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PREFACE 
 
In this thesis the application of the surface and interface sensitive nonlinear 
optical technique of second-harmonic generation during silicon-based 
materials processing is explored. The thesis is divided into seven chapters. 
Chapter 1 describes the framework in which the research has been performed, 
as well as the motivation of the research and the approach chosen. 
Furthermore, the key results and conclusions are presented in this chapter. 
Chapters 2-7 consist of separate articles that have been published or will be 
published in international scientific journals. More specifically, in Chapter 2 
aspects relevant for the application of second-harmonic generation in thin film 
geometries are described, providing a theoretical and experimental 
background for the rest of the thesis. In Chapters 3-7 the results obtained in 
various areas of silicon-based materials processing are presented in detail. 
 
 

Joost Gielis 
Eindhoven, April 2008
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I. INTRODUCTION TO SILICON-BASED MATERIALS PROCESSING 
 
 Silicon technology is one of the cornerstones of present day society. 
Almost all means of computation, data storage and communication rely on 
silicon-based microelectronics. Integrated circuits (ICs) of electronic devices, 
such as complementary metal-oxide-semiconductor (CMOS) field-effect 
transistors, patterned on silicon substrates do not only form the heart of every 
computer, they are, for example, also the processing core of cellular phones 
and provide the engine management of modern cars. Volatile memory devices 
such as dynamic random access memory (DRAM) and nonvolatile memory for 
mobile applications such as flash memory, as well as transceiver ICs that 
enable wireless and mobile communication are based on silicon technology. 
The nearly endless list of applications also includes optoelectronic devices 
such as flat panel thin film transistor (TFT) displays and charged couple 
devices (CCD) used in digital cameras, as well as upcoming devices such as 
photonic crystals and microelectromechanical systems (MEMS). Silicon also 
plays a dominant role in photovoltaics. Over 90% of the market share consists 
of wafer-based crystalline silicon (c-Si) and multicrystalline Si solar cells, 
whereas both amorphous and crystalline Si thin film solar cell concepts are 
emerging. The photovoltaic market has been growing at an average rate of 35% 
per year since 1998, which is a trend that will continue in the next years.1 Since 
2006 the worldwide consumption of Si by the photovoltaic industry even 
exceeds the amount consumed by the microelectronics industry.2 In Fig. 1 
several silicon-based devices are illustrated. 
 For all these applications of silicon technology a clear common trend is 
visible: critical device dimensions are continuously decreasing. In 
microelectronics this trend is known as Moore’s Law, stating a doubling of the 
number density of electronic components approximately every 24 months.5 
Formulated in 1965 this law is still valid, and nowadays this law even dictates 
the semiconductor roadmap.6 Decreasing dimensions in photovoltaics manifest 
themselves for example by the cost-driven reduction of overall solar cell 
thickness, the application of thinner layers (e.g., the emitter), and the 
increasing importance of thin-film-based solar cell concepts. Due to the 
miniaturization the surface-to-volume ratio increases, yielding an increasing 
importance of surface and interface properties on the performance of actual 
devices. Surfaces and interfaces do not only have different characteristics 
compared to the corresponding bulk material, these regions are often also 
relatively defect-rich, which can adversely affect device performance. Another 
phenomenon of the downscaling is the need for alternative materials, either as 
a replacement for materials that reached the limit of their scalability or 
because a new functionality is required. The introduction of other materials 
inherently induces new interface characteristics. In addition to their direct 



Framework and overview of the research 

 3

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
impact on device performance, surfaces and interfaces are the active regions 
during materials processing.  
 In this thesis surface and interface aspects will be studied during 
silicon-based materials processing. Different relevant areas of Si-based 
materials processing will be addressed, such as (1) the etching of micro- and 
nanostructures in Si; (2) the deposition of Si thin films; (3) the introduction of 
new materials such as Al2O3 thin films; and (4) the implementation of novel 
Si-based device technologies. We will start by introducing these areas in more 
detail. 
 
A. Silicon etching 
 The etching of silicon or silicon-based materials is an important 
processing step in the creation of micro- and nanostructures as required in 
many of the aforementioned examples such as DRAM, CMOS, MEMS and 
photonic crystals [cf. Figs 1(a)-1(d)]. Generally, the substrate is coated prior to 

5 nm Silicon

a-Si:H

Silicon

SiGe SiGeHigh-κ

Metal

(a) (b) (c)

(d) (e)

(f)

 

FIG. 1  Various applications of silicon technology: (a) Deep trenches etched in Si for
DRAM applications [Qimonda]. The trenches are 4.4 μm deep and ~100 nm wide. (b) 
45 nm dual-core processor die [Intel]. (c) Transistor based on 45 nm technology with 
high-κ (Hf-based) dielectric and metal gate [Intel]. (d) MEMS multiple gear reduction
device etched in Si [Sandia National Laboratories]. (e) Hydrogenated amorphous Si 
(a-Si:H)/crystalline Si heterojunction used in Si heterojunction solar cells.3,4 (f) 
Si heterojunction solar cell power plant, Sesma, Spain [Sanyo]. 
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etching with a photosensitive resist that is exposed to light through a 
patterned mask. Subsequently, the illuminated part of the resist is removed 
and the pattern is etched in the underlying silicon. For the etching step two 
different techniques can be used: wet chemical etching and plasma etching. 
Plasma etching, also referred to as dry etching, has an important advantage 

(a)

photoresist

Si OAl H

(b)

(c) (d)

C F ion
 

FIG. 2  (a) Schematic and simplified illustration of trench etching in c-Si by a CF4/Ar 
plasma. The ions and the etchants induce a synergetic effect that enhances the etch
rate and the anisotropy of the process. The amorphized layer of Si caused by ion
bombardment is also indicated. (b) Schematic and simplified representation of a-Si:H 
thin film deposition on c-Si. SiH4 gas is dissociated by a plasma or a hot wire and the 
resulting radical species react at the substrate surface. The characteristics of the 
substrate/film interface largely affect device performance. (c) Schematic picture of an 
amorphous Al2O3 thin film deposited on c-Si by plasma-assisted ALD. Al2O3 thin films 
provide, for example, an excellent level of surface passivation of c-Si. The 
introduction of new materials in Si technology inherently induces new interface
properties. (d) Schematic illustration of Si nanocrystals embedded in a SiO2 matrix. 
Si nanocrystals can emit light efficiently and might add optical functionality to a Si
chip. The exact mechanism of light emission is expected to be related to the Si 
nanocrystal/SiO2 interfaces. 
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over chemical wet etching, as plasma etching has the ability to etch 
anisotropically.7 Anisotropic etching enables the creation of high aspect-ratio 
structures with well defined side walls and, hence, allows for the formation of 
smaller structures with a smaller spacing. This important characteristic of 
plasma etching can be attributed to the directionality of ions present in the 
plasma, which arises as the ions are accelerated by the relatively large electric 
fields present in the boundary layer, the so-called plasma sheath, between the 
plasma and the substrate. Etching plasmas are generally based on gases with 
halogen components such as CF4, SF6, or Cl2 with possible additives like Ar or 
O2. The ions and the etchants in the plasma induce a synergetic effect that 
induces a disproportionally higher etch rate compared to the physical sputter 
rate of the ions or the spontaneous etch rate by reactive gas phase etchants.8 
In Fig. 2(a) the plasma etching of Si is illustrated schematically. 
 Depending on the plasma configuration and operation conditions the 
ions in an etching plasma can reach energies on the order of 10-1000 eV. 
These ions penetrate to a certain depth into the c-Si and create a damaged 
layer of amorphous silicon (a-Si) by amorphizing the top region of the c-Si.9-11 
Although playing an important role in the etching process, this a-Si layer can 
be detrimental for device performance.6,12 In addition to obtaining knowledge 
on the exact role of ions in the etching process, insight into the reaction 
dynamics between reactive plasma species such as halogen containing radicals 
and the Si surface as well as understanding of the role of Si dangling bonds 
and modified Si-Si bonds during etching is desired. Furthermore, it is 
beneficial to have more insight into aspects such as surface and interface 
roughness.  
 
B. Silicon thin film deposition 
 The deposition of Si thin films is another important area of Si-based 
materials processing. For example in photovoltaics Si thin films receive 
considerable attention. Si thin films have applications in solar cell concepts 
focusing on cost reduction and in approaches aiming for high conversion 
efficiencies. Lower-cost solar cell solutions include thin films deposited on 
large area substrates or in roll-to-roll processes, such as hydrogenated 
amorphous silicon (a-Si:H) films deposited on glass substrates or on flexible 
polymer and metal substrates.13,14 High potential thin film technologies also 
include crystalline Si (c-Si) thin films created either by crystallization of a-Si:H 
or by epitaxial Si growth on low-cost substrate materials.15,16 High efficiency 
solar cell concepts include Si thin films deposited on Si wafer substrates, such 
as silicon heterojunction (SHJ) solar cells based on the heterojunction between 
c-Si and ultrathin films of intrinsic and doped a-Si:H (~50 Å), as depicted in 
Figs. 1(e) and 1(f).17,18 a-Si:H thin films can also contribute to high solar energy 
conversion efficiencies of wafer-based solar cells due to their excellent surface 
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passivation properties as demonstrated for c-Si, polysilicon and 
germanium.19-21 Also in TFT display technology and in microelectronics Si thin 
films are applied. Heavily doped polysilicon, for example, is used as gate 
electrode material in CMOS devices, whereas a-Si:H and epitaxial Si have been 
applied as surface passivation layers in high mobility Ge and GaAs metal-
oxide-semiconductor field-effect transistors.22,23 
 Silicon thin films are usually synthesized by various chemical vapor 
deposition (CVD) techniques such as plasma enhanced CVD (PECVD) and hot-
wire CVD (HWCVD). In these processes a precursor gas such as SiH4 is 
dissociated by a plasma or a heated filament, respectively. This leads to 
radicals that react at the substrate surface and thereby contribute to film 
growth, as is illustrated in Fig. 2(b). Generally device performance is strongly 
governed by the characteristics of the film/substrate interface. For example, 
for good surface passivation of c-Si by a-Si:H films or efficient SHJ solar cells 
the a-Si:H/c-Si interface needs to be extremely sharp without any nanoscale 
epitaxial material.24,25 For PECVD of Si thin films, especially in a direct plasma 
approach, ion induced damage to the substrate can also be an important 
concern similar as in the case of plasma etching. Before a certain film thickness 
has been reached ion bombardment induces an amorphized layer in the top 
region of the substrate. For example for devices that rely on the quality of an 
electrical junction this can be detrimental for the performance. 
 
C. New materials in Si technology 
 The continuous trend of decreasing device dimensions also induces the 
need for alternative materials to replace materials that reached the limit of 
their scalability or to add new functionalities. An important example is the 
current interest in high-κ dielectrics such as HfO2 and Al2O3 in Si technology. 
High-κ dielectrics are promising as a replacement of SiO2 presently used as the 
gate dielectric in CMOS technology. Further reduction of the SiO2 thickness will 
lead to an unacceptably high gate leakage current. The application of 
dielectrics with a higher dielectric constant loosens the requirement on film 
thickness and as a result thicker films with a lower leakage current can be 
used.26 CMOS devices with Hf-based gate dielectrics have recently been 
commercialized [see also Figs. 1(b) and 1(c)].27 The high-κ dielectric Al2O3 is 
promising in nonvolatile memory applications as a charge trapping dielectric.28 
Thin films of Al2O3 synthesized with (plasma-assisted) atomic layer deposition 
(ALD) also provide an excellent surface passivation of c-Si and have great 
potential to improve the performance of, for example, light emitting diodes, 
photodetectors, and high-efficiency solar cells.29-31 In Fig. 2(c) an Al2O3 film 
deposited on c-Si is shown schematically. Essential in the application of these 
new materials is the quality of the interface they form with c-Si. Therefore, 
knowledge on these new interface properties, such as the presence of interface 
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defects or fixed charge at the interface, and the evolution of these properties 
during processing is vital. It is challenging to obtain the same level of 
understanding of these new interfaces as currently exists for the SiO2/c-Si 
interface, which is by far the most thoroughly studied interface. 
 
D. Novel silicon-based device technologies 
 A step beyond the application of new materials in Si technology is the 
introduction of new device designs to enable new functionalities. Examples 
include devices based on low dimensional structures such as nanotubes, 
nanowires, and quantum dots. Preferably, new designs are compatible with 
existing Si technology. An important trend in microelectronics is the 
integration of different functionalities on a single chip. A challenge in this 
respect is adding optical functionality to the Si chip, where especially the 
integration of a light source is an issue. Silicon is a semiconductor with an 
indirect band gap and is, consequently, an inefficient light emitter. The use of 
direct band gap compound semiconductors as a light source is a possible 
solution, however considering the compatibility with Si technology a Si-based 
laser would be preferable. Silicon nanocrystals (NCs) embedded in a SiO2 
matrix, currently already applied as a charge trapping medium in nonvolatile 
memory devices,32 can emit light efficiently and might open the route to a Si 
laser.33 In Fig. 2(d) Si NCs embedded in SiO2 are illustrated schematically. The 
mechanism governing the emission of light is not fully understood yet, 
however the curved interfaces between the nanocrystals and the SiO2 are 
proposed to play an important role in this respect.34 Consequently, also for 
new device designs such as the application of Si NCs insight into interface 
properties is of high relevance. 
 
 
II. GOAL AND APPROACH OF THE RESEARCH 
 
A. Research goal 
 This thesis is aimed at contributing to bridging the gap between the 
rapid developments in Si-based materials processing and limitations brought 
by poor understanding of surface and interface characteristics during 
processing. The ability to specifically measure surface and interface properties 
and their evolution during processing does not only result in a better 
understanding of the underlying mechanisms of Si-based materials 
processing, which might lead to process and device improvements, but also 
provides means for online process control and monitoring.  
 Traditionally, the route to device optimization consists of an iterative 
trial-and-error approach of device manufacturing, device testing, and 
processing parameter adjustment. However, considering the enormous extent  
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of a typical processing parameter space, this approach does not guaranty 
optimal processes and devices. More detailed studies into the processing 
environment, such as the gas phase or plasma composition, or studies into 
material properties are useful next steps to achieve device optimization. 
However, materials research has been focusing predominantly on bulk 
properties, while paying little attention to interface properties. Although, the 
processing environment and the material properties are closely related, they 
are considered as different areas of research (e.g., plasma physics and solid 
state physics) and are, consequently, often studied separately. The actual 
materials processing, however, occurs where the material and the processing 
environment converge: at surfaces and interfaces. Therefore, in order to 
achieve both process and device improvements not only insight into the 
processing environment and the bulk material properties is needed, but also a 
detailed understanding of surface and interface properties and surface reaction 
mechanisms is essential, as schematically indicated in Fig. 3(a).  
 In the group Plasma & Materials Processing at the Department of 
Applied Physics of the Eindhoven University of Technology the interaction 
between processing environment, surface and interface properties, and 
material properties is studied in its entirety. The group has a strong 
background in the study of plasma fundamentals and vapor phase reactions as 
well as in the characterization of material properties of (plasma) deposited thin 

(a) (b)

Surface & 
interface

properties

Processing
environment

Beam setup
high vacuum

Material
properties

Material
properties

Well defined 
conditions

SHG surface 
& interface 

studies

Bulk sensitive 
optical probes 

(SE, FTIR)

Surface & 
interface

properties

 

FIG. 3  (a) Materials processing is a complex interplay between processing
environment, surface and interface properties, and material properties. The solid
arrows indicate the interaction between the different areas, where the size of the 
arrow represents the impact. (b) Schematic overview of the research approach
employed in this thesis. Second-harmonic generation (SHG) is used to study surface 
and interface properties during materials processing. The processing environment is 
simplified by using well defined conditions. Bulk sensitive diagnostics can provide
additional information on material properties and can aid in the interpretation of the
SHG studies. Dotted arrows indicate the flow of information. 
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films. In recent years, the efforts in these areas of competence have 
converged,10,35-41 providing a firm platform for the characterization of surface 
and interface properties during processing, which is the focus of the research 
described in this thesis. 
 
B. Research approach 
 To characterize surface and interface properties during processing, 
noninvasive surface sensitive diagnostics that are applicable in real time in a 
processing environment are required. A wide variety of surface sensitive 
techniques has been developed in the field of surface science. However, many 
available surface science tools, of which some are summarized in Table I, are 
not compatible with materials processing conditions and provide no access to 
buried interfaces. First of all, surface science experiments are usually carried 
out under extremely well defined conditions by using ultrahigh vacuum (UHV) 
equipment reaching pressures far below 10-9 mbar and by studying carefully 
prepared and clean surfaces interacting with simple molecules. As a result, 
surface science tools are usually not designed to operate at pressures typically 
occurring during materials processing. Furthermore, many surface diagnostics 
are not suitable as their principle of operation relies on charged particles, such 
as electrons and ions. These particles can interfere with the processing 
technique or can be even destructive to the sample. Trivially, surface sensitive 
techniques where a solid state probe is in “contact” with the surface such as 
atomic force microscopy (AFM) and scanning tunneling microscopy (STM) can 
also influence the actual process.  
 An approach that has the greatest potential to bridge the gap between 
surface science techniques and materials processing conditions is the 
application of all-optical techniques, i.e., diagnostics that rely on the principle 
of photon in - photon out. These techniques can be used at higher pressures 
or in ambient conditions and do not affect or are not affected by materials 
processing. Furthermore, optical techniques provide access to interfaces 
buried beneath (semi)transparent overlayers. In Table II an overview of several 
all-optical surface sensitive techniques is displayed.  
 In this thesis the application of the all-optical technique of second-
harmonic generation (SHG) to characterize surface and interface properties 
during Si-based materials processing is explored. SHG is a nonlinear optical 
effect in which two photons with energy ω  are converted into a single photon 
with energy 2 ω  occurring when high intensity radiation interacts with a 
medium.46 For centrosymmetric media, such as crystalline and amorphous Si, 
SHG is surface and interface specific. In Frame I the principle of SHG is treated 
in somewhat more detail. In addition to its noninvasive nature and surface and 
interface specificity, SHG has been selected because the technique has widely 
been applied in the field of Si surface science to study c-Si surfaces and 
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Technique Input Output Principle Limitation 

X-ray photoelectron 
spectroscopy (XPS) 
 

photon 
 
 

electron 
 
 

Characterization of element 
specific binding energy of 
core electrons 

UHV, relatively long 
analysis time  
(1-10 min) 

Auger electron 
spectroscopy (AES) 
 

electron 
 
 

electron 
 
 

Removal of core electron and 
measuring kinetic energy of 
emitted Auger electrons 

UHV, charging 
effects 
 

Low-energy electron 
diffraction (LEED) 

electron 
 

electron 
 

Diffraction of electrons on a 
well ordered surface  

UHV, ordered 
surface required 

Reflection high-
energy electron 
diffraction (RHEED) 

electron 
 
 

electron 
 
 

Diffraction of electrons on a 
well ordered surface 
 

UHV, ordered 
surface required 
 

Electron energy loss 
spectroscopy (EELS) 
 

electron 
 
 

electron 
 
 

Characterization of decrease 
in electron energy after 
inelastic scattering 

UHV 
 
 

Thermal desorption 
spectroscopy (TDS) 
 

“heat” 
 
 

molecule 
 
 

Desorption of molecules  
when increasing the surface 
temperature 

UHV, temperature 
change required 
 

Secondary ion mass 
spectrometry (SIMS) 
 

ion 
 
 

ion 
 
 

Sputtering of a surface by an 
ion beam while analyzing 
ejected secondary ions 

UHV, sample 
destructive 
 

Scanning tunneling 
microscopy (STM) 
 

solid state probe 
 
 

Measurement of tunneling 
current between a sharp tip 
and a surface. 

UHV, low time 
resolution, small 
scan size 

Atomic force  
microscopy (AFM) 
 

solid state probe 
 
 

Characterization of force 
between a sharp tip and a 
surface 

Low time 
resolution, small 
scan size 

 
SiO2/c-Si interfaces.49-57 These studies, which are reviewed in detail in 
Chapter 2, can form an important basis for the interpretation of SHG data in 
Si-based materials processing related applications. Furthermore, a typical 
setup for SHG experiments is relatively simple and all components are 
commercially available. Moreover, SHG is sensitive to a broad range of physical 
properties such as electronic surface and interface states (e.g., dangling 
bonds),51 surface and interface roughness,58 externally applied and internal  

TABLE I  Overview of various surface sensitive diagnostics based on charged particles
or solid state probes with their principle of operation and limitations.  
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electric fields,52,59 fixed and trapped charge,59,60 surface and interface 
strain,49,52 contaminants and adsorbed species,51,61 and surface and interface 
symmetry.47 This broad range of detectable physical properties shows the 
versatility of SHG and illustrates the high potential of the technique in 
contributing to an enhanced understanding of surface and interface properties 
during processing. However, because of the sensitivity of SHG to such a broad 
range of physical properties the interpretation of SHG experiments can be 
difficult. In this respect, the combination with linear optical techniques that 
also probe bulk properties such as spectroscopic ellipsometry is very useful. 
 As already addressed, materials processing is a complicated interplay of 
processing environment, surface and interface properties and material 
characteristics. Especially processes involving plasma treatments are extremely 
complex with numerous interconnected parameters, which can also impede the 
interpretation of surface studies. In order to further bridge the gap between  

TABLE II  Overview of various all-optical surface sensitive diagnostics with their 
principle of operation and limitations. 

Technique  Principle  Limitation 

Spectroscopic 
ellipsometry (SE)42 

 
Difference in polarization direction 
upon reflection 

 
Also bulk sensitive, model- 
based interpretation of data 

Infrared spectroscopy  Absorbance due to bond vibrations  Also bulk sensitive 

Raman spectroscopy 
(RS) 43 

 
Inelastic scattering of radiation 
interacting with optical phonons 

 
Scattering strongly non-
specular, bulk sensitive 

Evanescent wave cavity 
ring down spectro-
scopy (EW-CRDS)44,45 

 
Absorbance at the surface of a 
monolithic folded optical resonator 
 

 
Specially designed transparent 
SiO2 monolithic folded optical 
resonator required 

Surface differential 
reflectance (SDR) 43 

 
Difference in reflectance before  
and after surface modification 

 
Surface or buried interface 
modification required 

Rotational anisotropy 
spectroscopy (RAS) 43 

 
 

Difference in reflectance for  
other azimuthal sample  
orientations/polarization directions

 
Isotropic materials with 
anisotropic surfaces or 
interfaces 

Second-harmonic 
generation (SHG)46,47 

 

 
Conversion of two photons ω   
into single photon 2 ω , enhanced 
by optical transitions 

 
Only surface/interface specific 
for centrosymmetric media, 
complex interpretation 

Sum-frequency 
generation (SFG)46 

 

 
Conversion of two photons 1ω   
and 2ω into single photon 3ω , 
with 3 1 2ω ω ω= +  

 
Only surface/interface specific 
for centrosymmetric media, 
experimentally complex 
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FRAME I  Second-harmonic generation 
 
Second-harmonic generation (SHG) is a nonlinear optical phenomenon that occurs when high 
intensity radiation interacts with a medium that, as a result, radiates at twice the frequency 
of the incident radiation.46 SHG can be considered as the conversion of two photons with 
energy ω  into a single photon with energy 2 ω . For centrosymmetric media such as 
crystalline Si, amorphous Si and amorphous oxides SHG possesses surface and interface 
specificity of unusual purity and generality. This arises because symmetry considerations 
imply that, within the electric dipole approximation, SHG is forbidden in the bulk of 
centrosymmetric media, whereas at surfaces or interfaces the symmetry is broken and SHG 
becomes allowed.47,48 When the photon energy of either the fundamental or the SHG 
radiation coincides with an optical transition in the medium the SHG response is resonantly 
enhanced. In Fig. 4 the generation of SHG radiation at the surface and buried interface of a 
thin film is illustrated. 
 

