphous materials, when the inversion symmetry is broken.20,21 This occurs at 
the interface between two adjacent materials, which makes SHG interface spe-
cific, but also due to the presence of a dc electric field, e.g. the electric field in the 
silicon SCR. In the latter situation, referred to as electric-field-induced SHG 
(EFISH), the process is essentially of third-order, with one of the driving fields 
being a dc field. EFISH is therefore described by the third-order susceptibility 
tensor (3)(2 0)χ ω ω ω  

  of the medium. The nonlinear material response due 
to the presence of a dc electric field dcE  in a SCR can, however, be described by 
an effective second-order nonlinear susceptibility tensor. This tensor has similar 
symmetry properties as the interface second-order susceptibility tensor, which 
describes the dipole contributions from the interface, due to the directionality of 
the space-charge field.22,23 EFISH can be represented by a second-order polariza-
tion 2ωP which relates the driving electric field ωE  to the nonlinear susceptibility 
tensor via22 

   3 22
0 0 ,

ω ω ω dc ω ω
i ijkl j k l eff ijk j k

jkl jk
P ε χ E E E ε χ E E      (5.1) 

where ε0 is the vacuum permittivity, (3)
ijklχ  is a tensor element of the third-order 

susceptibility, and (2)
,eff ijkχ  a tensor element of the effective second-order suscepti-

bility, with i,j,k,l{x,y,z} as defined by the coordinate system. In this equation ω
jE  

and ω
kE  are components of the driving electric field and dc

lE a component of the 
dc electric field. 

When performing SHG experiments the actual measured quantity is the 
SH intensity. As the SH intensity ( 2ωI ) is proportional to the second-order polar-
ization via 2 2 2| |ω ωI  P , it is evident from Eq. (5.1) that the SH intensity scales 
quadraticaly to dcE . This makes SHG particularly sensitive to dcE  for sufficiently 
high electric field strengths. In principle, EFISH has been shown to contribute to 
SHG for dc| |E  above ~1 kVcm-1 under ideal circumstances.24 However, the 
highest attainable sensitivity to the electric field depends strongly on the material 
system, experimental configuration and the method of data analysis. The mini-
mum detectible electric field strength may, therefore, be several orders of magni-
tude lower in less ideal cases. A surface charge density of 1012 cm-2, correspond-
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ing to an electric field strength in the SCR of dc| |E ~105 V∙cm-1 at the Si interface, 
has been reported to increase the SH signal by a factor 2-3 compared to meas-
urements in absence of EFISH.25 Because the various contributions to the SH 
response add coherently interference effects occur as caused by their phase 
differences. This makes it difficult to discriminate between the interface and 
EFISH contributions and therefore limits the sensitivity to the strength of the 
electric field in the SCR. When the various contributions are of the same order of 
magnitude in strength the interference effects are the strongest. 

It is important to note that the space-charge field can be affected by femto-
second carrier-induced screening as caused by electron-hole (e-h) pairs.26 These 
e-h pairs are generated by the incident high intensity radiation and separate un-
der the influence of the space-charge field on a characteristic time scale deter-
mined by the plasma frequency ωp for e-h pairs. When the separation time is 
equal or smaller than the duration of the incident laser pulse, electrons and holes 
separate causing a partial screening of the space-charge field, and thus a reduc-
tion of the EFISH contribution to the SH signal. Another effect due to the inci-
dent high intensity radiation that can influence EFISH intensity measurements is 
that of multiple-photon-induced charge injection.27 This effect causes a time-
dependent change in the SH response, which is undesired when measuring the 
SCR under non-intrusive conditions. The influence of multiple-photon-induced 
charge injection depends on the laser fluence, repetition rate of the laser pulses, 
the pulse duration, and the photon energy of the laser radiation [see Eq. (2.6) in 
Ch. 2]. By carefully chosen experimental conditions the effect can therefore be 
suppressed. Multiple-photon-induced charge injection can however also be used 
to characterize charging dynamics in dielectric thin film systems. Both for SiO2 
and high-k dielectrics on Si the charging process has been reported to occur via 
the injection of electrons from the Si valence band into the oxide conduction 
band. The injected charge then diffuses into trap sites in the oxide bulk, at the 
buried interface, or at the ambient surface.10,12,28 

 
Obtaining the EFISH contribution from SH intensity spectra 
Typically, during spectroscopic measurements the SH intensity is acquired at 
various fundamental photon energies by tuning the frequency of a pulsed laser 
system. The SH intensity (or amplitude) spectrum obtained in this way usually 
exhibits certain spectral features that relate to the sample properties. In case of 
wide band gap dielectrics on silicon these spectral features are a result of the co-
herent superposition of contributions related to the silicon interface and the 
EFISH contribution from the silicon SCR. Since the various contributions usually 
have different phases with respect to each other, interference effects occur that 
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impact the frequency-dependence of the generated SH radiation. Moreover, be-
cause the SH radiation propagates through the thin-film system, the actual 
measured SH intensity spectrum is influenced by linear optical phenomena. To 
characterize both the strength and polarity of the electric field in the SCR the 
EFISH contribution needs to be isolated from the overall SH intensity.7 One ap-
proach to separate the different contributions is to describe the SH intensity us-
ing a model, derived by Erley et al.,29 in which the frequency dependence of the 
second-order nonlinear susceptibility of the silicon interface is approximated by 
a coherent superposition of critical-point-like resonances with excitonic line 
shapes as (see Sec. 2.5 of Ch. 2)23 

         
2

2 22 , 2q q in
q

I ω A ω θ χ ω I ω SH   

     
2

2,
2

2
Γ

qiφ
q

q in
q q q

h e
A ω θ I ω

ω
I

ω i
ω 

 SH ,  (5.2) 

where Iin is the intensity of the incident fundamental radiation. In this equation 
hq denotes the (real) amplitude, ωq the resonant frequency, Γq the linewidth, and 
φq the excitonic phase of resonance q. The complex function ( , )qA ω θ  in Eq. (5.2), 
with θ the angle of incidence, describes the propagation of both the fundamental 
and SH radiation through the thin-film system and includes linear optical phe-
nomena, such as absorption, refraction, and interference due to multiple reflec-
tions (see Sec 2.6 of Ch. 2).30 

Although most authors interpret SHG spectroscopy data assuming an ex-
citonic line shape, this choice can be quantum mechanically ambiguous for SH 
radiation generated at interfaces in centrosymmetric media.29 Furthermore, a 
recent approach by Dolgova et al.31 shows that it is not possible to differentiate 
between an excitonic and 2D critical-point description due to the large number 
of adjustable parameters. To reduce the degrees of freedom, phase-sensitive SHG 
measurements can be performed as a function of the fundamental photon ener-
gy.24,32,33 This provides independent phase information in addition to the intensi-
ty data but is still not conclusive on the exact line shape. However, for reasonably 
well-known material systems, such as wide band gap dielectrics on Si, it has con-
sistently been reported that the use of a CP description with excitonic line shapes 
provides useful knowledge about the resonance parameters.7,29,34 We therefore 
use the CP model by Erley et al.29 to fit the SH intensity spectra obtained in this 
work. This allows to resolve both the EFISH intensity and relative phase and 
from them the SCR strength and polarity, as detailed in Section 5.4. 
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5.3 Experimental details 
Sample preparation 
Thin films of Al2O3 with a nominal thickness of ~30 nm were deposited at both 
sides of float zone Si(100) wafers (n- or p-type, ~2.5 Ωcm, 280 μm) preceded by 
a HF dip to remove the native oxide. The films were synthesized by plasma-
assisted (O2 plasma as oxidant) atomic layer deposition (ALD) or thermal (H2O 
as oxidant) ALD using Al(CH3)3 as metal precursor in a single wafer ALD reac-
tor at a substrate temperature of ~200 °C. Detailed information on the material 
properties of these films can be found elsewhere.15 After analyzing the as-grown 
Al2O3 films, the samples received a post-deposition anneal (PDA) for 10 min. at 
400 oC in N2. For both the as-grown and annealed samples an interfacial SiO2 of 
1-2 nm is present.35 

The SiO2 films were either grown by wet thermal oxidation, via the expo-
sure of Si(100) to H2O vapor at a substrate temperature of ~900 oC, or synthe-
sized by PECVD in a RF parallel plate reactor from the gas mixture of SiH4, N2O, 
and N2 at a substrate temperature of ~300 oC. The thermal SiO2 was grown at 
both sides of a RCA cleaned  float zone Si(100) wafer (n-type, 2-3 Ωcm, 280 μm) 
and etched back to a film thickness of 47 nm using a HF solution. PECVD SiOx 
films of ~9 and 17 nm were deposited at both sides of HF cleaned float zone 
Si(100) wafers (n-type, 3.5 Ωcm, 275 μm). After deposition, the SiO2 samples 
received a forming-gas anneal (FGA) for 10-20 min. at 400 oC using a mixture of 
10% H2 in N2. 

Amorphous silicon nitride (a-SiNx:H) films were synthesized by micro-
wave PECVD from the decomposition of SiH4 and NH3 at a substrate tempera-
ture of ~350 oC. By controlling the NH3/SiH4 ratio, films with a refractive index n 
of 2.05 were deposited on both sides of RCA cleaned float zone Si(100) wafers (n-
type, 2-3 Ωcm, 200 μm) with a film thickness of ~70 nm. After analyzing the as-
grown a-SiNx:H films, the samples were annealed for 30 seconds in a rapid ther-
mal annealing (RTA) furnace at 800 oC in N2. 

Note that the type and level of doping of the silicon substrates used varies. 
Both factors can affect the space-charge field and, therefore, also the EFISH con-
tribution, which complicates a direct comparison between the data. It has been 
established however that the variation in doping type and level used in this work 
does not significantly influence the EFISH contribution as will be discussed in 
Section 5.6. 

Table 5.1 gives an overview of the samples including several of their mate-
rial properties. In subsequent sections the sample names listed in this table will 
be used for conciseness.  
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Table 5.1: Sample name and film properties for each sample. The refrac-
tive index (at 633 nm) and film thickness were obtained from spectro-
scopic ellipsometry. Information on the composition of the films was de-
termined by Rutherford backscattering spectroscopy. 

Sample name Ref. index Thickness (nm) Composition 
plasma ALD Al2O3 1.63 31 [O]/[Al]=1.5 
thermal ALD Al2O3 1.63 31 [O]/[Al]=1.5 
    
PECVD SiNx 2.05 71 [N]/[Si]=1.2 
    
thermal SiO2 1.46 47 [O]/[Si]=2.0 
PECVD SiOx 1.48 9/17 [O]/[Si]=2.1 

 
Acquisition of SH intensity spectra 
SHG measurements were performed using p-polarized femtosecond (~90 fs) 
laser radiation from a Ti:sapphire oscillator (Spectra-Physics Tsunami), tunable 
in the 1.33-1.75 eV photon energy range, and focused on the sample at a 35 an-
gle of incidence to a beam waist of ~90 μm. SH radiation generated in reflection, 
using a fluence at the sample of ~1-4 μJcm-2 per pulse, was separated from the 
fundamental radiation using optical and spatial filtering and detected in p-
polarization with a photomultiplier tube (PMT) connected to single photon 
counting electronics.23 The SHG data are represented in terms of the SH intensity 
as calculated from the detected SH signal after correction for the applied laser 
intensity and the response of the optical system. The optical response comprises 
the optical transmission of the colored filters and the polarizer in the exit beam 
path and the quantum efficiency of the PMT. In all experiments the Si(100) sub-
strates were oriented with the [011] crystal axis parallel to the plane of incidence 
of the laser beam. To minimize the effect of femtosecond carrier-induced screen-
ing the lowest possible laser fluence was used depending on the SH response of 
each sample. For the maximum fluence in this work the analysis by Dadap et al.26 
gives a plasma oscillation time 700 fs for the photon energy range of the fun-
damental radiation. Compared to the average pulse duration of ~100 fs, the in-
fluence of femtosecond carrier-induced screening to the EFISH contribution can 
be neglected for our measurements. Furthermore, multiple-photon-induced 
charge injection was suppressed by measuring the spectra from low to high pho-
ton energies and by using a minimal laser radiation exposure time. 
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Complementary analytical techniques 
To determine the thicknesses and linear optical properties of all deposited films 
spectroscopic ellipsometry (SE) measurements were performed for a wavelength 
range of 190-1000 nm using a J.A. Woollam Co., Inc. M-2000U rotating compen-
sator ellipsometer mounted on a variable angle stage. This information is essen-
tial to correct for linear propagation effects in the modeling of the SH intensity 
spectra. Throughout this paper all refractive index values are reported at 633 nm. 

C-V measurements were performed in low- and high-frequency mode on 
MOS structures.4 These structures were annealed prior to the application of Al 
dots as the metal contacts. The built-in charge density is determined from the 
shift in flat-band voltage under assumption that the charges were located at the 
interfacial SiO2/dielectric interface. Contactless corona charging experiments 
were performed by applying a high voltage (10 kV) between a Tungsten needle 
and the grounded sample, which ionizes surrounding air molecules due to the 
strong electric field generated at the needle tip. The ionized molecules, either 
positive (H3O+) or negative (CO-) depending on the applied voltage polarity, fol-
low the electric field lines and are deposited on the sample without damaging the 
surface due to their small kinetic energy.6 While gradually counteracting the in-
fluence of charges contained within the sample, i.e. by deposition of corona 
charges with opposite polarity, the effective lifetime (τeff) of the minority carriers 
in the Si at an injection level of 1015 cm-3 is monitored using a contactless photo-
conductance decay technique in transient mode.36 The point that τeff reaches a 
minimum value corresponds to the case in which the amount of deposited coro-
na charges compensates the built-in charge density. From this point the charge 
density in the sample can thus be deduced. A Kelvin probe is used to quantify the 
amount of deposited corona charges.6 
 
5.4 SH spectra of Si(100) covered with dielectric thin films 
Qualitative interpretation of the SH spectra 
In this section we will first qualitatively interpret the SHG experimental results 
to gain a general understanding of the data and to facilitate the modeling of the 
spectra later on. Figure 5.1 shows the SH intensity spectra of Si(100) covered 
with dielectric thin films of Al2O3, a-SiNx:H, and SiO2 in the two-photon energy 
range 2.6–3.6 eV. Pronounced differences in spectral shape, peak position, and 
peak intensity can be observed for the various dielectric thin films and pro-
cessing conditions used. These spectral features allow to obtain qualitative in-
formation about the presence of a space-charge field in silicon and the character-
istics of this electric field. Except for the thermal SiO2 spectrum, all SH spectra in 
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Fig. 5.1 have a peak position at an energy of ~3.4 eV, which is very similar to the 
resonance energy of the E1 interband transition for bulk Si.39 The presence of 
such a bulk spectroscopic feature in these spectra is indicative of an EFISH con-
tribution from the silicon SCR, which implies that the dielectric thin films con-
tain a certain amount of built-in charge. It must be stressed at this point that 
within the fundamental photon energy range used, resonant SHG originates on-
ly from optical transitions in Si at the interface with the film and not from transi-
tions in the thin films. 
 

Figure 5.1: SH spectra of Si(100) covered with dielectric thin films of Al2O3, a-
SiNx:H, and SiO2 for the various processing conditions specified in the legend. 
The solid lines represent fits to the data according to the model described by 
Eq. (5.2). 

 
In case of the thermal and plasma ALD Al2O3 films the overall spectral shape is 
fairly sharp, while for the PECVD SiOx film and the PECVD SiNx film (as-grown 
and annealed) the spectra are more broadened. According to Rumpel et al.7 this 
broadening is the result of the constructive interference of multiple resonant con-
tributions at the substrate/film interface due to their phase differences. When 
EFISH is expected to contribute to the spectrum in addition to other contribu-
tions a constructive interference indicates a negative silicon SCR.7 Depending on 
the amplitude of the EFISH contribution with respect to the other contributions 
these interference effects appear more or less pronounced. It is thus quite evident 
that the PECVD SiOx and SiNx films give rise to a negative SCR. When a broad-
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ening is not apparent, such as for the Al2O3 films, it cannot be directly discerned 
from the spectra whether multiple contributions are present. However, the fact 
that the resonance energy of the Al2O3 spectra is close to the Si bulk value of ~3.4 
eV indicates that the EFISH contribution is dominant for these samples. Because 
in the case of Si one or more interface contributions must be also present,34,37 it 
can be assumed that a sharp spectrum centered around 3.4 eV indicates destruc-
tive interference of multiple resonant contributions. As shown by Rumpel et al.7 
this destructive interference occurs when the direction of the space-charge field 
is reversed, i.e. the phase of the EFISH contribution changes by π rad while the 
phases of the interface contributions remain the same. Both Al2O3 films therefore 
seem to induce a positive silicon SCR. 

The SH intensity depends not only on the interband joint density of states, 
but in the case of EFISH it is also quadraticaly proportional to the dc electric 
field strength dc| |E  in the SCR [cf. Eq. (5.1)]. Therefore, the peak intensity at 
~3.4 eV of each spectrum in Fig. 5.1 is an approximate measureneglecting in-
terference effects for the momentfor the strength of the space-charge field and, 
indirectly, for the built-in charge density. On basis of this it is expected that the 
charge density for the samples shown in Fig. 5.1 increases in the following order: 
PECVD SiOx, thermal ALD Al2O3, as-grown PECVD SiNx, annealed PECVD 
SiNx, and plasma ALD Al2O3. 

To verify the above interpretation a comparison is made with the charge 
densities and polarities determined via C-V and corona experiments as listed in 
the third column of Table 5.2. The annealed Al2O3 films contain negative charges 
with a density of (5.6-5.8)×1012 cm-2 for the plasma ALD sample and (2.4-
2.9)×1012 cm-2 for the thermal ALD sample. In case of the PECVD SiOx and an-
nealed PECVD SiNx samples a positive built-in charge density of ~1×1012 cm-2 
and ~2.6×1012 was found, respectively. Both the density and polarity of the built-
in charges is therefore in line with the interpretation of the spectral features (Fig. 
5.1). Note that a positive SCR corresponds with negative built-in charges and 
vice versa. 
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Table 5.2: The normalized EFISH intensity (IEFISH) from the critical-point 
model and the charge density Qmeasured measured in this work for the various 
samples listed. Charge density values Qliterature reported in the literature are 
given as a reference. 

Sample IEFISH 
(at 3.4 eV) 

Qmeasured 
(1012 cm-2) 

Qliterature 
(1012 cm-2) 

ref. 

plasma ALD Al2O3     
as-grown 0.24±0.04 -1.5±0.5a  +(0.3-0.5) 

-(0.6-4.0) 

15,38–43

annealed 400 oC 1.00±0.04 -5.6±1.0b 

-5.8±0.5a  
-(1.9-13) 3,15,39,40,42–44 

     
thermal ALD Al2O3     
as-grown 0.06±0.04 0.13±0.50a  +(0.3-0.5) 

-(0.6-4.0) 

15,38–43

annealed 400 oC 0.44±0.04 -2.9±1.0b 

-2.4±0.5a  
-(1.9-13) 3,15,39,40,42–44 

     
PECVD SiNx     
as-grown 0.20±0.04 ---- +(1.4-7.1) 16,45,46 
annealed 800 oC 0.32±0.04 +2.6±1.0b +(1.8-3.7) 16,45 
     
PECVD SiOx     
9 nm film 0.18±0.04 +1.0±0.5a  +(0.1-4.0) 47–51 
17 nm film 0.18±0.04 ---- +(0.1-4.0) 47–51 

a obtained by C-V measurements        b obtained by corona charging experiments 

 
The peak position for the thermal SiO2 spectrum is slightly red-shifted from the 
Si bulk resonance energy to approximately 3.3 eV. This suggests that a bulk con-
tribution (at 3.4 eV) is absent, or has only a minor contribution to the total spec-
trum, such that only one or more interface contributions are present. These con-
tributions are energy-shifted due to loss of the silicon tetrahedral structure near 
the vicinity of the film interface.34 Together with the low intensity compared to 
the other spectra in Fig. 5.1, this leads to the hypothesis that the thermal SiO2 
film contains a negligible amount of built-in charges. The spectral features of the 
thermal SiO2 spectrum correspond well to that of a spectrum reported by Daum 
et al.37 for a post-annealed (1025 oC, N2) thermally oxidized SiO2 film on Si(100). 
Similar spectral features have also been obtained for SHG measurements of H-
terminated Si(100) surfaces.52 In both cases EFISH from the silicon SCR did not 
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contribute to the SH response. The negligible amount of built-in charges for the 
thermal SiO2 is in marked contrast with the results obtained for the PECVD SiOx 
film. This is most likely related to the presence of fixed oxide charges close to the 
Si/SiO2 interface that depend on the oxidation conditions.18 A relatively high 
density of fixed charges (~1012 cm-2) is present for the PECVD SiOx film due to 
the low deposition temperature and initial plasma exposure of the Si wafer dur-
ing the PECVD process.47 The oxidation conditions used for the thermally grown 
SiO2 typically lead to a low fixed charge density (~1010 cm-2).1,18 

 
Deconvolution of the spectra using a critical-point model 
From the discussion in the previous section it is clear that the features of SH 
spectra contain detailed information about the properties of the space-charge 
field in Si when covered with various dielectric films. It was however also pointed 
out that the presence of multiple resonant contributions leads to interference 
effects that can alter the spectral features significantly. This means that the overall 
SH intensity is no quantitative measure for the electric field strength in the sili-
con SCR. To separate the different contributions the spectra were reproduced 
using the model described by Eq. 5.2. The spectra were analyzed only in terms of 
tensor element (2)

zzzχ , as including the other elements contributing to p-polarized 
fundamental and SH radiation, (2)

zxxχ  and (2)
xxzχ , does not modify the spectral pa-

rameters significantly.34 Following the approach of Rumpel et al.7 for the Si/SiO2 
system, a maximum of three distinct contributions are used depending on the 
film system and the observed spectral features as discussed above. These reso-
nant contributions are each assigned to interband transitions of Si for different 
configurations of Si-Si bonds. Two of these contributions are interface contribu-
tions. One originates from Si-Si bonds modified due to the vicinity of the inter-
face with the dielectric film. This Si-Si interface contribution is usually red-
shifted in energy (~3.3 eV) with respect to bulk Si due bond weakening.34 A se-
cond contribution originates from strongly distorted Si-Si bonds in a thin transi-
tion layer between Si and the (interfacial) SiO2 layer, hereafter referred to as the 
Si-SiO interface contribution. This contribution is unique to nonlinear optical 
spectra and is observed at a resonance energy (~3.7 eV) between that of the E1 
and the E2 critical points of bulk Si.34 Such induced distortion is not necessarily 
limited to (interfacial) SiO2, but in general might be present between top-layer Si 
atoms and the Si atoms bonded to the bridging atoms in the first layer of the die-
lectric film. The third and most relevant contribution for this work is that of 
EFISH originating from the bulk SCR in Si at a typical resonance energy of ~3.4 
eV. 
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In Fig. 5.2 the deconvolution of the SH spectra is shown for the annealed 
plasma ALD Al2O3, forming-gas annealed thermal SiO2, and as-grown PECVD 
SiNx. These spectra represent the three specific cases of a positive, (virtually) zero, 
and negative space-charge field. The solid lines are fits to the data and the dashed 
lines represent the individual contributions. In Table 5.3 the parameters describ-
ing the excitonic line shape for each contribution as resulting from the analysis 
are listed. The insets of Fig. 5.2 show schematic representations of the sample 
structure for each thin-film system with built-in charges and SCR. For Al2O3 thin 
films the charges are located near the SiO2/Al2O3 interface, while for a-SiNx:H 
films the built-in charges are related to defect states called K-centers which are 
generally distributed over the first 20 nm of the film.14,16,38 

In line with our earlier work, the SHG data of the plasma ALD Al2O3 film 
can only be correctly described by the model when taking all three contributions 
into account.13,14 It is clear from Fig. 5.2(a) that the EFISH contribution domi-
nates the SH response, which is indicative of a strong space-charge field. Accord-
ing to the literature, a phase difference of ~π between the Si-Si interface and the 
EFISH contributions represents a positive SCR of Si,7 as is indeed expected for 
negative built-in charges in the Al2O3 film. The fact that the Si-SiO contribution 
is required can be accounted for by the interfacial SiO2 layer (1-2 nm) present 
between the Si(100) substrate and the Al2O3 film.35 Due to the limited photon 
energy range available, the parameters of this contribution cannot be determined 
unambiguously. Therefore, only the amplitude has been fitted, while values for 
the resonance energy, linewidth, and phase were taken from the literature and 
were kept fixed.7 Both the Si-Si and Si-SiO contribution have only a minor con-
tribution to the SH response, but have, nonetheless, a significant effect on the 
overall shape of the spectrum. This highlights the importance of interference 
effects on the measured SH intensity. 
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Figure 5.2: Deconvolution of the SH spectra using a superposition of three 
excitonic contributions for the (a) plasma ALD Al2O3 after anneal, (b) thermal 
SiO2 after forming-gas anneal, and (c) PECVD SiNx as-grown. The solid lines 
are fits to the data and the dashed lines represent the individual contributions 
labeled as Si-Si, EFISH and Si-SiO. The insets show schematic representations 
of the sample structure for each thin-film system with built-in charges and 
SCR. 

 
The spectrum of the as-grown PECVD SiNx film could be properly reproduced 
using only the Si-Si and EFISH contributions as shown in Fig. 5.2(c). Adding a 
Si-SiO-like contribution did not improve the fitting result. Also in this case, 
EFISH dominates the SH response with a minor contribution from the Si-Si in-
terface contribution. Compared to the Al2O3 sample the EFISH amplitude is ap-
proximately a factor 2.2 smaller (Table 5.3) which means that the strength of the 
electric field in the SCR is less strong. The phase difference between the Si-Si in-
terface and EFISH contribution is ~2π. This means that the EFISH phase differ-
ence between the plasma ALD Al2O3 and PECVD SiNx is ~π. It shows that the 
silicon SCR for the PECVD SiNx is negative and that the direction of its space-
charge field is reversed compared to the plasma ALD Al2O3. This is consistent 
with the observations made during the qualitative description of Fig. 5.1 above. 
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The thermal SiO2 data in Fig. 5.2(b) could be well fitted taking only the Si-
Si and Si-SiO contribution into account. As expected on basis of the qualitative 
discussion, no sufficiently strong space-charge field exists to make EFISH con-
tribute to the SH response. This indeed shows that the thermal SiO2 film does not 
contain a high density of built-in charges. Because of the reduced number of fit 
parameters for two contributions, also the phase of the Si-SiO interface contribu-
tion has been released to optimize the fitting result. Moreover, this sample was 
part of a multi-sample fitting procedure for spectra of several thermal SiO2 sam-
ples, using a single fitting parameter for the Si-SiO phase to improve the unique-
ness of the fit. The fitting procedure leads to a Si-SiO phase of 1.42π for the 
thermal SiO2. This is quite a different value compared with the fixed value of 
0.33π which has been taken for the plasma ALD Al2O3 film. It is notable that the 
current fixed value of the Si-SiO phase for the plasma ALD Al2O3 film has been 
obtained from a fit in previous work for a plasma ALD Al2O3 spectrum.13 As the 
Al2O3 films of both our previous and current work were similarly synthesized 
there is no reason to assume a drastic difference in the Si-SiO phase at present. 
However, for the thermal SiO2 film the Si-SiO phase obtained from the fitting 
procedure is truly required for the model to correctly reproduce the SH spec-
trum. The obtained Si-SiO phase difference between these two samples likely 
indicates a difference in bond configuration in the transition layer between Si 
and (interfacial) SiO2. Because the Si-SiO contribution is unique to nonlinear 
optical spectra it is worthwhile to systematically investigate its behavior for vari-
ous dielectric films and processing conditions using combined SH intensity and 
phase spectroscopy in future work. 

From Table 5.3 also a difference in the resonance parameters of the Si-Si 
interface contribution can be observed between the various samples. For the 
plasma ALD Al2O3 film a larger amplitude and broadening, as well as a lower 
resonance energy, have been obtained compared to the thermal SiO2 and PECVD 
SiNx films. Similar differences in amplitude and resonance energy have also been 
observed by Daum et al.34 and Erley et al.53 for different Si/SiO2 samples and have 
been attributed to the quality of the substrate-film interface. A larger broadening 
of the Si-Si interface contribution likely indicates a more disordered bonding 
configuration at the interface.  
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Table 5.3: Parameters of the various contributions as obtained from the 
deconvolution of the SH spectra in Fig. 5.2. In the analysis φ1 is set to zero. 
Not that the relative phase of the EFISH contribution indicates the presence 
of a negative (~π rad.) or positive (~0 or 2π rad.) SCR in silicon. Parameter 
values in italic were not fitted but manually optimized. 

Parameter plasma ALD Al2O3 thermal SiO2 PECVD SiNx 
 Si-Si interface contribution 
h1 (a.u.) 2.41 0.66 0.22 
ħω1 (eV) 3.28 3.33 3.31 
Γ1 (eV) 0.17 0.08 0.07 
 EFISH contribution 
h2 (a.u.) 5.15  2.3 
ħω2 (eV) 3.41  3.41 
Γ2 (eV) 0.115  0.115 
φ2 (π rad) 0.98  1.93 
 Si-SiO interface contribution 
h3 (a.u.) 1.51 1.85  
ħω3 (eV) 3.62 3.72  
Γ3 (eV) 0.36 0.36  
φ3 (π rad) 0.333 1.42  

 
Although not detailed here, the other SH spectra in Fig. 5.1 have been deconvo-
luted similarly. The solid lines through the experimental points represent the 
model fits to the data. The EFISH relative phase of both the thermal and plasma 
ALD Al2O3 film shows a positive SCR, but a lower EFISH amplitude has been 
obtained for the thermal ALD sample. Again this matches with the measured 
charge density and polarity for these films (Table 5.2). The CP modeling results 
of the PECVD SiOx and both SiNx samples also correspond to the measured 
charge density with a positive polarity matching the EFISH relative phase.  

 
5.5 SH spectra of Si(100) covered with as-grown and 

annealed Al2O3 films 
In the previous section we have shown that a fundamental understanding of 
built-in charges in dielectric thin films, and their influence on the silicon space-
charge field, can be gained from SH spectra. So far, the discussion focused on the 
comparison between different films (SiO2, a-SiNx:H, and Al2O3) and the influ-
ence of processing conditions on the built-in charge density and polarity. In this 
section we will specifically address the effect of a post-deposition anneal on the 
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built-in charge density and polarity in as-grown plasma and thermal ALD Al2O3 
films as inferred by SHG spectroscopy. To this end the SHG measurements of the 
annealed Al2O3 films in Fig. 5.1 have been extended by measuring also spectra 
for the as-grown samples. Furthermore, the measurements have been repeated 
for a total of three sample sets to evaluate their reproducibility. Each set consists 
of freshly deposited thermal and plasma ALD Al2O3 films. These were subse-
quently measured in both the as-grown and annealed state within a few days 
during which the experimental conditions related to the laser setup remained 
constant. However, the three sets have been collected over the period of a year 
which also allows for assessing the long-term reproducibility. 

 
Effect of a post-deposition anneal 
In Fig. 5.3 the obtained SH spectra are shown for all data sets. Each plasma ALD 
Al2O3 spectrum after anneal has been normalized to its maximum SH intensity 
value. The other spectra of each set have been scaled with respect to the annealed 
plasma ALD Al2O3 spectra to facilitate a comparison of the data. Because of ad-
aptations to the optical path and detection system the absolute SH intensity is not 
directly comparable between the three sample sets that were collected over the 
period of a year. 

As can be seen in Fig. 5.3, the most prominent effect of the post-
deposition anneal for both the thermal and plasma ALD Al2O3 films is the strong 
increase in SH intensity. In case of the plasma ALD Al2O3 samples the spectra 
have a higher SH intensity compared to the thermal ALD Al2O3 spectra, both 
before and after anneal. This is consistent with the measured charge densities, 
reported earlier.15 The peak position of the as-grown plasma ALD Al2O3 spectra 
is slightly red-shifted with respect to the 3.4 eV bulk value of the E1 transition 
[Fig. 5.3(c)]. This shows that the EFISH contribution of the as-grown plasma 
ALD samples does not dominate the spectral shape even though they still con-
tain a considerable amount of built-in charges (Table 5.2). Interestingly, the spec-
tra of the as-grown thermal ALD Al2O3 in Fig 5.3(d) show a minor blue-shift. 
Such shift is not expected since the relatively low charge density of 
(0.13±0.5)×1012 cm-2 for these samples causes only a weak EFISH response. This 
is also evident from the overall low SH intensity compared to the spectra of the 
annealed samples. From the CP modeling it follows that the blue-shift can be 
attributed to a distinct influence of the Si-SiO contribution to the spectral shape 
as will be discussed below. 
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Figure 5.3: SH spectra of Si(100) covered with Al2O3 films synthesized by 
thermal and plasma-assisted ALD as measured for three different sample sets 
both before and after post-deposition anneal. (a) plasma ALD Al2O3 annealed, 
(b) thermal ALD Al2O3 annealed, (c) plasma Al2O3 as-grown, and (d) thermal 
ALD Al2O3 as-grown. All spectra are scaled with respect to the spectra of the 
annealed plasma ALD Al2O3 samples. The lines are fits to the data according to 
the model described by Eq. (5.2). 

 
Reproducibility of the measured data 
After anneal both the plasma and thermal ALD Al2O3 spectra for all sample sets 
are highly reproducible in terms of spectral shape as shown in Fig. 5.3(a) and 
5.3(b). Because the annealed plasma ALD Al2O3 spectra are each individually 
normalized they will perfectly overlap in magnitude by definition. However, the 
small variation in SH intensity between the samples at specific photon energies 
shows that each spectrum is a unique measurement. The annealed thermal ALD 
Al2O3 spectra exhibit a slight spread but this is well within the experimental er-
ror. For the as-grown Al2O3 spectra of both ALD processes a larger variation in 
SH intensity is obtained between the samples as can be seen in Fig. 5.3(c) and 
5.3(d). However, in relative terms these are only 6% for the thermal ALD samples 
and 12% for the plasma ALD samples.  The variation between the as-grown sam-
ples is not related to systematic errors in the SHG measurements as can be ob-
served from the different sample sets. In case of the as-grown plasma ALD Al2O3 
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films [Fig. 5.3(c)] it is the spectrum of sample 3 (crossed marker) which shows 
the highest intensity, while the corresponding sample for the as-grown thermal 
ALD Al2O3 films [Fig. 5.3(d)] has the lowest intensity. The highest intensity for 
the latter type of films has actually been obtained for the spectrum of sample 2 
(half-open marker). If the variation would result from a systematic measurement 
error the samples from a single set would show a similar deviation. The varia-
tions in SH intensity are thus likely related to differences in built-in charge densi-
ty or changes in the quality of the substrate-film interface depending on the exact 
processing conditions for each sample. All together it can be concluded that the 
SHG measurements are very well reproducible, especially considering the fact 
that the spectra of different sets were collected over the period of a year. This re-
producibility can be achieved due to an excellent stability of the laser system and 
high signal-to-noise ratio of the detection system. 

 
Critical-point modeling of the spectra 
The lines through the data in Fig. 5.3 are fits according to Eq. (5.2) using the Si-
Si, EFISH, and Si-SiO contributions. The spectra for all samples are well repro-
duced by the model. From the fitting parameters defining the excitonic line shape 
the EFISH intensity at a given two-photon energy can be calculated. The EFISH 
intensities (IEFISH) at an energy of 3.4 eV for the as-grown and annealed films 
from both ALD processes, scaled to the normalized value of the plasma ALD 
Al2O3 samples after anneal, are listed in Table 5.2 (second column). The strong 
increase in overall SH intensity upon annealing is clearly reflected by the ob-
tained EFISH intensities. Relatively seen the increase in EFISH intensity is larger 
for the thermal ALD Al2O3 compared to the plasma ALD Al2O3 films. This is 
again consistent with the measured charge densities reported in Table 5.2. It must 
be stressed here that the deconvolution of the as-grown thermal ALD Al2O3 
spectra turned out to be more difficult compared to the other Al2O3 spectra. On-
ly by also fitting the phase of the Si-SiO contribution, which was held constant 
for the modeling of the other Al2O3 spectra, the data of the as-grown thermal 
ALD films could be reproduced. Similar to the deconvolution of the thermal SiO2 
spectrum in Fig. 5.2(b) the phase of the Si-SiO contribution for the as-grown 
thermal ALD Al2O3 films differs from the fixed value used for the other Al2O3 
samples. The remarkable blue-shift of the spectra in Fig. 5.3(d) is thus not caused 
by a strong bulk contribution, as can be understood from the low EFISH intensi-
ty, but due to a distinct influence of the Si-SiO contribution to the overall spec-
tral shape. Furthermore, in contrast to all other Al2O3 samples the fitting proce-
dure for the as-grown thermal ALD films consistently leads to an EFISH phase of 
~2π. This implies a negatively charged silicon SCR, and hence, that the as-grown 
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thermal ALD Al2O3 samples contain positive built-in charges, contrary to the 
commonly obtained negative charge density for Al2O3 films.19 Although a posi-
tive charge density is fairly unique for Al2O3, it has also been reported in the lit-
erature for as-grown films prepared by pyrolyses of Al[OCH(CH3)2]3 and by 
PECVD from Al(CH3)3 and CO2.39,40 C-V measurements carried out in conjunc-
tion to this work for similarly prepared as-grown thermal ALD Al2O3 samples 
were not conclusive on the polarity of the charges.  

 
5.6 EFISH contribution versus built-in charge density 
The resonance parameters of the EFISH contribution give only qualitative infor-
mation about the built-in charge density. To use SHG as a standalone diagnostic 
for the determination of the absolute charge density in a dielectric thin film, a 
relation between the EFISH intensity and the built-in charge density has to be 
established. In addition to the Al2O3 series (Fig. 5.3), the EFISH intensity for all 
other SH spectra shown in Fig. 5.1 has been calculated using the fitting parame-
ters obtained from the CP modeling. From the C-V measurements and corona 
experiments the built-in charge density in these films has been determined to be 
in the range 1011-1013 cm-2 as listed in Table 5.2. This allows to establish a relation 
between the EFISH intensity and built-in charge density over a range of two or-
ders of magnitude. The excellent reproducibility of the SH spectra (Sec. 5.5) en-
sures that the relation is useful for future experiments. First we will discuss the 
influence of silicon doping on the obtained EFISH intensities and subsequently 
establish the aforementioned relation. 

 
Influence of silicon doping on the EFISH intensity 
The various thin films have been deposited on either n- or p-type silicon wafers 
(Sec. 5.3). In general, the doping of the silicon can affect the EFISH response in 
three ways: 1) the type of doping determines the charging behavior of electronic 
states at the silicon/dielectric interface, 2) the level of doping determines to 
which extent the space-charge field penetrates the silicon depending on the 
charge density, and 3) the type of doping influences the shape of the spatial dis-
tribution of the electric field in the SCR depending on the charge polarity. 

Electronic interface states are negatively charged for p-type silicon and 
positively charged for n-type silicon.54 However, a recent article by Fiore et al.55 
shows that a negligible doping-induced EFISH response due to the presence of 
interface states is obtained for doping densities <1017 cm-3 in case of n- and p-
type silicon. Because the maximum doping density used in this work is <1016 cm-

3 it is expected that the influence of charged interface states on the development 
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of a space-charge field is therefore negligible compared to the effect of other 
built-in charges in the films. 

The effect of the type and level of doping on the spatial shape and the pen-
etration depth of the space-charge field should in theory introduce a variation in 
the EFISH intensity. It can be calculated [cf. Eq. (5.3)] that the maximum varia-
tion in EFISH intensity due to the influence of doping on the spatial distribution 
of the electric field in the SCR amounts to ~15%. In our case the error in the 
EFISH intensity obtained via the CP modeling is approximately 10%. Because 
these values are of the same order of magnitude the effect of doping will not con-
siderably influence the EFISH intensities determined in this work. It is notable, 
however, that when the EFISH intensity could be obtained with a higher accura-
cy its sensitivity to doping could be employed, as has been previously reported by 
various authors.56–58  

 
Relation between EFISH intensity and built-in charge density 
The obtained EFISH intensities at a two-photon energy of 3.4 eV for all samples, 
scaled to the normalized value of the plasma ALD Al2O3 samples after anneal, are 
listed in Table 5.2 (second column). In Fig. 5.4 the normalized EFISH intensity 
values for the various samples are plotted versus the absolute built-in charge den-
sity Qbuilt-in (individual data points). It can be seen that the experimental values 
monotonously increase with the measured built-in charge density. The error bars 
of the EFISH intensity are given by the standard deviation of the values obtained 
from the three Al2O3 sets (Fig. 5.3). The errors in Qbuilt-in for each sample repre-
sent the standard deviation of the values obtained for separate but identically 
prepared samples from either C-V or corona measurements. The measured 
charge densities for the various samples and processing conditions are in agree-
ment with typical values found in the literature as can be concluded from Table 
5.2 (fourth column).  

Numerical calculations of the EFISH intensity have also been performed 
to be able to determine the built-in charge density from the relation for any given 
EFISH intensity independent of the specific samples shown here. It also allows to 
validate the EFISH intensity values obtained from the CP modeling at each 
measured charge density. For imposed charge densities Q in the range 1011-1014 
cm-2 the spatial distribution of the dc electric field ( )dc

zE z  across the silicon SCR 
has been calculated by numerically solving the fully coupled nonlinear equations 
for the quasi-one-dimensional transport of electrons and holes in crystalline 
semiconductor devices.59 Subsequently, taking into account the penetration and 
escape depths of the fundamental and SH radiation, the space-charge field con-
tributing to EFISH and, hence, the EFISH intensity can be calculated via:24,60,61 
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where (2)
zzzzχ  is the relevant element of the third-order susceptibility tensor, 0

ω
zE   is 

the z-component of the driving electric field at the Si interface, and Kz and kz are 
the z-component of the complex wave vector for SH and fundamental radiation, 
respectively. The z-direction is chosen perpendicular to the Si(100) interface with 
the positive direction pointing into the silicon. Using Eq. (5.3) the EFISH intensi-
ty as a function of charge density has been evaluated at a two-photon energy of 
3.4 eV. This relation is depicted as the solid line in Fig. 5.4. 