 

2ω2ω

ω ωω

 

Fig. 4  Schematic representation of the generation of SHG in a thin film system 
consisting of a centrosymmetric film and substrate (e.g., an a-Si film on a c-Si 
substrate): an incident laser pulse with frequency ω induces the generation of 
second-harmonic radiation with frequency 2ω at the film surface and the buried 
film/substrate interface.  

 
materials processing and surface science it is useful to simplify and better 
define the processing environment. The complexity inherent to a plasma 
environment can be circumvented by applying a beam experiment in which the 
plasma is “mimicked” by independently tunable beam sources. These beam 
sources provide several species present in the plasma, such ions and radicals.8 
To further reduce the processing complexity, the experiments in this work are 
performed at well defined starting conditions by using H terminated Si 
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substrates and high vacuum setups with base pressures of around 10-9 mbar. 
The Si processing studies are performed at pressures up to ~10-2 mbar with 
high purity source gases. In Fig. 3(b) the research approach is summarized. 
 SHG has been applied in this thesis to characterize surface and interface 
properties, predominantly in thin film geometries, in several areas of Si-based 
materials processing as introduced in Sec. I: (1) silicon etching, (2) silicon thin 
film deposition, (3) the introduction of high-κ dielectrics in silicon technology, 
and (4) novel silicon-based device technologies employing nanocrystals. These 
different areas have been selected not only because of their relevance in Si 
technology but also because they illustrate the sensitivity of SHG to a wide 
variety of physical phenomena. For example for Si etching and deposition the 
sensitivity of SHG to surface and interface states and interface morphology is 
relevant. For thin films of Al2O3 on Si the sensitivity of SHG to electric fields 
and fixed charge is important, whereas for new designs such as Si nanocrystals 
the sensitivity of SHG to interface states is crucial. 
 
 
III. OUTLINE OF THE THESIS AND OVERVIEW OF THE KEY RESULTS 
 
 This thesis is organized as follows: In Chapter 2 the nonlinear optical 
technique of second-harmonic generation will be introduced in more detail, 
especially focusing on aspects arising during the application of the technique 
in thin film geometries. The possible origin of SHG in thin film systems will be 
addressed. Also approaches to separate different contributions to the SHG 
response will be discussed. Chapters 3-7 describe the application of SHG to 
study surface and interface properties in different areas of Si-based materials 
processing, predominantly in thin film geometries.  
 In Chapter 3 SHG is applied to study the etching of H terminated Si(100), 
where the plasma etching environment is simulated using a low-energy 
Ar+-ion gun and a XeF2 beam.62 In this system SHG is shown to be useful to 
provide more insight into the formation of the thin amorphized Si layer 
induced by ion bombardment. The studies reveal that surface and interface 
characteristics are almost independent of ion energy and indicate that the a-
Si/c-Si interface is relatively sharp. 
 Chapters 4 and 5 describe the application of SHG, together with 
spectroscopic ellipsometry and infrared spectroscopy, during Si thin film 
deposition on H terminated Si(100). Films were deposited in a less well-
defined environment by using a hot wire to dissociate SiH4 gas.3,4 To 
investigate the film morphology during the initial film growth, which is crucial 
for the interface characteristics of the actual film, the experimental conditions 
were chosen to be in the transition region from amorphous to epitaxial Si 
growth. With SHG a clear distinction between direct a-Si:H/c-Si heterointerface 
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formation, nanometer-level epitaxial growth, and epitaxial breakdown could 
be made.  
 The interface properties of Al2O3 thin films deposited on c-Si by 
plasma-assisted ALD are characterized in Chapter 6.63 SHG revealed the 
presence of negative fixed charge in the Al2O3. This negative fixed charge 
density, displaying an increase after a post deposition anneal, accounts for the 
excellent c-Si surface passivation properties of Al2O3 thin films.  
 Finally, in Chapter 7 silicon nanocrystals embedded in SiO2 are studied 
with spectroscopic cross-polarized two-beam SHG (XP2-SHG).64 XP2-SHG 
yields a more efficient generation of SHG radiation from nanocomposites than 
single beam SHG. This chapter describes the first nonlinear optical 
spectroscopic study of silicon nanocrystals. The study, which is performed at 
the University of Texas at Austin, reveals spectral features that can possibly be 
attributed to the Si nanocrystals and their interfaces with the SiO2 matrix. This 
approach has great potential to lead to more insight into Si nanocrystal 
interface states and their influence on the emission of light. 
 In Fig. 5 a schematic overview is given of the different areas of Si-based 
materials processing studied in this thesis together with key results obtained 
with SHG. Although different systems are studied (thin films of a-Si, a-Si:H, 
and Al2O3 on c-Si, and Si nanocrystals in SiO2) the SHG response displays 
striking similarities. Irrespective of the system clear contributions to the SHG 
response originating from 0 1/E E′  direct interband transitions in c-Si are 
observed, either related to modified Si-Si bonds at interfaces or to internal 
electric fields in the system. 
 
 
IV. OUTLOOK TO THE FUTURE 
 
 The results presented in this thesis show that SHG is capable of bridging 
the gap between surface science and materials processing. SHG has 
demonstrated to be sensitive to surface and interface properties during 
Si-based materials processing at a level unprecedented by other probes. The 
application of SHG can be particularly powerful in combination with 
complementary techniques such as spectroscopic ellipsometry, providing 
simultaneously information on surface, interface and bulk properties. 
Especially the sensitivity of SHG to near-interface electric fields allowing for 
contactless and in situ electrical device characterization is very promising for 
future studies. 
 Being a noninvasive and contactless technique, SHG is also promising 
for future applications in an actual processing environment for online process 
monitoring and control. However, it is obvious that the application of a 
diagnostic for real-time process control requires a different approach than in a 
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more fundamental study. For online process monitoring and control, robust 
and reliable tools are needed that are simple to implement and straightforward 
to use. In principle, SHG can meet these requirements. A typical SHG detection 
setup consists of basic optical elements that are not in contact with the 
processing environment. A critical element in the optical setup, however, is the 
laser providing the fundamental radiation. For efficient generation of SHG 
radiation ultrafast Ti:sapphire lasers are required. Rapid tunability or a broad 

Si Al O H

(a) (b)

(c) (d)

 

Fig. 5  Overview of the different areas of Si-based materials processing studied in this 
thesis with a schematic representation of the key results. The solid rectangles indicate
the regions where the dominant contributions to the SHG response are originating
from. Irrespective of the system, direct interband transitions related to c-Si are 
observed. (a) For amorphous Si thin films on Si(100) created by Ar+-ion bombardment 
the SHG response is dominated by contributions from the a-Si/c-Si interface, with an 
additional a-Si surface contribution (indicated by the dotted rectangle). The SHG
studies suggest that the a-Si/c-Si interface is relatively sharp and indicate that the 
surface and interface properties are ion energy independent. (b) For Si thin films
deposited on Si(100) a dominant contribution to the SHG response from the
a-Si:H/c-Si interface is observed, which allows for a clear distinction between direct
amorphous film growth, nanometer-level epitaxial growth, and epitaxial breakdown. 
(c) For Al2O3 thin films on c-Si synthesized by plasma-assisted ALD a strong electric-
field-induced SHG contribution is observed from the Si space-charge region, which is 
caused by negative fixed charge in the Al2O3. This fixed charge density increases 
when the sample is annealed. (d) For Si NCs embedded in SiO2 the SHG response is 
likely originating from Si NCs and their interfaces with SiO2. 
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spectral width are essential aspects to efficiently obtain spectroscopic 
information. Most Ti:sapphire lasers are designed for fundamental studies and 
need regular realignment and maintenance. The latest generations of 
Ti:sapphire oscillators, however, are more straightforward to operate and more 
reliable. Ti:sapphire lasers combined with an integrated pump source are 
currently available and would be the light source of choice for process 
monitoring applications of SHG.  
 Another issue in the application of SHG for real-time process control is 
the quantification of the SHG response. SHG measurements are usually not 
quantitative and calibration or comparison with other techniques is necessary. 
This calibration can be performed offline using techniques that are not suitable 
for real-time application during materials processing. The most important 
aspect that has to be addressed before applying SHG for real-time process 
monitoring is probably the interpretation of the SHG response. As SHG is 
sensitive to several different physical properties, the interpretation of the SHG 
response is not always straightforward. Also microscopic theory, which relates 
atomic level structure to the nonlinear optical response, is only beginning to 
emerge. Insight into the exact origin of the SHG response is, however, essential 
before applying the technique for real-time process monitoring in a complex 
processing environment. The results presented in this thesis contribute to this 
understanding and in selected cases direct application of SHG for online 
process monitoring can already be feasible. SHG can, for example, be applied 
during the post-deposition anneal of Al2O3 thin films. The SHG response can 
be used to quantify the negative fixed charge density during annealing. By 
signaling saturation of the annealing process, the processing time can be 
reduced. In many other situations, additional fundamental studies will be 
required before using SHG for online process monitoring. This work 
demonstrates that SHG provides relevant information on surface and interface 
properties during Si-based materials processing and shows that the technique 
is applicable for a wide range of surface and interface studies, also beyond Si 
technology. 
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Chapter 2 
 
 
Optical second-harmonic generation  
in thin film systems 
 
 
The surface and interface sensitive nonlinear optical technique of second-harmonic generation 
(SHG) is a very useful diagnostic to study surface and interface properties in thin film systems 
and can provide relevant information during thin film processing. An important aspect when 
applying SHG is the interpretation of the SHG response. In order to utilize the full potential of 
SHG during materials processing it is necessary to have a good understanding of both the 
macroscopic and the microscopic origin of the SHG response, particularly in thin film or 
multilayer systems where the propagation of radiation is another important aspect that should 
be considered carefully. A brief theoretical overview on the origin of the SHG response and a 
description of the propagation of radiation will be given. Furthermore, several methods will be 
discussed that might reveal the possible macroscopic and microscopic origin of SHG response in 
thin film systems. The different approaches will be illustrated by examples of real-time and 
spectroscopic SHG experiments with thin film systems relevant in Si etching and deposition 
environments, such as (1) hydrogenated amorphous Si films deposited by hot-wire chemical 
vapor deposition on both Si(100) and fused silica substrates, (2) amorphous Si generated by 
low-energy Ar+-ion bombardment of H terminated Si(100), and (3) Al2O3 films deposited by 
plasma-assisted atomic layer deposition on H terminated Si(100).§ 

                                                 
§  In preparation for publication: J.J.H. Gielis, P.M. Gevers, I.M.P. Aarts, M.C.M. van de Sanden, 
and W.M.M. Kessels.  
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I. INTRODUCTION 
 
 The nonlinear optical technique of second-harmonic generation (SHG) is 
an established technique in surface science, particularly in studies on 
crystalline silicon (c-Si).1-8 Crucial for the success of SHG is the sensitivity of 
the technique to surfaces and buried interfaces and the ability to resolve 
optical transitions. The sensitivity of SHG to surfaces and interfaces arises from 
the fact that, within the electric dipole approximation, SHG is forbidden in the 
bulk of centrosymmetric media such as crystalline and amorphous Si. 
Microscopically, SHG is the conversion of two photons with energy ω  into a 
single photon with energy 2 ω . When the photon energy of either the 
fundamental or the SHG radiation is close to an optical transition in the 
medium the SHG response is resonantly enhanced. Furthermore, being an all-
optical technique, SHG is noninvasive and contactless, can be applied in situ, 
and has real-time applicability with a good time resolution. These 
characteristics make SHG also a very promising diagnostic in materials 
processing, particularly in thin film processing related to Si technology. As 
surface and interface properties increasingly govern future device 
performance, SHG can be very beneficial in device optimization by providing 
real-time process feedback and control. The technique can also provide more 
understanding of fundamental mechanisms that govern surface and interface 
related processes and can yield more insight into resulting material properties.  
 In general, a very important issue in the application of SHG is the 
interpretation of the SHG response. Aspects such as the macroscopic origin 
(i.e., the geometrical origin) and the microscopic origin (i.e., the source of SHG 
on an atomic level) of the SHG response need to be considered carefully. When 
applying SHG during processing of thin films the propagation of radiation 
through the thin film system is an additional issue that has to be taken into 
account. In this chapter, the application of SHG during processing of thin film 
systems related to Si technology will be explored. Several approaches to reveal 
the origin of the SHG response will be discussed and illustrated with examples 
including SHG measurements with (1) hydrogenated amorphous Si (a-Si:H), (2) 
amorphous Si (a-Si), and (3) Al2O3 thin films, predominantly on c-Si substrates.  
 In the interpretation of SHG data from thin film systems related to Si 
technology an important starting point is information reported in c-Si surface 
science, where SHG has been applied extensively to study clean and 
H terminated c-Si surfaces. For example, from controlled H dosing 
experiments of clean c-Si surfaces, SHG has been shown to be sensitive to 
surface Si dangling bonds in the fundamental photon energy range of ~1.0 to 
~1.3 eV.2,3,6 These surface dangling bonds form states in the band gap of c-Si. 
Furthermore, two-photon resonances close to 3.4 eV have been observed at 
c-Si surfaces. These resonances have a similar appearance as resonances 
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observed with linear optical techniques, such as spectroscopic ellipsometry, 
around 3.4 eV that are related to the ′E E0 1/  critical point (CP) transitions of 
bulk c-Si.9 From this similarity, it was concluded that the SHG response was 
also related to ′E E0 1/  CP transitions.1 More specifically, these resonances were 
suggested to be originating from Si-Si bonds distorted or strained due to the 
presence of a surface or interface.1 In addition, the presence of dc electric 
fields leading to electric-field-induced second-harmonic generation (EFISH) 
was shown to be influencing these resonances.4 The technologically very 
relevant SiO2/c-Si interface has also been investigated thoroughly with SHG, as 
reviewed by Lüpke.10 For this system the same resonances were observed 
around the c-Si ′E E0 1/  CP energy of 3.4 eV originating from distorted Si-Si 
bonds and EFISH from the c-Si space-charge region. At higher SHG photon 
energies resonances were observed around 4.3 eV, near the c-Si 2E  CP, and 
around 3.7 eV. The latter resonance was attributed to interband transitions in 
Si in a thin transition layer between Si and SiO2.5,7,8 In addition, the SiO2/c-Si 
system was the first system where time-dependent variations in the SHG 
intensity due to photon-induced charge trapping, which resulted in changes in 
the EFISH contribution, were observed.10-13 

 The characterization of (hydrogenated) amorphous Si films by SHG as 
used in this study is relatively unexplored. Erley and Daum reported on ex situ 
SHG experiments of a 0.7 μm thick a-Si:D film on Si(100) and observed a very 
weak featureless SHG spectrum that was an order of magnitude lower in 
intensity than for native oxide covered Si(100).5 Alexandrova et al. performed 
ex situ SHG experiments on a-Si:H films deposited on different glass 
substrates, however, only at a fixed photon energy of 1.17 eV (1064 nm) using 
a Nd:YAG laser.14 We reported on both ex situ and real-time in situ SHG 
experiments of a-Si:H deposited on fused silica substrates investigated using a 
Nd:YAG-pumped optical parametric oscillator (OPO) that allowed for 
spectroscopic measurements. In these studies broad spectral features assigned 
to both dangling bonds and Si-Si bonds were observed.15,16 In this chapter 
examples of real-time and spectroscopic SHG experiments with (hydrogenated) 
amorphous Si films on c-Si substrates using femtosecond Ti:sapphire lasers 
will be addressed.17-21 

 Recently, SHG has also been applied in the field of high-κ dielectrics. 
Because of its sensitivity to internal electric fields, SHG (or to be more precise 
EFISH) is very suitable to characterize the charge present in thin films of high-κ 
dielectrics on c-Si. Studies include time-dependent photon-induced charge 
trapping and process-dependent charging in stacks of c-Si and the high-κ 
dielectrics Al2O3, HfO2, ZrO2, Zr silicate, and Hf silicate.22-25 These studies 
mainly focused on the application of the high-κ materials to replace SiO2 as a 
gate dielectric in metal-oxide-semiconductor structures, where the presence 
of fixed charge is adversely affecting device performance. However, Al2O3 has 
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also been shown to provide an excellent level of surface passivation of c-Si.26 
For this application the presence of fixed charge seems to be beneficial. It will 
be discussed that spectroscopic SHG is very suitable to characterize process-
dependent fixed charges in Al2O3. 
 Although not as extensively as in c-Si surface science, SHG has been 
applied in a few other studies that are related to Si-based materials 
processing. For example, epitaxial growth of Si thin films has been studied 
during dissociative chemisorption of Si2H6 on clean Si surfaces at high 
temperatures (> 750 K). In these experiments it was found that the SHG 
response was predominantly governed by variations in H coverage.4,27 Heinz et 
al. performed SHG experiments during ion bombardment of c-Si.28 They 
observed decreasing anisotropic SHG contributions in Si(111)-7×7 during 
bombardment with 5 keV Ar+ ions at a fixed SHG photon energy of 2.33 eV. 
 This chapter is organized as follows: In Sec. II a brief overview is given 
of the theory that describes SHG and forms a basis for the interpretation of the 
SHG data. First the macroscopic origin of SHG is presented in more detail and 
the possible influence of bulk contributions is discussed. Then, the 
microscopic origin of SHG and the propagation of radiation in a thin film 
geometry is discussed. In Sec. III the laser systems and optical setups used to 
perform SHG experiments as well as sample preparation methods will be 
addressed. Next, in Sec. IV examples of SHG measurements in thin film 
systems related to Si technology are presented focusing on the separation of 
surface, interface and possible bulk contributions. The results include the SHG 
response of the substrates, the SHG response of thin films without the 
influence of substrates, and the SHG response for thin film-substrate systems 
with possible substrate contributions. Finally, in Sec. V the results and 
conclusions are summarized. 
 
 
II. REVIEW OF SHG THEORY 
 
A.  Macroscopic origin 
A1.  Dipolar SHG 
 Optical radiation with electric field E interacts with a medium by 
inducing a polarization P in this medium,§ as given by† 
 
 
 
 

                                                 
§  Symbols printed in bold denote vectors, whereas tensors are indicated by double arrows. 
†  All equations in this thesis are given in SI units. 

0ε χ= ⋅P E , (1)
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where 0ε  is the vacuum permittivity and χ  is the electric susceptibility, which 
is a second-rank tensor describing the response of the medium. The induced 
polarization has the same frequency as the incident electric field and describes 
linear optical phenomena such as refraction and reflection. For higher intensity 
optical radiation involving stronger electric fields, higher order contributions 
start to play a role. Within the electric dipole approximation, i.e., assuming 
spatially homogeneous fields, the induced polarization can be represented as 
an expansion of the electric field29 

 
 
 
 
where ( )nχ  is the n-th order susceptibility, which is a tensor of rank n + 1. An 
important consequence of Eq. (2) is that also components at other frequencies 
than the fundamental frequency of the incident radiation contribute to the 
polarization, as can be recognized by explicitly including the frequency of the 
electric fields, ( ) i te ωω =E E . The nonlinear optical effect of second-harmonic 
generation is described by the second term at the right hand side of Eq. (2) 
 
 
 
 
This equation shows the production of radiation at twice the incident 
frequency. When two different input frequencies are applied a more general 
nonlinear optical effect occurs, sum-frequency generation, where the output 
frequency is a linear combination of both incident frequencies. The second-
order nonlinear susceptibility tensor ( )2χ  is a tensor with 27 components ( )2

ijkχ  
that relate the second-order polarization component i to the components j and 
k of the incident electric fields, where { }, , , ,i j k x y z∈ . For SHG it is irrelevant 
in which order the incident electric field components appear, consequently the 
second-order susceptibility tensor is symmetric in the last two indices: 

( ) ( )2 2
ijk ikjχ χ= . Due to this permutation symmetry ( )2χ  reduces to 18 independent 

components. The actual independent and nonzero components ( )2
ijkχ  depend on 

the medium the tensor ( )2χ  describes. An important case is that of 
centrosymmetric materials, which are materials with centers of inversion 
symmetry being invariant under the transformation → −r r . Since ( )2χ  is a 
material property, it has the same symmetry properties as the material itself. 
As a result, for centrosymmetric media every component ( )2

ijkχ  is necessarily 
equal to its inverted counterpart, ( ) ( )2 2

ijk ijkχ χ= − . Obviously, this relation only holds 
for ( )2 0ijkχ = . Consequently, no SHG will occur in the bulk of these 
centrosymmetric media. Centrosymmetry is a macroscopic property, i.e., a 
medium and its image are compared under inversion averaged over a  

( ) ( ) ( )1 2 3
0 0 0: : ...ε χ ε χ ε χ= ⋅ + + +P E EE EEE , (2)

( ) ( ) ( ) ( ) ( ) ( )2 2
02 2 :ω ε χ ω ω ω=P E E . (3)
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macroscopic volume with maximum length scales on the order of the 
wavelength of the applied radiation. Hence, centrosymmetric materials include  
both crystalline materials, such as Si, and amorphous materials such as 
amorphous silicon and amorphous oxides.  
 The discussion so far only applies to bulk properties. At surfaces and 
interfaces, however, the inversion symmetry is broken and not all components 

( )2
ijkχ  reduce to zero. In this work we mainly focus on surfaces and interfaces of 

Si(100) and amorphous films such as a-Si:H, a-Si, and Al2O3. The surfaces and 
interfaces of these materials are part of symmetry classes 4mm and ∞m, 
respectively.30 For these symmetry classes only five components of the 
second-order nonlinear susceptibility tensor are nonzero, of which only three 
components are independent. The nonzero components are ( )2

zzzχ , ( ) ( )2 2
zxx zyyχ χ= , 

and ( ) ( )2 2
xxz yyzχ χ= ,15,30 where x and y define the surface or interface plane with z 

orthogonal to this plane. In addition, x and z lie within the plane of incidence 
and y is orthogonal to it, as shown in Fig. 1. The surface SHG response 
described by these components is isotropic. Depending on the selected 
polarization of the fundamental and SHG radiation different tensor 
components contribute to the surface and interface SHG response, resulting in 
(local) maxima in the SHG signal for three different combinations: (1) 
p polarized fundamental and p polarized SHG radiation (pP polarization), where 
all three independent tensor components contribute, (2) s polarized 
fundamental and p polarized SHG radiation (sP polarization), where only ( )2

zxxχ  
contributes, and (3) mixed fundamental polarization with equal s and 
p components and s polarized SHG radiation (mixS polarization), where only 

y

x

z
p

s

ψ

ϕθ

ω

2ω

 

FIG. 1  Definition of the coordinate axes and the polarization geometry. Radiation with
the electric field parallel (perpendicular) to the plane of incidence is referred to as
p (s) polarized. The angles θ, ϕ, and ψ denote the angle of incidence, the polarization 
angle of the fundamental radiation and the azimuthal angle, respectively. 