 

Figure 5.4: EFISH intensity at a two-photon energy of 3.4 eV as a function of 
the absolute built-in charge density Qbuilt-in in the dielectric thin films. The 
EFISH intensity is normalized to the value for the plasma ALD Al2O3 samples 
after anneal. The individual data points represent the values obtained from the 
CP modeling, while the solid line is calculated according to Eq. (5.3). Closed 
symbols indicate a positive charge density and open symbols a negative charge 
density. 
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A good agreement between the EFISH intensity from the CP modeling and the 
numerical calculation is obtained for samples with either negative (open mark-
ers) or positive (closed markers) built-in charge over the whole density range of 
1011-1013 cm-2. Interestingly, the relation between EFISH intensity and Qbuilt-in 
holds for the different dielectric films of Al2O3, SiO2, and SiNx prepared under 
various processing conditions. Even the EFISH intensity obtained for the as-
grown thermal ALD Al2O3 matches with the numerical curve taking the error 
margin into account. From the measured charge density for the as-grown ther-
mal ALD Al2O3 of (0.13±0.5)×1012 cm-2 the electric field at the surface (0) |dc

z| E  
can be estimated to be ~20 kVcm-1. This value represents the lower sensitivity 
limit to the electric field in the present work when using the CP modeling. How-
ever, in future work it should be possible to improve the sensitivity, by simulta-
neously modeling SH intensity and phase spectra in order to reduce the correla-
tion between the fitting parameters. To the best of our knowledge the minimum 
detectable electric field strength reported for EFISH is on the order of ~1 kVcm-

1.24 
Finally, we will use the relation between EFISH intensity and Qbuilt-in to de-

termine the charge density of two samples for which no C-V or corona meas-
urements have been performed. Using the EFISH intensity deduced from the CP 
modeling the corresponding charge density for the as-grown PECVD SiNx is de-
termined to be (1.1±0.3)×1012 cm-2 from Fig. 5.4. The obtained EFISH phase of 
~2π indicates a negative SCR corresponding to positive charges in the film. 
Within the error margin this charge density is consistent with the values found in 
literature ranging +[1.4-7]×1012 cm-2 for films with the same [N]/[Si]-ratio.16,45,46 
Employing the same procedure for a 17 nm PECVD SiOx film after forming-gas 
anneal a positive charge density of +(1.0±0.3)×1012 cm-2 is obtained from Fig. 5.4. 
Typical values obtained for the charge density in SiO2 films are in the range 
+(0.1-4.0) )×1012 cm-2 which coincides with the values for both PECVD SiOx 
films of 9 and 17 nm (Table 5.2).47–51 

In future work, the relation in Fig. 5.4 can be utilized to determine an ac-
curate value for the built-in charge density in dielectric thin films directly from 
the EFISH intensity without the necessity of using complementary measure-
ments after an appropriate calibration. 

 
5.7 Conclusions 
Spectroscopic second-harmonic generation (SHG) measurements have been per-
formed for dielectric thin films of Al2O3, a-SiNx:H, and SiO2 deposited on crys-
talline silicon. The results demonstrate that spectroscopic SHG is a powerful ap-
proach to investigate both the strength and polarity of the electric field in the 
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space-charge region (SCR) of silicon as induced by built-in charges in the dielec-
tric films. The features of the SH spectra clearly reflect variations in the SCR 
properties depending on the material processing conditions. In case of the Al2O3 
films, for example, the oxidizing agent (i.e. H2O or O2 plasma) used during atom-
ic layer deposition and the post-deposition annealing caused drastic changes to 
the obtained SH spectra. These changes were found to be mainly caused by 
differences in the strength and polarity of the electric field in the SCR as well as 
small variations in the interface quality to which SHG is also highly sensitive. 

A more quantitative assessment of the data involves the deconvolution of 
SH spectra using a critical-point (CP) model to isolate the electric-field-induced 
(EFISH) contribution from interfering contributions that are related to the sili-
con/film interface. The amplitude and phase of the line shape describing the 
EFISH contribution are quantitative measures for the strength and polarity of the 
electric field in the SCR, respectively. A relation between the EFISH intensity and 
built-in charge density has been established for both positive and negative charge 
dielectrics on silicon. For charge densities in the range 1011-1013 cm-2 a good 
agreement has been obtained between the EFISH intensity from the CP model-
ing and a numerical calculation. After an appropriate calibration, the relation 
enables a contactless and accurate quantification of the built-in charge density 
directly from the EFISH intensity without the need for complementary diagnos-
tics. Because SHG is an all-optical technique this allows to gain fundamental 
knowledge about built-in charges in dielectric thin films under non-intrusive 
conditions even when other techniques are not applicable; for example in situ 
during materials processing. 

In future work the potential of spectroscopic SHG to study the SCR prop-
erties will be employed for other relevant material systems, e.g. high-k dielectric 
stacks and other novel materials on silicon and germanium. To better resolve the 
parameters of the critical-point model the simultaneous analysis of SH intensity 
and phase spectra will be explored and the spectral range of the setup will be 
extended.60,61 This will not only further improve the sensitivity to the space-
charge field but might also yield novel information about interface quality from 
the unambiguous determination of the interface contribution that is unique to 
nonlinear optical spectra. 
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Summary 
By actively tuning the SiO2 interlayer thickness the density and polarity of charg-
es in Si/SiO2/Al2O3 stacks can be controlled. We report on the number density, 
polarity, and physical location of charges present in the stacks as studied by opti-
cal second-harmonic generation (SHG). Depending on the SiO2 interlayer thick-
ness (1-150 nm) the effective charge density in the Si/SiO2/Al2O3 stacks ranges 
from 1013 to 1011 cm-2 for both n- and p-type silicon. The polarity of the charges 
switches from negative to positive around a SiO2 interlayer thickness of 5-10 nm 
at which point the effective charge density in the stacks is negligible. This switch 
in polarity is apparent from spectroscopic, time-dependent, and azimuthal SHG 
measurements. The observed trends in charge density and polarity can be ex-
plained by tunneling of electrons into defect states at the SiO2/Al2O3 interface as 
well as the presence of fixed and bulk charges at the Si/SiO2 interface and in the 
SiO2, respectively. This charge mechanism appears to hold generally for 
Si/SiO2/Al2O3 stacks as similar results were observed for SiO2 films prepared by 
various techniques. 
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6.1 Introduction 
Control over the density and polarity of built-in charges in (high-k) dielectric 
thin films is essential for the performance of modern silicon-based micro- and 
optoelectronic devices. In metal-oxide-semiconductor field-effect transistors 
(MOSFETs) such control can be used to minimize the voltage required to obtain 
a flat band condition or to completely eliminate the presence of charges for stable 
and reliable device operation.1–3 In case of silicon photovoltaics, control over the 
polarity and density of built-in charges affords the engineering of the silicon (Si) 
interface properties for different silicon doping types and densities, and the pre-
vention of strong inversion conditions below the Si surface that can compromise 
solar cell performance.4–6 To obtain a high level of control, a fundamental insight 
into the influence of material properties and processing conditions/parameters 
on the built-in charge density and polarity is required. For example, such detailed 
insight for the Si/SiO2 system has led to the reliable and reproducible processing 
of silicon-based semiconductor devices in the past few decades.7,8 However, the 
current trend to combine new materials with novel semiconductor device con-
cepts introduces new sources and physical locations for built-in charges.1,2 One 
typical location for additional charge formation is at the interfaces between the 
new materials.2,3 This is specifically the case for the interface between (high-k) 
dielectric thin films and unintentionally formed interfacial oxide layers.2,3 The 
properties of this interfacial oxide are usually not very well controllable and can 
be of poor quality in terms of surface passivation.2 Because the growth of an in-
terfacial oxide layer is generally difficult to suppress a high-quality oxide inter-
layer is often intentionally grown before preparing high-k dielectric films as an 
intermediate solution.2 Consequently, the influence of the properties of such in-
tentionally grown interfacial oxide layer on the charge trapping behavior at the 
interlayer/high-k interface is of high relevance. 

Recently, we showed that the density and polarity of built-in charges in 
Si/SiO2/Al2O3 stacks can be controlled by actively tuning the SiO2 interlayer 
thickness.9 Such straightforward control is highly advantageous for applications 
of such stacks in both micro- and optoelectronic semiconductor devices. To our 
knowledge it was the first time that the role of the SiO2 interlayer on the built-in 
charge density was clearly established even though it has been often speculated 
that the presence of negative charges in Al2O3 thin films on silicon is associated 
with the presence of interfacial SiO2 between the silicon and the Al2O3.10–13 In our 
previous work we did, however, not conclusively establish the origin and physical 
location of the charges in the stacks. Furthermore, the SiO2 interlayers (113 nm) 
were prepared solely by atomic layer deposition (ALD) and only n-type silicon 
wafers were used. In this chapter, we show that tunneling of electrons through 
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the SiO2 interlayer into defect states at the SiO2/Al2O3 interface is the prevailing 
charge mechanism for an interlayer thickness below 5-10 nm. Above this thick-
ness the presence of fixed charges at the Si/SiO2 interface and bulk charges in the 
SiO2 film dominate the effective charge density. Extending our previous work, 
the SiO2/Al2O3 stacks were deposited on n- and p-type silicon wafers and the 
SiO2 interlayers (1-150 nm) were synthesized using both ALD and plasma-
enhanced chemical vapor deposition (PECVD). It was found that the influence 
of the SiO2 thickness on the charge density in the stacks is independent of the 
deposition method of the SiO2 interlayer. However, the behavior of the built-in 
charges in the thickness range for which tunneling occurs (0-10 nm) was found 
to depend on the doping type of the silicon wafer. These observations suggest 
that the overall charge mechanism for Si/SiO2/Al2O3 stacks generally holds but 
with the tunneling process likely being sensitive to doping type. 

 
6.2 Determination of the interlayer thickness 
The SiO2/Al2O3 stacks were deposited at both sides of float zone Si(100) wafers 
(n- or p-type, ~3 Ωcm, 280 μm) preceded by a HF dip to obtain a H-terminated 
surface. Ultrathin SiO2 films (~0.9-13 nm) were prepared by atomic layer deposi-
tion (ALD) using ultra-short doses (<100 ms) of H2Si[N(C2H5)2]2 (SAM.24, Air 
Liquide) and a few seconds of O2 plasma exposure that were separated by Ar 
purges at a substrate temperature of ~200 oC.9 Relatively thick SiO2 films (~4-150 
nm) were synthesized by PECVD in a RF parallel plate reactor from the gas mix-
ture of SiH4, N2O, and N2 at a substrate temperature of ~300 oC. In all cases the 
SiO2 films were capped by an Al2O3 layer with a nominal thickness of ~30 nm as 
prepared by plasma ALD at a substrate temperature of ~200 oC using Al(CH3)3 as 
the metal precursor and O2 as the plasma gas.14 After deposition the complete 
stacks received a post-deposition anneal (PDA) for 10 min. at 400 oC in N2. It is 
notable that this PDA leads to a substantial increase in the negative charge densi-
ty from 1.51012 to 5.81012 cm-2 in plasma ALD Al2O3 films deposited directly 
on silicon, together with a drastic improvement of the Si/SiO2 interface quality, 
i.e. the midgap interface state density decreases from ~1013 to 1011 eV-1cm-2.15 

To understand the mechanism of charge formation and its dependence on 
the SiO2 interlayer thickness, it is essential to accurately determine the thickness 
of the deposited SiO2 films within the Si/SiO2/Al2O3 stack after annealing. Spec-
troscopic ellipsometry measurements have therefore been performed in reflec-
tion mode for a wavelength range of 190-1000 nm using a J.A. Woollam Co., Inc. 
M-2000U rotating compensator ellipsometer mounted on a variable angle stage. 
To extract the dielectric function and thickness of each film from the ellipsome-
try data an optical model was built-up in which each layer of the sample is repre-
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sented [Fig. 6.1(d)]. The SiO2 and Al2O3 films were modeled as a layer of finite 
thickness and their optical dispersion ( )n λ  was parameterized according to the 
Sellmeier dispersion equation given by 

 
0.52

2Sell
inf IRpole2 2

SellΓ
A λn λ ε A λ

λ
 

   
 

,   (6.1) 

where εinf is the relative permittivity at infinity, ASell is the Sellmeier amplitude, 
ΓSell is the Sellmeier broadening, and AIRpole is the amplitude of an infrared pole 
which accounts for absorption at large wavelengths λ. The silicon substrate was 
assumed semi-infinite and tabulated values were used for its optical dispersion.16 
Propagation of the radiation from the ellipsometer light source through the mul-
tilayer thin-film system was described by the Fresnel reflection and transmission 
coefficients taking optical interference into account. The model was fitted to the 
experimental data using a Levenberg-Marquardt algorithm to minimize the re-
duced-chi-squared value of the model fit by optimizing the fitting parameters, i.e. 
the film thicknesses and Sellmeier coefficients with εinf and AIRpole fixed at 1.0 and 
0.01, respectively. 

It must be stressed that the sensitivity to film thickness of this method 
comes only from the difference in phase between the directly reflected beam and 
the multiple reflected beam propagating through the film system. For ultrathin 
films the phase difference becomes negligible and the sensitivity to film thickness 
drastically reduces. As a result the film thickness and refractive index of trans-
parent films become strongly correlated for a typical film thickness <10 nm.17 In 
addition, the optical contrast between SiO2 and Al2O3 is relatively poor because 
of their small refractive index difference (see Table 6.1). This means that little 
refraction occurs at the SiO2/Al2O3 interface and interference is therefore less 
pronounced for each layer. As film thickness is largely determined from interfer-
ence it is difficult to distinguish between the individual thicknesses of SiO2 and 
Al2O3. The latter could in principle have been overcome by modeling of the SiO2 
interlayer prior to Al2O3 deposition, and by using this information when model-
ing the stack. However, this was not entirely possible because of some additional 
SiO2 growth (~1 nm) during the initial stage of the SiO2 deposition and during 
the deposition process of the Al2O3 film.9 Especially for the thinnest SiO2 films, 
which are most critical when describing quantum tunneling (see Sec. 6.5), this 
would result in a significant error in the acquired SiO2 thickness. We therefore 
used an advanced modeling strategy to obtain unique values for the SiO2 inter-
layer thickness. 
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Figure 6.1: Images that illustrate the strategy followed to model the spectro-
scopic ellipsometry data. (a) High-resolution transmission electron microscopy 
(TEM) image of a stack structure consisting of alternating SiO2 and Al2O3 layers 
as synthesized by plasma ALD. The layer thicknesses in nanometer are indicat-
ed. (b) Optical model used to analyze the in situ ellipsometry data of each layer 
comprising the stack structure where the film thicknesses were fixed according 
to the TEM analysis and the optical dispersion n(λ) of each layer was fitted. (c) 
Optical model used to analyze the ex situ ellipsometry data of single thick 
PECVD SiO2 layers where the film thickness and optical dispersion n(λ) were 
both fitted. (d) Optical model used to analyze the ex situ ellipsometry data of all 
Si/SiO2/Al2O3 stacks simultaneously to accurately obtain the SiO2 interlayer 
thicknesses using a fixed optical dispersion n(λ) for the SiO2 and Al2O3 films. 

 
Firstly, the ellipsometry data has been obtained at three angles of incidence (65, 
75, and 85o) to effectively vary the optical path length for the light propagating 
through the stack structure. This increased the accuracy with which the film 
thicknesses can be determined via interference enhancement.16,18 Secondly, the 
optical dispersion of the films was determined from separate SE measurements. 
For the plasma ALD SiO2 and Al2O3 this was done completely independent of 
film thickness by depositing a unique stack structure of alternating SiO2 and 
Al2O3 films of various thicknesses while performing in situ SE measurements 
after each successive deposition. A cross-sectional image of the structure was 
obtained with high-resolution transmission electron microscopy (TEM) to accu-
rately determine the thickness (0.3 nm) of each layer as shown in Fig. 6.1(a). 
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These thicknesses were used as a fixed value while the optical dispersion of each 
layer was obtained by fitting the Sellmeier coefficients using the in situ SE data 
with the model of Fig. 6.1(b). The Sellmeier coefficients for the thickest films 
were assumed to be most accurate and used for the modeling of the actual stack 
data. In case of the PECVD SiO2 films, separate SE measurements were per-
formed on single thick layers (~150 nm) such that both the optical dispersion 
(Sellmeier coefficients) and the film thickness could be obtained with good accu-
racy as illustrated in Fig. 6.1(c). The refractive index and Sellmeier coefficients 
determined for each type of film are listed in Table 6.1. 

 
Table 6.1: The thickness d, refractive index n (at 633 
nm), and Sellmeier coefficients (ASell, ΓSell) obtained from 
the multi-sample analysis of the SE data for the films 
specified. 

Film type d 
(nm) 

n 
() 

ASell 

() 
ΓSell 

(μm) 
plasma ALD Al2O3 31.5 1.63 1.611 0.109 
plasma ALD SiO2 Table 6.3 1.45 1.174 0.094 
PECVD SiO2 Table 6.3 1.48 1.077 0.091 

 
Finally, a multi-sample fitting procedure was performed by simultaneously mod-
eling the SE experimental data at each angle of incidence for all the stacks. In this 
procedure a unique fitting parameter was used for each SiO2 interlayer thickness, 
while the Al2O3 thickness had a single parameter which was fixed to the value 
(31.50.3 nm) determined via TEM [Fig. 6.1(d)]. The Sellmeier coefficients, de-
scribing the optical dispersion, were fixed to the a priori obtained values for the 
plasma ALD and PECVD SiO2, and plasma ALD Al2O3. A slight increase in SiO2 
thickness due to processing was taken into account using an interfacial oxide 
layer [Fig. 6.1(d)] with a single fit parameter for thickness and tabulated values 
for its optical dispersion.16 The SiO2 interlayer thickness resulting from this anal-
ysis for each Si/SiO2/Al2O3 stack is listed in Table 6.3. 
 
6.3 Second-harmonic generation to probe built-in charges 
Principles of second-harmonic generation 
To investigate the effective charge density and polarity in the Si/SiO2/Al2O3 stacks 
we used the nonlinear optical technique of second-harmonic generation (SHG). 
This technique is surface and interface specific for centrosymmetric media, such 
as amorphous films and crystalline silicon, and its signal is resonantly enhanced 
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at optical transitions. SHG is therefore very well suited for the contactless and 
non-intrusive probing of the interface properties between silicon and thin films. 
Specifically, SHG is directly sensitive to the electric field in the space-charge re-
gion (SCR) of silicon as induced by built-in charges in the dielectric films.19,20 By 
carrying out spectroscopic SHG measurements both the strength and polarity of 
the electric field in the SCR can be determined under steady-state conditions 
which then reflects the density and polarity of the built-in charges.21 The intensi-
ty of the electric-field-induced (EFISH) contribution to the SH response scales 
quadraticaly with the effective charge density present in thin-film systems. This 
allows for the quantification of the effective charge density in the Si/SiO2/Al2O3 
stacks.21 In this work the effective charge density Qeff is defined as the sum of the 
total negative charge density Qneg and the total positive charge density Qpos in the 
system that effectively causes the space-charge field of silicon. The values of 
charge density are given in units of elementary charge e present per unit of sur-
face area (cm-2) and the sign indicates whether negative (–) or positive (+) charg-
es are effectively present. In addition to the spectroscopic SHG measurements, 
time-dependent and azimuthal (i.e. rotating the sample around the surface nor-
mal) measurements at a single wavelength have also been carried out to corrobo-
rate the interpretation of the spectroscopic data as these signals contain also a 
signature of the space-charge field. 

SHG measurements were performed using p-polarized femtosecond (~90 
fs) laser radiation from a Ti:sapphire oscillator (Spectra-Physics Tsunami), tuna-
ble in the 1.33-1.75 eV photon energy range, and focused on the sample at a 35 
angle of incidence to a beam waist of ~150 μm. SH radiation generated in reflec-
tion, using a fluence at the sample of ~1-9 μJcm-2 per pulse, was separated from 
the fundamental radiation using optical and spatial filtering and detected in p-
polarization with a photomultiplier tube (PMT) connected to single photon 
counting electronics.22 The SHG data are represented in terms of the SH intensity 
as calculated from the detected SH signal after correction for the applied laser 
intensity and the optical response of the system. The optical response comprises 
the optical transmission of the colored glass filters and the polarizer in the beam 
path after the sample and the quantum efficiency of the PMT. In all experiments 
the Si(100) substrates were oriented with the [011] crystal axis parallel to the 
plane of incidence of the laser beam unless stated otherwise. 

 
Charge density and polarity from second-harmonic intensity spectra 
The effect of the SiO2 interlayer thickness on the SH spectral response of the 
stacks is shown in Fig. 6.2. It must be stressed at this point that the resonant fea-
ture observed in all spectra originates from interband transitions in the vicinity 
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of the E1 critical point of silicon. No resonant SHG occurs at the SiO2/Al2O3 in-
terface or at the surface of Al2O3 due to the fact that there are no optical transi-
tions of these amorphous materials within the fundamental photon energy range. 
First we will qualitatively discuss the obtained SH spectra as this will facilitate the 
optical modeling of the data in the next section (Sec. 6.4) from which the charge 
density can be quantified. 

 

 
Figure 6.2: Optical second-harmonic generation (SHG) spectra of SiO2/Al2O3 
stacks on Si(100) for both n- and p-type wafers comprising SiO2 interlayer thick-
nesses between ~1 and 150 nm. The SiO2 films were deposited using the method 
specified in the legend and the Al2O3 films (~30 nm) were synthesized by plasma 
ALD. All stacks were annealed at 400 oC in N2 for 10 minutes. The solid lines are 
fits to the data using a critical-point model.23 

 
In case of the stacks deposited on n-type silicon wafers (Fig. 6.2, left panel) a rap-
id decrease in the SH intensity is observed initially for increasing SiO2 interlayer 
thickness. Around 4 to 5.5 nm a minimum is obtained after which the SH inten-
sity slightly increases reaching a constant level for interlayers between 13 to 50 
nm thick interlayers. For the stacks deposited on p-type silicon wafers (Fig. 6.2, 
right panel) an initial decrease in the SH intensity is also observed for increasing 
SiO2 interlayer thickness but it is less pronounced compared to the n-type spec-
tra. A minimum is obtained at ~11 nm after which the SH intensity shows a 



Chapter 6 
 

110 
 

similar increase towards a constant level for interlayers between 27 to 46 nm. At 
a SiO2 interlayer thickness of ~150 nm a further increase in SH intensity is clearly 
observed for both n- and p-type silicon wafers. To understand the effect of the 
interlayer thickness on the SH intensity other features of the spectra will be first 
discussed before returning to this point. 

Clearly, the two minimum intensity spectra of the n-type series (left pan-
el), i.e. the spectra with interlayer thicknesses of 4 and 5.5 nm, are characterized 
by a red-shift of their peak position to a two-photon energy of 3.3 eV with re-
spect to the 3.4 eV of all other spectra. As was addressed in our recent work the 
red-shift can be associated with a negligible effective charge density to be present 
in the films comprising the stack structure.21 In this case the SH signal originates 
only from interface contributions that are energy-shifted due to a loss of the sili-
con bulk properties near the vicinity of the film interface.24 It is notable that for 
both the ALD and PECVD interlayers a minimum SH intensity is obtained 
around 5 nm. The low intensity spectrum obtained for the 10.8 nm SiO2 interlay-
er stack of the p-type series shows slightly different features compared to the ones 
of the n-type series. The intensity is slightly higher, the peak position is at a two-
photon energy of 3.35 eV, and a small bump is visible on the right side of the 
peak. These observations indicate that the contribution causing the 3.4 eV peak 
still slightly contributes to the SH response for this sample. 

A peak located at a two-photon energy of ~3.4 eV, which is very similar to 
the resonance energy of the E1 interband transition from bulk silicon, is a clear 
signature for EFISH.20,25 With no external electric field applied, the presence of 
an EFISH contribution implies that the films comprising the stack contain a cer-
tain amount of built-in charges which give rise to a space-charge field in silicon. 
The effective polarity of these charges, or actually the polarity of the induced sili-
con SCR, is reflected by the spectral shape.21 It is clear from Fig. 6.2 that the SHG 
spectra for interlayers with a thickness above 5-11 nm exhibit a broadening of 
the peak at its left side or even show a double peak. This is a spectral signature for 
constructive interference between the interface contributions and the EFISH con-
tribution which is indicative for a negatively charged SCR.20,21 It can therefore be 
concluded that a positive charge density is effectively present in these stacks. In 
case of the SHG spectra for the thinnest interlayers (<5-11 nm) a distinct peak 
broadening is absent. On the basis of the fact that EFISH contributes to the SH 
response this is indicative for a positively charged SCR.20,21 Accordingly, a nega-
tive charge density is effectively present in stacks with an interlayer thickness 
below 5-11 nm. Considering the features of the 10.8 nm SiO2 interlayer stack of 
the p-type series, a small amount of built-in charges is likely present. It is not 
possible to specify whether these charges are negative or positive without apply-
ing a model to the data. 
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It must be stressed that the effective charge density and prevailing polarity 
induces the electric field in the SCR, and, that the EFISH intensity scales quad-
raticaly with the strength of this electric field. This also implies that so-called 
dipole charges,26 which could be present in the stack structure, do not contribute 
to EFISH because they do not affect the SCR. With this in mind the variation in 
SH intensity with SiO2 interlayer thickness in Fig. 6.2 can be qualitatively ex-
plained in terms of the effective charge density present in the stacks: A large neg-
ative charge density is present for the thinnest interlayers (~1 nm). For increasing 
interlayer thickness this effective charge density reduces, becomes (virtually) zero 
around 5-11 nm thick interlayers, and subsequently increases again but with an 
opposite polarity. The fact that a minimum SH intensity is observed means that 
both negative and positive charges are present in the stacks and that their relative 
densities change with SiO2 interlayer thickness.  

 
Charge polarity from the time-dependent and azimuthal response 
To corroborate the interpretation of the spectroscopic data concerning the 
charge polarity, complementary time-dependent and azimuthal SHG measure-
ments have been performed for two selected stacks on n-type silicon wafers. The 
SiO2 interlayer thickness of these samples was 0.9 and 18.4 nm, which is either 
below or above the thickness yielding a minimum SH intensity. Figure 6.3 shows 
the complementary measurements for the two samples as carried out at a fun-
damental photon energy of 1.71 eV. 

The time-dependent SH signal reflects the process of multiple-photon-
induced charge injection (see inset in Fig. 6.3) at high laser fluence (~5.8-8.6 
μJcm-2).27 Both for SiO2 and high-k dielectrics on Si this process has been re-
ported to occur via injection of electrons from the Si valence band into trap sites 
in either the film bulk, at the buried interface, or at the ambient surface.28–30 In 
case of Al2O3 the electrons are injected into defect states near the SiO2/Al2O3 in-
terface in the Al2O3 as indicated in the inset of Fig. 6.3. These states are related to 
point defects in the Al2O3 which have been tentatively identified by simulation 
studies.31–34 The most likely candidates for electron trapping are the oxygen inter-
stitial Oi and the aluminum vacancy Alv.32 Both Oi and Alv produce defect states 
in the Al2O3 band gap below mid gap and can be negatively charged.32,33 In our 
previous study, the charging process at a two-photon energy of 3.4 eV, for Al2O3 
films directly deposited on silicon, has been shown to occur primarily via two-
photon-induced electron injection through the interfacial oxide layer.35 However, 
for the Si/SiO2/Al2O3 stacks in this work, having thick interlayers, the tunneling 
of electrons through the top of the SiO2 band gap is less, or not, probable. This 
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means that three-photon-induced electron injection, to get above the SiO2 con-
duction band edge, is likely to be required for the charging process. 

In case of the stack with a 0.9 nm thick interlayer a monotonous increase 
of the SH intensity as a function of laser radiation exposure time can be observed 
in Fig. 6.3(a) with a rapid initial increase (t<3 min.) and subsequent slow in-
crease towards a maximum level. The time-dependence for the 18.4 nm SiO2 in-
terlayer sample is quite different as shown in Fig. 6.3(b). After a rapid initial de-
crease (t<3 min.) a minimum level in SH intensity is slowly reached (t~24 min.) 
and eventually the intensity starts to increase again for continuing exposure of 
the sample to the laser radiation. The decrease in the rate at which the SH inten-
sity changes for increasing exposure time is in both cases mainly caused by the 
saturation of the most favorable trap sites in Al2O3. Detrapping of the injected 
charges plays only a minor role on the decreasing rate of change. This was veri-
fied by measuring the change in SH intensity that occurs while blocking the laser 
beam for 30 min. after the samples were exposed to laser radiation for 60 min. 
(not shown). The low detrapping rate for the stacks corresponds to our previous 
measurements for Al2O3 films deposited directly on silicon.35 

The fact that primarily electrons are injected, because hole injection re-
quires at least one more photon,35 allows one to determine the polarity of the 
initial charge density in the sample from the charging behavior. A monotonous 
increase implies that the injected charges have the same polarity as the built-in 
charge density whereas a decrease means that they have the opposite polarity. It 
can thus be concluded that the 0.9 nm SiO2 interlayer sample contains effectively 
a negative built-in charge density and the stack with an 18.4 nm thick interlayer a 
positive built-in charge density. The minimum observed in Fig. 6.3(b) can be 
explained as the point where the positive charge density present in the stack is 
nullified by the amount of injected electrons. Further charge injection then caus-
es a negative charge density to be effectively present in the stack. 

The EFISH intensity scales quadraticaly with the strength of the electric 
field in the SCR which itself scales linearly with charge density. When assuming 
that the changes of the SH intensity (I) in Fig. 6.3(a) and (b) are solely caused by 
changes in the EFISH response, it can be inferred that the amount of injected 
charge ΔQ is equal for the two stack samples, i.e. nm nm0.9 18.4Q Q    with 

0.5 0.5
,max ,min( ) ( )x x xQ I I   . This means that the total number of trap sites, and 

thus defect states, available at the SiO2/Al2O3 interface is roughly the same for 
both samples. Consequently, the number of oxygen interstitials Oi and aluminum 
vacancies Alv in the Al2O3 appears to be independent of the SiO2 interlayer thick-
ness. 
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Figure 6.3: SH intensity as a function of time during multiple-photon-induced 
charge injection and the azimuthal dependence of the SH intensity for 
Si/SiO2/Al2O3 stacks with interlayers of (a), (c) 0.9 nm ALD SiO2, and (b), (d) 
18.4 nm PECVD SiO2. All measurements have been performed at n-type silicon 
wafers using a fundamental photon energy of 1.71 eV and laser fluences indicat-
ed. Q+ and Q– are the total positive and negative charge density, respectively. Q0 is 
the initial effective charge density (+ or –) in the stacks. At an azimuthal orienta-
tion of 0o the plane of incidence is aligned with the [011] crystal axis of Si(100). 
The relative shift Δ=45o in the azimuthal angle indicates a flip in the direction of 
the space-charge field. The inset shows the process of multiple-photon-induced 
electron injection from the silicon valance band (VB) into defect states in the 
Al2O3 band gap at the SiO2/Al2O3 interface under influence of the high intensity 
fundamental radiation (ħω). 

 
Figure 6.3(c) and (d) show the azimuthal dependence of the SH intensity for the 
two stacks obtained by rotating the sample around the surface normal. The varia-
tion in the SH signal is related to an anisotropic bulk contribution from the sili-
con due to nonlocal nonlinear interactions.36 The four-fold rotational symmetry 
reflects the 4mm symmetry of the Si(100) surface. The most noticeable difference 
between the 0.9 and 18.4 nm SiO2 interlayer sample is that the azimuthal phase is 
shifted by 45o as indicated by the Δ-symbol in the Fig. 6.3(c). When EFISH con-
tributes to the SH response this shift of the azimuthal SH anisotropy pattern is 
directly related to a flip in the direction of the space-charge field, as has been 



Chapter 6 
 

114 
 

shown in the literature.37,38 The effect is caused by the phase differences between 
the interface and bulk contributions. From the azimuthal response it can thus be 
concluded that the 0.9 nm SiO2 interlayer sample contains an effective built-in 
charge density with an opposite polarity to the one of 18.4 nm. The level of the 
isotropic background around which the oscillation occurs is an approximate 
measure for the relative strength of the electric field in the SCR, when assuming 
that EFISH dominates the SH response. This means that the stack with a 0.9 nm 
SiO2 interlayer contains a significantly higher built-in charge density than the 
18.4 nm one. 

In summary, both the time-dependent and azimuthal behavior of the SH 
response in Fig. 6.3 confirm the interpretation of the SH spectroscopic data 
shown in Fig. 6.2. 

 

6.4 Modeling of the second-harmonic intensity spectra 
Intensity and phase of the EFISH contribution 
In general, it can be concluded from Fig. 6.2 that the influence of the SiO2 inter-
layer thickness on the charge density in the stacks is independent of the deposi-
tion method and shows similar behavior for both n- and p-type silicon. This 
means that some universal mechanism should underlie the observed trends. To 
be able to determine this mechanism it is necessary to quantify the effective 
charge density in each stack. This can be done by isolating the EFISH contribu-
tion from the interfering SH contributions that are related to the silicon/film in-
terface. For this purpose a critical-point (CP) model was used to deconvolute the 
SH spectra. The model reproduces the SH intensity by a coherent superposition 
of CP-like resonances with excitonic line shapes evaluated at the silicon/SiO2 
interface as has been described extensively elsewhere.22,23 The excitonic line shape 
is characterized by an amplitude, a resonant energy, a linewidth (or broadening), 
and excitonic phase. Propagation of both the fundamental and SH radiation 
through the thin film system is also taken into account and includes linear opti-
cal phenomena, such as absorption, refraction, and interference due to multiple 
reflections.39 To do this correctly the thickness and optical dispersion of each 
layer comprising the stack should be accurately known in advance. The compre-
hensive analysis of the ellipsometry data as discussed in Sec. 6.2 is therefore vital 
for the modeling of the SHG spectra. 

In line with our earlier work,21,35 three distinct excitonic resonances were 
used that are each assigned to interband transitions of Si for different configura-
tions of Si-Si bonds: a Si-Si interface contribution (~3.3 eV), an Si-SiO suboxide 
contribution (~3.6 eV), and, particularly important here, an EFISH contribution 
originating from the bulk SCR in Si at a typical resonance energy of ~3.4 eV.24 
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The polarity of the electric field in the SCR is reflected by the excitonic phase of 
the EFISH contribution relative to the phase of the Si-Si interface contribution, 
i.e. ~0 radians for a negative and ~π radians for a positive SCR, respectively.20 To 
improve the goodness of fit, the spectra in Fig. 6.2 were simultaneously analyzed 
using single fit parameters for the resonant energy and broadening of the Si-Si 
interface contribution, broadening of the EFISH contribution, and phase of the 
Si-SiO sub oxide contribution. The resonance energy of the EFISH contribution 
was fixed to 3.39 eV which corresponds to the value of the E1 transition of bulk 
Si.25 Because the Si-SiO sub oxide contribution lies mostly outside our available 
photon energy range, its resonant energy and broadening were taken from litera-
ture and kept fixed at 3.62 and 0.34 eV, respectively.20 The initial parameter values 
for the model were estimated from the qualitative information obtained from the 
spectroscopic, time-dependent, and azimuthal data (Fig. 6.2 and 6.3). Especially, 
the strength and relative phase of the EFISH contribution could be well estimat-
ed. The values for the single fit parameters obtained from the multi-sample anal-
ysis of the SH spectra are listed in Table 6.2. They are all consistent with values 
found for these parameters in the literature.20,24 
 

Table 6.2: Values for the single fit parameters in the multi-sample analysis 
of the SH intensity spectra shown in Fig. 6.2. The parameters are the reso-
nant energy (ESi-Si) and broadening (ΓSi-Si) of the Si-Si interface contribu-
tion, the broadening (ΓEFISH) of the EFISH contribution, and the excitonic 
phase (φSi-SiO) of the Si-SiO interface contribution. 

Parameter Value 
ESi-Si (eV) 3.300.02 
ΓSi-Si (eV) 0.080.03 

  ΓEFISH (eV) 0.110.03 
     φSi-SiO (π rad) 0.360.10 

 
The solid lines through the experimental points in Fig. 6.2 represent the model 
fits to the data using the three individual contributions. As can be seen the model 
reproduces the experimental data for all spectra well. No EFISH contribution 
was required in case of the two minimum intensity spectra from the n-type se-
ries, which confirms that the 4 and 5.5 nm thick interlayer stacks contain a negli-
gible built-in charge density, i.e. at least below the sensitivity limit of the experi-
mental configuration and analysis method used in this work (Qeff < 1011 cm-2). In 
case of the 10.8 nm SiO2 interlayer spectrum (p-type) the EFISH contribution 
was still required, meaning that a limited amount of built-in charges was present 
in this stack as expected. From the fitting parameters defining the excitonic line 
shape the EFISH intensity at a given two-photon energy can be calculated. The 
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EFISH intensities (IEFISH) at an energy of 3.4 eV for each Si/SiO2/Al2O3 stack, 
normalized at the value (see below) of the stack with 0.9 nm ALD SiO2, are listed 
in Table 6.3 together with the relative phase of the EFISH contribution. 

 
Table 6.3: Summary of the obtained SiO2 interlayer thickness tSiO2, normalized EFISH 
intensity IEFISH, EFISH relative phase φEFISH, and effective charge density Qeff of the 
SiO2/Al2O3 stacks for both n- and p-type silicon and for SiO2 interlayers prepared 
either by ALD or PECVD. 

 ALD SiO2 PECVD SiO2 
 
 

tSiO2 
(nm) 

IEFISH 
() 

φEFISH

(π rad) 
Qeff 

(1012 cm-2) 
tSiO2 
(nm) 

IEFISH 
() 

φEFISH

(π rad) 
Qeff 

(1012 cm-2) 

n-
ty

pe
 

0.90.5 1 +0.88 –(5.80.3) 4.00.5 — — — 

1.20.5 0.650.05 +0.80 –(3.50.3) 18.40.5 0.070.05 –0.25 +(0.50.3) 

1.50.5 0.450.05 +0.79 –(2.40.3) 25.60.5 0.050.05 –0.26 +(0.40.3) 

2.60.5 0.130.05 +0.69 –(0.80.3) 51.90.5 0.040.05 –0.26 +(0.40.3) 

5.50.5 — — — 149.60.5 0.120.05 –0.23 +(0.70.3) 

13.10.5 0.060.05 –0.26 +(0.50.3)     

p-
ty

pe
 

1.00.5 1 +0.87 –(5.80.3) 27.00.5 0.050.05 –0.25 +(0.40.3) 

1.50.5 0.700.05 +0.80 –(3.70.3) 45.20.5 0.060.05 –0.30 +(0.50.3) 

4.70.5 0.270.05 +0.75 –(1.40.3) 148.90.5 0.110.05 –0.27 +(0.70.3) 

10.80.5 0.020.05 +0.53 –(0.20.3)     

 
The top panel of Fig. 6.4 shows the values obtained for the EFISH relative phase 
as a function of SiO2 interlayer thickness. It is observed that when the normal-
ized EFISH intensity goes through its minimum value (Table 6.3) that the EFISH 
phase changes from ~π to 0 radians. This confirms that the prevailing polarity of 
the built-in charges changes from negative to positive. When taking a closer look, 
it can be seen that the absolute EFISH phase decreases with decreasing charge 
density. This is expected as can be derived from theoretical calculations of the 
strength and polarity of the space-charge field as a function of charge density.40 
The analysis in terms of the EFISH intensity and phase is, therefore, in agreement 
with the quantitative discussion of the spectroscopic, time-dependent, and azi-
muthal data of Fig. 6.2 and 6.3.  

 

Determination of the absolute charge density in the stacks 
Because the EFISH intensity is only a relative measure it needs to be related to 
the absolute charge density by performing a calibration measurement for at least 
one sample. The absolute charge density for the stack comprising an interlayer of 
0.9 nm ALD SiO2 is –(5.80.5)1012 cm-2 as determined by capacitance-voltage 
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measurements.15 By normalizing the EFISH intensity of the other stack samples 
to that of the calibration sample their charge density can be quantified according 
to a previously established procedure.21 Following this procedure the effective 
charge density Qeff for each Si/SiO2/Al2O3 stack has been obtained as listed in 
Table 6.3. The polarity is given by the relative phase of the EFISH contribution 
whereby it should be recognized that the polarity of the charges is opposite to 
that of the SCR. 

 

 
Figure 6.4: Effective built-in charge density Qeff (bottom panel) and EFISH relative 
phase φEFISH (top panel) as a function of SiO2 interlayer thickness for SiO2/Al2O3 
stacks on both n-type (open markers) and p-type (closed markers) silicon wafers. 
The SiO2 films have been deposited either by ALD or PECVD. The lines in the 
bottom panel are a fit to the data according to the model described by Eq. (6.2)-
(6.5), whereas in the top panel the lines serve as a guide to the eye. In the bottom 
panel two regimes are indicated for which the origin of Qeff is predominantly relat-
ed either to tunneling of electrons through the SiO2 interlayer or to charges that 
are intrinsically present in the SiO2 interlayer. 



Chapter 6 
 

118 
 

The bottom panel of Fig. 6.4 shows the absolute value of the effective charge den-
sity Qeff in the stacks as function of the SiO2 interlayer thickness on a double log-
arithmic scale. The legend specifies whether the data points belong to stacks with 
an ALD or PECVD synthesized interlayer. For both n- and p-type silicon wafers 
the effective charge density (5.81012 cm-2 at tSiO2≈1 nm) decreases rapidly for 
increasing SiO2 interlayer thickness and reaches a minimum. As expected from 
the qualitative discussion of the SH intensity spectra (Sec. 6.3) this minimum is 
obtained at a thinner interlayer for the n-type series (~5 nm) compared to the p-
type series (~11 nm). For clarity the effective charge density for the stacks with 
4.0 and 5.5 nm SiO2 from the n-type series has been set to 11010 cm-2 in the 
graph, but in reality this might be substantially less.  Subsequently, the effective 
charge density increases towards a more or less constant level (+41011 cm-2) for 
interlayers between 25 and 50 nm. Finally, a small increase in charge density 
(+71011 cm-2) is observed for the 150 nm thick interlayer stacks. Values reported 
in the literature by Saito et al.41 for the effective charge density in Si/SiO2/Al2O3 
stacks with dry thermal oxide interlayers in the thickness range 0.7 to 2 nm are 
between 21013 and 51012 cm-2, respectively. Aboaf et al.42 obtained values of 
~31011 cm-2 for plasma oxidized interlayers with a thickness in the range of 23 
to 100 nm. Compared to our data these values from the literature agree very well 
for both SiO2 thickness ranges, especially, considering the fact that the interlayers 
have been prepared using different deposition methods. 
 

6.5 Dependence of the effective charge density on the 
interlayer thickness 

Simple model to distinguish between various types of charges 
It appears that the difference in the trend of effective charge density versus SiO2 
interlayer thickness (Fig. 6.4) for n-type and p-type silicon is only related to the 
rapid decrease in negative charge density for very thin SiO2 interlayers. This is 
most likely related to the origin of the charges itself, because effects caused by 
differences in the (ALD) processing conditions would be independent of doping 
type. To unravel the mechanism that explains the observed behavior it is neces-
sary to develop a model that discriminates between the various types of charges 
that can be present in the stack. Without losing generality it can be stated that the 
effective charge density effQ  in the stacks as function of SiO2 interlayer thick-
ness—from now on defined as z—can be written as 

     
2 3 2ff Al O SiO iseQ z Q z Q z Q   ,    (6.2) 

where 2 3Al OQ  and 2SiOQ  are the total charge density in the Al2O3 and SiO2 de-
pending on z, respectively. isQ  represents the charge density that is trapped in 
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acceptor- and donor-type states at the Si/SiO2 interface. This interface-state 
charge density is z-independent but depends on the interface state density Dit, the 
occupation probability of the available states, and the doping type of the silicon. 
For all Si/SiO2/Al2O3 stacks presented in this work low Dit values (<1011 eV-1cm-

2) have been obtained previously,9,43 which is attributed to the effective hydro-
genation of electronically active interface defect states. A strong contribution of 
Qis to the effective charge density is thus not expected. Moreover, according to 
the literature, the interface states (Pb centers) at the Si/SiO2 interface are negative-
ly charged for n-type silicon and positively charged for p-type silicon.44–47 A 
strong contribution of Qis would, therefore, result in exactly the opposite effect 
on Qeff in terms of silicon doping type compared to what is observed in Fig. 6.4 
for z<11 nm. Consequently, Qis will lead to a small offset at most which is effec-
tively assimilated into the other charge contributions. 