Chapter 2 

 28

( )2
xxzχ  contributes. This polarization dependence satisfies the following 

expression for the p and s polarized SHG intensity, ( )2pI ω  and ( )2sI ω ,16,30 
 
 
 
 
 
where a, b, c, and d include the different tensor components and the linear 
optical propagation of radiation. The angle ϕ denotes the angle between the 
polarization vector of the fundamental radiation and the plane of incidence 
(cf. Fig. 1). 
 
A2. Electric-field-induced SHG 
 Apart from the electric dipole term given by Eq. (3), radiation at the 
second-harmonic photon energy can also result from other sources. One of 
these processes is electric-field-induced second-harmonic generation (EFISH), 
which is a third-order process where one of the driving fields is a dc field.31 
Such dc electric fields can be present in the space-charge region (SCR) at 
semiconductor surfaces arising when surface states pin the surface Fermi 
energy close to the midgap, resulting in band bending.32 Also fixed charge in 
the system or the application of an external dc bias can result in dc electric 
fields and generate EFISH.11,12,31 These dc electric fields penetrate to a distance 
below the surface determined by the bulk doping concentration.32,33 This effect 
exhibits essentially bulk spectroscopic properties and is referred to as bulk 
EFISH. Strong dc electric fields can also be present in the top 2 to 3 atomic 
monolayers, e.g., in the reconstructed Si(100) surface where valence electrons 
are redistributed into buckled dimers.4,32 This effect is referred to as surface 
EFISH. With these contributions, the nonlinear polarization responsible for 
generating SHG radiation can be written as32 
 
 
 
 
 
where the first term denotes the dipole contribution from Eq. (3), the second 
term the surface EFISH contribution and the third term the bulk EFISH 
contribution. The susceptibility tensors describing the third-order effect of 
EFISH are tensors of rank four. However, with a dc electric field in the 
z direction, i.e., perpendicular to the surface, the symmetry properties of the 
EFISH terms are identical to the “regular” surface dipole contribution. Bulk 
EFISH contributes significantly to SHG for sufficiently high dc electric fields, 
typically bulk

dcE > 105 V cm-1.11,31 In dc-biased metal-oxide-semiconductor 

( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

4 2 2 4

2 2

2 sin sin cos cos ,
2 sin cos ,

p

s

I a b c
I d

ω ϕ ϕ ϕ ϕ

ω ϕ ϕ

= + +

=
 (4)

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

2 3
0 0

3
0

2 2 : 2 :

2 : ,

surf
S dc

bulk
B dc

ω ε χ ω ω ω ε χ ω ω ω

ε χ ω ω ω

= +

+

P E E E E E

E E E
 (5)
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(MOS) structures, such dc fields can be reached for external bias voltages on 
the order of volts.31 For an unbiased semiconductor a significant dc electric 
field can be caused by the doping density.4 For the n type Si(100) substrates 
applied in this work the doping density is low, around 2.5 × 1014 cm-3, and the 
electric field at the surface can be estimated to be < 4 kV cm-1.34,35 
Consequently, the influence of EFISH from the Si space region is negligible for 
these substrates. 
 The effect of EFISH can also arise or change because of SHG 
experiments. The incident high intensity radiation can locally cause photon-
induced charge trapping and thereby modify the internal electric fields. 
Significant photon-induced charge trapping results in a time-dependent 
change in SHG response. Both for SiO2 and high-κ dielectrics on c-Si the 
trapping process has been reported to occur via injection of electrons from the 
c-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.12,23-25 
 
A3. Bulk SHG 
 In addition to dipolar SHG and EFISH another source of SHG radiation 
can occur: SHG from multipole contributions. The contributions discussed so 
far resulted from the electric dipole approximation. In this approximation the 
electric fields are assumed to be spatially homogeneous, consequently the 
induced polarization is a function of the electric field at position r. In order to 
extend the description beyond this approximation, the induced polarization 
has to be expanded in a nonlocal way by taking into account the electric field 
distribution in the vicinity of r. This approach reveals the presence of multipole 
contributions. These multipole contributions are an important issue in the 
application of SHG as a pure surface or interface probe, since these 
contributions can cause bulk SHG in situations where dipolar bulk SHG is 
forbidden. The leading-order multipole contributions, in addition to the 
electric dipole contribution, are the electric quadrupole and magnetic dipole 
contributions, as shown by30,36,37  
 
 
 
 
The first term in Eq. (6) is again the dipole contribution presented in Eq. (3). 
The second term includes the electric quadrupole and magnetic dipole 
contributions. The nonlocal character is reflected by the gradient operator in 
this term, where ( )2

Qχ  is the second-order quadrupolar susceptibility that is a 
tensor of rank 4 with 81 components. Again, the actual independent and 
nonzero components depend on the medium described by ( )2

Qχ . For the bulk of 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )2 2
0 02 2 : 2 : ...Qω ε χ ω ω ω ε χ ω ω ω= + ∇ +P E E E E . (6)
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centrosymmetric media the electric dipolar susceptibility ( )2χ  vanishes and the 
second term of Eq. (6) governs the nonlinear polarization. For a cubic 
centrosymmetric material the only independent nonvanishing elements of ( )2

Qχ  
are ( )2

,Q iiiiχ , ( )2
,Q iijjχ , ( )2

,Q ijijχ , and ( )2
,Q ijjiχ , with i j≠ . These components are usually 

represented by the phenomenological parameters β, γ, δ, and ζ, which consist 
of a linear combination of the four independent tensor components.36-39 The 
nonlinear polarization can now be written in components as 
 
 
 
 
 In the remainder of this section the origin of these four terms and their 
impact will be discussed. The first three terms of Eq. (7) are present in 
isotropic media, while the last term proportional to ζ only occurs in anisotropic 
media. Cubic centrosymmetric media such as crystalline Si are anisotropic with 
respect to crystal orientation. For these materials the anisotropic term 
contributes for all polarization combinations of the incident and the SHG 
radiation.37 Tom et al. showed that for Si(111) and Si(100) the magnitude of 
the anisotropic quadrupole bulk susceptibility is of the same order as the 
surface dipole susceptibility,40 as was recently confirmed by An et al. who 
measured the amplitude and absolute phase of the three surface dipole 
components and the anisotropic bulk component for Si(100).41,§ In this work 
we will mainly focus on amorphous films on Si(100) substrates. For these 
systems all surface and interface dipole contributions as well as possible bulk 
contributions from the amorphous films are isotropic. This implicates that the 
origin of any anisotropic contribution in the SHG response can be assigned to 
the Si(100) substrate only. For example, for both p and s polarized 
fundamental radiation the dependence of the p and s polarized SHG intensity 
on the azimuthal orientation of Si(100) satisfies30,40  
 
 
 
 
 
where isotropic contributions are represented by u and the anisotropic bulk 
contribution by v and w. In addition, u, v, and w include linear optical 
properties. The azimuthal angle ψ is defined as the angle between the plane of 
incidence and the [011] crystal axis (cf. Fig. 1). 
 The third term in Eq. (7) proportional to γ is the magnetic dipole 
contribution that radiates in a manner that is indistinguishable from electric 

                                                 
§  The bulk quadrupole susceptibility component γ remained undetermined by An et al.41 

( ) ( ) ( ) ( ) ( )2 2Qi i i i i i iP E E E Eω δ β γ β γ ζ= − − ⋅ ∇ + ∇ ⋅ + ∇ ⋅ + ∇E E E E . (7)

( ) ( )( )
( ) ( )

2

2

2 cos 4 ,

2 sin 4 ,
p

s

I u v
I w

ω ψ

ω ψ

= +

=
 (8)
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dipole surface or interface contributions. The magnetic dipole term always 
appears in a linear combination with ( )2

zxxχ , like ( )2 1
zxxχ ε γ−+ .37-39 Consequently by 

choosing s polarized SHG radiation this bulk term does not contribute.  
 The second term in Eq. (7) that is proportional to β vanishes in a 
homogeneous medium because of the zero divergence of the electric field.  
 The first term in Eq. (7) with prefactor ( )2δ β γ− −  disappears when only 
a single plane wave is present in the medium, since 0⋅ =E k . However, for 
several experimental configurations the first term of Eq. (7) does contribute. 
For example, for a tightly focused Gaussian beam this term is nonzero and 
scales with 2

0/wE , where 0w  is the beam waist of the incident radiation.42,43 

The first term also contributes when multiple beams are present in the 
medium, for example in a thin film geometry where due to multiple reflections 
a second plane wave occurs.44 The polarization dependence of this term for the 
thin film geometry can be evaluated by explicitly including the electric fields 

( ) 0 mi
m me ⋅= k rE r E , where m = 1 and m = 2 represent the waves propagating in 

the film towards and away from the substrate, respectively 
 
 
 
 
 
The first and last terms in Eq. (9) vanish since the electric field of the beams is 
always perpendicular to the propagation direction, or 0i i⋅ =E k . The second 
and third term only vanish for s polarized input radiation, as in this case the 
fundamental electric fields are, by definition, perpendicular to the plane of 
incidence, or 0i j⋅ =E k . For fully p polarized input Eq. (9) results in a 
p polarized polarization wave, consequently generating only p polarized SHG 
radiation. s polarized SHG radiation can be generated by using mixed input 
polarization.  
 The term proportional to 2δ β γ− −  also contributes to the SHG response 
in a two-beam SHG geometry.42,43,45,46 Consider for example a configuration 
with one beam at normal incidence with respect to the sample surface and the 
other beam at a certain angle. The electric fields of the two beams can be 
described again with ( ) 0 mi

m me ⋅= k rE r E , where in this case m = 1 denotes the 
beam at normal incidence and m = 2 the angled beam. The polarization in this 
situation is also given by Eq. (9). Similar as for the thin film geometry, the first 
and last terms vanish. If both beams are polarized perpendicular to the plane 
of incidence (s polarization), thus 1 2 ŷE E , then also the second and third 
terms vanish as in this case 0i j⋅ =E k . When both beams are polarized parallel 
to the plane of incidence (p polarization), the SHG polarization is parallel to 
k1+k2 and, consequently, does not radiate as derived by Sun.42 However when 

1 2⊥E E , for example 1 x̂E  and 2 ŷE , then the third term vanishes since 

( ) ( ) ( ){
( ) }

1 21

1 2 2

20 0 0 0
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20 0 0 0
2 1 1 2 2 2
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.
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Q
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2 1 0⋅ =E k , whereas the second term does contribute and 2QP E , i.e., 
s polarized. The special case of this so called cross-polarized two-beam 
second-harmonic generation (XP2-SHG), will be treated in more detail in 
Chapter 7, where Si nanocrystals embedded in fused silica are investigated.45 

 Returning to the amorphous film/Si(100) substrate geometry, the 
polarization dependence of all surface dipole and bulk electric 
quadrupole/magnetic dipole terms contributing for this system are 
summarized in Table I. In brief, for amorphous thin films on Si(100) isotropic 
surface dipole components originating from surfaces and interfaces can 
contribute to the SHG response. The substrate bulk can contribute to the SHG 
response via the anisotropic bulk term ζ and the magnetic dipole term γ. The 
bulk of the amorphous film can generate SHG via the 2δ β γ− −  term and 
magnetic dipole term γ. 
 In order to separate bulk contributions, surface contributions, and 
buried interface contributions in thin film systems several approaches can be 
used. (1) Specific polarization configurations and azimuthal orientations can be 
selected. However, as evident from Table I this method does not result in a full 
separation of surface or interface and bulk contributions. (2) Substrates 
without a SHG response can be used. (3) The film thickness dependence of the 
SHG response can be used to distinguish between surface, interface and bulk 
contributions. (4) The surface properties can selectively be modified possibly 
resulting in a change in SHG response. And finally, (5) spectroscopic 
information can be used to reveal the origin of the SHG radiation, providing 
not only information on the microscopic origin but also on the macroscopic 

TABLE I  Overview of the polarization dependence of the surface dipole contributions
and the bulk electric quadrupole/magnetic dipole contributions for centrosymmetric 
media with 4mm and ∞m surface symmetry. ζ only contributes for anisotropic media 
(indicated by A). Terms proportional to 2δ β γ− −  are only nonzero in a multiple beam 
geometry, here the polarization dependence for a thin film geometry with multiple
reflections is displayed (indicated by TF ). 

Component pP sP mixP sS pS mixS 
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ζ A A A A A A 
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origin. In Sec. IV examples of these approaches will be given for different thin 
film systems.  
 
B. Microscopic origin 
 Microscopically, SHG is the conversion of two photons with 
energy ω  into a single SHG photon with energy 2 ω . An expression 
for ( )2χ  can be derived quantum mechanically from perturbation theory, 
resulting in a sum of eight terms of the form29 

 
 
 
 
 
This expression describes a sequence of electronic transitions; two photons 
with energy ω  excite the system from an initial state g  to intermediate 
states 'n  and n . A SHG photon with energy 2 ω  is emitted when the system 
relaxes back to the initial state g . As already mentioned above, the process 
of SHG is resonantly enhanced when either the fundamental photon energy ω  
or SHG photon energy 2 ω  coincides with real transitions in the medium with 
energies ngω , 'n gω , or 'n nω . In Eq. (10) N represents a unit density, ngΓ  is a 
damping constant representing the linewidth or characteristic relaxation time 
for transitions between quantum states, and ( )0

gρ  denotes the population of 
state g .  
 Erley et al. developed a theory to decompose spectroscopic SHG data 
into a number of separate resonant contributions. In this approach the 
spectroscopic SHG intensity is reproduced by18,47 

 
 
 
 
where ( )ωIin  is the intensity of the incident fundamental radiation. The 
subscripts L in this equation refer to the spatial origin or location of the 
resonances. The factors ( ), ,LA αβγ ω θ  denote complex functions that describe 
the propagation of both the fundamental and the SHG radiation through the 
system and include linear optical phenomena such as reflection, refraction, and 
absorption. In the next section the propagation of radiation is evaluated for a 
two-layer system. The second-order susceptibility is approximated by a 
coherent superposition of critical-point-like resonances with excitonic line 
shapes 
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where qh  denotes the (real) amplitude, ωq  the frequency, Γq  the linewidth, 
and ϕq  the excitonic phase of resonance q. The excitonic line shape represents 
the best approximation for the 1E  CP in the linear dielectric function ε of bulk 
c-Si.9 However, this approximation has proven to be useful for other 
transitions as well.5,7,8,47 For the approximation in Eq. (12), it is assumed that 
the SHG response is resonant at the SHG photon energy with the fundamental 
photon energy far from a resonance. In case the fundamental photon energy is 
chosen to be resonant with direct interband transitions, Eq. (12) can be applied 
with 2ω in the denominator replaced by ω. 
 
C. Propagation of radiation in multilayer systems 
 In systems consisting of multiple layers the propagation of radiation is 
an important aspect that should be considered when applying SHG. Due to 
multiple reflections in the layers, interference effects can occur that affect both 
the electric fields of the fundamental and the SHG radiation. As a result, SHG 
contributions from the surface and interface can have a different impact on the 
observed SHG intensity. These inference effects can also cause modulations in 
the SHG intensity with varying film thickness or photon energy. Here the 
propagation in a two-layer model will be evaluated taking into account SHG 
generated at the surface and the buried interface of the system. Extending the 
approach to more layers is straightforward.  
 The model consists of a semi-infinite substrate and a film with 
thickness d embedded in vacuum. These layers and the vacuum are referred to 
as medium 3, 2, and 1, respectively. The geometry is depicted schematically in 
Fig. 2. To evaluate the different electric fields an approach similar to 
Koopmans et al.44,48 and Mizrahi and Sipe49 is followed. In this approach an 
interface region between two media that generates SHG radiation is treated as 
a polarized sheet placed in an infinitesimal vacuum gap between the two 
media. In Fig. 2 these vacuum gaps are placed at +=z 0  and = −z d . In our 
analysis we use the convention that the local fundamental electric field at a 
particular interface is also evaluated within these vacuum gaps. For 
convenience, also the SHG electric fields are evaluated at the surface at 

( )+= 0,0,0r . Other conventions would basically result in a rescaling of the 
elements of the second-order nonlinear susceptibility tensor and would not 
affect the outcome of the analysis.  
 Consider a medium i described by dielectric constant iε  or (complex) 
refractive index i in ε= . The propagation direction of a beam propagating in 
this medium is described by the wave vector ˆ ˆi ix izk x k z− = −k , where izk  is the 
positive z component defined by ( )122 2

iz i ixk k kε= −  with k cω=  the wave 
number in vacuum. The - sign in the index of i −k  indicates that the beam has 
a component in the negative ẑ  direction. The propagation angle is given by 

( )arctani ix izk kθ = . Reflection and transmission of radiation propagating from 
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medium i to medium j is described by the Fresnel reflection and transmission 
coefficients,48,49 

 
 
 
 
 
 
These Fresnel coefficients can be represented in a compact way by the 
following diagonal Fresnel transformation tensors 
 
 
 
 
 
 
The incident electric field at frequency ω propagating in vacuum (medium 1) at 
angle of incidence θ is given by 
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FIG. 2  Two-layer optical model to describe the propagation of fundamental and SHG
radiation. The model consists of a semi-infinite substrate and a film of thickness d 
embedded in vacuum with refractive indices 3n , 2n , and 1n , respectively. SHG is 
generated in polarized sheets placed in vacuum gaps at the surface ( 0z += ) and the 
buried interface ( z d= − ). Multiple reflections are displayed schematically for (a) 
fundamental radiation creating an electric field at the surface, (b) SHG radiation
generated at the surface, (c) fundamental radiation creating an electric field at the 
buried interface, and (d) SHG radiation generated at the buried interface. For clarity,
dispersion effects, generally occurring in the film and included in the model, are not
shown. 
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where ( ), ,x y z=r  is the position vector and in in inê = E E  is the polarization 
vector or normalized incident electric field, with in 1ˆ 0e −⋅ =k . The local 
fundamental electric field at the surface at ( )0,0,0+=r  can be related to the 
normalized incident field by 
 
 
 
 
where ˆˆ ˆ̂ ˆˆ1 xx yy zz= + +  denotes the identity tensor. The different terms of 
Eq. (16) can be understood by examining Fig. 2(a). The first two terms, 121 r+ , 
indicate the incident beam and the beam reflected at the surface, respectively. 
The other terms describes multiple reflections within medium 2. First consider 
a single pass through medium 2, which is denoted by w = 0 in the summation. 
The radiation is transmitted from medium 1 into medium 2, as described by 

12t . The transmitted radiation reflects at the buried interface with medium 3 
and, although at this interface a vacuum gap is placed, the reflection can be 
represented by 23r . The use of 23r  will be explained below. Finally, the radiation 
is transmitted back from medium 2 into medium 1, as described by 21t . Due to 
the propagation through the film the radiation has exhibited a phase 
difference of 22 zik de . Radiation exhibiting a second pass through the film 
(w = 1) is, instead of being directly transmitted at the surface into medium 1, 
first reflected back into the film, denoted by 21r . The second reflection at the 
buried interface with medium 3 and the propagation through the film results in 
an additional factor 22

23
zik dr e . Consequently, every additional pass leads to a 

term with an additional factor 22
21 23

zik dr r e . Equation (16) can be simplified by 
evaluating the summation and by using the relation 
 
 
 
 
This results in 
 
 
 
 
The reflection at the buried interface is described in Eqs. (16) and (18) by the 
reflection tensor 23r . The validity of 23r  is not influenced by the introduction of 
a conceptual vacuum gap at the interface. The reflection and the transmission 
of radiation at the interface with the conceptual gap and multiple reflections 
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within the gap, as depicted schematically in Fig. 2(c), can be shown to reduce 
to 23r  
 
 
 
 
Note that 2zk  in the factors 22 zik de  in Eqs. (16) and (18) is generally complex. 
The imaginary part of 2zk  describes absorption of radiation within medium 2.  
 The local electric field of the fundamental radiation at the interface at 

( )0,0, d= −r  is illustrated in Fig. 2(c) and can be related to the normalized 
incident field by following the same approach as for the electric field at the 
surface 
 
 
 
 
In this equation multiple reflections in both the vacuum gap and medium 2 
have been taken into account, as represented by the two summations. 
Equation (20) can be simplified by using Eqs. (17) and (19), resulting in 
 
 
 
 
The local normalized fundamental electric fields at the surface and the 
interface as given by Eqs. (18) and (21), respectively, can be represented in a 
compact way by introducing the diagonal tensors ( )Sf ω  and ( )If ω  
 
 
 
 
where { },L S I∈  and 
 
 
 
 
with components  
 
 
 
 
where { }, ,x y zξ ∈  and ijr ξξ  denotes the components of the Fresnel trans-
formation tensor for reflection as defined in Eq. (14).  
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 The SHG radiation also exhibits multiple reflections within the thin film. 
As can be seen from Figs. 2(b) and 2(d) the reflections encountered by SHG 
radiation evaluated at ( )0,0,0+=r  are exactly the same as for the fundamental 
radiation. This holds for both SHG radiation generated at the surface and the 
buried interface. Consequently, Eqs. (23) and (24) are also valid for the SHG 
radiation. For clarity, the tensors describing multiple reflections of the SHG 
radiation will be shown in upper case. In analogy with the expression for the 
fundamental radiation, the propagation of the SHG electric field generated at 
the surface or interface and evaluated at ( )0,0,0+=r  with polarization vector 

outê  can be represented by 
 
 
 
 
The SHG electric field from the polarized sheets projected on to the 
polarization vector can now be written as 
 
 
 
 
For the total SHG intensity this results in 
 
 
 
 
This expression can be applied for example as a more explicit representation 
of Eq. (11) to reproduce spectroscopic SHG data. The SHG intensity in Eq. (27) 
is evaluated in vacuum, which can be replaced by an arbitrary dispersive 
medium i by exchanging 2cos θ  in the denominator of Eq. (27) by 

( ) ( ) ( )2 22 cos 2i i in nω ω θ ω .  
 