For dielectric thin films, a negative charge density is basically only en-
countered in case of Al2O3.1,10,48–50 It can therefore be assumed that all negative 
charge is present in the Al2O3 near the SiO2/Al2O3 interface.10,49–51 Significant 
presence of charge in the Al2O3 bulk or at its surface is not expected and typically 
also not reported for the experimental conditions used in this work.10,49–51 The 
strong exponential-like decrease of negative charge with increasing z in Fig. 6.4 
suggests that a tunneling process occurs in which the SiO2 interlayer acts as a 
barrier for electron injection. Such an exponential-like trend would be expected 
for tunneling processes where the transmission probability falls quickly with in-
creasing barrier thickness. As mentioned earlier (Sec. 6.3), the electrons are in-
jected into defect states near the SiO2/Al2O3 interface in the Al2O3 with the oxy-
gen interstitial Oi and the aluminum vacancy Alv being the most likely candidates 
for electron trapping.32 The negative-to-positive charge transition at a relatively 
large thickness of z=~5  (n-type) and ~10 nm (p-type) suggests that not only di-
rect tunneling plays a role because this process becomes negligible for barriers 
larger than ~3 nm.52 The tunneling process thus likely involves some kind of 
trap-assisted tunneling (TAT) mechanism which, given the fact that a post-
deposition anneal is required to activate a large negative charge density, might be 
thermally induced.53,54 Assuming, nevertheless, that the tunneling process can be 
described by a direct-tunneling-like mechanism the charge density at the 
SiO2/Al2O3 interface can be written as 

   
2 3Al O 0Q z Q T z ,     (6.3) 

with 0Q  the charge density due to direct tunneling for z=0 and T the transmis-
sion probability for direct tunneling. The expression for the transmission proba-



Chapter 6 
 

120 
 

bility can be obtained by using the Wenzel-Kramers-Brillouin (WKB) approxi-
mation for the tunneling of electrons through a constant potential barrier52 

   1 12
11 4 λ z λ zT z e e

 
    ,    (6.4) 

where λ  is the average tunneling decay length.  
With negative charges in the Al2O3 and a negligible contribution of inter-

face-state charges, the only source for positive built-in charges in the SiO2/Al2O3 
stacks is the SiO2 interlayer. This is in agreement with literature as for SiO2 films a 
positive charge density is generally obtained. A well-known type is that of fixed 
charges which are present in the SiO2 within a few nanometers (~3 nm) from the 
Si/SiO2 interface.7,55 The fixed charge density is independent of SiO2 thickness 
and silicon doping type, but strongly depends on processing conditions and sili-
con orientation.7,8 Other charges can be present in the bulk of SiO2 films.8,55 The 
total charge density in the SiO2 interlayer can therefore be expressed as 

 
2SiO f bQ z Q ρ z        (6.5) 

where fQ  is the fixed charge density in SiO2 near the Si/SiO2 interface and bρ  
the bulk charge density which is assumed to be independent of the SiO2 thick-
ness. 

 
Interpretation of the modeling results 
By using the expressions of Eq. (3) to (5) the effective charge density Qeff in Eq. 
(2) can be written in an explicit form. The resulting model was fitted to the ex-
perimentally obtained Qeff data in Fig. 6.4 using Q0, λ, Qf, ρb as fit parameters. 
Initial values for Q0 and Qf were estimated from Fig. 6.4 (bottom panel) at an 
appropriate interlayer thickness, λ was initially taken to be 1 nm, and ρb was ini-
tially set to zero. To pinpoint whether the difference in Qeff between n- and p-type 
silicon can be explained by a different tunneling behavior both data-sets were 
simultaneously fitted using single fit parameters for Q0, Qf, and ρb but two inde-
pendent fit parameters for the tunneling decay length λ. The result of this analy-
sis is shown as the lines through the data points in the bottom panel of Fig. 6.4. A 
good agreement between the model and the experimental data can be observed. 
The acquired fit parameter values are listed in Table 6.4. Besides a fixed charge 
density Qf of +3.31011 cm-2, consistent with previously obtained values for our 
SiO2 layers,9,43,56 also a bulk charge density ρb of 2.31016 cm-3 in SiO2 is required 
to match the data points at z=150 nm. This low bulk charge density is in line with 
the expectations for SiO2 films prepared by ALD and PECVD after annealing.57 It 
indicates that the films have a low density of bulk defect states. Nevertheless, the 
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obtained bulk charge density is equivalent to a surface charge density of 
~3.51011 cm-2 for a film of 150 nm, which explains the observed increase of Qeff 
in Fig. 6.4 for the Si/SiO2/Al2O3 stacks with a 150 nm SiO2 interlayer. The value of 
1.11013 cm-2 found for Q0 is consistent with negative charge densities of –(0.6-
1.3)1013 cm-2 typically obtained for plasma ALD Al2O3 films deposited directly 
on silicon for which, generally, an interfacial SiO2 (~1 nm) is present.15,49,58 

 
Table 6.4: The parameter values acquired using the model 
[Eq. (6.2)-(6.5)] describing the effective charge density Qeff 
as a function of SiO2 interlayer thickness as shown in Fig. 
6.4. The parameters are the fixed charge density Qf, the 
bulk charge density ρb, the charge density at zero interlay-
er thickness Q0, and the tunneling decay length λ for ei-
ther n- or p-type silicon. 

Parameter Value 
Qf (cm-2) 3.31011 

ρb (cm-3) 2.31016 

Q0 (cm-2) –1.11013 
λn-type (nm) 1.49 
λp-type (nm) 3.49 

 
A tunneling decay length λ of 1.5 and 3.5 nm was obtained for n- and p-type sili-
con, respectively. Both values are unrealistic for direct tunneling, for which λ is 
typically less than one nanometer,52 and the obtained decay lengths should thus 
not be interpreted strictly in terms of their physical meaning. They do reveal, 
however, that trap-assisted tunneling is very likely to occur and should be incor-
porated in the model when a detailed analysis of the tunneling process is re-
quired. Still, the fact that, in our simple model, both the n- and p-type data can 
be fitted with single parameters except for the decay length is a strong indication 
that the difference in Qeff versus z for the different doping types is related to the 
tunneling process. Several factors that can influence tunneling are temperature, 
doping density, tunnel barrier height, density of states, and effective electron 
mass.52 Temperature is not likely the cause as the annealing process is very re-
producible. Moreover, variations in annealing temperature would lead to changes 
in Qeff independent of doping type. The doping density can also be ruled out as it 
is more or less equal for both wafer types. Whether differences in tunnel barrier 
height, density of states, and effective electron mass can cause the pronounced 
difference in tunneling behavior between n- and p-type silicon is presently not 
clear. 
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Altogether, it can be derived from the modeling that the trend in Qeff as a 
function of SiO2 interlayer thickness can be divided into two regimes as indicated 
in the bottom panel of Fig. 6.4. One that is dominated by the tunneling of elec-
trons from the silicon through the SiO2 into Al2O3 defects states (e.g. Oi and Alv) 
near the SiO2/Al2O3 interface for an interlayer thickness below ~13 nm. The oth-
er regime, for z>13 nm, is dominated by charges (Qf and ρb) that are intrinsic to 
the SiO2 film. Because both Qf and ρb depend on processing conditions it is ex-
pected that their absolute number densities will vary with the preparation meth-
od of the SiO2 interlayers, e.g. dry or wet oxidation. Apparently, the ALD and 
PECVD prepared SiO2 interlayers in this work have quite similar charge densi-
ties. For a Si/SiO2/Al2O3 stack with a 41.3 nm SiO2 interlayer prepared by wet 
thermal oxidation, however, a negligible built-in charge density was found to be 
present on basis of its SH intensity spectrum. This spectrum is shown in Fig. 6.5 
together with the spectra of the 45.2 nm PECVD SiO2 interlayer stack and the 5.5 
nm ALD SiO2 interlayer stack. 

 

Figure 6.5: SH spectra for SiO2/Al2O3 stacks on Si(100) with SiO2 interlayers 
prepared by wet thermal oxidation (41.3 nm), PECVD (45.2 nm), and ALD 
(5.5 nm). The Al2O3 films have a nominal thickness of ~30 nm. The spectrum 
for the stack with the wet thermal SiO2 is dissimilar to the spectrum for the 
PECVD SiO2 stack of comparable thickness, but closely resembles the spec-
trum for the ALD SiO2 stack. 

 
It is clear that the spectrum for the stack with a 41.3 nm wet thermal SiO2 inter-
layer closely resembles the 5.5 nm ALD SiO2 interlayer one which was found to 
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have a negligible effective charge density, i.e. Qeff 11011 cm-2. This shows in-
deed that, unlike the 45.2 nm PECVD SiO2 interlayer stack, the 41.3 nm wet 
thermal SiO2 interlayer does not contain a significant density of positive charges. 
A negative charge density in the Al2O3 is not expected on basis of a negligible 
tunneling for a 41.3 nm thick interlayer. The absence of built-in charges for the 
stack with 41.3 nm of wet thermal SiO2 is consistent with the literature as such 
oxides are known to contain a negligible Qf.1,8 

This discussion shows that a theoretical model describing the presence of 
built-in charges in thin-film systems on silicon can provide detailed insight into 
the various types of charges contributing to the effective charge density and the 
prevailing charging mechanisms. 

 
6.6 Conclusions 

SiO2/Al2O3 stacks were deposited on n- and p-type Si wafers with SiO2 interlayers 
in the thickness range of 1-150 nm as prepared by ALD and PECVD. The SiO2 
interlayer thickness of each stack as well as the optical dispersion of the SiO2 and 
Al2O3 films was accurately determined from spectroscopic ellipsometry data by 
using an advanced modeling strategy. The effective density and prevailing polari-
ty of built-in charges present in the Si/SiO2/Al2O3 stacks was probed by spectro-
scopic, time-dependent and azimuthal second-harmonic generation (SHG) 
measurements. Depending on the SiO2 interlayer thickness the effective charge 
density in the Si/SiO2/Al2O3 stacks was found to vary between 1013 to 1011 cm-2 
for both n- and p-type silicon. The polarity of the charges switched from negative 
to positive around a SiO2 interlayer thickness of 5-10 nm at which point the 
effective charge density in the stacks is negligible, i.e. the number densities of 
positive and negative charges were equal and nullified each other. To discrimi-
nate between various types of charges present in the Si/SiO2/Al2O3 stacks and to 
pinpoint their origin a simple model was developed describing the effective 
charge density as a function of SiO2 interlayer thickness. Using this model it was 
shown that tunneling of electrons through the SiO2 interlayer into defect states at 
the SiO2/Al2O3 interface was the prevailing mechanism leading to built-in charg-
es for an interlayer thickness below 5-10 nm. Above this thickness the presence 
of fixed charges (~3.31011 cm-2) at the Si/SiO2 interface and bulk charges 
(~2.31016 cm-3) in the SiO2 dominated the effective built-in charge density. This 
charging mechanism appeared to hold generally as the trend was equal for the 
differently prepared SiO2 films. The difference found in the tunnel decay length 
between n-type (1.5 nm) and p-type (3.5 nm) silicon, as well as the relatively 
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large values, indicates the importance of trap-assisted tunneling for describing 
charge trapping in Si/SiO2/Al2O3 stacks. 

The methods presented in this work can be applied to other technological-
ly and scientifically relevant material systems, including alternative dielectric 
films on silicon and germanium. 
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Summary 
A space-charge region (SCR) can develop in silicon due to the presence of built-
in charges in thin films that are used within silicon-based device structures. To 
study both the strength and polarity of the electric field in such a SCR we per-
formed second-harmonic (SH) generation spectroscopy in the vicinity of the E1 
critical point (2.7-3.5 eV) of silicon. As multiple contributions add coherently to 
SH intensity spectra the electric-field-induced contribution cannot always be 
unambiguously distinguished from the intensity data in the absence of comple-
mentary phase information. Combined SH intensity and phase measurements 
were therefore performed to resolve this ambiguity. Using a coherent superposi-
tion of critical-point-like resonances with excitonic line shapes the intensity and 
phase spectra of several SiO2- and Al2O3-based samples were simultaneously 
modeled. This analysis reveals that not only the polarity of the space-charge field 
can be unambiguously determined but also that the sensitivity to the electric field 
strength is significantly enhanced. 
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7.1 Introduction 
The performance of modern silicon-based semiconductor devices is highly 
affected by the presence of built-in charges in (high-κ) dielectric thin films. This 
is mainly due to the fact that such charges lead to the development of a space-
charge region (SCR) in crystalline silicon at the dielectric interface.1–5 A funda-
mental insight into the influence of built-in charges on the silicon SCR is there-
fore of prime importance. This implies that it is desirable to directly measure the 
strength and polarity of the space-charge field with high sensitivity. A very suita-
ble technique in this respect is optical second-harmonic generation (SHG) due to 
its contactless and background-free character.6–8 Besides being directly sensitive 
to the electric field in the silicon SCR, through the effect of electric-field-induced 
SHG (EFISH), this technique is also interface specific for centrosymmetric media 
such as crystalline silicon and amorphous materials.9 To characterize the space-
charge field under steady-state conditions it is necessary to carry out spectro-
scopic SH intensity measurements.10–12 

In case of silicon covered with transparent oxide films the frequency de-
pendence of the SH intensity is typically composed of multiple contributions that 
are related to the silicon interface and to the electric field of the silicon SCR.9,10 
Due to interference phenomena caused by the phase difference between the vari-
ous contributions it is virtually impossible to directly distinguish between them 
from the spectroscopic data. Moreover, when only performing SH intensity 
measurements direct information on the phase of each contribution is lost by 
definition.13 This implies that the strength of the space-charge field, which is re-
lated to the EFISH intensity, and the polarity of the space-charge field, which is 
related to phase of the EFISH contribution, can also not be determined 
directly.10,11,14 One way to isolate the interfering contributions is by using a criti-
cal-point (CP) model which describes the SH intensity spectrum by a coherent 
superposition of CP-like resonances with excitonic line shapes.15 These line 
shapes are defined by an amplitude, a resonant energy, a linewidth (or broaden-
ing), and excitonic phase. The excitonic parameters of each contribution are used 
to fit the model to the intensity data. However, due to the large number of adjust-
able parameters the various contributions can still not be unambiguously isolat-
ed. Information can then only be extracted when certain parameters are known 
in advance or when other sound assumptions can be made. Furthermore, the 
excitonic phase in the model is an indirect parameter with respect to the SH in-
tensity. To solve the ambiguity the complementary phase information of the SH 
radiation is required.16,17 

In this chapter, the principle and implementation of phase-sensitive SHG 
experiments are discussed. A procedure is introduced with which a SH phase 
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spectrum can be extracted from the measured phase data. SH phase spectra as 
well as separately measured intensity spectra were acquired for SiO2- and Al2O3-
based samples which contain different number densities of built-in charges. Us-
ing the CP-model the SH intensity and phase spectra of each sample were simul-
taneously modeled. This analysis revealed that not only the polarity of the space-
charge field can be unambiguously determined but also that the sensitivity to the 
field strength is significantly enhanced. 

 

7.2 Sample choice and preparation 
SH intensity and phase spectra were obtained for four SiO2- and Al2O3-based 
samples. These samples were selected because they contain different number 
densities of built-in charges. This sample choice allows us to highlight the benefit 
of simultaneously modeling intensity and phase data in terms of extracting the 
EFISH intensity and phase. It also means that the samples have been character-
ized “as-processed” without fabricating some special sample geometry which 
might impact the intrinsic sample properties. Table 7.1 shows the details of each 
sample, their built-in charge density Qbuilt-in with corresponding SCR relative 
strength, and the sample names for further reference. All sample structures are of 
relevance for photovoltaic and microelectronic devices.2,18–21 

 
Table 7.1: Properties of each sample. Sample A is an Al2O3 film deposited direct-
ly on silicon with an interfacial SiO2 present. Samples B and C are ALD-prepared 
stacks of Si/SiO2/Al2O3 with intentionally grown SiO2 interlayers. Sample D is a 
SiO2 film obtained from wet thermal oxidation of silicon which contains no 
Al2O3 film. The film thicknesses were obtained from spectroscopic 
ellipsometry.12,22 The plus symbols indicate the polarity and relative strength of 
the space-charge field. 

Sample 
name 

silicon 
type 

tSiO2 

(nm) 

SiO2 
type 

tAl2O3 

(nm) 
Qbuilt-in 
(cm-2) 

SCR 
strength 

A p 1.50.5 interfacial 31.50.5 5.81012 (a) 

B p 4.70.5 plasma ALD 31.50.5 1.41012 (b) 

C p 10.80.5 plasma ALD 31.50.5 2.01011 (b) 

D n 47.00.5 wet thermal — 7.81010 (c) 
(a) value from ref. 19       (b) value from ref. 22       (c) value obtained in this work 

 
Ultrathin SiO2 films were prepared by atomic layer deposition (ALD), at a sub-
strate temperature of ~200 oC, using ultra-short doses (<100 ms) of 
H2Si[N(C2H5)2]2 (SAM.24, Air Liquide) and a few seconds of O2 plasma exposure 
that were separated by Ar purges.2 A thicker SiO2 film was grown by wet thermal 
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oxidation via the exposure of a silicon wafer to H2O vapor at a substrate tempera-
ture of ~900 oC. Thin Al2O3 films with a nominal thickness of (31.50.5) nm 
were prepared by plasma ALD, at a substrate temperature of ~200 oC, using 
Al(CH3)3 as the metal precursor and O2 as the plasma gas.23 The films were de-
posited at both sides of float zone Si(100) wafers (n- or p-type, 2-3 Ωcm, 280 
μm) preceded by a HF dip to obtain a H-terminated surface. After deposition, 
sample A, B, and C received a post-deposition anneal (PDA) for 10 min. at 400 
oC in N2, whereas sample D received a forming-gas anneal for 10-20 min. at 400 
oC using a mixture of 10% H2 in N2.  
 
7.3 Principle of phase-sensitive measurements 
SH phase-sensitive techniques are generally based on the principle of interfer-
ence between a SH reference pulse and the SH pulse generated at the sample of 
interest. The interference can be either recorded in the time or in the spectral 
domain.13,16,17,24–26 For simplicity reasons we adopted the time-domain variant. In 
this variant the SH reference pulse is typically generated in a spectrally flat non-
linear film (e.g. indium tin oxide or tricyanovinylaniline polymer) on a glass sub-
strate which is placed in the incident fundamental beam of a narrowband pulsed 
laser. The SH reference pulse generated in transmission interferes with the SH 
pulse generated at the sample in reflection. By sequentially changing the distance 
between the reference and the sample, or by changing the optical phase delay 
between the fundamental and SH reference pulses in a different manner, a time-
domain interferogram is obtained from which the total phase of the interfering 
SH radiation can be deduced.13,17 Note that the phase delay is predominantly in-
troduced due to the difference in propagation velocity between the fundamental 
and SH reference pulse in the medium (air in this work) that is present between 
the reference and sample as schematically depicted in Fig. 7.1. The phase differ-
ence (ϕ) between the SH reference pulse and the SH pulse generated in the sam-
ple of interest is measured. By sequentially changing the distance d between the 
reference and sample the optical phase delay changes and, consequently, also the 
interference between the SH reference and sample pulse. 
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Figure 7.1: Principle of inducing an optical phase delay (Δk∙d) between the fun-
damental (ω) and SH reference pulse (2ω) by using the dispersion of the propa-
gation velocity of optical radiation in air, with Δk the phase-mismatch parameter 
[cf. Eq. (7.3)]. The phase difference (ϕ) between the SH reference pulse and the 
SH pulse generated in the sample of interest is measured. The process is shown at 
different moments in time (t) with t0 < t1 < t2. For clarity the generation of SH 
radiation at the sample of interest is sketched in transmission mode whereas the 
actual setup is in reflection mode. (a) A total phase delay Δk∙d1+ϕ is introduced 
due to the distance d=d1 between the reference and sample. (b) A total phase 
delay Δk∙d2+ϕ is introduced due to the distance d=d2 between the reference and 
sample with d1<d2. 

 
7.4 Implementation of the interferometric setup 
In our work we use a computer-controlled translation stage (Thorlabs LTS300S, 
Δ=300 mm, δ=4 μm) to change the distance between the reference and the sam-
ple. As the phase reference sample we use a (100±25) nm thick film of indium tin 
oxide (ITO) on a ~1 mm thick glass substrate. According to Dolgova et al.,17,27 
the choice of ITO, with this thickness, satisfies the conditions for a reference 
sample that it is (i) thin enough to avoid Maker fringes in the SH response while 
tuning the fundamental wavelength, (ii) optically inactive to conserve the polari-
zation state of the fundamental radiation as it passes through it, and (iii) has no 
resonant features within the wavelength range of both the fundamental and SH 
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radiation applied in this work. Figure 7.2 shows a schematic representation of the 
interferometric setup.  
 

 
Figure 7.2: Schematic representation of the interferometric setup. The funda-
mental radiation (ω) generates a SH signal at the ITO reference sample (2ωref) 
and at the sample (2ωsample) of interest. The distance d is varied by using a com-
puter-controlled translation stage to accurately change the optical phase delay 
between the fundamental radiation and the SH radiation of the reference at 
x=0. Note that the focus of the fundamental beam changes within the transla-
tion range of the reference sample. 

 
The phase reference sample, from this point onwards referred to as the reference, 
is placed in the incident fundamental beam between the lens and the sample with 
the ITO film facing the sample. Positioning the reference in this way ensures that 
the phase shift remains small since the SH radiation generated in the ITO by the 
fundamental beam does not pass through the highly dispersive glass substrate. 
Furthermore, the reference sample is placed at an oblique angle to prevent SH 
radiation from multiple passes of the fundamental beam in the ITO film to be 
part of the primary transmitted reference pulse. The reference signal is collinear 
with the fundamental beam and as such reflected by the sample. After passing 
through the reference the focused fundamental beam generates also a SH signal 
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at the sample in reflection. The SH signal of both the reference and sample are 
directed towards the detector where they interfere. 