 
III. EXPERIMENTAL 
 
A. Laser systems 
 The SHG experiments that are presented in this chapter were mainly 
performed using a femtosecond Ti:sapphire oscillator [Spectra Physics (SP) 
Tsunami] tunable in the 1.33-1.75 eV photon energy range (710-930 nm). 
This Ti:sapphire oscillator is regeneratively mode-locked with an acousto-optic 
modulator and operates at a repetition rate 80 MHz. For the SHG experiments 
the spectral width was set to 12 nm (full width half maximum) corresponding 
to a pulse duration of ~90 fs. Figure 3(a) shows a photograph of the 
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Ti:sapphire oscillator. To pump the oscillator a cw Nd:YVO4 laser (SP Millennia 
Vsj) that is intracavity frequency doubled using a lithium triborate (LBO) crystal 
is used. The Nd:YVO4 laser crystal is pumped by a fiber coupled diode bar. 
 Furthermore, SHG experiments were performed in the 0.76-1.14 eV 
photon energy range (1090-1630 nm) using the signal beam of an optical 
parametric amplifier (OPA) (Light Conversion TOPAS-C). This OPA is a two-
stage parametric amplifier of white-light continuum. The white-light 
continuum is generated in a sapphire plate and overlapped noncollinearly with 
pump radiation in beta-barium borate (BBO) crystal. The resulting signal beam 
is overlapped collinearly with pump radiation in a second BBO crystal. The OPA 
is pumped by a regenerative Ti:sapphire amplifier (SP Spitfire HPR). This 
amplifier, which is shown in Fig. 3(b), first stretches the pulse duration of 
800 nm seed pulses from the aforementioned Ti:sapphire oscillator. A selected 
stretched pulse is then amplified while multipassing a Ti:sapphire rod, which 
has been optically excited by an intracavity frequency doubled Q-switched 
Nd:YLF laser (SP Evolution 30). After amplification the pulse is compressed to 
nearly its original duration. The regenerative amplifier and the OPA operate at 
the repetition frequency of the diode-pumped Nd:YLF laser of 1 kHz. In this 
configuration the OPA radiation had a pulse duration of ~90 fs.  
 In addition to experiments with these femtosecond laser systems, 
several initial experiments were carried out using the idler beam of an optical 
parametric oscillator (OPO) pumped by a frequency tripled, injection seeded 
Q-switched Nd:YAG laser with a repetition rate of 30 Hz and a pulse length of 
6 ns (SP MOPO 710 and GCR 230). This laser system provided radiation with a 
photon energy tunable between 1.05 and 1.65 eV (745-1160 nm) at a 
linewidth of 10 cm-1.15,16 

 To compare the performance of these different laser systems it is useful 
to rewrite the general expression for the total SHG intensity in Eq. (27) to give 
the number of SHG photons 2S ω  radiated per second50 
 
 
 
 
where, Pavg is the average power in the incident beam, tp is the pulse duration, 
Rrep is the repetition rate, and As is the irradiated area of the sample. Before 
evaluating Eq. (28) for the different laser systems it is important to note that it 
is essential to keep the fluence below 100 mJ cm-2 to prevent damage to the 
c-Si.51 This restricts the applicable range of the laser power and the beam 
waist. For both Ti:sapphire laser systems the beam waist at the sample was 
~100 μm. The applied laser power was typically 100 mW for the Ti:sapphire 
oscillator and 7.5 mW for the Ti:sapphire-amplifier-pumped OPA. For the 
Nd:YAG-pumped OPO the beam waist was ~3 mm at a power of ~50 mW. This 
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FIG. 3  (a) Photograph of the Spectra Physics Tsunami Ti:sapphire oscillator. Pump 
radiation provided by the cw Nd:YVO4 laser enters the laser from the right. The 
Ti:sapphire crystal placed is visible just left of the centre of the picture. (b) Photograph 
of the Spectra Physics Spitfire HPR regenerative Ti:sapphire amplifier. In the upper 
right section of the laser the seed pulses from the oscillator are stretched. On the left 
side the regenerative cavity with the Ti:sapphire crystal is visible. The amplified pulses 
are compressed in the section at the bottom right. 

 
resulted in fluences of 1.6 μJ cm-2, 95 mJ cm-2, and 25 mJ cm-2, respectively. By 
neglecting the wavelength dependence of the SHG process, Eq. (28) results in 
the following ratios of the SHG photons radiated per second for the different 
laser systems: 2 2 2 2 -2

:  :  :  : : 1: 4 10 :10Ti S oscillator Ti S OPA Nd YAG OPOS S Sω ω ω = ⋅ . Because of their 
ultrafast pulses, the Ti:sapphire laser systems are clearly superior to the 
Nd:YAG laser system to perform SHG experiments. The higher photon yield 
results in a better sensitivity and signal-to-noise ratio and the higher 
repetition rate in a better time resolution. 
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FIG. 4  Optical setup to generate and detect SHG as used in the experiments with the
Ti:sapphire oscillator and the Ti:sapphire-amplifier-pumped OPA. In the experiments 
with the Nd:YAG-pumped OPO a monochromator was used instead of the dispersing
Pellin Broca prism. 
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B. Optical setup 
 In this section the optical setup used to generate and detect the SHG 
radiation is described. First the setup used in the experiments with the 
Ti:sapphire oscillator is treated. Subsequently, the setups for the experiments 
with the Ti:sapphire-amplifier-pumped OPA and the Nd:YAG-pumped OPO will 
be addressed.  
 In Fig. 4 the optical setup used in the measurements with the 
Ti:sapphire oscillator is displayed. The laser beam was guided to the samples 
using broadband silver coated mirrors (not shown). With a variable wave plate 
[New Focus (NF) 5540] and a Glan-Thompson polarizer (NF 5525) the desired 
polarization direction for the fundamental radiation was selected and the laser 
power at the sample was set. Any radiation at the SHG wavelength generated in 
the laser or in optical components in the beam path was suppressed by a 
factor of > 104 using a Schott OG570 color filter. The laser beam was focused 
onto the sample using a plano convex BK7 lens. The polarization direction of 
the SHG radiation generated in reflection at the sample was selected with a 
Glan-Laser polarizer (Thorlabs GL10A). The fundamental radiation that 
reflected off the sample was suppressed by a factor > 106 by two Schott BG40 
color filters, blocking also possible radiation at the third-harmonic photon 
energy. The remaining fundamental radiation and the SHG radiation were 
separated spatially by a Pellin Broca dispersing prism placed between a BK7 
lens and a slit. The slit blocked the remaining fundamental radiation allowing 
only the SHG radiation to reach the detector. This detector consisted of a 
photomultiplier tube (Hamamatsu R585) connected to single photon counting 
electronics. The time resolution for real-time SHG experiments with this 
system was 0.1 s and the dark count rate of the detection scheme was below 
4 Hz.  
 As the photon energy range in the measurements with the Ti:sapphire-
amplifier-pumped OPA was different, another photomultiplier tube 
(Hamamatsu R928) and a different set of color filters were used in these 
experiments. Possible SHG radiation in the incident beam was suppressed with 
a Schott RG850 filter. Depending on the applied photon energy either the 
combination of Schott KG3 and OG515 filters or a single Schott RG9 filter was 
used to suppress the fundamental radiation and any possible radiation at the 
third-harmonic photon energy in the outgoing beam. Furthermore, the SHG 
signal was beyond the applicable range of single photon counting, because the 
number of SHG photons generated per second with this laser was typically at 
least two orders of magnitude larger than with the Ti:sapphire oscillator, 
whereas also the repetition rate was a factor of 8 × 104 lower. In this case, the 
charge from the photomultiplier tube was stored in a RC circuit. The 
discharging of the capacitor in the RC circuit was sampled with a gated 
100 MHz transient recorder, providing a measure for the stored charge and, 
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hence, the SHG intensity. The time resolution of this approach was around 
2 ms. To monitor the stability of the laser system, an additional reference line 
was used. In this reference line, consisting of identical optical elements as the 
signal line, the SHG intensity from a z cut quartz sample with a flat spectral 
response was monitored.  
 For the experiments with the Nd:YAG-pumped OPO photon counting 
was applied using the same photomultiplier tube (Hamamatsu R928) as for the 
Ti:sapphire-amplifier-pumped OPA experiments. The time resolution for the 
real-time experiments was 1 s. The filters in the incident and outgoing beams 
were Schott RG715 and BG39, respectively. Also for these measurements a 
reference channel was installed. In the initial experiments with the Nd:YAG-
pumped OPO a monochromator (Edmund NT37-598) with resolution of 1 nm 
was used for the separation of the remaining fundamental and the SHG 
radiation. This monochromator was observed to have a very low transmission 
for p polarized radiation around 2.6 eV, causing a relatively large uncertainty 
in the detected SHG signal around this photon energy. In general, the 
separation method using a Pellin Broca dispersing prism is more 
straightforward, yields less loss of SHG radiation, and is applicable over a 
wider photon energy range than when using a monochromator. However, 
combined with a charge coupled device (CCD) instead of photomultiplier tube a 
monochromator might be beneficial. For either approach, monochromator or a 
Pellin Broca prism, the detection band width should be considered carefully 
when using femtosecond Ti:sapphire laser systems, which have a broad 
spectral width (e.g., 12 nm full width half maximum for the oscillator). 
 The SHG data are represented in terms of the SHG intensity as calculated 
from the detected SHG signal after correction for the applied laser intensity 
and the response of the optical system. The optical response was obtained 
from separate transmission experiments of the optical components using a 
calibrated tungsten ribbon lamp and was verified by spectroscopic SHG 
experiments on single side polished z cut quartz. SHG experiments were 
carried out both ex situ and in situ using high vacuum setups. The vacuum 
setups were equipped with fused silica view ports to provide optical access to 
the samples. These viewports were verified not to generate any detectable 
radiation at the SHG photon energy. The second-order relation between the 
incident fundamental intensity and the SHG intensity was verified in the 
experiments. 
 
C. Substrate and film preparation 
 Different thin film systems have been investigated with SHG. The 
common factor in all systems is the presence of silicon, either as a crystalline 
silicon substrate, an amorphous silicon film, or both; an amorphous film on a 
crystalline substrate.  
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 Two types of substrates were used: Si(100) and fused silica. The Si(100) 
wafers (Czochralski grown, n type, P doped, resistivity 10-30 Ω cm, thickness 
500 ± 25 μm) were either covered with a native oxide or terminated with 
hydrogen. The native oxide covered Si(100) substrates were cleaned by 
immersion in an ultrasound ethanol bath. The H terminated Si(100) substrates 
were prepared by two methods. Either by ultrasound cleaning in ethanol 
followed by immersion in a 2% HF solution for 2 min and finally rinsing with 
ultra pure water or by a standard RCA I and RCA II procedure using a buffered 
1% NH4F/HF solution (BHF) with pH 4.52 Both methods removed the native 
oxide terminating the Si surface with H. The fused silica substrates (thickness 
1.6 mm) were cleaned with methanol. 
 The thin films investigated consist of deposited hydrogenated 
amorphous silicon (a-Si:H), amorphous silicon (a-Si) resulting from Ar+-ion 
bombardment of c-Si, and aluminum oxide (Al2O3) prepared by plasma-
assisted atomic layer deposition (ALD). The synthesis of these thin films will be 
addressed briefly. 
 The a-Si:H films were deposited in a high vacuum chamber (base 
pressure < 10-9 mbar) from silane gas (SiH4) by hot-wire chemical vapor 
deposition (HWCVD). The hot-wire source consists of a coiled 0.45-mm-
diameter tungsten filament that was resistively heated by a 10 A dc to a 
temperature of 2000 ± 200 ºC. The hot wire was operated at pressures 
ranging from 1 × 10-4 to 8 × 10-3 mbar at a distance between 7 and 13 cm 
from the substrates. The substrate temperatures were typically 150 ºC for 
experiments with Si(100) substrates and 450 ºC for measurements with fused 
silica substrates. These conditions resulted in deposition rates ranging from 
1.3 to 3.4 nm/min. Most SHG experiments on a-Si:H films deposited with 
HWCVD were performed in situ, both during and after film deposition. The 
angle of incidence for these in situ experiments was 35º. In addition, some 
SHG experiments were performed ex situ using a-Si:H films deposited with 
radio frequency plasma enhanced chemical vapor deposition (rf PECVD) on 
fused silica. The deposition was carried out at 250 ºC using SiH4 as a precursor 
gas. The deposition pressure was 0.70 mbar and the deposition rate was 
13 nm/min. 
  Amorphous Si (a-Si) layers were formed by low-energy Ar+-ion 
bombardment of H terminated Si(100). The Ar+-ion bombardment causes 
damage to the surface region of the substrate resulting in a thin layer of a-Si. 
These layers were studied in situ in a high vacuum chamber (base pressure 
< 10-8 mbar) during and after formation of a-Si. The high vacuum chamber 
was equipped with a low-energy Ar+-ion gun (Nonsequitur Technologies, 
customized version of model LEIG-2) operated on Ar gas with a purity of 
99.999%. The Ar+-ion energy ranged from 70-1000 eV, resulting in a-Si layers 
with a thickness on the order of a few nanometers.18,53 The ion flux was 
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~0.07 ML/s (1 ML = 6.86 × 1014 cm-2). The vacuum setup also featured a XeF2 
source producing a beam of XeF2 at a flux of ~1 ML/s. The angle of incidence 
of the fundamental radiation for this high vacuum system was 74º. 
 Ex situ SHG experiments were performed on Al2O3 films that were 
synthesized by plasma-assisted ALD at both sides of H terminated Si(100) 
wafers (float zone, n type, P doped, resistivity 1.9 Ω cm, thickness 275 μm). 
The films were deposited using Al(CH3)3 dosing alternated by O2 plasma at a 
substrate temperature of 200 ºC.54 Experiments were performed with both 
as-grown Al2O3 films and with films annealed at 425 ºC in N2 for 30 min. 
 An important aspect in the application of SHG as a real-time surface and 
interface diagnostic is the possible influence of ambient species such as 
oxygen that might contaminate the surface. To minimize the effect of 
contamination in surface science studies, SHG is often performed in an 
ultrahigh vacuum environment (< 10-10 mbar). However, the requirements of 
these ultrahigh vacuum conditions can be somewhat loosened in materials 
processing when the flux of process-related reactive species towards the 
surface (e.g., ions, radicals etc.) or the flux of volatile species away from the 
surface (e.g., etch products or other reaction products) is significantly larger 
than the flux of contaminants towards the surface. For the conditions applied 
during the HWCVD of a-Si:H the radical flux towards the substrate was at least 
two orders of magnitude larger than the flux of possible contaminants. During 
the Ar+-ion bombardment of c-Si both the ion flux and the Si sputter rate were 
over an order of magnitude larger than the flux of possible contaminants 
towards the substrate. In ex situ applications of SHG the surface will be 
contaminated and a native oxide might have been formed. Nevertheless, ex 
situ experiments can yield important information on buried interfaces and on 
surfaces that are intended to be exposed to ambient air. In these experiments 
it is essential to measure under steady-state surface conditions. 
 
 
IV. RESULTS OF SHG IN THIN FILM SYSTEMS  
 
 This section is roughly divided in three parts. First the SHG response of 
the substrates applied in the different studies will be addressed. Subsequently, 
the “true” SHG response of films is presented, by applying substrates that do 
not display a significant SHG response or using relatively thick films that are 
opaque to the SHG and/or the fundamental radiation. Finally, the SHG response 
of different thin film systems is described. In these cases the surface, the 
buried interface, and the substrate can contribute to the detected SHG 
intensity. Methods to separate different contributions to the SHG signal will be 
illustrated from the data. 
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A.  SHG response of substrates 
A1.  Si(100) substrates  
 Two types of substrates were applied in the various thin film studies: 
Si(100) and fused silica. The SHG response of these substrates will be 
discussed briefly. Figure 5 shows the polarization dependence of the SHG 
intensity obtained from native oxide covered Si(100). The experiments were 
performed using the Ti:sapphire oscillator at a SHG photon energy of 3.31 eV 
and an angle of incidence of 74º. Results are shown for both p and s polarized 
SHG radiation as a function of the polarization direction of the fundamental 
radiation. For p polarized SHG radiation (local) maxima arise at purely p and 
s polarized pump radiation. The s polarized SHG radiation displays maxima at 
mixed fundamental polarization with equal s and p components. No 
s polarized SHG radiation is observed above the noise level for purely p or 
s polarized fundamental radiation. This polarization dependence corresponds 
to a second-order nonlinear susceptibility tensor with nonzero components 

( )2
zzzχ , ( ) ( )2 2

zxx zyyχ χ= , and ( ) ( )2 2
xxz yyzχ χ= , as expected for a Si(100) surface with 4mm 

symmetry.30 Consequently, the polarization dependence can be reproduced 
well using Eq. (4) as also shown in Fig. 5. The SHG intensity clearly has a global 
maximum for purely p polarized fundamental and SHG radiation, which can be 
related to a dominant contribution of tensor component ( )2

zzzχ . The importance 
of this component in the SHG response is enhanced by the angle of incidence  

 

FIG. 5  Polarization dependence of the SHG intensity obtained ex situ from native 
oxide covered Si(100). Filled (open) circles represent p (s) polarized SHG radiation. For 
clarity the s polarized SHG intensity is multiplied by a factor of 40. The polarization
angle ϕ of the fundamental radiation is varied, where a position of 0° and 180º (90°
and 270º) corresponds to p (s) polarized fundamental radiation. The solid and dashed
lines represent fits to the data using Eq. (4). Data were obtained using the Ti:sapphire 
oscillator at a SHG photon energy of 3.31 eV and an angle of incidence of 74º. 
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of 74º, implicating relatively large electric fields in the ẑ  direction. Smaller 
angles of incidence would relatively increase the SHG intensity at sP and mixS 
polarization combinations, however with pP polarization remaining dominant.  
 In Fig. 6 the dependence of the SHG intensity on the orientation of 
native oxide covered Si(100) is shown for p polarized fundamental and SHG 
radiation at an angle of incidence of 74º. Figure 6 reveals a four-fold symmetry 
of Si(100) upon rotation around the surface normal, in agreement with the 
results reported by Tom et al.40 As discussed in Sec. II.A, the response of the 
Si(100) surface is fully isotropic. The anisotropy in the signal is related to the 
Si(100) bulk and is described by the term proportional to ζ in Eq. (7). The 
azimuthal dependence of the SHG intensity in Fig. 6 can be reproduced well by 
fitting the expression in Eq. (8) to the data. It can be estimated that the 
amplitude of the anisotropic contribution is only ~5% of the total SHG electric 
field. In all further experiments the Si(100) substrates were oriented with the 
[110] crystal axis parallel to the plane of incidence of the laser beams.  
 For many SHG studies presented in this work, H terminated Si(100) 
substrates prepared by wet-chemically cleaning were used. In Fig. 7 SHG 
spectra for H terminated Si(100) obtained in high vacuum at room temperature 
and at 150 ºC are shown. A sharp and asymmetric spectral feature around a 
SHG photon energy of 3.3 eV was obtained at room temperature, while a 
spectrum with a maximum at 3.25 eV and a sharp minimum at 3.4 eV was 
obtained at 150 ºC. These SHG spectra correspond well to spectra obtained by 
Dadap et al. for H terminated Si(100).4 As reported by Dadap et al. the spectral  

 

FIG. 6  Azimuthal dependence of the SHG intensity from native oxide covered Si(100)
for p polarized fundamental and SHG radiation. At an orientation of 0º the plane of
incidence is aligned with the [011] crystal axis. The solid lines represent fits to the 
data using Eq. (8). Data were obtained ex situ using the Ti:sapphire oscillator at a SHG 
photon energy of 3.31 eV and an angle of incidence of 74º.  
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features can be attributed to interfering contributions: (1) a component related 
to interface-modified Si-Si bonds near 3.3 eV, (2) a surface EFISH contribution 
near 3.4 eV, and (3) a nonresonant contribution at higher photon energy. The 
temperature dependence of these interfering contributions causes the 
difference between the spectra at room temperature and 150 ºC in Fig. 7. 
 
A2. Fused silica substrates 
 No detectable SHG response was observed for the fused silica 
substrates, as expected considering the band gap of this material of 9 eV. The 
application of these substrates facilitates the interpretation of the SHG signal 
from a thin film system, as the substrate bulk signal can be ruled out. 
 
B. SHG response of thin films 
B1. Nonresponding substrates 
 In Fig. 8 the polarization dependence of the SHG intensity is shown for 
an a-Si:H film with a thickness of 9 nm deposited on fused silica by rf PECVD. 
The experiments were performed ex situ using the Nd:YAG-pumped OPO 
system at a fundamental photon energy of 1.17 eV and an angle of incidence 
of 45º. Similar as for the native oxide covered Si(100) (local) maxima arise at 
pP, sP, and mixS polarization and no SHG is observed at pS and sS polarization. 
The polarization dependence can be reproduced well by Eq. (4). 
 In addition to the polarization dependence, the azimuthal dependence 
of the SHG intensity from a-Si:H on fused silica was measured by rotating the 
samples around the axis normal to the surface. Figure 9 shows the SHG signal  

 

FIG. 7  SHG intensity as a function of SHG photon energy for H terminated Si(100) at 
room temperature and at 150 ºC. Data were obtained in high vacuum at an angle of
incidence of 35º. The fundamental and SHG radiation were p polarized with the 
fundamental radiation provided by the Ti:sapphire oscillator. 
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FIG. 8  Polarization dependence of the SHG intensity obtained ex situ from a 9 nm 
thick a-Si:H film deposited on fused silica by rf PECVD. Filled (open) circles represent
p (s) polarized SHG radiation. The polarization of the fundamental radiation is varied,
where a position of 0° and 180º (90°) corresponds to p (s) polarized fundamental 
radiation. The solid and dashed lines are fits to the data using Eq. (4). Data were 
obtained using the Nd:YAG-pumped OPO at a fundamental photon energy of 1.17 eV 
and an angle of incidence of 45º. 

 

FIG. 9  Azimuthal dependence of the SHG intensity for a 4 nm thick a-Si:H film 
deposited on fused silica with rf PECVD for pP (filled circles), sP (open squares), and 
mixS (triangles) polarization configurations. Data were obtained using the Nd:YAG-
pumped OPO at a fundamental photon energy of 1.17 eV and an angle of incidence of 
45º. 
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as a function of the orientation of an a-Si:H film with thickness of 4 nm 
deposited by rf PECVD on fused silica for the three polarization configurations 
corresponding to the (local) maxima of the SHG signal, pP, sP, and mixS. It is 
evident that the SHG signal does not depend on the azimuthal orientation of 
the sample. This indicates that the origin of the SHG signal is isotropic. As the 
fused silica substrates do not contribute to the SHG signal, the polarization 
dependence and the azimuthal dependence can be attributed to the a-Si:H 
film. The polarization and azimuthal scans correspond to a second-order 
nonlinear susceptibility tensor with nonzero components ( )2

zzzχ , ( ) ( )2 2
zxx zyyχ χ= , and 

( ) ( )2 2
xxz yyzχ χ= , as expected for an amorphous surface having ∞m symmetry.15,30 No 

SHG signal was detected in SHG experiments performed at normal incidence of 
the fundamental radiation corroborating the validity of the tensor for ∞m 
symmetry. At normal incidence neither the fundamental nor the SHG electric 
fields have z components and consequently none of the five nonzero tensor 
components contribute. 
 In Fig. 10 the SHG spectrum for an a-Si:H film with a thickness of 9 nm 
deposited by HWCVD on fused silica is shown for s polarized fundamental and 
p polarized SHG radiation.17 For the photon energy range applied, the SHG 
intensity increases with increasing photon energy and reflects a broad feature 
with possibly a maximum around a fundamental photon energy of ~1.7 eV or a 
SHG photon energy of ~3.4 eV. Figure 10 also shows the squared linear 
susceptibility ( ) 21χ  of a-Si:H, as determined from spectroscopic ellipsometry  

 

FIG. 10  SHG intensity as a function of the SHG photon energy generated at a 9 nm 
thick film of a-Si:H deposited by HWCVD on fused silica for s polarized fundamental 
and p polarized SHG radiation. The measurement was performed ex situ at an angle of 
incidence of 45º. The squared linear susceptibility of the a-Si:H as determined from 
spectroscopic ellipsometry measurements is also given and plotted as a function of 
photon energy. 
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(SE) measurements on films deposited under identical conditions.55 Only one 
broad peak, centered at 3.37 eV, is observed in ( ) 21χ . Following a similar 
argumentation as for c-Si,1 the tentative resemblance between the SHG 
spectrum and the squared linear susceptibility of the a-Si:H films suggests that 
the SHG response in the applied photon energy is governed by a two photon 
resonance related to strained Si-Si bonds in the surface and/or buried 
interface region of the a-Si:H films. When compared to the spectroscopic SHG 
response from c-Si, the resonance for a-Si:H is much broader, which can be 
attributed to the disorder in the a-Si:H. Furthermore it is noted that the SHG 
spectrum resembles the spectroscopic response obtained in in situ 
experiments using the Nd:YAG-pumped OPO laser system in the fundamental 
photon energy range of 1.0-1.7 eV.16  
 
B2. Thick films 
 The use of substrates that do not generate SHG can facilitate the 
interpretation of the SHG response of a thin film system. However, for many 
applications substrates are required that inherently generate SHG. In case of 
films that absorb radiation, the possible SHG response from the substrate or 
the buried interface can be ruled out by using relatively thick films (e.g., on the 
order of the wavelength of the radiation) that are opaque to either both the 
fundamental and the SHG radiation or to solely the SHG radiation. In the latter 
case the fundamental radiation can reach the interface with the substrate and 
possibly generate SHG radiation, however this SHG radiation will be fully 

 

FIG. 11  SHG intensity for pP polarization measured during HWCVD of a-Si:H on fused 
silica. The fundamental radiation with a photon energy of 1.2 eV was provided by the 
Nd:YAG-pumped OPO. The solid line represents a simulation of the data using 
Eq. (27).  
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absorbed while propagating back through the film. Furthermore, interference 
effects due to multiple reflections of the fundamental radiation in the film are 
likely to modulate the SHG intensity generated at the surface, as discussed in 
Sec. II.C. To illustrate the impact of interference effects, the SHG intensity was 
measured during deposition of an a-Si:H film on fused silica with HWCVD up to 
a thickness of ~412 nm, as shown in Fig. 11.16 Although the fused silica 
substrate does not generate SHG radiation, this experiment clearly 
demonstrates the SHG response for thick films. The experiment was performed 
at pP polarization using the Nd:YAG-pumped OPO at a fundamental photon 
energy of 1.2 eV. The a-Si:H only slightly attenuates the fundamental radiation 
(α ≈ 10 cm-1), whereas the SHG radiation of 2.4 eV is strongly absorbed 
(α = 1.3 × 105 cm-1).56 The SHG intensity displays a very strong dependence on 
the a-Si:H thickness, which can be explained by the propagation of the 
fundamental and SHG radiation through the film. Both the fundamental 
radiation and the SHG radiation generated at the a-Si:H surface and buried 
interface exhibit interference. However, because of the strong absorption, the 
influence of SHG radiation generated at the buried interface is only present at 
small a-Si:H thicknesses. In the model presented in Sec. II.C this is reflected by 
the disappearance of IF ξξ  and, hence, ( )2I ωe  [Eqs. (24) and (25)] with 
increasing film thickness. Also multiple reflections of SHG radiation generated 
at the a-Si:H surface contribute only to the observed SHG intensity for low 
a-Si:H thickness. Equivalently, SF ξξ  in Eq. (24) reduces to 121 R ξξ+  with increasing 
film thickness. Therefore, the repetitive pattern of strong maxima can be 
assigned to interference of the fundamental radiation resulting in a modulation 
of the fundamental electric field at the surface of the a-Si:H film. In between 
the strong peaks smaller features are visible that clearly decrease with film 
thickness. These features are caused by interference of the SHG radiation, 
which, while being strongly absorbed, exhibits an interference pattern with a 
period that is roughly a factor of two smaller than for the fundamental 
radiation.  
 The thickness dependence of the SHG signal can be reproduced well 
using Eq. (27) as given by the solid line in Fig. 11. In the evaluation we 
included all three tensor components ( )2

zzzχ , ( )2
zxxχ , and ( )2

xxzχ , both at the surface 
and the buried interface, with ( )2

zzzχ  being dominant. Both the strong peaks and 
the smaller features in between the strong peaks are reproduced by this 
description. For the first 50 nm a deviation from the experimental data occurs. 
This deviation is probably related to the crude assumption made for the ratio 
of the tensor components. Also possible changes in film structure, surface 
roughness, or optical properties of the film during the initial growth might be 
of influence.55,57 A more detailed study including the full polarization 
dependence might yield more insight into the contribution of the different 
components. Such an approach is for example described by Koopmans et al.  
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who measured the dependence of the SHG intensity during evaporation of C60 
films onto fused silica substrates for four different polarization 
configurations.44,58 This method resulted in the separation of all surface, 
interface, and bulk contributions to the SHG response. For this separation 
method C60 films with a thickness on the order of the wavelength of the 
radiation were required. 
 In addition to affecting the SHG response during film growth, 
interference effects can also influence spectroscopic SHG data. In Fig. 12 the 
SHG intensity is shown for a 1031 nm thick a-Si:H film on fused silica as a 
function of the fundamental photon energy for sP polarization. Also in this 
case a strong modulation of the SHG intensity is visible. The interference 
pattern can be reproduced well using Eq. (27), while, for simplicity, assuming 

( )2χ  to be independent of photon energy. Due to the a-Si:H film thickness of 
1031 nm, any possible SHG from the substrate or buried interface is absorbed 
and the SHG intensity is governed solely by interference of the fundamental 
radiation causing a strong modulation of the fundamental electric field at the 
film surface.  
 The two examples in this section illustrate the impact of propagation 
effects on the observed SHG intensity for relatively thick films. The application 
of these thick films provides a way to separate the surface contribution from 
any of the interface contributions or bulk contributions from the substrate. In 
the remainder of this thesis, we will mainly focus on thin films (< 35 nm). For 
thin films interference and propagation effects also have strong influence on 

FIG. 12  (a) SHG intensity for sP polarization as a function of fundamental photon 
energy of a 1031 nm thick a-Si:H film deposited by rf PECVD on fused silica. Data
were obtained ex situ using the Nd:YAG-pumped OPO at an angle of incidence of 45º. 
The line is a guide to the eye. (b) Simulation of the SHG spectrum of a 1031 nm thick 
a-Si:H film using Eq. (27) with the assumption that the second-order 
susceptibility ( )2χ  is photon energy independent. 
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the SHG response. However, the influence of these effects is usually not 
directly clear from the SHG data for thin films. 
 
C. SHG response of thin film-substrate systems 
 As discussed in Sec. II.A, the influence of surface, buried interface and 
bulk contributions to the SHG response of a thin film system can be 
investigated by (1) varying the polarization of the radiation and the orientation 
of the sample, (2) using substrates without SHG response, (3) measuring the 
dependence of the SHG signal on film thickness, (4) selectively modifying 
surface properties, and (5) obtaining spectroscopic information. The SHG 
response of films deposited on substrates that do not generate SHG and the 
polarization and orientation dependence of the SHG signal was discussed in 
the previous section. In the remainder of this section, strategies (3)-(5) will be 
illustrated for different thin film systems. These films have a thickness far 
below the wavelength of the radiation. 
 
C1. Film thickness dependence 
 Measuring the SHG intensity as a function of film thickness is a useful 
approach to gain insight into the macroscopic origin of the SHG response. 
a-Si:H films with a thickness ranging from 38 to 727 Å were deposited on H 
terminated Si(100) with HWCVD. The SHG experiments were performed at room 
temperature using the Ti:sapphire oscillator to provide the fundamental 
radiation. In Fig. 13 the SHG spectra obtained for the different films are shown. 
Also the SHG spectrum for the pristine H terminated Si(100) substrate is 
displayed.20  
 The SHG intensity is enhanced compared to the initial situation for 
ultrathin a-Si:H films of 38 and 100 Å. For these films a sharp resonance at 
~3.3 eV is observed, similar to the H terminated Si(100) substrate. Especially 
the 38 Å thick film has a somewhat asymmetric appearance, indicating the 
presence of another contribution in addition to the strong resonance at 
~3.3 eV. The presence of this aditional contribution is corroborated by the 
spectrum for 236 Å a-Si:H. This spectrum shows a minimum around 3.4 eV, 
which is a clear indication for the presence of interfering contributions. With 
increasing a-Si:H film thickness it is evident that the SHG intensity strongly 
decreases, especially for high photon energies.  
 As discussed in Sec. II.A, the Si(100) bulk can contribute to the SHG 
signal via the anisotropic contribution and the magnetic dipole contribution. 
However, the increase in SHG intensity for ultrathin films indicates that a 
possible substrate bulk contribution to the SHG signal is limited compared to 
contributions related to the a-Si:H. Since the SHG radiation is effectively 
absorbed by the a-Si:H, particularly at high photon energies, the decreasing 
trend in SHG intensity observed for increasing film thickness indicates that the  
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SHG response is predominantly generated at the buried a-Si:H/c-Si interface. 
Equivalently, it can be concluded that SHG from the a-Si:H bulk and surface is 
not significantly contributing to the SHG response. Also the spectroscopic 
features can provide information on the macroscopic origin. The sharp 
resonance at ~3.3 eV observed for the 38 and 100 Å thick films is very similar 
to the ′E E0 1/  resonance observed for the linear susceptibility of c-Si.1,9,18-20 
This similarity also indicates a dominant interface contribution; the SHG signal 
is likely to be related to Si-Si bonds in the c-Si interface region. The possible 
additional contribution might be related to Si-Si bonds in the a-Si:H, which are 
expected to result in a broad contribution (cf. Fig. 10).16-18 

 

C2. Selectively modifying surface properties 
To illustrate the suitability of surface modification to reveal the origin of the 
SHG response, two thin a-Si layers were prepared by 70 eV Ar+-ion 
bombardment of H terminated Si(100). The 70 eV Ar+-ion bombardment 
resulted in amorphized layers with a thickness of 1.8 nm.18,53 The SHG 
experiments were performed with the Ti:sapphire-amplifier-pumped OPA at a 
fundamental photon energy of 1.0 eV. At this photon energy the SHG signal is 
expected to be originating from Si dangling bonds at the a-Si surface and the 
a-Si/c-Si interface region.3,15,16 The two samples were bombarded for 10 min. 
Directly after bombardment one of the a-Si layers was exposed to a small dose 
(~10 ML) of XeF2, terminating the surface with fluorine. The SHG intensity from 
both samples was measured in real time before, during and after ion 
bombardment. As shown in Fig. 14, the SHG intensity increases with almost  

 

FIG. 13  SHG spectra for H terminated Si(100) and for a-Si:H films with a thickness 
ranging from 38-727 Å deposited by HWCVD on H terminated Si(100). Data were 
obtained in situ and at room temperature. The fundamental radiation was provided by
the Ti:sapphire oscillator. Both the fundamental and SHG radiation were p polarized. 
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two orders of magnitude upon ion bombardment, reflecting an increase in 
dangling bond density. Especially the initial increase in SHG intensity is fast; 
within ~10 s the intensity has already reached 25% of the final steady-state 
level. After this rapid initial rise the SHG intensity continues to increase, 
however not as fast as initially, After ~4 min steady state is reached. This 
behavior indicates the presence of at least two contributions to the SHG 
response. Because of the strong increase the influence of substrate bulk 
contributions is expected to be negligible. The response to the Ar+-ion 
bombardment for both samples is very similar and reflects the reproducibility 
of the experiment, whereas the response after terminating the ion 
bombardment is clearly different for both samples. For the XeF2-dosed sample 
a very sharp decrease in SHG intensity is observed; within < 4 s the SHG 
intensity has decreased to ~25% of the steady-state level during Ar+-ion 
bombardment. Subsequently, the SHG intensity slightly increases again. The 
unexposed a-Si layer also displays a decreasing SHG intensity. This decrease 
is, however, much slower than for the XeF2-dosed layer. Approximately 60 min 
after terminating the Ar+-ion bombardment (not shown) the SHG intensity 
reaches the same steady-state level as for the XeF2-dosed layer. 
 The XeF2 dosing only modifies the surface of the a-Si layer, especially at 
the short time scales observed, and proves that the surface is contributing to 
the SHG signal. A likely explanation is that surface dangling bonds created by 
the Ar+-ion bombardment that contribute to the detected SHG intensity during 
Ar+-ion bombardment are quenched by the XeF2 dosing. The remaining SHG  

 

FIG. 14  SHG intensity for two H-Si(100) samples before, during and after 70 eV 
Ar+-ion bombardment. When the ion bombardment is terminated one of the samples
is dosed with ~10 ML XeF2 (open symbols), while the other sample is not modified
deliberately (solid symbols). Data were obtained at pP polarization with the 
fundamental radiation of 1.0 eV provided by the Ti:sapphire-amplifier-pumped OPA.  
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intensity after XeF2 dosing might possibly result from dangling bonds at the 
a-Si/c-Si interface that is generated by the ion bombardment. The decrease 
displayed by the unexposed a-Si layer is likely related to quenching of surface 
dangling bonds by background species in the vacuum system. It should be 
noted that from the data presented here, a possible contribution from the a-Si 
bulk can not be ruled out. A more comprehensive study including ion energy 
and ion flux dependent measurements will provide more insight into the origin 
of the SHG response and the dangling bond dynamics during Ar+-ion 
bombardment of c-Si.59 

 Surface modification can also provide valuable information when 
combined with spectroscopic SHG measurements. Figure 15 shows SHG 
spectra for H terminated Si(100) prior to Ar+-ion bombardment, during 
bombardment with 1000 eV Ar+ ions, and after bombardment with 1000 eV 
Ar+ ions and subsequent XeF2 surface modification.18 The spectra were 
obtained in the 2.7-3.5 eV SHG photon energy range using the Ti:sapphire 
oscillator. Also in this photon energy range the SHG intensity increases 
strongly due to the ion bombardment, again indicating limited influence of the 
substrate bulk on the SHG intensity. XeF2 dosing of the a-Si surface clearly 
results in a different SHG spectrum with a more symmetric spectral feature 
compared to the spectrum obtained during ion bombardment. This clear 
difference shows that also in the 2.7-3.5 eV SHG photon energy the a-Si 
surface is likely to contribute to the SHG response. More information on the 
microscopic origin of this surface contribution as well as the possible influence 

 

FIG. 15  SHG intensity as a function of the SHG photon energy for H terminated Si(100)
prior to Ar+-ion bombardment (open diamonds), during bombardment with 1000 eV 
Ar+ ions (open circles), and after subsequent ~400 ML XeF2 dosing (closed squares). 
Data were obtained in situ at pP polarization with the fundamental radiation provided 
by the Ti:sapphire oscillator. 
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of other contributions, e.g., from the buried interface, can be obtained by 
considering the spectroscopic information in more detail. This will be shown in 
the next section, where the SHG spectra obtained during Ar+-ion 
bombardment and after XeF2 dosing are deconvoluted using the excitonic 
model discussed in Sec. II.B. 
 
C3. Spectroscopic information 
 Spectroscopic data inherently reflect the microscopic origin of the SHG 
response of a material. In addition, spectroscopic data might also yield 
important information on the macroscopic origin of the SHG response as 
certain resonances can only be ascribed to specific regions in a thin film 
system. For example, the symmetric spectral feature in Fig. 15 measured after 
XeF2 dosing shows good resemblance with the c-Si ′E E0 1/  CP resonance in the 
linear susceptibility. This indicates that the SHG response has a similar 
microscopic origin and is likely to be originating from the c-Si interface region. 
Consequently, the SHG signal obtained during ion bombardment of c-Si is 
likely to have contributions from both the a-Si/c-Si interface region and the 
a-Si surface. This information is an important starting point to deconvolute the 
SHG spectra obtained during Ar+-ion bombardment and after XeF2 dosing. The 
spectra can be reproduced by applying the critical point model given by 
Eqs. (11) and (12) using two resonances, one at the buried interface (L I= ) and 
one at the a-Si surface (L S= ) . The amplitudes qh , frequencies qω , linewidths 

qΓ , and phase difference qϕ  are fitting parameters. The propagation of the 
fundamental and SHG radiation through the a-Si thin layer is taken into 
account by applying Eq. (27), where the linear optical properties of the a-Si 
and c-Si were obtained from spectroscopic ellipsometry.18 The spectra have 
been analyzed in terms of tensor element ( )2

zzzχ , as the influence of elements 
( )2
zxxχ  and ( )2

xxzχ  is expected to be minor. This simplification as well as the exact 
fitting procedure is explained in Ref. 18. In Fig. 16 the fits to the SHG spectra 
during 1000 eV Ar+-ion bombardment and after XeF2 dosing are shown 
together with the individual resonances at the surface and interface. The fits 
reproduce both spectra well and confirm the presence of SHG contributions at 
the surface and interface of the a-Si. For both spectra a sharp interface 
contribution at 3.36 eV with a linewidth of 0.1 eV is found. This contribution 
from the a-Si/c-Si interface does not change with XeF2 dosing and 
corresponds, as expected, very well with the ′E E0 1/  CP resonance of c-Si, 
indicating that it is related to Si-Si bonds in the c-Si modified due the vicinity 
of the interface with the a-Si. The surface contribution at about 3.16 eV is 
much weaker and is, with a linewidth of ~0.5 eV, also much broader. In the 
spectrum obtained after XeF2 dosing this contribution has almost completely 
disappeared and the sharp c-Si like contribution from the buried interface is 
clearly dominant. The surface contribution shows reasonable resemblance with  
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the spectrum for a-Si:H deposited on fused silica by HWCVD shown in Fig. 10, 
which also displays a broad feature. From the sharp c-Si like feature remaining 
after XeF2 dosing it can, in addition, be concluded that contributions from the 
a-Si bulk have a no significant influence, as any a-Si bulk contribution would 
most likely also result in a broad spectral feature. More information on the 
possible microscopic origin of the contributions as well as on the fitting 
parameters can be found in Ref. 18. 
 Another example illustrating the merits of spectroscopic experiments to 
reveal the origin of SHG signals is given in Fig. 17. SHG spectra were obtained 
from an 11 nm thick amorphous Al2O3 film deposited with plasma-assisted 
ALD on H terminated Si(100). Between the Al2O3 and the Si(100) an ~1.5 nm 
thick interfacial oxide (SiOx) was present. Figure 17(a) shows the SHG spectrum 
for the film as-grown and in Fig. 17(b) the SHG spectrum is shown after an 
anneal at 425 ºC in N2 for 30 min.21 The spectra were obtained in the 2.7-
3.5 eV SHG photon energy range using the Ti:sapphire oscillator. Prior to 
anneal a somewhat asymmetric spectral feature with a maximum at ~3.3 eV is 
obtained. The anneal has a strong effect on the SHG spectrum; the amplitude 
increases with more than an order of magnitude, whereas the peak blueshifts 
to ~3.4 eV resulting in a more symmetric feature. Similar as for the spectra for 
HWCVD a-Si:H on Si(100) and for a-Si created by Ar+-ion bombardment of 
Si(100), the sharp resonances in the 3.3-3.4 eV SHG photon energy range 
indicate that the spectra for Al2O3 on Si(100) are dominated by contributions 
related to the c-Si ′E E0 1/  CP. 
 The spectra for the Al2O3 thin film have been deconvoluted using the CP  

FIG. 16  Experimental (symbols) and simulated (solid lines) SHG spectra for H 
terminated Si(100) (a) during bombardment with 1000 eV Ar+ ions and (b) after XeF2

dosing immediately following 1000 eV Ar+-ion bombardment. The dashed and dotted 
lines represent the individual resonances at the buried interface and the surface, 
respectively. 
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model given by Eq. (12), with propagation effects taken into account by 
applying Eq. (27). The spectra could be reproduced well with three resonances. 
These contributions were all assumed to originate from the buried oxide/c-Si 
interface because of the c-Si-like appearance of the spectral features. 
Furthermore, considering the high band gap of 6.8 eV for ALD-grown 
amorphous Al2O3, a contribution from the Al2O3 is not likely.60 The spectrum 
for the as-grown Al2O3 film was reproduced with: (1) a dominant contribution 
at 3.32 eV, (2) a contribution at 3.38 eV, and (3) a broader minor contribution 
at 3.62 eV. The simulated spectrum for the as-grown Al2O3 film and the three 
separate resonances are also displayed in Fig. 17(a). As shown in Fig. 17(b), 
the spectrum after anneal could be reproduced with: (1) a redshifted 
contribution at 3.25 eV, (2) a clearly dominant contribution at a slightly 
blueshifted central energy of 3.41 eV with an amplitude that increased with a 
factor of six compared to the situation prior to anneal, and (3) an contribution 
at 3.62 eV, which remained unmodified from the as-deposited film. The fitting 
procedure used to reproduce the spectra is explained in more detail in Ref. 21.  
 Similar as for the a-Si films the deconvolution of the spectra indicates 
that the buried film/substrate interface is most likely the source of the SHG 
response. The contribution at ~3.3 eV is likely to originate from Si-Si bonds in 
the c-Si modified due to the vicinity of the interface with the Al2O3 film. The 
minor contribution at 3.62 eV might be related to Si bonds in a thin transition 
layer between c-Si and the oxide.5,7,21 The contribution around 3.4 eV is a clear 
indication of EFISH and the presence of a Si space-charge region. The Si space-

FIG. 17  SHG spectra for an 11 nm Al2O3 film on Si(100), (a) as-deposited and (b) after 
anneal. The solid lines are fits to the data using a superposition of three CP-like 
resonances. The dotted, dashed, and dot-dashed lines represent the individual 
resonances at the buried interface between c-Si and Al2O3. Data were obtained ex situ 
at an angle of incidence of 35º at pP polarization with the fundamental radiation 
provided by the Ti:sapphire oscillator. 



Chapter 2 

 60

charge region is predominantly caused by charge trapped in the Al2O3. A phase 
difference of ~π was found between the contribution at ~3.3 eV and the EFISH 
contribution, indicating a positively charged Si space-charge region and, 
hence, negative fixed charge in the Al2O3. The strong increase in the amplitude 
of this contribution indicates that the negative fixed charge density in the 
Al2O3 increases due to the anneal. In Ref. 21 an approach is discussed to 
quantify the negative fixed charge density in the Al2O3.  
 It is interesting to note that the SHG spectra for the different kinds of 
thin films (a-Si:H, a-Si, and Al2O3) on Si(100) presented in this section display 
unambiguous similarities. For all these systems, with films not thicker than the 
escape depth of the SHG radiation, the SHG response in the 2.7-3.5 eV SHG 
photon energy range is governed by sharp contributions originating from the 
buried interface with the Si(100). For (hydrogenated) amorphous Si films these 
c-Si-like contributions interfere with broad film-related resonances, whereas 
Al2O3 films influence the c-Si interface SHG response by the presence of 
negative fixed charge that induces EFISH. 
 