Spectroscopic measurements were performed using p-polarized femto-
second (~90 fs) laser radiation from a Ti:sapphire oscillator (Spectra-Physics 
Tsunami), tunable in the 1.33-1.75 eV photon energy range, and focused on the 
sample at a 35 angle of incidence to a beam waist of ~100 μm. SH radiation gen-
erated in reflection, using a fluence at the sample of ~1-4 μJcm-2 per pulse, was 
separated from the fundamental radiation using optical and spatial filtering and 
detected in p-polarization with a photomultiplier tube (PMT) connected to sin-
gle photon counting electronics.28 The SHG data are represented in terms of the 
SH intensity as calculated from the detected SH signal after correction for the 
applied laser intensity and the response of the optical system. The optical re-
sponse comprises the optical transmission of the colored glass filters and the po-
larizer in the exit beam path and the quantum efficiency of the PMT. In all exper-
iments the Si(100) substrates were oriented with the [011] crystal axis parallel to 
the plane of incidence of the laser beam. In case of the phase measurements the 
SH intensity is obtained at every set position of the translation stage for each 
fundamental wavelength. This results in a spectrum of interferograms from 
which a phase spectrum can be extracted. 

 
7.5 Analysis of the interferometric data 
Figure 7.3 shows the type of interferograms typically obtained from the interfer-
ometric measurements at four different two-photon energies. The data is ob-
tained from a SiO2/Al2O3 thin film stack on a silicon substrate (sample B in Table 
7.1). For clarity the interferograms are offset vertically. They all clearly show the 
expected oscillations of the SH intensity as function of the reference position. 
More specifically, it can be observed that the amplitude of the oscillations in-
creases when the distance between the reference and the sample becomes small-
er. This is due to the fact that the focusing on the reference improves when mov-
ing it towards the sample, which leads to an enhanced SH response from the ref-
erence. It is important, however, that the signal from the sample and reference 
remain more or less equal. If either of the two signals dominate the total response 
the interference effect, which causes the oscillations, is lost. In the situation that 
the reference signal would be dominant an exponential-like [cf. Eq. (7.1)] in-
crease is observed for decreasing distance. Because for the interferograms in Fig. 
7.3 the oscillations dominate even when the reference is closest to the sample the 
ratio between the signals appears to be fairly optimal. It can be also seen that the 
amplitude of the oscillations depends on the two-photon energy. This is primari-
ly caused by the change in the ratio between the signal from the sample and the 
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reference due to the spectral response of silicon. The oscillation period is deter-
mined by the optical dispersion of air. In Fig. 7.3(a) the exact position of the 
minima and maxima depend on the optical dispersion as well as the total SH 
relative phase. By plotting the SH intensity as function of the dimensionless pa-
rameter Δk·d, with Δk the phase-mismatch parameter, only the total SH relative 
phase ϕ determines the position of the extrema. The shift in the extrema between 
the different two-photon energies is now directly related to the change in total 
SH relative phase Δϕ as indicated in Fig. 7.3(b). 

 

 
Figure 7.3: Interferograms obtained for sample B at four different two-photon 
energies. The solid lines are fits to the data according to Eq. (7.1). For clarity a 
vertical offset is applied to the interferograms such that an equal spacing is 
obtained between them. (a) the SH intensity as function of reference position d, 
and (b) the SH intensity as function of dimensionless parameter Δk∙d which 
allows to highlight the shift in the total SH relative phase Δϕ between the 
different two-photon energies. 

 
To extract the total SH relative phase ϕ from each individual interferogram the 
data is reproduced by 
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fields generated at the sample and at the reference, respectively. The total SH rela-
tive phase is given as: 

χ χprop prop
sample sample ref ref            (7.2) 

with χ
sample and χ

ref the relative phase of the SH signal from the sample and refer-

ence, respectively, and prop
sample  and prop

ref  the phase shifts caused by the propagation 
of the SH radiation through the thin-film-system. The factor 1

0[1 ( )]d d   in Eq. 
(7.1) describes Gaussian beam focusing, in which d0 is the Rayleigh length, and it 
corrects for the changing spot size on the reference when traversing the distance 
d. The phase-mismatch parameter Δk describes the propagation delay in air be-
tween the fundamental and SH radiation from the reference and is defined as 

 2

0 0

4 4Δ Δ ω ω
air airω ω

π πk n n n
λ λ

   ,    (7.3) 

where 0
ωλ  is the fundamental wavelength in vacuum, and Δn is the difference 

between the refractive index of air at the SH ( 2ω
airn ) and fundamental ( ω

airn ) wave-
length. Using tabulated dispersion data for the refractive index of air the oscilla-
tion length can be calculated.29 This can be used to estimate the number of oscil-
lation periods expected for a given travel range of the stage. With a travel range 
of ~8 cm in our experiments the number of oscillation periods expected for a 
fundamental wavelength of 800 nm is approximately one and a half. This is in-
deed observed for the curve in Fig. 7.3 at a two-photon energy of 3.1 eV which 
corresponds to a fundamental wavelength of 800 nm. At least one oscillation pe-
riod should be acquired to accurately obtain the total SH relative phase from fit-
ting Eq. (7.1) to the interferometric data. The number of oscillation periods be-
tween one and two in our data, as depending on the fundamental wavelength, is 
thus sufficient.  

The solid lines in Fig. 7.3 are the result of fitting Eq. (7.1) to the experi-
mental data using 2ω

sampleE , 2ω
referenceE , d0, Δk, and ϕ as fit parameters. Starting values 

for the parameters are estimated from the characteristics of the interferograms 
and from Eq. (7.3) using known values for the refractive index of air. Each inter-
ferogram is fitted separately because all parameters depend on the photon ener-
gy. Although the SH response of the reference is expected to be spectrally flat this 
is not a priori imposed by using a single fit parameter 2ω

referenceE  for all interfero-
grams.17,27 Thus, if the tail of the resonance of ITO at ~6.5 eV has some influence 
on the measurements within the applied two-photon energy range (2.9-3.5 eV) it 
can be accounted for. An excellent agreement between the data and the model 
can be observed for all the interferograms. By performing the analysis for each 
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wavelength at which an interferogram has been measured, the frequency de-
pendence of the fit parameters of interest can be obtained. Figure 7.4 shows the 
total SH relative phase ϕ, the phase-mismatch parameter Δk, and the SH intensi-
ty of the sample, 2 2 2| |ω ω

sample sampleI E , and reference, 2 2 2| |ω ω
reference referenceI E , as func-

tion of the two-photon energy for sample B. 
A change in the total SH phase of ~1.2π radians occurs within the two-

photon energy range of 2.9-3.5 eV as is visible in Fig. 7.4(a). The change is largest 
around the region of 3.3-3.5 eV which indicates that a resonant feature is present 
in this energy range. This is also clear from the extracted SH intensity spectrum 
of the sample (diamond markers) as shown in Fig. 7.4(b) with a maximum inten-
sity at ~3.4 eV. This two-photon energy coincides with the resonant energy of the 
E1 interband transition of bulk silicon.30 Note that the ITO reference sample has a 
flat spectral response (circular markers) which is consistent with the 
literature.17,27 It must be stressed that both the SH intensity and phase spectrum 
can be simultaneously obtained from the interferometric measurements as repre-
sented by the data markers. The sensitivity to both intensity and phase originates 
from the convenient choice of placing the ITO reference sample behind the lens 
that focuses the fundamental beam on the sample (Fig. 7.2). Depending on the 
position of the reference, the focusing of the laser beam on the reference changes, 
which causes the intensity from the reference to vary with respect to the intensity 
of the sample during an interferometric measurement. This enables the model to 
effectively discriminate between the signal from the sample and reference. The 
solid line in Fig. 7.4(b) represents intensity data of the sample which was ac-
quired with high accuracy from separate intensity measurements. It is evident 
that the two data-sets almost exactly overlap. As can be seen in Fig. 7.4(c), the 
values of the phase-mismatch parameter Δk extracted from the interferograms 
(markers) match with the trend (solid line) calculated via Eq. (7.3). The beam 
waist ω0, as calculated from the obtained Rayleigh lengths via d0=πω0

2λ-1, is about 
90 μm for the wavelengths λ used in this experiment, which is in agreement with 
the previously measured value.28 

In summary, the data in Fig. 7.4 clearly validates the interferometric tech-
nique and the analysis of the interferograms on the basis of Eq. (7.1). 
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Figure 7.4: The total SH relative phase ϕ (top panel), the SH intensity I2ω (mid-
dle panel), and phase-mismatch parameter Δk (bottom panel) as a function of 
two-photon energy. The individual data points were acquired by fitting the 
interferograms obtained for sample B using Eq. (7.1). The solid line in (b) rep-
resents intensity data of the sample acquired from separate intensity measure-
ments. The solid line in the bottom panel was calculated via Eq. (7.3) using 
tabulated values for the refractive index of air. 

 
In the following sections, SH phase spectra obtained from the interferometric 
data for all samples in Table 7.1 as well as their separately acquired SH intensity 
spectra will be considered. A critical-point model will be used to simultaneously 
reproduce the intensity and phase data. This allows us to demonstrate that by 
exploiting the complementary phase information the goodness of the model fit 
improves and the EFISH contribution can be accurately isolated from the overall 
intensity spectrum. 
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7.6 SH intensity and phase spectra 
Figure 7.5 shows the SH intensity (bottom panel) and phase (upper panel) spec-
tra of all samples in the two-photon energy range of 2.6-3.6 eV. It must be 
stressed at this point that the SH response is dominated by bulk-type interband 
transitions at critical points (CP) of the bulk Brillioun zone of crystalline 
silicon.10,11,31,32 No resonant SHG occurs at the SiO2/Al2O3 interface or at the sur-
face of either SiO2 or Al2O3 due to the fact that the band gap of these amorphous 
materials lies outside the fundamental photon energy range. 

Pronounced differences in the SH intensity (Fig. 7.5, bottom panel) can be 
observed between the samples. The intensity decreases in magnitude from sam-
ple A to D with a factor of ~46 between the lowest and the highest value. From 
the inset it can be seen that the spectrum of sample D has an asymmetric peak 
shape. The maximum intensity for sample A and B is obtained at a two-photon 
energy of ~3.4 eV which is very similar to the resonance energy of the E1 inter-
band transition of bulk silicon. This indicates that the EFISH contribution from 
the silicon SCR dominates the spectral response, as is indeed expected for these 
two samples with a high built-in charge density (Table 7.1). However, the peak 
position of sample C and D are red-shifted to 3.35 and 3.3 eV with respect to 3.4 
eV, respectively. This suggests that for these samples the EFISH contribution is 
less dominant, or absent, such that the interface contributions33 have more influ-
ence on the overall SH spectrum. These contributions are energy-shifted due to 
the loss of the silicon bulk properties near the vicinity of the film interface.10 The 
red-shift and low intensity for sample C and D are consistent with their low 
number densities of built-in charges as listed in Table 7.1. The charge density 
value for sample D is determined in this work at the end of Sec. 7.7. Due to the 
almost negligible EFISH contribution this is only possible by modeling the inten-
sity and phase data simultaneously. 

The SH phase spectra in the top panel of Fig. 7.5 show a general trend of 
increasing total phase for increasing two-photon energy. Note that for clarity a 
vertical offset has been applied to the data of sample A and C. Subtle differences 
between the samples can be observed in terms of absolute phase, total phase in-
crease within the two-photon energy range, and overall shape of the phase spec-
trum. This shows that the variation in sample properties, most distinctly the 
changes in built-in charge density, not only influence the SH intensity but also 
have a visible impact on the spectral phase response. Sample D has a clearly 
different phase spectrum compared to the other samples with a strong decrease 
in total phase at a two-photon energy of ~3.5 eV. 
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Figure 7.5: SH intensity (bottom panel) and total phase (upper panel) spectra of 
the samples listed in Table 7.1. The intensity spectra were obtained from sepa-
rate measurements and not deduced from the interferometric data together with 
the phase spectra. The solid lines are fits to the data according to Eq. (7.7) and 
(7.8). A vertical offset is applied to the phase spectra of sample A, B, and C for 
clarity. The inset shows the intensity spectra of sample C and D on a different 
scale. Error values were estimated from the signal-to-noise ratio of the meas-
urements and were weighted such that the reduced-chi-squared value of the 
model fit remains realistic. 

 
7.7 Critical-point modeling of the spectroscopic data 
To extract more quantitative information from the spectroscopic data in Fig. 7.5 
the obtained spectra need to be described by a model. The SH response of silicon 
to the driving electric field is determined by the second-order susceptibility ten-
sor (2)(2 )Iχ ω  of the interface. The frequency dependence of the components of 
this interface second-order susceptibility can be approximated by a coherent su-
perposition of CP-like resonances with excitonic line shapes as15,30,34 
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where i,j,k {x,y,z} and hq denotes the (real) amplitude, ωq the resonant frequen-
cy, Γq the linewidth, and φq the excitonic phase of resonance q. This equation 
shows clearly the phase dependent summation of the different contributions q 
that contribute to the overall SH spectral response. It can be intuitively shown 
that the intensity and phase are complementary to each other by isolating a sin-
gle excitonic resonance from the summation term in Eq. (7.4). For such a single 
excitonic transition the quantity that would be measured when performing in-
tensity measurements is 
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The SH intensity (ISH) in Eq. (7.5) scales quadraticaly with hq which is therefore a 
‘direct’ parameter. Note, however, that the excitonic phase φq does not appear 
which means that the SH intensity contains no explicit information on the rela-
tive phase. In case of phase measurements, the quantity that would be measured 
for a single excitonic transition scales with the SH phase (ϕSH) as 
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in which the excitonic phase φq is the ‘direct’ parameter while the amplitude hq 
does not appear. However, this clear separation between amplitude and phase in 
case of a single resonance is not so strict when multiple contributions are pre-
sent. In that case, the amplitudes hq lead to a weighted summation of the total 
phase, and the excitonic phases φq lead to a weighted summation of the intensity 
[cf. Eq. (7.7) and (7.8)]. The latter is the reason why, in general, intensity spectra 
‘indirectly’ contain information about the excitonic phase of the various contri-
butions. 

With the expression for the interface second-order susceptibility given in 
Eq. (7.4), the frequency dependence of the SH intensity and total SH relative 
phase can be written as  
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respectively, with ( )inI ω  the intensity of the fundamental radiation at frequency 
ω. The complex function ( )A ω,θ , where θ is the angle of incidence, describes the 
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propagation of both the fundamental and SH radiation through the thin film 
system, and includes linear optical phenomena such as refraction, absorption, 
and interference due to multiple reflections (see Ch. 2, Sec. 2.6).35 The complex 
function ( )B ω,θ  is slightly different from ( )A ω,θ  as it also takes into account 
the propagation of the SH radiation from the reference sample through the thin 
film system. To compute A and B the thickness and linear optical properties of 
the SiO2 and Al2O3 films need to be known in advance. For this reason spectro-
scopic ellipsometry measurements (190-1000 nm) were performed using a J.A. 
Woollam Co., Inc M-2000U rotating compensator ellipsometer mounted on a 
variable angle stage. 

Equation (7.7) and (7.8) were simultaneously fitted to the SH intensity and 
phase spectra in Fig. 7.5. The data was analyzed only in terms of tensor element 

(2)
zzzχ  although also the elements (2)

zxxχ  and (2)
xxzχ  contribute to SHG for p-polarized 

fundamental and SH radiation. It has been shown in the literature, however, that 
(2)
zzzχ  dominates and that the spectral parameters show only minor differences in 

fits for each of the three tensor elements.11,33 Following the approach of Rumpel 
et al.11 three distinct contributions were taken into account. These are each as-
signed to interband transitions of Si for different configurations of Si-Si bonds. 
More specifically, a Si-Si interface contribution (~3.3 eV) and EFISH contribu-
tion (~3.4 eV) around the bulk E1 resonance, and a Si-SiO suboxide contribution 
(~3.7 eV) which is resonant in between the E1 and E2 resonances of bulk Si. The 
parameters describing the excitonic line shape, i.e. amplitude, resonance energy, 
broadening, and phase, for each contribution are used to fit the model to the SH 
intensity and phase spectra. Because the Si-SiO suboxide contribution lies mostly 
outside our available photon energy range, its resonance energy and broadening 
were taken from the literature and kept fixed at 3.6 and 0.30 eV, respectively.11 
The broadening of the Si-Si interface contribution was not fitted but manually 
optimized to obtain the best fit result taking into account typical values found in 
the literature.10,11 The excitonic phases of the various contributions are deter-
mined relative to excitonic phase of the Si-Si interface contribution. This phase 
cannot be set to zero, as was done for the modeling of the intensity-only data in 
previous chapters, because the total SH phase is determined relative to the un-
known SH phase of the reference sample [see Eq. (7.2) and Fig. 7.1]. To facilitate 
comparison of the excitonic phases obtained in this chapter with the previously 
obtained values, and those specified in the literature, the excitonic phase of the 
Si-Si interface contribution is subtracted from the excitonic phases for all contri-
butions after modeling. To account for silicon resonances at high photon energy 
(E2 at ~4.5 eV and E1’ at ~5.3 eV) a non-resonant contribution was added to the 
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description for the second-order nonlinear susceptibility given by Eq. (7.4) with 
only an amplitude and a phase, i.e. iφh e nr

nr . 
 

Table 7.2: Excitonic parameters of the various contributions to the SH re-
sponse as obtained from simultaneously modeling the SH intensity and 
phase spectra using a multi-sample fitting procedure. After modeling 1 was 
subtracted from all excitonic phases. Parameter values printed in italic had a 
single variable in the multi-sample fit and those printed in bold were fixed. 

Parameter A B C D 
 Si-Si interface contribution (E1) 
h1 (arb. unit) 0.2 0.2 0.2 0.2 
ħω1 (eV) 3.32 3.32 3.32 3.32 
Γ1 (eV) 0.09 0.09 0.09 0.09 
 EFISH contribution (E1) 
h2 (arb. unit) 3.1 1.2 0.8 0.2 
ħω2 (eV) 3.39 3.39 3.39 3.39 
Γ2 (eV) 0.11 0.11 0.11 0.11 
φ2 (π rad) 0.6 0.5 0.7 0.6 
 Si-SiO interface contribution 
h3 (arb. unit) 1.3 1.3 1.3 1.3 
ħω3 (eV) 3.60 3.60 3.60 3.60 
Γ3 (eV) 0.30 0.30 0.30 0.30 
φ3 (π rad) 1.8 1.8 1.8 1.8 

 
A multi-sample fitting procedure was employed to improve the stability and 
goodness of the fit. This means that the data of all samples was simultaneously 
modeled with a single variable for certain model parameters. The multi-sample 
fitting procedure allows for unconstraint model parameters without their values 
becoming unrealistic. The solid lines through the experimental points in Fig. 7.5 
represent the model fits to the data. An excellent agreement between the model 
and the data has been obtained for both the SH intensity and phase spectra of 
each sample. The reduced-chi-squared value of the model fit is determined for 
the total data set consisting of both the intensity and phase data of all samples 
with appropriate weighting factors. The parameter values resulting from the 
analysis are listed in Table 7.2 for each sample. Those values which are printed in 
italic had a single variable in the multi-sample fitting procedure and those print-
ed in bold were fixed. Unlike the modeling for the intensity only data in our pre-
vious works only few of the model parameters need to be fixed.12,36,37 
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The resonance energy and broadening obtained for the Si-Si interface and 
EFISH contributions agree very well to the values typically found in the litera-
ture.10,11,31,33 A constant amplitude of the Si-Si interface contribution as well as the 
Si-SiO suboxide contribution was obtained for all samples. The excitonic phase of 
the Si-SiO suboxide contribution is the same for all samples. However, the ob-
tained values are not consistent with those found by Rumpel et al. for thermally 
oxidized silicon.11 This might be related to a difference in the Si/SiO2 interface 
characteristics for our samples compared to those in the literature. Since the Si-
SiO interface contribution is supposed to be very sensitive to the bond configura-
tion at the Si/SiO2 interface its resonance parameters can be expected to depend 
on the exact processing conditions. On the other hand, the value for the phase of 
the Si-SiO interface contribution specified by Rumpel et al. was determined only 
from intensity data which contains no direct information about the excitonic 
phases. The complementary phase data in this work improves the sensitivity of 
the model to the excitonic phases and it may therefore be expected that their val-
ues can be obtained more accurately. 

The trend in the obtained EFISH amplitudes match the charge density of 
each sample as listed in Table 7.1. From the EFISH phase the polarity of the 
space-charge field and, thus, the built-in charges can be determined, i.e. ~0 radi-
ans is positive charge and ~π radians is negative charge, depending slightly on the 
strength of the electric field.11,38 A negative charge density is therefore present in 
all samples. Although expected for sample A, B, and C, this appears to be also the 
case for sample D. In general, however, thermally grown SiO2 films are known to 
contain positive charges.39 The charges in sample D originate therefore most like-
ly from charged interface states at the Si/SiO2 interface. In case of n-type silicon 
these states, which are primarily caused by Pb defect centers, are negatively 
charged.40 This intuitively explains the presence of negative charges in sample D 
for which an n-type silicon substrate was used. Moreover, the relatively low de-
fect density of ~1010 eV-1cm-2 typically obtained for thermally grown SiO2 films 
accounts for the low absolute number density of charged interface states 
found.5,41 

Using a previously established procedure, the charge density in sample D 
can be determined from the parameters of the EFISH contribution.12 A charge 
density of 7.81010 cm-2 is obtained which corresponds to an electric field at the 
Si/SiO2 interface of ~10 kVcm-1. This is a factor two lower compared to the lower 
limit of ~20 kVcm-1 previously obtained using the critical-point modeling for 
intensity data only (see Sec. 5.6 in Ch. 5).12 The combined SH intensity and phase 
modeling thus improves the sensitivity of EFISH to the strength of the electric 
field in the SCR. To the best of our knowledge the minimum detectable electric 
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field strength reported for EFISH is on the order of ~1 kVcm-1.7 However, this 
value was obtained using an externally applied bias voltage on a special structure 
with the sample orientation and input polarization such that only EFISH con-
tributes to the SH response. The EFISH contribution was then determined with 
high sensitivity by employing the interference between the EFISH signal and a 
separately generated SH reference signal. The lower limit of ~10 kVcm-1 ob-
tained in this work using a straightforward experimental scheme and in the pres-
ence of multiple contributions to the SH response is therefore very low. The sen-
sitivity to the electric field strength of our approach appears high enough to 
probe charged defect states at the silicon interface. 