 
V. CONCLUSIONS 
 
 The all-optical surface and interface sensitive technique of SHG can 
provide very important information on surface and interface properties during 
materials processing. To utilize the full potential of SHG during materials 
processing, insight into the origin of the SHG response is required and, 
particularly in thin film or multilayer systems, the propagation of radiation 
should be considered carefully. In this chapter methods have been addressed 
that can reveal the possible influence of surface, interface and bulk 
contributions to the SHG response of thin film systems. These strategies 
include (1) the selection of certain polarization combinations and sample 
orientations, (2) the application of substrates that do not generate SHG 
radiation at a detectable level, (3) the variation of the film thickness, (4) the 
selective modification of film surface properties, and (5) the collection and 
deconvolution of spectroscopic information. The different methods have been 
illustrated by examples of SHG experiments with thin film systems relevant for 
Si technology in particular with respect to etching and deposition processes. 
The separation methods reveal contributions from the buried film/substrate 
interface with additional contributions from the film surface and indicate that 
the influence of bulk contributions from the substrates and the films is minor 
in all the thin film systems discussed. Next steps that can provide more insight 
into the origin of the SHG response of thin films systems are the direct 
characterization of the phase of the SHG radiation and the quantification of the 
SHG response. The phase of the SHG response of a sample can be obtained by 
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combining the SHG radiation with the SHG radiation from a reference sample 
and collecting the spectral interference pattern with a charge-coupled device 
(CCD).41,61-63 Quantification can be carried out by replacing the sample in a 
phase measurement by a sample with well characterized nonlinear 
susceptibilities such as z cut quartz.41,64 Detailed knowledge on the 
macroscopic and microscopic origin of the SHG response of thin film systems 
opens the path to the application of SHG during thin film processing. 
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Chapter 3 
 
 
Spectroscopic second-harmonic generation  
during Ar+-ion bombardment of Si(100) 
 
 
Spectroscopic and real-time optical second-harmonic generation (SHG) has been applied to gain 
insight into the surface and interface processes during low-energy (70-1000 eV) Ar+-ion 
bombardment of H terminated Si(100). The Ar+-ion bombardment of the crystalline silicon 
(c-Si), which creates a layer of amorphous silicon (a-Si), has been studied in the SHG photon 
energy range of 2.7-3.5 eV. The time-resolved SHG signal has been observed to increase with an 
order of magnitude upon ion bombardment. Spectroscopic SHG during ion bombardment and 
after subsequent XeF2 dosing indicates that the SHG signal has both a contribution generated at 
the buried interface between the a-Si and the c-Si and an additional contribution originating 
from the a-Si surface. By separating these contributions using a critical point model it has been 
shown that the SHG spectra consist of a sharp resonance at 3.36 eV with a linewidth of 0.1 eV at 
the buried a-Si/c-Si interface and a much broader resonance at a resonance energy of 3.2 eV 
with a linewidth of 0.5 eV at the a-Si surface. The former resonance is identified to originate 
from ′E E0 1/  transitions between bulk electronic states in the c-Si that are modified due to the 
vicinity of the interface, while the latter resonance is caused by transitions related to Si-Si bonds 
in the surface region of the a-Si. The time-resolved dynamics of the SHG signal can help in 
understanding the mechanism of ion-beam and plasma etching of silicon.§ 

                                                      
§  Published as: J.J.H. Gielis, P.M. Gevers, A.A.E. Stevens, H.C.W. Beijerinck, M.C.M. van de 
Sanden, and W.M.M. Kessels, Phys. Rev. B 74, 165311 (2006).  
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I. INTRODUCTION 
 
 Dry etching or plasma etching is a key technology in the manufacturing 
of integrated circuits, microelectromechanical systems (MEMS), and 
optoelectronic devices. The main advantage of plasma etching compared to 
wet chemical etching is the ability to etch anisotropically and thereby creating 
high aspect-ratio structures. This important characteristic of plasma etching is 
caused by the directionality of ions present in the plasma, which arises as the 
ions are accelerated by the relatively large electric fields present in the 
boundary layer, the so-called sheath, between the plasma and the substrate. 
The ions can reach energies on the order of 10-1000 eV depending on the 
plasma configuration and operation conditions. In addition, the synergy 
between the ions and the, usually halogen based, etchants in the plasma 
enhances the anisotropy and induces a high etch rate.1 However, as 
lithography techniques improve and feature sizes in new generation devices 
continuously shrink, etching technology has to keep up with the same trend. 
Therefore, etching equipment and processes have to be improved for the next-
level of process control. In general, such improvements are based on empirical 
observations. However, it would be beneficial to have profound understanding 
of the plasma etching mechanism. Therefore, numerous fundamental studies 
have been performed within the last decades leading to a detailed picture of 
the reaction mechanisms involved, as reviewed by Winters and Coburn.2 One of 
the main difficulties of such studies is the complex chemistry inherent to the 
plasma environment. To circumvent these problems, the plasma is often 
“mimicked” by beam etching experiments. Also molecular dynamics (MD) and 
Monte Carlo simulations have proven their value in the description of the 
plasma etching process.3-5 

In this work we use a unique approach to study the role of ion 
bombardment in the etching process of crystalline silicon (c-Si) by applying the 
nonlinear optical technique of second-harmonic generation (SHG) in a beam 
experiment. Here we focus on SHG during Ar+-ion bombardment of Si(100), 
but it is expected that the results have also implications for understanding 
ion-enhanced etching with halogen-based etchants. Ion bombardment of c-Si 
induces the formation of a damaged layer of amorphous silicon (a-Si). 
Moreover, it also cleans the a-Si surface by sputtering. For this reason the 
technique of ion bombardment, in combination with a recrystallization anneal, 
is also widely used for cleaning Si surfaces, e.g., for native oxide removal.6-8 
The properties of the surface of the a-Si and the buried interface between the 
a-Si and the underlying c-Si can reveal new aspects of the plasma etching 
mechanism. Moreover, the decreasing device dimensions inherently augment 
the influence of surface and interface properties on device performance. In this 
respect, the surface and interface sensitive technique of SHG might be 
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beneficial to the understanding of plasma etching and the resulting material 
properties.  
Within the electric dipole approximation, SHG is described by a second-order 
nonlinear polarization ( ) ( )ω2 2P  in a medium induced by an incident electric 
field ( )ωE  [Ref. 9]  
 
 
 
 
where ( ) ( )χ ω2 2  is the second-order nonlinear susceptibility tensor. SHG is 
forbidden in the bulk of centrosymmetric materials, such as c-Si and a-Si, as in 
these media symmetry considerations imply ( )χ =2 0. However, at a surface or 
interface the symmetry is broken and ( )χ 2  is nonzero, thereby making the 
technique of SHG particularly surface and interface sensitive. Microscopically, 
SHG is the conversion of two photons with energy ω  into a single photon with 
energy ω2 . The process of SHG is resonantly enhanced when the photon 
energy of either the fundamental or the SHG radiation coincides with the 
energy of an optical transition. Consequently, SHG is a technique that is 
sensitive to both the symmetry and the electronic states of surfaces and 
interfaces. Moreover, being an optical technique, SHG is applicable in situ and 
is nonintrusive for low radiation fluence.  

SHG has been applied extensively to study the Si/SiO2 interface,10 also in 
etching or ion bombardment related experiments of the Si/SiO2 system.11-13 
Also the surface of clean and H terminated c-Si has been studied thoroughly 
with SHG.14-20 In these studies the SHG signal from the c-Si surface has been 
shown to be sensitive to surface Si dangling bonds for photon energies in the 
range of ~1.0 to ~1.3 eV.15,16,19 Furthermore, resonant features have been 
observed at a SHG photon energy of ~3.4 eV. Based on the similarity in the 
location, these features have been identified to be related to the ′E E0 1/  critical 
point transitions of bulk c-Si that are modified due to the vicinity of the 
surface.21 This modification has been suggested to cause distorted bonds at 
the surface14 or a dc electric field at the surface resulting in electric-field-
induced SHG (EFISH).18 SHG experiments in Si etching related studies have been 
reported by Haraichi and coworkers, who modified the surface of Si(111) by 
XeF2 exposure.22 Heinz et al. performed SHG experiments during ion 
bombardment of c-Si.23 They observed decreasing anisotropic SHG 
contributions in Si(111)-7×7 during bombardment with 5 keV Ar+ ions at a 
fixed SHG photon energy of 2.33 eV. Here, we report on SHG experiments on 
Si(100) under bombardment of Ar+ ions with energies in the range of 
70-1000 eV, an energy range that is more relevant for plasma etching. We 
performed both real-time and spectroscopic SHG experiments at SHG photon 
energies between 2.7 and 3.5 eV, before, during, and after ion bombardment. 

( ) ( ) ( ) ( ) ( ) ( )ω ε χ ω ω ω=2 2
02 2 :P E E , (1)
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Additionally, we modified the surface of the a-Si top layer by XeF2 dosing. The 
SHG photon energy range applied here has been selected as it includes 
the ′E E0 1/  critical point energies of bulk c-Si.21 

This paper is organized as follows: In Sec. II the details of the high 
vacuum system, the silicon samples, and the optical setup will be addressed. In 
Sec. III we first briefly summarize the results of spectroscopic ellipsometry 
experiments, performed to characterize the a-Si layers. Next, in Sec. IV, the 
results of both real-time and spectroscopic SHG experiments before, during, 
and after ion bombardment of c-Si are presented. These results are analyzed 
and discussed in Sec. V, using a critical point model. 

 
 

II. EXPERIMENTAL DETAILS  
 
A. High vacuum system and in situ diagnostics 
 The SHG experiments to study the etching process of c-Si were 
performed in situ in a high vacuum multiple-beam experiment. A schematic 
picture of this vacuum setup is shown in Fig. 1 together with the laser system 
and the optical setup. The sample is placed in a rotatable sample holder that 
allows for fast and reproducible sample replacement using a load lock and a 
linear magnetic drive. The sample holder can be heated, however the present 
experiments were carried out at room temperature. The sample chamber and 
the load lock, separated by a valve, are pumped by turbo molecular pumps to a 
base pressure below 10-8 mbar. The vacuum system is described in detail 
elsewhere.24-26 The vacuum chamber is equipped with a XeF2 source producing 
a beam that impinges at 52º angle of incidence with respect to the sample 
surface normal. Recently, a commercial low-energy ion gun (Nonsequitur 
Technologies, customized version of model LEIG-2), operated on Ar source gas 
with a purity of 99.999%, was added to the setup. This ion gun produces a 
beam of Ar+ ions with energies tunable between 20 eV and 2 keV impinging at 
45º angle of incidence at the sample. The spot size of the ion beam at the 
sample was set to ~5 mm2, which exceeded the dimensions of the laser spot 
by more than 2 orders of magnitude. For all ion energies used in this study the 
applied ion flux was ~0.07 ML/s (1 ML = 6.86 × 1014 cm-2).  

It is important to note that the SHG signal during ion bombardment is 
not influenced by surface contamination from background species, such as 
oxygen. The flux of background species at the sample is lower than 
0.004 ML/s, as can be calculated from the base pressure of the high vacuum 
setup (< 10-8 mbar) using kinetic theory. As not all background species are 
reactive, the flux of species that will adsorb at the surface is even lower. The 
Ar+-ion flux applied in this study, 0.07 ML/s, is over an order of magnitude 
higher than the flux of background species and results e.g., for 1000 eV 
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Ar+ ions in a silicon sputter rate of 0.2 ML/s. Consequently, during ion 
bombardment any background species arriving at the surface will immediately 
be removed by sputtering. 

The setup includes a quadrupole mass spectrometer (QMS) to determine 
the type and amount of species leaving the sample after interaction with the 
ion and/or XeF2 beam and to perform residual gas analysis. To monitor the 
linear optical properties of the sample in real time during etching, the optical 
technique of spectroscopic ellipsometry (SE) was used. Apart from the linear 
optical properties of the sample, in the present case the a-Si/c-Si system, SE 
provided the thickness and the surface roughness of the a-Si layer. The SE 
experiments were carried out in separate studies with a J.A. Woollam, Inc. 
M2000U rotating compensator ellipsometer with infrared extension covering 
the photon energy range of 0.75-5 eV.27 The SE measurements were 
performed using the same view ports in the vacuum system as used for the 
SHG measurements and under identical etching conditions as used in the SHG 
experiments. The SE data are analyzed using a three-layer optical model 
describing the c-Si substrate, a layer of a-Si, and a surface roughness layer 
that is modeled as an effective medium consisting of 50% voids and 50% a-Si 
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FIG. 1  Horizontal cross section of the high vacuum chamber and the optical setup.
The samples are placed in a rotatable sample holder (1) and can be replaced using a
load lock. The Ar+-ion gun (2) and the XeF2 source (3) are placed at 45º and 52º with 
respect to the sample surface normal. The fundamental laser radiation, provided by a
Ti:Sapphire laser, and the generated SHG radiation propagate through the setup at 74º
angle of incidence with respect to the sample surface normal. Detection of the SHG 
radiation takes place by a photomultiplier tube (PMT) connected to photon counting
electronics. 
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using the Bruggeman approximation. The dielectric function of the a-Si layer is 
parametrized using the Tauc-Lorenz formalism.28 

 
B. Sample preparation  
 The experiments were performed with H terminated Si(100) samples 
(n type, phosphorus doped, resistivity 10-30 Ω  cm). The preparation of these 
samples consisted of rinsing with ethanol and acetone, followed by ultrasound 
cleaning in an ethanol bath and finally immersion in a 2% HF solution for 
2 min. Directly after HF treatment the samples were transferred into the load 
lock of the high vacuum setup, preventing the reformation of a native oxide. 
The samples were oriented at an azimuthal angle of 45° with respect to the 
[001] crystal axis. 
 
C. Laser and optical setup 
 The fundamental laser radiation used for the SHG experiments had a 
photon energy tunable between 1.35-1.75 eV, a pulse duration of ~90 fs, and 
a repetition rate of 80 MHz. These light pulses were provided by a Ti:Sapphire 
oscillator [Spectra Physics (SP) Tsunami] with broadband optics pumped by an 
intra-cavity doubled continuous-wave Nd:YVO4 laser (SP Millennia Vsj). The 
laser beam was guided to the sample in the high vacuum setup with 
broadband silver coated mirrors [New Focus (NF) 5103]. A variable wave plate 
(NF 5540) and a Glan-Thompson polarizer (NF 5525) were used to select the 
desired polarization of the radiation and to set the power of the laser beam at 
the sample to typically 50 mW. Any radiation at the SHG wavelength generated 
in the laser or in optical components in the beam path was suppressed by a 
factor of > 104 using a color filter (Schott OG 570). The fundamental beam 
entered the vacuum chamber through a stress free fused silica view port and 
was focused onto the sample to a spot with a radius of ~100 μm using a BK7 
lens (CVI PLCX 25.4-103.0-C). With an angle of incidence at the sample of 74° 
with respect to the surface normal, this led to a typical fluence of ~2 µJ/cm2 
per pulse. After leaving the vacuum chamber through another fused silica view 
port, the reflected beam passed a second polarizer (Thorlabs GL10A) to select 
the desired polarization direction and two color filters (Schott BG40) to 
suppress the fundamental radiation by a factor of > 106. After separating the 
SHG and the remaining fundamental radiation spatially using a Pellin Broca 
dispersion prism, the beam was focused with a lens (CVI PLCX 25.4-64.4-C) 
onto a slit placed in front of a photomultiplier tube (Hamamatsu R585). The 
photomultiplier tube was connected to photon counting electronics to record 
the SHG signal. The dark count rate of this detection scheme was below 4 Hz.  

The SHG intensity is proportional to the magnitude of the second-order 
nonlinear susceptibility squared and to the square of the intensity of the 
fundamental radiation, ( )ωIin , as can be derived from Eq. (1) 
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The SHG intensity has been calculated from the measured SHG signal after 
correction for the laser intensity and the response of the optical system. The 
transmission of the optics was calibrated in separate transmission 
measurements. In addition, the transmission of the optics and the response of 
the photomultiplier tube were verified using the SHG signal generated on a 
single-side polished z cut quartz sample replacing the sample. The second-
order relation between laser intensity and SHG intensity was verified for all 
types of samples. In this paper two types of SHG experiments are reported: (1) 
real-time SHG experiments carried out at a fixed wavelength during sample 
modification and (2) spectroscopic SHG measurements performed under 
steady-state conditions. The SHG intensity obtained in the spectroscopic 
experiments will be represented as a function of the SHG photon energy. All 
results presented here are obtained at p polarized fundamental and SHG 
radiation, as this polarization setting resulted in the highest signal (~70 times 
higher) compared to other polarization configurations. 
 
 
III. SPECTROSCOPIC ELLIPSOMETRY RESULTS 
 
 First, we briefly address some results obtained by spectroscopic 
ellipsometry (SE) that are relevant for the interpretation of the SHG 
experiments. More details are reported elsewhere.27 The a-Si layers studied 
with SE were generated with 70, 200, and 1000 eV Ar+ ions and the data could 
be modeled with the same Tauc-Lorenz parameters for all a-Si layers, 
independent of the ion energy used. Consequently, the linear optical 
properties of the a-Si layers generated with different ion energies can be 
assumed to be equal. Figure 2(a) shows the photon energy dependence of the 
refractive index n and the extinction coefficient k of the a-Si layers, as 
calculated from the Tauc-Lorenz parameters. As a reference the values of n 
and k for a c-Si sample are also shown.28 From the index of refraction and the 
extinction coefficient the linear susceptibility squared ( )χ 21  can be calculated 
with ( ) ( ) ( )χ = − − +n k nk2 2 21 2 2 1 2 . The resulting linear susceptibilities squared 

( )χ 21  for a-Si and c-Si, which reflect the bulk optical properties of the material, 
can be compared to the second-order nonlinear susceptibility squared ( )χ 22  or 
SHG intensity obtained from the experiments. This comparison might provide 
information on the origin of the SHG signal. For the a-Si layers a single broad 
peak at a photon energy of ~3.2 eV is found in ( )χ 21 , as is shown in Fig. 2(b). 
Conversely, ( )χ 21  for c-Si displays two sharp features at 3.37 eV and 4.3 eV, of  

( ) ( ) ( ) ( ) ( ) ( )ω ω ε χ ω ω∝ ∝I I
2 22 22 2

0 in2 2 2P . (2)
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which the former is related to the ′E0  and E1 critical points and the latter to 
the E2  critical point of direct optical bandgap transitions in the bulk of the 
material.21 The width of the single feature in ( )χ 21  of the a-Si layers reflects a 
broader distribution of optical transitions, as expected because of the larger 
amount of disorder in this material as compared to c-Si.29 The absorption 
coefficient of c-Si and the a-Si layers is derived from the extinction coefficient 
and is shown as a function of photon energy in Fig. 2(c). It can be seen that in 
the a-Si the absorption of radiation increases with increasing photon energy.  

 
 

FIG. 2  Spectroscopic ellipsometry data as a function of photon energy for c-Si 
(dashed lines) and a-Si layers (solid lines). (a) Refractive index and extinction 
coefficient. (b) Linear susceptibility squared. (c) Absorption coefficient. Ar+-ion 
energies of 70, 200, and 1000 eV have been used to generate the a-Si layers. 
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The a-Si layer thickness and the surface roughness as obtained from the 

SE measurements are shown in Table I. The thickness of the generated a-Si 
layers increases with increasing ion energy, as a result of the larger 
penetration depth of more energetic ions. The surface roughness of the a-Si 
layers is comparable to the surface roughness of the initial H terminated 
Si(100). For comparison, the a-Si layer thickness derived from molecular 
dynamics (MD) simulations by Humbird et al. are given.3 The values obtained 
by experiment and by MD simulations are comparable. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

TABLE I  Layer thickness and surface roughness of the a-Si layers generated by 
Ar+-ion bombardment as obtained from spectroscopic ellipsometry. For comparison
the results obtained from molecular dynamics simulations by Humbird et al.3 are also 
given. 

Ion 

energy 

(eV) 

Layer 

thickness 

(Å) 

Surface 

roughness 

(Å) 

Simulated 

layer 

thickness (Å) 

70 15.5 5.0 7 to 8 

200 20.1 2.9 15 

1000 57.8 7.2 - 

 

FIG. 3  Real-time SHG intensity generated at H terminated Si(100) subjected to 
bombardment with 70 eV Ar+ ions at a flux of ~0.07 ML/s. At t = 0 s the Ar+-ion 
bombardment is switched on, at t = 600 s the bombardment is switched off, and at 
t = 1200 s the bombardment is switched on again. The SHG photon energy is 3.31 eV 
and both the fundamental and the SHG radiation are p polarized. 
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IV. SECOND-HARMONIC GENERERATION RESULTS 
 
A. SHG response to ion bombardment 
 In Fig. 3 the real-time SHG response of H terminated Si(100) subjected 
to 70 eV Ar+-ion bombardment is shown. The experiment was carried out at a 
SHG photon energy of 3.31 eV. At the onset of the ion bombardment, at 
t = 0 s, the SHG signal immediately responds and increases rapidly, reaching a 
steady-state value that is an order of magnitude higher than the initial value 
within an ion dose on the order of a few ML. When the ion bombardment is 
terminated at t = 600 s the SHG intensity decreases, however both the rate and 
the absolute value of the drop in signal are lower compared to the rate and 
magnitude of the initial increase. The decreasing SHG signal has not reached a 
steady state yet when at t = 1200 s the ion beam is switched on again. The 
signal returns to about the same steady-state level as during the first exposure 
to ion bombardment. 
 The SHG response of the ion etching system has been characterized not 
only in real time, but also spectroscopically. SHG spectra measured under 
steady-state conditions before, during and 24 h after 70 eV Ar+-ion 
bombardment of H terminated Si(100) are shown in Fig. 4. The spectrum 
obtained for H terminated Si(100) prior to ion bombardment displays a 
maximum at a SHG photon energy of ~3.33 eV and is very similar to spectra 
reported in the literature.16,18 When subjecting the H terminated Si(100) to  

 

FIG. 4  SHG intensity generated at H terminated Si(100) before (open diamonds), 
during (closed circles) and 24 h after (open triangles) bombardment with 70 eV Ar+

ions as a function of the SHG photon energy for p polarized fundamental and SHG 
radiation. In the inset the SHG spectrum before ion bombardment is rescaled to
facilitate comparison with the spectrum during Ar+-ion bombardment. 
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70 eV Ar+ ions, the spectral feature in the SHG response increases in amplitude by an 
order of magnitude, in agreement with the real-time measurements, and its 
maximum shifts slightly to lower energies. The inset in Fig. 4 shows that the 
shape of the spectra before and during ion bombardment is quite similar, 
however the increase in the SHG signal is more pronounced for SHG photon 
energies below ~3.2 eV than for higher SHG photon energies. Repeating the 
measurement of the SHG spectrum 24 h after stopping the ion bombardment, 
we observe a slight decrease of the amplitude. However, the amplitude is still 
considerably larger than in the initial spectrum measured on the pristine H 
terminated Si. In addition, the spectral feature measured 24 h after ion 
bombardment has shifted to higher photon energies compared to the spectra 
before and during bombardment.  

When comparing the spectroscopic results in Fig. 4 with the real-time 
data in Fig. 3, it is seen that the steady-state value at 3.31 eV in the spectrum 
24 h after bombardment is lower than the SHG signal measured in real time 
600 s after switching off the ion beam. This is consistent with the observation 
that the SHG signal has not reached a steady state at t = 1200 s in Fig. 3.  
 
B. Dependence on ion energy 
 In addition to measurements with 70 eV Ar+ ions, ion etching  
experiments have been carried out with 200 eV and 1000 eV ions at the same 
fluence of 0.07 ML/s to investigate the influence of the ion energy on the SHG  

 

FIG. 5  Real-time SHG intensity generated at H terminated Si(100) subjected to
bombardment with 70 eV (closed circles), 200 eV (open squares) and 1000 eV (open 
circles) Ar+ ions at fluxes of ~0.07 ML/s. At t = 0 s the Ar+-ion bombardment is 
switched on, at t = 600 s the bombardment is switched off, and at t = 1200 s the 
bombardment is switched on again. The SHG photon energy is 3.31 eV and both the 
fundamental and the SHG radiation are p polarized. 
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signal. In Fig. 5 the real-time SHG response at a SHG photon energy of 3.31 eV 
of H terminated Si(100) before, during and after bombardment with 200 and 
1000 eV ions is shown, together with the results obtained for 70 eV ions. The 
overall trends are comparable for all ion energies; at the onset of the ion 
bombardment the SHG signal increases rapidly, when the ion beam is switched 
off the signal decreases, and when the ion beam is switched on again the 
signal returns to about the same value as during the initial bombardment. 
However, the magnitude of the SHG signal is lower and the rate at which the 
SHG signal increases at the onset of the bombardment is higher when using 
more energetic ions.  

Figure 6 shows the SHG spectra measured under steady-state 
conditions during bombardment of H terminated Si(100) with 70, 200, and 
1000 eV ions. As can be seen in Fig. 6, bombarding the c-Si with more 
energetic ions results in a different SHG spectrum. At the high photon energy 
range in the SHG spectrum the intensity is lower for a more energetic ion 
bombardment, corresponding to the real-time observations shown in Fig. 5, 
while the SHG intensity at photon energies below ~3.1 eV is similar for all 
applied ion energies. The peak positions of the resonant features seem to shift 
slightly to lower photon energies for higher ion energies. 
 
C. XeF2 dosing 
 To gain more insight into the spatial origin of the SHG signal from the 
a-Si/c-Si system, experiments have been performed in which the surface 
properties of the a-Si were modified. For this purpose a-Si layers generated by  

 

FIG. 6  SHG intensity as a function of the SHG photon energy generated at 
H terminated Si(100) during bombardment with Ar+ ions at energies of 70 eV (closed 
circles), 200 eV (open squares) and 1000 eV (open circles). Both the fundamental and 
SHG radiation are p polarized. 
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ion bombardment were, after ending the ion exposure, subjected to a small 
dose of XeF2 to terminate the surface with fluorine. In all XeF2 dosing 
experiments the dose was limited to prevent substantial spontaneous etching 
and surface roughening, as was verified by separate SE and QMS experiments. 
The influence of XeF2 exposure has been studied in real time and in 
spectroscopic SHG experiments. Figure 7(a) shows the real-time SHG response 
at a SHG photon energy of 3.31 eV of H terminated Si(100) that is bombarded 
with 70 eV Ar+ ions for 600 s, while at 330 and 460 s after ending the ion 
bombardment the sample is exposed to a beam of XeF2 for a period of 30 and 
60 s, respectively. The total dose of XeF2 was ~30 ML from which it can be 
estimated that at most 1 ML of Si has been removed after the short 
exposures.24,26 In Fig. 7(b) the QMS signal due to XeF+ obtained during the 
same experiment is shown. This XeF+ signal is arising from XeF2 reflected at 
the surface of the sample. The fast increase of the SHG signal upon the onset  

 

FIG. 7  (a) Real-time SHG response of H terminated Si(100) bombarded with 70 eV Ar+

ions at a flux of ~0.07 ML/s followed by two small doses of XeF2 (in total ~30 ML). 
Between t = 0 s and t = 600 s the sample is exposed to ion bombardment. Between
t = 930 s and t = 960 s and between t = 1060 s and 1120 s the XeF2 beam is 
switched on. The SHG photon energy is 3.31 eV and both the fundamental and the 
SHG radiation are p polarized. (b) The count rate due to XeF+ as measured with the 
quadrupole mass spectrometer (QMS) during dosing. 
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of the ion bombardment and the subsequent decrease after switching off the 
ion beam is similar to the results presented in Fig. 3 and is illustrative for the 
reproducibility of the measurements. When the first XeF2 dose is applied the 
signal decreases rapidly, while the second dose results in a small additional 
decrease. Note that the reaction of the SHG signal to the XeF2 exposure is 
faster than the reaction of the QMS signal.  

Figure 8 shows the spectroscopic SHG response of a layer of a-Si 
generated by 1000 eV Ar+-ion bombardment of Si(100) that is exposed to a 
small XeF2 dose (~400 ML) directly after switching off the ion beam. The SHG 
spectrum was measured under steady-state conditions. In Fig. 8 the SHG 
spectrum obtained during 1000 eV ion bombardment is also shown for 
comparison. The spectrum has clearly changed after XeF2 dosing. At SHG 
photon energies below ~3.35 eV the SHG intensity decreases, while above 
~3.35 eV the intensity increases. Furthermore, the resonant feature narrows, 
has a more symmetric appearance and its maximum shifts to a higher photon 
energy after XeF2 dosing.  
 
 
V. DISCUSSION 
 
 The increase in the spectral features during ion bombardment compared 
to the spectrum of the initial H terminated Si(100) as well as the subsequent 
decrease in the spectrum measured 24 h after bombardment (both shown in 
Fig. 4) are more pronounced for SHG photon energies below ~3.2 eV than for 

 

FIG. 8  SHG intensity as a function of the SHG photon energy generated at
H terminated Si(100) during bombardment with 1000 eV Ar+ ions (open circles) and 
after subsequent ~400 ML XeF2 dosing (closed squares) for p polarized fundamental 
and SHG radiation. 
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higher SHG photon energies. These observations indicate that the SHG 
response during ion bombardment originates from multiple sources. These 
sources of SHG can differ microscopically (e.g., due to different bonding 
configurations) but can also have different spatial origins. Since the ion 
bombardment creates a multilayer system, the SHG signal might be generated 
at different locations in the multilayer system: at the surface of the a-Si layer, 
at the buried interface between the a-Si and the underlying c-Si, and/or in the 
bulk of the a-Si (e.g., by quadrupole terms). In this section we will first present 
a hypothesis for the origin of the SHG signal generated during ion 
bombardment of c-Si. Next we will use a critical point model to analyze the 
SHG spectra in more detail to provide more evidence for this hypothesis.  
 
A. Interface contribution 
 The SHG response is lower at the high photon energy range of the 
spectra measured during bombardment with more energetic Ar+ ions, as 
shown in Fig. 6. Since the results of the SE experiments presented in Fig. 2 
showed that the linear optical properties of the a-Si layers generated by ions 
with different energies are very similar it is not plausible that differences in the 
a-Si layer structure are causing the deviations in the spectra. A major 
difference between the a-Si layers generated using different ion energies, 
however, is the thickness. As indicated by the SE measurements, the thickness 
is larger for a-Si layers generated by more energetic ions. Therefore, it is more 
likely that the differences in the SHG spectra reflect the spatial origin of the 
SHG signal. The SE data also show that SHG radiation propagating through the 
a-Si can be absorbed considerably. Trivially, radiation propagating through 
thicker a-Si layers will be attenuated more. In addition, the SE data show that 
the absorption by the a-Si increases with increasing photon energy, 
particularly within the applied SHG photon energy. This indicates that 
propagation of SHG radiation through the a-Si is causing the lower SHG 
response at the high photon energy range of the spectra obtained for higher 
ion energies.  

We conclude that the SHG signal is likely to be, at least partially, 
generated at the buried interface between the a-Si and the c-Si. As the 
resonant features in the SHG spectra decrease with increasing layer thickness it 
is unlikely that the SHG signal is generated in the bulk of the a-Si layer (e.g., 
by quadrupole terms). Also the bulk of the underlying c-Si is unlikely to 
contribute significantly to the SHG signal, as the response of the H terminated 
Si prior to ion bombardment was an order of magnitude lower than during 
bombardment. 
 
B. Surface contribution 

The XeF2 dosing experiments reported in Figs. 7 and 8 provide evidence 
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that the SHG signal is not only generated at the buried interface between the 
a-Si and the c-Si but also at the surface of the a-Si layer. As the XeF2 doses 
were limited and no substantial spontaneous etching or roughening occurred, 
only the surface of the a-Si layer was modified. The SHG signal changes 
significantly and rapidly upon XeF2 dosing, which indicates that the SHG 
radiation is also partially generated at the surface. The XeF2 exposure might 
either quench a surface contribution or induce a new contribution to the SHG 
signal. However, the XeF2 dosing induces a more symmetric and narrower 
spectral feature than observed during ion etching, which suggests quenching 
of a surface contribution in the applied photon energy range. The SE 
measurements indicate that the surface roughness of the a-Si layers is limited. 
Surface roughness is therefore expected not to contribute to the SHG signal 
significantly.  

As mentioned in the experimental section, a contribution to the SHG 
signal generated at the surface during ion bombardment cannot be caused by 
contamination from background species, as under these dynamic conditions 
any surface contamination will immediately be removed by sputtering. The 
spectrum obtained 24 h after ion bombardment, however, might be influenced 
by background species. 
 
C. Excitonic model 
 So far we have discussed that the SHG signal obtained during ion 
bombardment of c-Si might consist of a contribution generated at the interface 
between a-Si and c-Si and a contribution at the surface of the a-Si layer, 
whereas bulk contributions are expected not to be significant. To investigate 
the validity of this hypothesis we have decomposed the SHG spectra into a 
number of separate contributions using the theory developed by Erley et al.18,30 
The spectra can be reproduced with a model for the SHG intensity described by 
 
 
 
 
in which the second-order nonlinear susceptibility is approximated by a 
coherent superposition of critical-point-like resonances with excitonic line 
shapes,21 assuming the fundamental radiation is far from any resonance in the 
system, 
 
 
 
 
In Eq. (4) ωq  denotes the frequency, Γq  the linewidth, qh  the (real) amplitude 
and ϕq  the excitonic phase of resonance q, all being fitting parameters. The  
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indices { }α β γ ∈ x y z, , , ,  in Eqs. (3) and (4) refer to a specific tensor component. 
The subscripts L refer to the spatial origin or location of the resonances. For 
the present case, SHG radiation generated at the surface or at the buried 
interface of a single layer on a semi-infinite substrate is included in the model, 
denoted by L = S, I. However, it is straightforward to extend the system to 
more layers. 

The complex function ( ), ,LA αβγ ω θ  in Eq. (3) describes the propagation of 
both the fundamental and the SHG radiation through the system and includes 
linear optical phenomena such as reflection, refraction, and absorption. The 
latter plays an important role when considering the contribution of a buried 
interface. Moreover, ( ), ,LA αβγ ω θ  also describes the effects of interference as 
caused by multiple reflections of the radiation within the system, resulting in 
frequency dependent phase factors in ( ), ,LA αβγ ω θ . The function ( ), ,LA αβγ ω θ  can 
be computed from the linear optical properties and the thickness of the 
different layers in the system. For the present case a two-layer model has been 
adopted, consisting of a semi-infinite c-Si substrate with an a-Si layer with 
thickness d placed on top embedded in vacuum. These layers and the vacuum 
are referred to as medium 3, 2, and 1, respectively. The geometry is depicted 
schematically in Fig. 9 with the definition of the coordinate axes. In the 
calculation of the function ( ), ,LA αβγ ω θ  we follow an approach similar to 

z = -d -

z = 0+

d

z

θ n1

n2

n3

x

z = 0

z = -d

c-Si

(a) (b) (c)

ω 2ω

a-Si
z = -d+

 

FIG. 9  Two-layer optical model to describe the SHG response of ion bombarded c-Si, 
consisting of vacuum, a layer of a-Si with thickness d and a semi-infinite slab of c-Si, 
with refractive indices 1n , 2n , and 3n , respectively. SHG is generated in polarized 
sheets placed in vacuum gaps at the surface ( 0z += ) and the buried interface 
( z d= − ). Multiple reflections of (a) the fundamental radiation and (b) SHG radiation 
generated at the a-Si surface and (c) SHG radiation generated at the buried a-Si/c-Si 
interface are shown schematically.  
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Koopmans et al.31,32 and Mizrahi and Sipe33 in which an interface region 
between two media that generates SHG radiation is treated as a polarized sheet 
placed in an infinitesimal vacuum gap between the two media. Consequently, 
the interface between the a-Si layer and the c-Si is assumed to be sharp in our 
evaluation. The validity of this assumption is supported by transmission 
electron microscope imaging8,34 and MD simulations of Ar+-ion etching of Si4,35 
where the transition from the a-Si layer to the c-Si was almost atomically sharp 
but not uniformly flat. In our analysis we use the convention that the local 
fundamental electric field at a particular interface is also evaluated within the 
vacuum gap. Other conventions would basically result in a rescaling of the 
elements of the second-order nonlinear susceptibility tensor ( )2

,L αβγχ  and would 
not affect the outcome of the analysis.  
Consider a fundamental electric field that is polarized along einˆ  and is 
propagating in vacuum at an angle of incidence θ with respect to the film 
surface given by 
 
 
 
 
where ( )= x y z, ,r  is the position vector and 1k  is the wave vector of the 
incident fundamental radiation in medium 1, with ⋅ =ein 1ˆ 0k . For simplicity, the 
SHG electric field will be evaluated just outside the film in vacuum at 

( )+= 0,0,0r . To take into account the influence of multiple reflections of the 
fundamental radiation within the thin layer we define diagonal tensors ( )ωSf  
and ( )ωIf  that relate the local fundamental electric fields at the surface and the 
interface, evaluated within the vacuum gaps at +=z 0  and = −z d , to the 
normalized incident fundamental electric field =ein in inˆ E E  
 
 
 
 
where 
 
 
 
 
with components32,36  
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where { }ξ ∈ x y z, , . The different tensor components in Eqs. (8) and (9) are 
related to the Fresnel coefficients p

ijr  and s
ijr , which describe the reflection of 

light propagating from medium i to j for reflection of p and s polarized 
radiation, − = =xx zz p

ij ij ijr r r  and =yy s
ij ijr r . The SHG radiation also encounters 

multiple reflections within the thin layer. Since these reflections are the same 
as for the fundamental radiation, Eqs. (7), (8), and (9) are also valid for the SHG 
radiation. For clarity, the tensors describing multiple reflections of the SHG 
radiation will be shown in upper case. In analogy with the fundamental case, 
the SHG electric field at +=z 0  with polarization vector eoutˆ  can be related to 
the SHG field generated at the surface or interface by 
 
 
 
 
Equation (3) can now be rewritten as 
 
 
 
 
where the different elements of ( )χL

2  are given by Eq. (4) and ( )ωIin  is the 
intensity of the incident fundamental radiation. The SHG intensity in Eq. (11) is 
evaluated in vacuum, which can be replaced by an arbitrary dispersive  
medium i by exchanging θ2cos  in the denominator of Eq. (11) by 

( ) ( ) ( )ω ω θ ωi i in n2 22 cos 2 . 
The spectra presented in this paper were all obtained for p polarized 

fundamental and SHG radiation. For an amorphous medium such as a-Si, it is 
to be expected that for this polarization combination the tensor 
components ( )χzzz

2 , ( )χzxx
2 , and ( )χxxz

2  contribute to the SHG response.37,38 However, 
the contribution of the tensor components ( )χzxx

2  and ( )χxxz
2  is expected to be 

minimal as the propagation function for these tensor components is much 
lower. Quantitatively, ( ) 2

, ,LA αβγ ω θ  is at least two orders of magnitude lower for 
these tensor components, which is mainly related to the angle of incidence at 
the sample of 74º that induces a large z component in the electric fields. This 
is supported by experiments we carried out for s polarized fundamental and 
p polarized SHG radiation and for fundamental radiation with equal p and 
s polarized components and s polarized SHG radiation. The SHG response 
obtained for these polarization combinations appeared to be roughly a factor 
of 70 lower than for p polarized fundamental and SHG radiation. For these 
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polarization combinations the tensor components that are expected to 
contribute to the SHG response are ( )χzyy

2  and ( )2
yyzχ , respectively, where ( )χzyy

2  is 
equal to ( )χzxx

2  and ( )χyyz
2  is equal to ( )χxxz

2 . The magnitude of the corresponding 
functions ( ), ,LA αβγ ω θ  is comparable for these four tensor components. 
Therefore, in the applied geometry, the SHG signal for p polarized fundamental 
and SHG radiation is governed by ( )χzzz

2 . 
Consequently, to minimize the number of curve fitting parameters we 

have only taken tensor elements ( )χS zzz
2
,  and ( )χI zzz

2
,  into account for the analysis 

of the spectra. Both tensor elements are modeled by a single resonance. 
Hence, the spectra are curve fitted using seven parameters, being the 
resonance frequencies, linewidths, amplitudes of both resonances and a single 
phase difference, since only the relative phase between both contributions 
influences the spectrum. The curve fitting has been carried out with a 
commercial software package, Mathematica 5.2, using a Levenberg-Marquardt 
least square algorithm. The corresponding functions describing the 
propagation through the system, S zzzA ,  and I zzzA , , are calculated using the 
linear optical properties and the thickness of the amorphized layers as 
obtained with SE (Fig. 2 and Table I).  

To avoid the curve fitting procedure to be stalled at a local minimum 
yielding unphysical results, an iterative fitting procedure has been applied. The 
procedure is started by temporarily fixing the resonance energy of the surface 
contribution at 3.2 eV, the resonance energy of the linear susceptibility 
squared of the bulk a-Si, while performing a least square fit using the other six 
parameters. Then the amplitude, frequency and linewidth of the interface 
contribution were fixed and the parameters of the surface contribution and the 
phase difference were included in the fitting run. Finally, the latter step was 
repeated to optimize the interface contribution while keeping the surface 
contribution fixed. It was verified that the parameters did not vary anymore 
outside their error values. More important, the SHG spectra could not be 
reproduced with the excitonic model when including only a single resonance 
either at the surface or the buried interface in the curve fitting procedure.  
 
D. Results excitonic model 
 Figure 10 shows the fits to the SHG spectra obtained during 70, 200, 
and 1000 eV Ar+-ion bombardment and after XeF2 dosing. The individual 
resonances (without propagation correction L zzzA , ) at the interface between 
the a-Si and the c-Si and at the surface of the a-Si layer are also displayed. 
The fits reproduce the spectra very well and confirm the presence of sources of 
SHG at the buried interface and at the a-Si surface. An overview of the 
resulting curve fitting parameters can be found in Table II. The contribution at 
the buried interface is a sharp resonance at a SHG photon energy of 3.36 eV 
with a linewidth of 0.1 eV. This contribution is the same for all spectra in  
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FIG. 10  Experimental (symbols) and simulated (solid lines) SHG spectra measured at 
H terminated Si(100) during bombardment with Ar+ ions at energies of (a) 70 eV, (b) 
200 eV, and (c) 1000 eV and (d) after XeF2 dosing directly after 1000 eV ion 
bombardment. The solid lines in (a)-(d) are fits to the data using a superposition of 
two CP-like resonances. The dashed and the dotted lines represent the individual
resonances ( )2

,I zzzχ at the buried interface between a-Si and c-Si and ( )2
,S zzzχ at the a-Si 

surface, respectively, without the propagation functions ,L zzzA taken into account. In 
(e) the linear susceptibility squared as in Fig. 2(b) is given in the same photon energy
range as the SHG spectra. 
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Ion  

energy  

(eV) 

Ih  

(arb. 

units) 

Iω  
(eV) 

 

IΓ  
(eV) 

Sh  
(arb. 

units)

Sω  

(eV) 
SΓ  

(eV) 

ϕ  

( π  rad) 

 

70 
0.187 ± 

0.004 

3.359 ± 

0.001 

0.104 ± 

0.002 

0.232 ± 

0.009 

3.16 ± 

0.03 

0.42 ± 

0.03 

1.24 ± 

0.01 

200 
0.190 ± 

0.003 

3.361 ± 

0.001 

0.110 ± 

0.001 

0.26 ± 

0.02 

3.18 ± 

0.04 

0.55 ± 

0.06 

1.26 ± 

0.01 

1000 
0.183 ± 

0.005 

3.363 ± 

0.001 

0.109 ± 

0.002 

0.25 ± 

0.01 

3.14 ± 

0.02 

0.54 ± 

0.04 

1.45 ± 

0.01 

1000  

& XeF2 

0.186 ± 

0.002 

3.368 ± 

0.001 

0.108 ± 

0.001 

0.102 ± 

0.07 

3.20 ± 

0.08 

0.49 ± 

0.05 

1.32 ± 

0.01 

 
Fig. 10 and does, consequently, not depend on the applied ion energy and is 
not influenced by the XeF2 dosing. In Fig. 10(e) the linear susceptibilities 
squared for the a-Si layers and c-Si are displayed for the appropriate photon 
energy range (see also Fig. 2). The resonance of the SHG contribution at 
3.36 eV corresponds very well to the resonance at 3.37 eV in the linear 
susceptibility squared of the c-Si, indicating that both resonances have a 
common microscopic origin. Hence, the SHG contribution at the buried face 
between a-Si and c-Si is most likely generated by the ′E E0 1/  transitions 
between bulk electronic states in the c-Si that are modified due to the vicinity 
of the interface, similar as reported for c-Si.14,16,18 

 The contribution at the surface consists of a broad resonance at a SHG 
photon energy of (3.16 ± 0.02) eV with a linewidth of 0.5 eV and is much 
weaker. Nevertheless, the influence of this additional resonance is significant, 
as due to the propagation of the radiation through the a-Si/c-Si system the 
surface contribution is relatively enhanced with respect to the interface 
contribution. This additional resonance seems to depend weakly on the applied 
ion energy but is still very similar for the three spectra in Figs. 10(a)-10(c). In 
contrast, for the spectrum after XeF2 dosing [Fig. 10(d)] the surface 
contribution has almost disappeared and the SHG response originates mainly 
from the resonance at the buried interface. When comparing the surface 
contribution to the SHG signal for all ion energies with the linear optical 
properties of the layers in Fig. 10(e), it becomes clear that this contribution 
resembles the broad resonance in the linear susceptibility squared of the a-Si 
layers. This indicates that this additional contribution to the SHG signal is 

TABLE II  The parameter values of the critical point resonances at the interface (I ) and 
the surface (S ) obtained from the fits to the SHG spectra obtained during
bombardment of H terminated Si(100) with 70, 200, and 1000 eV Ar+ ions and after 
XeF2 dosing directly after 1000 eV Ar+-ion bombardment. 
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originating from optical transitions related to Si-Si bonds at the a-Si surface.  
We have recently reported spectroscopic SHG experiments with the 

same laser system on hydrogenated amorphous silicon (a-Si:H) films deposited 
with hot-wire chemical vapor deposition.39,40 The a-Si:H was deposited on 
fused silica substrates from which no SHG signal could be detected. The SHG 
spectrum reflected a broad feature, which, although being at the edge of the 
photon energy range, seemed to have a maximum at a SHG photon energy of 
~3.4 eV. The broad spectrum for the a-Si:H films is different from the present 
spectra as measured during ion bombardment. However, apart from a 
somewhat higher peak energy, it corresponds well to the broad contribution 
due to the a-Si surface obtained after decomposing the present spectra with 
the excitonic model. Similar to the linear case, the broadness of the SHG 
contribution originating from the a-Si surface, compared to the c-Si-like 
resonance at the interface reflects the disorder in the a-Si. 