To illustrate the impact of adding the SH phase data on the goodness of 
the model fit the EFISH relative phase was intentionally changed with respect to 
the value acquired from the simultaneous SH intensity and phase modeling, i.e. 

EFISH EFISHφ = φ ± δ  with EFISHφ  the original value and δ a variable offset. With 
EFISHφ  fixed the model has been fitted only to the intensity data as well as simul-

taneously to both the intensity and phase data. From the parameter values ob-
tained for the intensity-only fit the corresponding SH phase spectrum has been 
simulated. The result of repeating this procedure for different values of EFISHφ  is 
shown in Fig. 7.6 using the data of sample A. As can be seen in Fig. 7.6(a) small 
changes in EFISH relative phase have quite an impact on the modeled SH phase 
spectra, i.e. most of the calculated curves do not match the data at all. Strikingly, 
however, the SH intensity spectrum is nicely reproduced for all EFISH relative 
phase values as shown in Fig. 7.6(b). In case of the simultaneous intensity and 
phase fit the mismatch of the model with the phase data is much less pronounced 
for all values of EFISHφ  (not shown). To quantify the impact of the complemen-
tary phase data on the goodness of fit the reduced-chi squared 2

reducedχ  has been 
calculated as function of the change in EFISH relative phase 

EFISH EFISH EFISHΔφ = φ -φ  for both the combined and the intensity-only modeling. 
Figure 7.6(c) shows that in case of the combined modeling a sharp and low min-
imum in 2

reducedχ  is obtained. Note that the minimum is obtained at the EFISH 
relative phase (ΔφEFISH=0) originally acquired from the simultaneous SH intensi-
ty and phase modeling. For the intensity-only modeling no clear minimum in 

2
reducedχ  is obtained and its average value is significantly higher than for the com-

bined modeling. 
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Figure 7.6: Visualization of the impact of intentional changes in the EFISH 
relative phase EFISHφ  on the model fit. The individual points represent the ex-
perimental data obtained for sample A. The solid lines are the results obtained 
from the combined intensity and phase modeling, whereas the dashed lines are 
the results for the intensity-only modeling with EFISHφ  fixed in both cases. (a) 
total SH relative phase spectrum, (b) SH intensity spectrum, and (c) the re-
duced chi-squared 2

reducedχ  as function of EFISHΔφ . 

 
In summary, the results in Fig. 7.6 demonstrate that by the simultaneous model-
ing of SH intensity and phase spectra the goodness of the model fit is significant-
ly improved. This means that without the SH phase data the model parameters 
will not always be uniquely determined. Nevertheless, all the modeling results in 
our previous works for intensity-only data can still be compared with each oth-
er.2,19,36,37 Despite the improved goodness of fit when using the complementary 
phase information it was not possible to perform a fit with all parameters re-
leased because this leads to unphysical parameter values. This is the result of the 
small photon energy range used for the spectroscopic measurements and could, 
therefore, be resolved by extending the range up to the resonance energy (~4.5 
eV) of the E2 transition of bulk silicon. 
 
7.8 Conclusions 
The phase of SH radiation contains complementary information with respect to 
the SH intensity. To acquire the phase information we implemented a SH phase-
sensitive experimental setup based on the interference between a SH reference 
signal and the SH signal from the sample of interest. Using this setup time-
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domain interferograms were acquired at various two-photon energies.  From the 
analysis of these interferograms the frequency dependence of the total SH rela-
tive phase was obtained. Combined SH intensity and phase spectroscopy was 
performed for four SiO2 and Al2O3-based samples which contain different num-
ber densities of built-in charges. This sample choice allowed us to highlight the 
benefit of simultaneously modeling SH intensity and phase spectra in terms of 
isolating the EFISH contribution from interfering contributions. The analysis 
revealed that not only the polarity of the space-charge field can be unambiguous-
ly determined but also that the sensitivity to the electric field strength is signifi-
cantly enhanced. This makes second-harmonic generation spectroscopy more 
powerful for the characterization of the SCR. 
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Summary 
Optical second-harmonic generation (SHG) is a powerful technique for obtain-
ing a fundamental insight into the quality of interfaces between silicon and thin 
films because of its inherent interface specificity and its contactless nature. To get 
this insight in a consistent and reliable manner it is vital to cover a wide photon 
energy range in order to probe as many contributions to the second-harmonic 
(SH) response of the silicon interface as possible. For this reason the maximum 
two-photon energy reachable by the laser system was increased from 3.5 up to 
4.5 eV. The first SHG spectroscopy measurements of thin-film systems using the 
extended range are presented in this chapter and several aspects of the acquired 
SH spectra are discussed in conjunction with results obtained using complemen-
tary film analysis techniques. Firstly, a spectrum obtained from wet thermally 
oxidized silicon is discussed and it is shown that the deconvolution into the indi-
vidual contributions is consistent with the literature. Secondly, it is shown that 
the SH response of Si/SiO2 interfaces for various types of SiO2 differs spectrally 
which is discussed in terms of interface quality and built-in charges. Finally, the 
impact of femtosecond carrier-induced screening on spectra of Al2O3-based 
samples is determined to be significant, while other aspects of their spectral be-
havior are discussed in terms of the configuration of Si-Si bonds at the interface 
between silicon and the interfacial oxide layer. 
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8.1 Introduction 
The presence of defects at the interface between silicon and thin dielectric films is 
of high importance for the performance of silicon-based semiconductor devices. 
A fundamental insight into interface defects allows not only for optimizing the 
device performance but also for achieving control of defect formation such that 
device functionalities can be tailored to order. To obtain a fundamental insight 
measurement techniques are required that can probe the quality of the silicon 
interface. Optical second-harmonic generation is a promising candidate in this 
respect because of its inherent interface specificity for the silicon interface and its 
contactless nature. Moreover, in the literature it was hypothesized that for Si/SiO2 
interfaces a specific contribution to the SH spectral response, the so-called Si-SiO 
contribution, indicates how well-defined the transition is from the silicon to the 
SiO2 with a minimum number of broken bonds.1 This is technologically a very 
relevant aspect given the fact that interfacial SiO2 layers are often present be-
tween silicon and high-κ dielectric films. However, it is not yet clear whether the 
Si-SiO contribution, which is unique to nonlinear optical spectra, scales to the 
interface defect density measured by other techniques such as capacitance-
voltage (C-V) measurements and electron paramagnetic resonance (EPR) spec-
troscopy. To get this insight in a consistent and reliable manner it is vital to cover 
a wide photon energy range in order to probe as many contributions to the se-
cond-harmonic (SH) response of the silicon interface as possible. For this reason 
the maximum two-photon energy reachable by the laser system was increased 
from 3.5 up to 4.5 eV, as is detailed in Chapter 3. Because all the relevant contri-
butions to the SH response of the silicon interface can now be probed the decon-
volution of the spectra into the individual contributions can become more con-
sistent. This should allow for a quantitative comparison of the Si-SiO contribu-
tion, or any other interface contribution, for samples with varying defect densi-
ties. In this chapter, the first spectroscopic SHG measurements of SiO2- and 
Al2O3-based samples, performed using the extended photon energy range of the 
laser system, are presented. Several aspects of the acquired SH spectra are dis-
cussed in conjunction with results obtained using complementary film analysis 
techniques. 
 
8.2 Experimental details 
Various samples were prepared that each have a different type of Si/SiO2 inter-
face. These interfaces were created either by intentionally growing SiO2 films us-
ing various deposition processes or via the formation of an interfacial SiO2 layer 
during the deposition of Al2O3 films. Table 8.1 shows the various types of sam-
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ples, the deposition process used for sample preparation, and the thickness of the 
SiO2 film. The films were deposited at both sides of float zone Si(100) wafers (n-
type, 2-3 Ωcm, 280 μm) preceded by a HF dip to obtain a H-terminated surface. 
The samples were kept as-grown and did not receive any post-deposition treat-
ments, unless stated otherwise. This resulted in a large spread in the interface 
defect density between the samples. As a measure for the interface quality the 
upper limit of the effective surface recombination velocity Seff, max is listed in Table 
8.1. The values were calculated from the effective lifetime τeff of the minority car-
riers at an injection level of 1015 cm-3 (assuming an infinite bulk lifetime) as ob-
tained by photoconductance decay measurements in transient and quasi-steady 
state mode. If the features of SH spectra are consistently influenced by the inter-
face defect density this should become apparent for this set of samples. All sam-
ple structures are of relevance for photovoltaic and microelectronic devices.2–5 
 

Table 8.1: Properties of the samples together with the deposition process 
details used to prepare the various films. The SiO2 film thicknesses were 
obtained by spectroscopic ellipsometry. The Seff,max values were obtained for 
the as-grown samples with values below ~100 cm/s indicating typically a 
low interface defect density. 

sample 
type 

sample 
structure 

deposition 
process 

tSiO2 

(nm) 
Seff,max 

(cm/s) 

A Si/SiO2/Al2O3 thermal ALD Al2O3 1.50.5 33 
B Si/SiO2/Al2O3 plasma ALD Al2O3 1.50.5 4828 
C Si/SiO2 wet thermal oxidation 40.80.5 137 
D Si/SiO2 dry thermal oxidation 48.60.5 56 
E Si/SiO2 PECVD SiO2 36.10.5 467 

 
For sample types A and B thin Al2O3 films with a nominal thickness of (31.50.5) 
nm were prepared by either thermal (H2O vapor) or plasma (O2 plasma) ALD, 
respectively. The substrate temperature was ~200 oC and Al(CH3)3 was used as 
the metal precursor.6 An interfacial SiO2 layer (~1.5 nm) is present between the 
silicon wafer and the Al2O3 film for both ALD processes.7 In case of sample types 
C and D the SiO2 films were grown by wet and dry thermal oxidation via the ex-
posure of a silicon wafer to a mixture of H2O vapor and O2 gas for 45 min. at a 
substrate temperature of ~850 oC, or to O2 gas for 165 min. at a substrate temper-
ature of 950 oC, respectively. For sample type E the SiO2 films were grown by 
plasma-enhanced chemical vapor deposition (PECVD) from the gas mixture of 
SiH4, N2O, and N2 at a substrate temperature of ~300 oC.8 In the following sec-
tions the sample types defined in Table 8.1 will be used for easy reference. Note 
that the various measurements are not necessarily performed on one and the 



Second-harmonic generation spectroscopy using the extended spectral range 
 

153 
 

same sample but on similarly prepared samples of the same type. However, in 
general a very good reproducibility was observed when preparing the samples at 
different instances. 

The SHG measurements were performed using p-polarized femtosecond 
radiation from the TOPAS setup, within the 1.53-2.25 eV photon energy range, 
incident on the sample at an angle of incidence of 35o. SH radiation generated in 
reflection was separated from the fundamental radiation using optical and spatial 
filtering and detected in p-polarization with a photomultiplier tube. Further de-
tails of the experimental setup, measurement procedure, and signal processing 
are described in Chapter 3 of this thesis. In all SHG experiments the Si(100) sub-
strates were oriented with the [011] crystal axis parallel to the plane of incidence 
of the laser beam. 
 
8.3 SH spectrum of the wet thermal SiO2 sample 
To determine the reliability of the spectroscopic measurements performed using 
the TOPAS setup a SH intensity spectrum was measured with high accuracy for 
the wet thermal SiO2 sample (type C). This spectrum, as shown in Fig. 8.1, is very 
similar to a spectrum obtained by Rumpel et al.9 for a 10 nm SiO2 film prepared 
by dry thermal oxidation of silicon at 1000 oC (see Fig 2.5 in Ch. 2). This simi-
larity can be used to interpret our spectral data by taking the description found 
in the literature as a benchmark. The spectrum in Fig. 8.1 shows two clear inten-
sity peaks: one around 3.3 eV and one around 4.4 eV. These peaks are related to 
interband transitions in the vicinity of the E1 and E2 critical points of bulk silicon, 
respectively. In between the E1 and E2 peaks a broad spectral feature can be ob-
served which, according to Erley et al.,1 arises from optical transitions in the 
suboxide region related to strongly distorted Si-Si bonds. The spectral features 
within the 3 to 5 eV two-photon energy range can be interpreted in terms of the 
various contributions introduced in Ch. 2:10 the Si-Si interface contribution (~3.3 
eV) and EFISH contribution (~3.4 eV) within the E1 region, the Si-Si interface 
contribution in the E2 region (~4.4 eV), and the Si-SiO interface contribution 
(~3.7 eV) between the E1 and E2 critical points of bulk silicon. From the decon-
volution of their SH spectrum Rumpel et al.9 found that all four contributions 
add to the SH response of the thermally oxidized silicon interface. However, the 
presence of the EFISH contribution from the space-charge region (SCR) of bulk 
silicon is not directly apparent from their data, with the E1 peak centered around 
3.3 instead of 3.4 eV, which holds also for the SH spectrum in Fig 8.1. This illus-
trates the influence of interference effects on SH spectra as caused by the phase 
differences between the various contributions. Thus, for further interpretation of 
the spectroscopic data for the wet thermal SiO2 sample (type C), the SH spec-
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trum was deconvoluted according to the literature using the critical-point model 
(see Ch. 2, Sec. 2.5).11 The solid line in Fig. 8.1 is the model fit to the data which 
matches the measured spectrum well. The individual resonances shown are the 
various contributions to the SH response as represented by an excitonic line 
shape.12 

 

Figure 8.1: SH intensity spectrum of the wet thermally oxidized Si(100) sample 
(type C). The solid line is the fit to the data using the critical-point model. The 
dashed lines are the individual contributions to the SH response as represented 
by excitonic line shapes. The SH intensity is corrected for the spectral response 
of the optical system and pulse-to-pulse fluctuations of the laser by scaling the 
SH signal from the sample to that of a spectrally flat z-cut α-quartz reference. 

 
The excitonic parameters resulting from the analysis are listed in Table 8.2 to-
gether with those obtained by Rumpel et al.9 from the deconvolution of their SH 
spectrum. It can be seen that most of the parameters have similar values for the 
two model fits. A notable difference is the resonance energy ħω3 and the exciton-
ic phase 3 of the Si-SiO contribution. Furthermore, when the amplitudes of the 
contributions are scaled to the value of the EFISH amplitude (between parenthe-
ses) it can be seen that the amplitude h3 of the Si-SiO interface contribution and 
h4 of the Si-Si interface contribution in the E2 region are rather different for the 
two spectra. The latter is apparent already from the raw data since the SH intensi-
ty in the E2 region for the spectrum of our sample is distinctly higher compared 
to the one of Rumpel et al. (Fig. 2.5, Ch. 2). However, the clearly different param-
eter values obtained for the Si-SiO contribution in this work are not directly evi-
dent from the data. Since this contribution is related to Si-Si bonds in the subox-
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ide region between silicon and SiO2 the different parameter values most likely 
point out that the bond configuration at the Si/SiO2 interface is different between 
the two samples. A relation with the interface defect density cannot be drawn, 
however, because no such quantity has been reported for the sample of Rumpel 
et al. It is noted that a relatively strong EFISH contribution is found while the 
measured data shows a minimum at ~3.5 eV. According to the literature this is 
the result of strong interference between the EFISH contribution and the Si-SiO 
interface contribution.10 The pronounced intensity minimum is a signature of a 
positive silicon SCR. For the SH spectrum obtained by Rumpel et al. this SCR 
was ascribed to the presence of negatively charged interface states at the Si/SiO2 
interface.9 This is consistent with the low negative charge density found for a 
sample of type C in Ch. 7 from the combined SH intensity and phase modeling 
of the spectral data. 
 

Table 8.2: Excitonic parameters of the various contributions to the SH response 
as obtained from modeling the SH intensity spectrum from Fig. 8.2. In the 
analysis 1 is set to zero. Parameter values in italic were not fitted but manually 
optimized. The excitonic parameters obtained by Rumpel et al. for a very simi-
lar SH intensity spectrum are also listed. The amplitude values in parentheses 
are scaled to the value of the EFISH amplitude to facilitate the comparison. 

Parameter this work Rumpel et al.9 
 Si-Si interface contribution (E1) 
h1 (arb. unit) 0.35 (0.3) 86 (0.2) 
ħω1 (eV) 3.27 3.27 
Γ1 (eV) 0.08 0.07 
 EFISH contribution 
h2 (arb. unit) 1.29 (1.0) 495 (1.0) 
ħω2 (eV) 3.40 3.39 
Γ2 (eV) 0.12 0.11 
φ2 (π rad) 1.06 1.03 
 Si-SiO interface contribution 
h3 (arb. unit) 2.21 (1.7) 1251 (2.5) 
ħω3 (eV) 3.84 3.62 
Γ3 (eV) 0.31 0.36 
φ3 (π rad) 0.50 0.34 
 Si-Si interface contribution (E2) 
h4 (arb. unit) 3.09 (2.4) 742 (1.5) 
ħω4 (eV) 4.40 4.36 
Γ4 (eV) 0.22 0.24 
φ4 (π rad) 0.60 0.55 
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The strong correspondence between our SH spectrum, as well as the modeling of 
it, with that one found by Rumpel et al. for a similarly prepared sample shows 
that the measured data is reliable. This indicates that all aspects of the TOPAS 
setup function properly, i.e. the laser system, signal detection, and data pro-
cessing. Consequently, the TOPAS setup can be employed for comparative stud-
ies between differently prepared samples as is shown in the next section. 
 
8.4 SH spectra of Si/SiO2 interfaces for various types of SiO2 
To investigate the influence of interface quality on the SH spectral response of 
the Si/SiO2 interface spectroscopic measurements were performed for the various 
sample types listed in Table 8.1. The accuracy of these measurements is lower 
than in the previous section to reach a reasonable acquisition time per spectrum. 
This was done to provide a first comparison between the samples and to examine 
whether differences in the data could be observed in the first place. Figure 8.2 
shows the obtained SH spectra which can be compared with each other because 
the SH signal of the samples is scaled to the spectrally flat signal of a z-cut α-
quartz reference. Pronounced differences between the SH spectra are observed 
which can again be interpreted in terms of the various contributions to the SH 
response of the silicon interface. Note, however, that the data show more fluctua-
tions due to the reduced acquisition time. 

Within the E1 region the spectra of the type A and B samples show a max-
imum SH intensity at ~3.4 eV, while for the other three types of samples this 
maximum is observed at ~3.3 eV. The former is indicative of a relatively strong 
EFISH response from the space-charge region (SCR) of silicon. This is expected 
as the Al2O3 films are known to contain negative built-in charges which induce a 
positively charged SCR. The considerable difference in peak intensity corre-
sponds to the difference in built-in charge density between the thermal and 
plasma ALD processes for the as-grown films (see Table 8.3).2 Within the E1 re-
gion the spectra for the type C, D, and E samples have a nearly equal and rela-
tively low SH intensity. The red-shifted peak at a resonance energy of ~3.3 eV for 
these samples is a signature of the Si-Si interface contribution. However, from the 
deconvolution of the SH spectrum for the type C sample in the previous section 
it was apparent that EFISH can still be significant even when the E1 peak is cen-
tered at ~3.3 eV. It is nevertheless expected that EFISH is considerably stronger 
for the type A and B samples such that the EFISH contribution dominates their 
spectral response within the E1 region. This is consistent with the charge densi-
ties found for the various types of samples in Ch. 5 and 7 of this thesis. No clear 
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trend is observed between the SH spectra, within the E1 region, which reflects the 
difference in interface quality of the samples (Table 8.1). 

 

 
Figure 8.2: SHG spectra of the Si(100)/SiO2 interface for the various types of 
samples indicated. The samples were measurements in their as-grown state. The 
SH intensity is corrected for the spectral response of the optical system and 
pulse-to-pulse fluctuations of the laser by scaling the SH signal from the sam-
ple to that of a spectrally flat z-cut α-quartz reference. 

 
Within the E2 region all spectra show a relatively strong SH response. No obvious 
trend in the SH intensity can be observed for the various samples. However, the 
spectrum of the type B sample has clearly the highest SH intensity in the E2 re-
gion which is also the case in the E1 region. The spectrum for the type C sample 
shows a strange jump in the SH intensity within the E2 region which is consid-
ered an artifact of the measurement. In the region between the E1 and E2 reso-
nances of bulk silicon the Si-SiO interface contribution can be observed as a 
broad feature for all spectra in Fig. 8.2. The presence of this contribution is less 
apparent for the type A and B samples but it is clear that the SH intensity is not 
completely zero. In case of the type C, D, and E samples a minimum SH intensity 
is reached at ~3.5 eV and then it increases significantly within the Si-SiO region. 
For the type C and D samples a small jump is observed around 3.9 eV but it is 
not clear whether this is a real feature or an artifact of the measurement. Alto-
gether the behavior of the SH intensity in the Si-SiO region does not show a clear 
trend between the samples but might indicate some difference in the response of 
Si-SiO contribution. 
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The features observed for the SH spectra in Fig. 8.2 clearly reflect those 
expected for the SH response of the silicon interface which validates the meas-
urements. Moreover, the differences between the various type of samples shows 
that the SH response is sensitive to their properties. However, a trend between 
interface quality, as represented by the effective surface recombination velocity 
Seff,max listed in Table 8.1, and the SH response is not apparent from the spectra. A 
trend may be found for one or more of the interface contributions to the SH re-
sponse after deconvolution of the spectra using the critical-point model. Howev-
er, at this time, the deconvolution cannot be done in a physically consistent 
manner for the set of SH spectra shown in Fig. 8.2. 
 
8.5 Impact of femtosecond carrier-induced screening 
A significant difference between the TOPAS and Tsunami experimental setups is 
the energy per pulse of laser radiation provided, i.e. ~102 μJ and ~10-2 μJ per 
pulse, respectively. Considering the effect of femtosecond carrier-induced 
screening, as introduced in Sec. 2.3 of Ch. 2, the high energy pulses of the 
TOPAS setup could considerably influence the electric field in the silicon SCR for 
samples containing built-in charges. To investigate the impact of femtosecond 
carrier-induced screening when using the TOPAS setup, SH spectra were ob-
tained for the type A and B samples both before and after a post-deposition an-
neal (PDA) for 10 min. at 400 oC in N2. It is known from this and other studies 
that the annealing of ALD prepared Al2O3 films leads to an increase in the built-
in charge density in the Al2O3 at the SiO2/Al2O3 interface.2,13,14 This means that 
the strength of the space-charge field in silicon increases accordingly after PDA 
which should be reflected by the EFISH contribution of the SH spectra. In case of 
the spectroscopic SHG measurements performed using the Tsunami setup, as 
discussed in Sec. 5.5 of Ch. 5,15 the changes in SH response between the as-
grown and annealed ALD Al2O3 films corresponded indeed to the built-in charge 
densities for both ALD processes, as listed in Table 8.3. This prior knowledge 
about the EFISH response of these samples using the Tsunami setup, and their 
significant spread in negative charge density, make them ideal candidates to in-
vestigate the effect of femtosecond carrier-induced screening. 
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Table 8.3: The interface defect density Dit, and 
built-in charge density Qbuilt-in of the type A 
(thermal ALD Al2O3) and B (plasma ALD Al2O3) 
samples before and after annealing. 

sample 
type 

Dit 
(eV-1cm-2) 

Qbuilt-in 
(cm-2) 

A   
as-grown 3×1011 1.3×1011 
annealed <1×1011 2.4×1012 

B   
as-grown ~1×1013 1.5×1012 
annealed <1×1011 5.8×1012 

 
Figure 8.3 shows the SH spectra obtained using the TOPAS setup. A pronounced 
difference can be observed between the samples prepared by the two ALD pro-
cesses, but not between the as-grown and annealed state of either of them. This is 
not consistent with the SH spectra obtained using the Tsunami setup for similar-
ly prepared samples. Thus it appears that for the TOPAS setup the EFISH contri-
bution does not scale with the charge density present in the samples. Whether 
this is caused by the effect of femtosecond carrier-induced screening (fs screen-
ing) can be estimated from the fluence† of the incident radiation. The screening is 
caused by the generation of electron-hole (e-h) pairs in silicon which separate 
under influence of the space-charge field on a time scale determined by the 
plasma frequency ωp.16 The threshold density neh,thres of e-h pairs for effective 
screening to occur during a pulse of duration τ can be estimated from the condi-
tion: ωp

-1 ≈ τ. With the definition of ωp according to Eq. (2.5) in Ch. 2 this results 
in neh,thres of 2.3∙1017

 cm-3
 for the ~90 fs pulses of both laser systems. This threshold 

density allows for a maximum fluence on the sample of 270 μJ∙cm-2 for 720 nm 
radiation, as calculated with Eq. (2.4) in Ch.2, above which fs screening will cer-
tainly occur. By comparing the maximum fluence with the actual fluence on the 
sample during the measurements the impact of fs screening can be estimated for 
both experimental setups. In case of the Tsunami setup the average power on the 
sample was ~25 mW and the repetition rate is 80 MHz. With a beam waist at the 
sample of 95 μm this corresponds to a fluence at the sample of ~1 μJ∙cm-2 which 
is well below the threshold fluence for fs screening to occur. The space-charge 
field, and thus the EFISH contribution, is therefore not influenced for the meas-

                                                 
† The fluence F is defined as the pulse energy per unit of irradiated area Airr on the sample, 
i.e. F=Pavg∙(Airr∙Rrep)-1, where Pavg is the average laser power and Rrep is the repetition rate.  



Chapter 8 
 

160 
 

urements performed using the Tsunami setup. The average power of the laser 
radiation from the TOPAS setup used to measure the spectra in Fig. 8.3 is ~2 
mW. Given that the repetition rate of the laser pulses is 1 kHz this corresponds to 
a fluence at sample of ~6 mJ∙cm-2 which is approximately 20 times higher than 
the threshold fluence. As a consequence the space-charge field is effectively 
screened by e-h pairs during the TOPAS measurements. However, the maximum 
SH intensity at a two-photon energy of ~3.4 eV for all spectra in Fig. 8.3 still sug-
gest that EFISH is not completely absent, i.e. screening occurs only partially. This 
might be due to several effects: (1) the creation of e-h pairs is not instantaneous, 
(2) the electric field is not completely screened during the entire pulse time, (3) 
the space-charge field becomes smaller due to the screening and as a conse-
quence the separation of e-h pairs becomes less effective. 
 

Figure 8.3: SHG spectra of Si(100) with Al2O3 films prepared by thermal and 
plasma ALD (type A and B) as measured before and after post-deposition an-
neal. The SH intensity is corrected for the spectral response of the optical system 
and pulse-to-pulse fluctuations of the laser by scaling the SH signal from the 
sample to that of a spectrally flat z-cut α-quartz reference. 

 
If indeed only partial screening occurs, the EFISH contribution is expected either 
to still scale with the charge density in the samples or to be equal for all samples. 
Neither of these two situations can explain the observations of an equal SH re-
sponse for the as-grown and annealed samples as well as pronounced differences 
in the spectra for the two ALD processes. An alternative explanation is therefore 
that the SH response in both the E1 and E2 regions is mostly caused by the Si-Si 
interface contribution. In that case the difference between the SH spectra for the 
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two ALD processes can be related to the interface quality. For the as-grown Al2O3 
films the difference between the spectra for the two ALD processes is consistent 
with the interface defect density Dit determined via capacitance-voltage (C-V) 
measurements as listed in Table 8.3. However, for the annealed films of both 
ALD processes equal and low Dit values have been obtained which again does not 
match with the SHG data. A possible explanation for this inconsistency is that 
SHG does not reflect if the interface defects are electronically active, as is the case 
for C-V measurements, but what the influence is of the defects being physically 
present. In other words, this would mean that the SH response is sensitive to the 
configuration of Si-Si bonds at the interface and not to the defects themselves or 
their electronic state. The bond configuration can be more or less defined as a 
result of the deposition process and does not necessarily change significantly 
during annealing. The reason for the interface defect density obtained from the 
C-V measurements to significantly reduce by annealing is that hydrogen present 
in the Al2O3 film passivates the interface defects due to diffusion of hydrogen at 
elevated temperatures.17 However, this process does not remove the defects 
themselves but only renders them electronically neutral. Following this reasoning 
the Dit values obtained for the as-grown films (Table 8.3) are a good estimate for 
the physical presence of the defects both before and after annealing. This point of 
view is also consistent with the more or less equal SH response for the as-grown 
and annealed samples for each ALD process. A possible explanation for the 
stronger SH response in case of the plasma ALD process is the impact of the 
plasma on the interface during the initial growth of the Al2O3 film. It was recent-
ly shown that VUV radiation from the O2 plasma can damage the interfacial re-
gion which will probably result in more disordered Si-Si bonds at the interface.2,18 
This would explain the stronger SH response in the E1 and E2 regions for the 
plasma compared to the thermal ALD process. The fact that this is not clearly 
reflected by the SH response in the spectral range of the Si-SiO interface contri-
bution (~3.7-4.0 eV) is probably related to interference effects between the vari-
ous contributions. To verify this and other statements made here the SH spectra 
need to be deconvoluted. However, similarly to the spectra in Fig. 8.2, this could 
not yet be done consistently. 

 
8.6 Conclusions 
The first SH spectroscopy measurements using the extended photon energy 
range of the laser system (TOPAS setup) were presented. The observed features 
of the acquired SH spectra clearly reflect those expected for the SH response of 
silicon which validates the measurements. In particular, the Si-Si interface con-
tribution within the E2 region and the Si-SiO interface contribution in between 
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the E1 and E2 regions were truly measured for the first time in our lab. Several 
aspects of the acquired SH spectra were discussed in conjunction with results 
obtained using capacitance-voltage measurements or by comparing the results to 
the literature. 

It was shown that the deconvolution of a spectrum obtained from wet 
thermally oxidized silicon into the individual contributions is consistent with 
results reported in the literature. The SH response of Si/SiO2 interfaces for vari-
ous types of SiO2 was shown to differ spectrally which was discussed in terms of 
interface quality and built-in charge density. Finally, the impact of femtosecond 
carrier-induced screening on spectra of Al2O3-based samples was determined to 
be significant, while other aspects of their spectral behavior were discussed in 
terms of the configuration of Si-Si bonds at the interface between silicon and the 
interfacial oxide layer. It was speculated that the SH response is sensitive to the 
influence of the physical presence of defects on the configuration of Si-Si bonds 
at the interface. Future measurements using the TOPAS setup on similar type of 
samples as used in this work, in conjunction with measurements of the interface 
defect density, will have to point out whether this hypothesis holds. Also the de-
convolution of the SH intensity spectra should be further pursued with comple-
mentary SH phase spectra (similar as for the Tsunami setup, Ch. 7) to reduce the 
degrees of freedom of the model fit. 

In summary, the various data sets in this chapter show that the TOPAS 
setup allows for comparative studies over an extended wavelength range. This is 
not only relevant for measurements of silicon-based samples but also for study-
ing technologically and scientifically emerging materials, such as germanium and 
graphene, with other spectral features. 
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9.1 General conclusion 
In this work the all-optical technique of second-harmonic generation (SHG) was 
applied to gain a fundamental insight into interface and material properties that 
are relevant for the performance of silicon-based semiconductor devices. SHG 
was chosen because of its interface specificity for centrosymmetric media, such 
as crystalline silicon and amorphous films, and its sensitivity to internal electric 
fields. As made clear in the introduction of this thesis the use of spectroscopic 
measurements for comparative studies of dielectric thin films on silicon was 
largely unexplored except for the Si/SiO2 system. The goal of this work was there-
fore to investigate the merits and opportunities of spectroscopic SHG for inter-
face studies of technologically relevant dielectric thin films (Al2O3, SiO2, a-
SiNx:H, and SiO2/Al2O3 stacks) on silicon. It was shown that SHG spectroscopy 
allows for the steady-state characterization of the electric field in the silicon 
space-charge region (SCR) as induced by built-in charges in the films. By using 
an optical model to isolate the electric-field-induced contribution to the second-
harmonic (SH) response both the strength and polarity of the space-charge field 
were determined. The sensitivity to the strength of the space-charge field was 
significantly improved by extracting also the phase-information from the SH 
signal in addition to its intensity. From the characterization of the space-charge 
field the density and polarity of the built-in charges in dielectric thin films were 
determined. This was used to gain insight into the influence of deposition condi-
tions, post-deposition annealing, material system, and sample structure on built-
in charges. To exploit the full potential of SHG spectroscopy the maximum two-
photon energy reachable by the laser system was increased from 3.5 up to 4.5 eV 
such that all the important contributions to the SH response from silicon inter-
band transitions can be probed. This provides additional information about in-
terface and material properties and facilitates the optical modeling. The first SH 
spectroscopy measurements using the extended photon energy range of the ex-
perimental setup were presented. It was shown that the data measured with this 
setup is reliable which allows for spectroscopic studies over an extended wave-
length range. 

In general, this work demonstrates that SHG spectroscopy is a powerful 
approach to investigate interface and material properties that are highly relevant 
for the performance of next-generation semiconductor devices. 
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9.2 Outlook 
It is clear from the results presented in this thesis that SHG spectroscopy pro-
vides the possibility to study various interface and material properties that are 
highly relevant for the performance of semiconductor devices. Throughout the 
thesis various opportunities and challenges for future studies were indicated. In 
particular the possibilities of the extended photon energy range should be fur-
ther exploited. Also the deconvolution of the SH intensity spectra should be fur-
ther pursued with complementary SH phase spectra to reduce the degrees of 
freedom of the model fit. The latter is especially recommended for measurements 
using the extended wavelength range. Another important aspect for future stud-
ies is the in situ application of SHG spectroscopy during materials processing. 
This would be especially powerful if complete spectra can be obtained in real-
time. In this work spectra were obtained by scanning through the wavelength 
range of a narrowband (~12 nm FWHM) pulsed laser with pulse widths of and 
measure the SH intensity at each wavelength set. This is prohibitively time-
consuming and real-time spectroscopy is not possible. An approach is therefore 
presented hereafter which allows for spectroscopic SHG measurements in (near-
ly) real-time: 

In case of linear optical spectroscopic techniques, such as spectroscopic 
ellipsometry, data at different wavelengths are acquired in parallel by use of a 
broadband light source, a spectrometer, and a high-speed CCD array. This allows 
for in situ monitoring and real-time control during materials processing. Because 
of the ultra-short pulses of fundamental radiation that are required to effectively 
generate SH radiation it is not possible to use broadband light sources such as 
halogen and xenon lamps. However, ultra-short pulses (~10 fs) in the time do-
main give rise to spectrally broad features in the frequency domain. This can be 
employed to perform broadband SHG spectroscopy in nearly real-time (~5 s per 
spectrum), using a spectrometer and CCD array for detection, as has been al-
ready demonstrated by Wilson et al.1,2 When taking the typical broadening of 
critical-point resonances into consideration the bandwidth of the pulses should 
be ≥0.5 eV to have sufficient overlap. By using Heisenberg’s energy-time uncer-
tainty principle, and assuming that the laser radiation is Fourier transform lim-
ited, such bandwidth corresponds to pulses of fundamental radiation with a du-
ration ≤10 fs. Due to advancements in solid-state laser technology femtosecond 
laser systems with sub-15 fs pulses are commercially available.3 Besides for 
broadband SH intensity measurements the bandwidth of sub-15 fs pulses allows 
also for frequency-domain interferometric measurements of the SH phase. Con-
trary to the time-domain interferometric phase measurements performed in this 
thesis a SH phase spectrum can be obtained in nearly real-time (~5-10 s per 
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spectrum).2 In this case the SH reference pulse is generated in a spectrally flat 
nonlinear film on a glass substrate which is placed stationary in the incident 
beam. The SH reference pulse, delayed from the fundamental pulse due to the 
group-velocity dispersion of glass, interferes with the SH pulse generated at the 
sample in reflection, and an interference pattern is recorded using the spec-
trometer and CCD array. 

Both the broadband SH intensity and phase measurements allow for com-
parative studies during materials processing regarding the influence of deposi-
tion conditions, post-deposition treatments, material system, and sample struc-
ture on interface and material properties. Specific aspects that can be probed in-
clude the shifting (or opening) of band gaps, the formation of built-in charges, 
and changes in the interface defect density. This is relevant for (novel) semicon-
ductor devices employing materials such as silicon, germanium, (high-k) dielec-
tric thin films and graphene. Ultimately broadband SHG measurements may lead 
to real-time control of interface and material properties during materials pro-
cessing. 
 

 
 
1 P.T. Wilson, Y. Jiang, O.A. Aktsipetrov, E.D. Mishina, and M.C. Downer, Optics Letters 24, 
496 (1999). 
2 P.T. Wilson, Y. Jiang, R. Carriles, and M.C. Downer, Journal of the Optical Society of America 
B 20, 2548 (2003). 
3 Kapteyn-Murnane Labs (www.kmlabs.com), Griffin Ti:sapphire Oscillator (2012).  
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Summary 

Second-harmonic generation spectroscopy for interface 
studies of dielectric thin films on silicon 

 
Most modern semiconductor devices, for example field-effect transistors, 
memory devices, and wafer-based solar cells, rely on silicon as the principle sem-
iconductor material. Typical semiconductor devices are built-up from various 
functional materials with the leading dimensions on the nano- and micrometer 
scale. In recent years, there is a trend of introducing new materials in various 
fields of silicon-based semiconductor technology which holds in particular for 
the dielectric thin films employed. This inherently changes the interface and ma-
terial properties which may impact the performance of the semiconductor de-
vices. Three common aspects related to dielectric thin films that affect device 
performance are the trapping of charges in dielectric films, the creation of de-
fects at the silicon-film interface, and the formation of (SiO2) interlayers between 
the film and the silicon. A fundamental insight into the interface and material 
properties allows for optimizing device performance and may ultimately lead to 
better control of the material properties such that the device functionalities can 
be tailored to order. 

This dissertation concerns the development and the use of the nonlinear 
optical technique of second-harmonic generation (SHG) to obtain a fundamen-
tal insight into the interface and material properties of dielectric-thin-film sys-
tems on silicon. SHG is an excellent candidate for this because of its interface 
specificity for centrosymmetric materials, such as crystalline silicon and amor-
phous films, and its sensitivity to internal electric fields. The research focuses on 
technologically relevant topics with the rationale to improve the functionality 
and performance of semiconductor devices through in-depth understanding. 
Specifically, the merits and opportunities of SHG spectroscopy in the vicinity of 
the E1 and E2 critical points of bulk silicon are addressed. Because the measured 
SH intensity spectra are composed of contributions related to both the silicon 
interface as well as the electric field of the silicon space-charge region (SCR) an 
optical model is required to isolate them. An existing optical model was further 
developed to be able to analyze the SH intensity spectra for more complex sam-
ple geometries. 
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SHG spectroscopy studies were performed for SiO2, a-SiNx:H, and Al2O3 
thin films which contain different number densities of either positive or negative 
charges depending on the material system and the processing conditions. 
Knowledge about the strength and polarity of the electric field in the silicon SCR 
induced by the built-in charges was obtained under steady-state conditions from 
the electric-field-induced contribution to the SH response. The sensitivity to the 
space-charge field was used to distinguish between the influence of field-effect 
passivation and chemical passivation for ultrathin Al2O3 films on silicon, which 
is of significance for solar cells. It was shown that the field-effect passivation is 
virtually unaffected by the Al2O3 thickness down to 2 nm, indicating that the 
reduced passivation performance for <5 nm thick Al2O3 films is caused by a de-
creased level of chemical passivation. Given the general interest in ultrathin films 
for semiconductor devices this insight is highly relevant. After calibration, the 
electric-field-induced contribution was demonstrated to allow for a quantifica-
tion of the built-in charge density without the need for complementary diagnos-
tics. The quantification procedure was employed to show that the charge density 
as well as the polarity in Si/SiO2/Al2O3 stacks can be controlled by actively tuning 
the SiO2 interlayer thickness. This control is very relevant for the optimization of 
field-effect passivation for Si surfaces of different doping type and doping level as 
well as the minimization of the voltage required to obtain a flat band condition 
in CMOS devices. The SiO2 thickness dependence was explained by the reduced 
probability of tunneling of electrons through the SiO2 interlayer into defect 
states at the SiO2/Al2O3 interface as well as the presence of fixed charges at the 
Si/SiO2 interface and charges in the SiO2 bulk. 

To distinguish better between the different contributions to the SH re-
sponse the experimental setup was adapted to enable also the measurement of 
the phase of the SH signal. This provides complementary information with re-
spect to the SH intensity. Combined SH intensity and phase measurements were 
carried out for several SiO2- and Al2O3-based samples which contain different 
number densities of built-in charges. From the simultaneous modeling of the SH 
intensity and phase spectra it was revealed that not only the polarity of the 
space-charge field can be unambiguously determined but that also the sensitivity 
to the strength of the electric field in the SCR is significantly enhanced. Both im-
prove therefore the accuracy with which the built-in charges in dielectric thin 
films can be quantified. In general it was shown that the simultaneous modeling 
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of SH intensity and phase spectra leads to an improved goodness of fit compared 
to the intensity only modeling. 

To acquire additional information about interface and material properties 
and to facilitate the optical modeling, the maximum two-photon energy reacha-
ble by the laser system was increased from 3.5 up to 4.5 eV such that all the im-
portant contributions of silicon interband transitions to the SH response can be 
probed. The characteristics of the new laser system required setting up a refer-
ence channel and a new detection system to accurately measure the SH response. 
It was validated that the measured signal truly corresponds to SH radiation from 
the sample over the full spectral range. However, the effect of femtosecond carri-
er-induced screening of the silicon space-charge field was found to be strong for 
the new laser system due to the high intensity of the laser pulses. The electric-
field-induced contribution to the SH response is therefore reduced considerably 
which impacts the use of SHG as a probe for built-in charges. Nevertheless, a 
specific motivation for the extension was to accurately probe a unique interface 
contribution to the SH response which is hypothesized to reflect the bond con-
figuration at the silicon-film interface. To investigate a possible relation between 
the characteristics of this contribution and interface quality, SH spectra of SiO2- 
and Al2O3-based samples with varying defect density were measured using the 
extended photon energy range. Several aspects of the acquired SH spectra were 
discussed in conjunction with results obtained using complementary film analy-
sis techniques. Pronounced differences in the spectral features between the vari-
ous samples were observed, but to establish a relation between one of the inter-
face contributions to the SH response and interface quality, further research is 
required.  

In conclusion, this work has demonstrated that SHG spectroscopy is a 
powerful approach to investigate interface and material properties that are rele-
vant for the performance of silicon-based semiconductor devices. Furthermore, 
the various improvements to the experimental setup are not only relevant for 
measurements of silicon-based samples but, in future work, can also be exploited 
for studying other technologically and scientifically emerging material systems, 
for example those involving germanium and graphene. 
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