Although the SHG spectra obtained during bombardment at different ion 
energies were significantly different, the decomposition of the spectra with the 
excitonic model resulted in the same resonances at the buried interface and 
comparable resonances at the surface. Also the spectrum after XeF2 dosing is 
predominantly generated by the same interface contribution. The differences in 
the measured spectra are caused mainly by the propagation of the 
fundamental and the SHG radiation through the a-Si/c-Si system and are 
consequently described by the factors S zzzA ,  and S zzzA ,  in Eq. (3). As the 
model showed to be a valid description of the SHG response of the a-Si/c-Si 
system, it indirectly validates the assumption that the interface between the 
a-Si layer and the c-Si is sharp. Accordingly, the interface can effectively be 
described by a two-layer model with a sharp transition. Moreover, the results 
obtained with the excitonic model support the assumption that bulk 
quadrupole terms in a-Si are not likely to contribute substantially to the signal. 
These terms would most likely result in a resonance close to the bulk value of 
a-Si of ~3.2 eV. However, the contribution that is observed at this SHG photon 
energy is quenched by surface modification with XeF2, while the remaining 
contribution is located at 3.36 eV.  

After switching off the ion bombardment the SHG signal decreases, as 
seen in the real-time data and in the spectrum obtained 24 h after ion 
bombardment (Fig. 4). This spectrum can also be curve fitted with a 
contribution at the buried interface and one at the surface (not shown). 
However, both contributions are lower than in the spectra obtained during ion 
bombardment. Several phenomena can cause the decrease in SHG signal. The 
lower response at the interface might be caused by reconstruction of the a-Si 
after ending the ion bombardment, while the lower surface contribution might 
indicate a contamination of the a-Si surface by background species in the 
vacuum chamber such as water and oxygen. Conversely, as discussed in the 
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experimental section, the SHG spectra obtained during ion bombardment are 
not influenced by background species due to continuous sputtering of the 
outermost surface layer.  
 
E. Microscopic origin of the SHG signal 
 Numerous spectroscopic SHG studies of clean c-Si,14-20 and the 
technologically important Si/SiO2 system10 have been reported in the literature. 
Also in these studies resonant features were observed near the ′E E0 1/  critical 
point energies of ~3.4 eV. These features have been suggested to originate 
from a two-photon resonance due to distorted Si-Si bonds at the selvedge of 
the clean Si surface and at the Si/SiO2 interface.14 Also electric-field-induced 
SHG (EFISH) has been reported to have an important contribution to the SHG 
signal at a SHG photon energy of ~3.4 eV for these systems.18 The EFISH 
contribution is caused by the presence of a dc electric field in the subsurface 
or subinterface space-charge region due to band bending at the clean c-Si 
surface and at the Si/SiO2 interface.  

For the present case, it is not straightforward to give a conclusive 
explanation for the microscopic origin of both contributions to the SHG 
response. It is very likely that the SHG contribution at the buried interface 
between a-Si and c-Si is related to ′E E0 1/  transitions between bulk electronic 
states in the c-Si modified due to the vicinity of the interface and, similarly, 
that the surface contribution is caused by bulk-like transitions in a-Si modified 
by the presence of the a-Si surface. Whether or not these modifications yield 
distorted Si-Si bonds or EFISH effects, as proposed for c-Si, is not yet clear 
from our data. Distorted bonds are known to shift the energy of interband 
transitions. The difference between the ′E E0 1/  critical point energy of bulk c-Si 
at 3.37 eV and the energy of the SHG interface contribution of 3.36 eV seems 
to be not significant. The difference between the peak energy of the linear 
susceptibility of the a-Si bulk at ~3.2 eV and the SHG contribution at the a-Si 
surface at ~3.16 eV is somewhat larger, however not conclusive. The possible 
influence of EFISH effects, caused by local electric fields at the a-Si/c-Si 
interface or a-Si surface, cannot be distinguished from other effects. Varying 
the doping level of the Si(100) substrates might influence any space-charge, if 
present, and could give more insight into the possible contribution of EFISH.  
 
 
VI. CONCLUSIONS 
 
 The SHG response of H terminated Si(100) has been studied during 
bombardment with 70, 200, and 1000 eV Ar+ ions, both in real time at the 
onset of bombardment and spectroscopically under steady-state conditions. 
The SHG signal from initially H terminated Si was observed to increase 
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substantially and fast upon Ar+-ion bombardment. We have shown that the 
SHG response during ion bombardment consists of two contributions, a main 
contribution that is caused by ′E E0 1/  transitions between bulk electronic states 
in the c-Si that are modified due to the vicinity of the interface with the a-Si 
layer, and an additional contribution that arises from transitions related to 
Si-Si bonds at the a-Si surface. Both contributions are independent of the 
applied Ar+-ion energy, while the surface contribution is almost completely 
quenched upon XeF2 exposure. The results reported have demonstrated that 
SHG is a very useful technique to obtain insight into the surface and interface 
properties of silicon during ion etching. The potential of the SHG technique to 
study plasma etching of Si will be explored further in future XeF2 etching41 and 
Ar+-ion-assisted XeF2 etching experiments. 
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Chapter 4 
 
 
a-Si:H/c-Si heterointerface formation and epitaxial 
growth studied by real-time optical probes 
 
 
The deposition of amorphous and epitaxial silicon thin films on H terminated Si(100) has been 
studied in real time by the simultaneous application of spectroscopic ellipsometry, attenuated 
total reflection infrared spectroscopy, and optical second-harmonic generation. The morphology 
development of the films could be monitored nonintrusively in terms of critical point resonances 
and H bonding resolving the abruptness of the film-substrate interface and providing a clear 
distinction between direct heterointerface formation, nanometer-level epitaxial growth, and 
epitaxial breakdown.§  

                                                 
§  Published as: J.J.H. Gielis, P.J. van den Oever, M.C.M. van de Sanden, and W.M.M. Kessels, 
Appl. Phys. Lett. 90, 202108 (2007). 
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 Ultrathin silicon films deposited on H terminated crystalline silicon (c-Si) 
substrates are of significant importance in photovoltaics, either as 
hydrogenated amorphous silicon (a-Si:H) films for surface passivation1,2 and 
silicon heterojunction (SHJ) formation3 or as epitaxial silicon (epi-Si) films for 
solar cell concepts based on thin film c-Si technology.4,5 The performance of 
these devices is highly governed by their interface quality. For high-
performance SHJ solar cells it is essential to form an abrupt and atomically flat 
a-Si:H/c-Si interface with any nanometer-level epi-Si formation being 
detrimental.6,7 For Si epitaxy, a layer of perfectly crystalline Si is desired 
suppressing defect incorporation and polycrystalline or amorphous Si 
formation.5 The film morphology is influenced by several factors, such as the 
deposition temperature, the substrate surface nature, as well as the growth 
rate, surface roughness, and H content of the developing film.4,7-9 However, 
the underlying mechanistic factors controlling whether a film develops entirely 
epitaxial or purely amorphous with a sharp interface are not fully understood 
yet and, evidently, more insight into the initial Si film formation is required.  
 Most previous studies in this field have been carried out using elaborate 
ex situ techniques such as transmission electron microscopy (TEM).4,6 More 
recently, in situ optical techniques capable of monitoring film properties 
during deposition have been applied such as spectroscopic ellipsometry (SE) 
and attenuated total internal reflection Fourier transform infrared spectroscopy 
(ATR-FTIR) to probe the films’ linear optical properties and H bonding, 
respectively.3,5,7,8,10,11 In this letter, we apply SE and ATR-FTIR simultaneously 
with the nonlinear optical technique of second-harmonic generation (SHG) to 
study the evolution of Si film morphology during deposition on c-Si. Being 
surface and interface specific and sensitive to Si-Si bonds, SHG allows for 
direct probing of the properties of the interface between Si films and the c-Si 
substrate.12-14 Films have been deposited at a temperature of 150 ºC, i.e., 
within the typical transition region from amorphous to epitaxial film growth,7,8 

yielding different film morphologies. It is demonstrated that the three optical 
probes provide insight into heterointerface formation and epitaxial growth, at 
a level unprecedented by nonintrusive and real-time probes.  
 The Si thin films were deposited using hot-wire chemical vapor 
deposition in a setup with a base pressure of < 10-9 mbar. A 
0.45-mm-diameter tungsten filament was resistively heated to about 2000 ºC 
to dissociate SiH4 gas at a pressure of 8 × 10-3 mbar. The substrates were 
either standard P-doped Si(100) wafers (resistivity of 10-30 Ω cm) or undoped 
trapezoidally shaped Si(100) substrates for experiments involving ATR-FTIR 
(25 reflections at working surface). Two different sample cleaning and 
processing conditions were applied: an ultrasound ethanol bath and 
subsequent immersion in a 2% HF solution for 2 min (treatment A) or a 
standard RCA I and RCA II procedures using a buffered 1% NH4F/HF solution 
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(BHF) with pH 4 (treatment B). Both methods removed the native oxide 
terminating the Si surface with H. Directly after cleaning, the samples were 
mounted into the setup. Prior to deposition on the HF cleaned samples (A), the 
setup was baked for 16 h with the samples reaching a temperature of 225 ºC. 
The deposition on the BHF cleaned samples (B) was started once reaching a 
temperature of 150 ºC and a background pressure of 10-7 mbar, typically 
< 60 min after loading. The filament was placed at 11 cm from the HF cleaned 
samples (A) and at 13 cm from the BHF cleaned samples (B), resulting in 
deposition rates of 3.4 and 2.1 nm/min, respectively. The optical schemes for 
the SE, ATR-FTIR, and SHG measurements are described in detail 
elsewhere.11,14 Briefly, the vacuum system was equipped with a rotating 
compensator ellipsometer and Fourier transform interferometer for the SE and 
ATR-FTIR measurements, respectively, whereas a tunable Ti:sapphire oscillator 
provided the femtosecond laser radiation for the SHG measurements. The time 
resolutions for SE, ATR-FTIR, and SHG were 3.5, 6.8, and 0.1 s, respectively. SE 
results will be expressed in terms of the squared pseudolinear susceptibility, 

( ) ( )χ ε ε= − +
2 2 21

1 21 , which is calculated from the raw SE data by treating 
the film and substrate as one semi-infinite material. This representation 
facilitates the comparison with the SHG intensity that is proportional to the 
squared second-order nonlinear susceptibility ( )χ 22 . 
 Figure 1 shows the squared pseudolinear susceptibility ( )χ

21  measured 
with SE during Si film deposition, whereas also ( )χ

21  of the H-Si(100) 
substrate at 150 ºC and the linear susceptibility ( )χ 21  of a-Si:H deduced from 
the SE data are shown. The spectra in Fig. 1(a), obtained after  

 

FIG. 1  Squared pseudolinear susceptibility ( )χ
2

1  obtained with SE during deposition 
for (a) a-Si:H films and for (b) epi-Si films on Si(100). For both (a) and (b) data are 
given for film thicknesses of 38, 100, 236, and 329 Å. Dashed lines indicate ( )χ

2
1  of 

a H-Si(100) substrate and ( )χ 21  of a-Si:H as deduced from the data. 
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treatment A, clearly indicate the deposition of a-Si:H; with increasing film 
thickness the 0 1′E E/  and E2  critical point resonances broaden and ultimately 
cannot be separately distinguished anymore. The spectra in Fig. 1(b), obtained 
after treatment B, correspond to films with the same thickness as in Fig. 1(a). 
The spectra hardly change with increasing film thickness revealing that the 
films developed epitaxially. Comparison with optical modeling indicates that 
the surface roughness does not significantly change with film thickness and is 
comparable to the substrate roughness. This is corroborated by atomic force 
microscopy yielding an unchanged rms roughness of ~3 Å. At around 3.3 eV 
an oscillation in ( )χ

21  is observed as a function of film thickness in Fig. 1(b). 
Teplin et al. attributed this behavior to interference due to a porous interface 
layer.5 The SE results clearly show that substrate treatment has a great 
influence on film morphology. 
 ATR-FTIR spectra in Fig. 2(a) show the formation of an a-Si:H film after 
treatment A and a film with a high fraction of epi-Si after treatment B. In 
Fig. 2(b) the integrated absorbance deduced from the spectra is shown. 
Obviously, the absorbance of the a-Si:H is about an order of magnitude higher 
than for the predominantly epitaxial material and consequently the amount of 
H incorporated in the a-Si:H film is much higher. The maxima of the spectra 
shift to lower wave numbers with increasing a-Si:H and epi-Si thickness and 
the integrated absorbance increases more rapidly during initial growth, similar 
as reported for a-Si:H in Ref. 3. Both phenomena indicate a H-rich onset of 
film growth, which causes a poorer initial network structure.3,11 After ~40 Å of 
a-Si:H deposition the integrated absorbance increases linearly as a function of  

 

FIG. 2  (a) ATR-FTIR spectra for an a-Si:H and a predominantly epitaxial film at a 
thickness of 38, 100, 236 and 329 Å obtained during deposition on Si(100). (b)
Integrated absorbance for a-Si:H and predominantly epi-Si as a function of film 
thickness. (c) H content obtained from TOF-SIMS analysis for the same films. 
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film thickness indicating a constant H incorporation during bulk film growth. 
These results are corroborated by time-of-flight secondary ion mass 
spectrometry (TOF-SIMS) analysis of both films [Fig. 2(c)], featuring also the 
H-rich interface between the substrate and film. The H content in the epi-Si 
film is about an order of magnitude lower and increases during bulk growth, 
indicating a gradual increase of the amorphous fraction. The evolution of the H 
content, in addition to surface roughness, has been suggested to play an 
important role in the breakdown process of epi-Si.9 
 SHG spectra obtained at 150 ºC right after deposition of a-Si:H films 
with different thicknesses are shown in Fig. 3, all after treatment A. The 
spectrum of the pristine H-Si(100) starting surface (also shown) exhibits the 
same characteristic behavior with a sharp minimum at 3.40 eV as reported by 
Dadap et al.12 indicating a good H termination of the surface. For ultrathin 
a-Si:H films of 38 and 100 Å the SHG intensity is enhanced and has a sharp 
resonance at 3.3 eV and an additional possibly broader contribution, best 
visible above 3.4 eV. For the 236 and 329 Å films the intensity is reduced again 
and shows a minimum around 3.25 eV. For a thick film of 727 Å the SHG 
intensity is very low, particularly in the high photon energy range. As the SHG 
radiation, especially for high photon energies, is absorbed while propagating 
through the a-Si:H film, the decreasing SHG intensity for thicker films suggests 
(similar to Ref. 14) that the SHG radiation is predominantly generated at the 
a-Si:H/c-Si interface. For very thin a-Si:H films the SHG spectrum has a similar 
shape as the linear susceptibility for c-Si, which also has a sharp resonance at 
3.3 eV (cf. Fig. 1). This similarity indicates that these SHG spectra are 
dominated by interband transitions related to Si-Si bonds in the c-Si at the 
interface. The second, possibly broader, contribution to SHG originates most  

 
FIG. 3  SHG spectra for p polarized fundamental and SHG radiation for a-Si:H films 
deposited on Si(100) and for a pristine H-Si(100) surface at 150 ºC. 
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likely from Si-Si bonds of a-Si:H.13,14  
 The SHG spectra demonstrate the sensitivity of SHG to the interface 
between c-Si and a-Si:H, indicating that real-time SHG can provide insight into 
interface formation. In Fig. 4(a) the SHG intensity as a function of deposition 
time is shown for films (I and II) formed after treatment A and for a film (III) 
formed after treatment B. The SHG photon energy was 3.40 eV, which is close 
to the 0 1′E E/  critical point of c-Si and corresponds to the minimum in the SHG 
spectrum for H-Si(100) at the deposition temperature of 150 ºC. The SHG 
intensity of film I increases rapidly at the onset of deposition, while the 
intensity for film II increases after a period of ~50 s, corresponding to ~20 Å of 
film growth. For increasing film thickness the SHG intensity decreases again 
(not shown), in agreement with the SHG spectra in Fig. 3. The SHG intensity for 
film III shows only a very slight increase with increasing film thickness. Real-
time SE and ATR-FTIR experiments indicate that films I and II are both 
amorphous, while the real-time SHG response of both films in Fig. 4(a) is 
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FIG. 4  (a) SHG intensity as a function of deposition time at a SHG photon energy of 
3.40 eV for p polarized fundamental and SHG radiation for (I) an a-Si:H film, (II) an 
a-Si:H film with epitaxial onset of growth (~20 Å), and (III) a fully epi-Si film. (b) Cross 
sectional TEM image of film I. (c) Cross sectional TEM image of film II. 



a-Si:H/c-Si heterointerface formation and epitaxial growth studied by real-time optical probes 

 99

significantly different. Cross sectional high resolution TEM images, shown in 
Figs. 4(b) and 4(c), reveal that film I developed fully amorphous, whereas the 
onset of growth for film II was epitaxial, followed by rapid breakdown into 
mixed phase material after ~20 Å, and finally formation of purely amorphous 
material. Film III developed fully epitaxial (not shown). It can be concluded that 
the difference in initial film growth strongly influences the real-time behavior 
of the SHG intensity. Epi-Si growth hardly modifies the real-time SHG intensity, 
whereas the intensity increases rapidly once amorphous film growth 
commences. 
 The two sample treatments clearly influenced the structure of the films 
deposited. To quantify the surface quality of the substrates the imaginary part 
of the pseudodielectric function ε2  at the E2  critical point energy as 
measured with SE can be used.15 Treatment A (B) resulted in ε2  = 39.0 ± 0.9 
(39.5 ± 0.9) at room temperature directly after cleaning and 38.1 ± 0.9 
(38.6 ± 1.1) at 150 ºC just prior to deposition. Consequently, treatment B 
yields a slightly higher quality surface compared to A without a noticeable 
degradation by the baking of the substrate in A. The different morphology of 
the films formed after the two procedures might therefore be related to surface 
roughness: for Si(100) both treatments create a relatively rough surface; 
however, for treatment B the surface roughness is more ordered with (111) 
facets.16 Also the SHG spectra of the pristine H-Si(100) indicate differences in 
substrate surface properties after the two treatments. The slightly lower 
growth rate after treatment B might also be beneficial for epitaxial growth; 
however, the influence is expected to be subordinate to that of the substrate 
properties. 
 In conclusion, we have observed formation of both a-Si:H and epi-Si 
films with SE, ATR-FTIR, and SHG. The three combined techniques provide a 
method to distinguish between direct heterointerface formation and 
nanometer-level epitaxial growth and yield therefore means to investigate and 
control processes occurring during Si thin film growth on H terminated Si, both 
nonintrusively and in real time. 
 This work was supported by the Netherlands Foundation for 
Fundamental Research on Matter (FOM). The research of one of the authors 
(W.M.M.K.) has been made possible by a fellowship of the Royal Netherlands 
Academy of Arts and Sciences (KNAW). 
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Chapter 5 
 
 
Real-time study of a-Si:H/c-Si heterointerface 
formation and epitaxial Si growth by spectroscopic 
ellipsometry, infrared spectroscopy and  
second-harmonic generation 
 
The performance of many devices based on Si thin films deposited on crystalline Si (c-Si) is 
highly governed by interface quality. For many of these applications, only fully epitaxial films or 
fully amorphous films having an abrupt interface with the substrate are desired. However, the 
realization of these perfectly sharp interfaces and the mechanisms governing their formation are 
not fully understood yet. In this study, the interface formation between Si thin films and c-Si has 
been investigated by simultaneously applying three complementary optical techniques in real 
time during low temperature Si film growth. The films were deposited in a hot-wire chemical 
vapor deposition process by using both native oxide covered and H terminated Si(100) 
substrates. The formation of hydrogenated amorphous Si (a-Si:H), epitaxial Si, and mixed phase 
Si has been detected with spectroscopic ellipsometry by measuring the optical properties of the 
growing films. The evolution of the hydrogen content and hydrogen bonding configurations in 
the films has been monitored by attenuated total reflection infrared spectroscopy. A clear 
dependence of the hydrogen content on film morphology is observed with the amorphous films 
containing significantly more hydrogen. The surface and interface sensitive technique of 
second-harmonic generation (SHG) has been applied both spectroscopically and in real time. The 
SHG spectra of a-Si:H films on Si(100) obtained in the SHG photon energy range of 2.7-3.5 eV 
revealed a dominant contribution originating from the film/substrate interface related 
to 0 1/E E′  critical point (CP) transitions of c-Si. The real-time behavior of the SHG response is 
shown to strongly depend on differences in initial film morphology, which allows for 
identification of direct a-Si:H/c-Si heterointerface formation, nanometer-level epitaxial growth, 
and fully epitaxial growth at a very early stage of film growth. On the basis of the results 
obtained by the three optical techniques, the c-Si surface passivation mechanism by a-Si:H thin 
films is addressed and it is demonstrated that the combination of the techniques provides a 
profound method to control processes occurring during Si thin film growth.§ 
                                                 
§  Accepted for publication in Phys. Rev. B: J.J.H. Gielis, P.J. van den Oever, B. Hoex, M.C.M. van 
de Sanden, and W.M.M. Kessels.  
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I. INTRODUCTION 
 
 Amorphous and epitaxial silicon thin films deposited on wafer-type 
substrates are currently attracting considerable attention in photovoltaics and 
microelectronics. Silicon heterojunction (SHJ) solar cells based on the 
heterojunction between ultrathin hydrogenated amorphous silicon (a-Si:H) 
films (~50 Å) and crystalline silicon (c-Si) have been reported to reach 
efficiencies as high as 22.3%.1,2 Ultrathin a-Si:H films yield an excellent 
passivation of c-Si surfaces and are, for example, applied in diffused emitter 
c-Si solar cells for rear surface passivation3 and in thin film polysilicon solar 
cells by using a heterojunction emitter.4 Recently, a-Si:H has also been proven 
to be successful to passivate germanium surfaces, illustrating the potential of 
a-Si:H to increase the efficiency of germanium photovoltaic cells.5 The low 
temperature growth of epitaxial silicon (epi-Si) is a promising method to 
thicken c-Si seed layers on low-cost substrates for solar cell concepts based 
on thin film c-Si and also to add Si layers to wafers without disturbing doping 
profiles.6,7 In Ge and GaAs-based high-mobility metal-oxide-semiconductor 
field-effect transistors, the application of ultrathin amorphous and epitaxial 
silicon interface passivation layers has been shown to improve high-κ gate 
stack performance.8,9 
 The performance of these thin-film-based devices in the 
aforementioned examples is highly determined by interface quality. For high-
performance SHJ solar cells and well passivated surfaces, it is essential to form 
an abrupt and atomically flat interface between a-Si:H and c-Si without any 
nanometer-level epitaxial growth.10,11 In case of Si epitaxy, a layer of perfectly 
crystalline Si is required, while the formation of any polycrystalline or 
amorphous material needs to be suppressed to avoid epitaxial breakdown.7  
 The morphology of a Si film is influenced by several factors, such as the 
deposition temperature, the nature of the substrate surface, the growth rate, 
the surface roughness, and the hydrogen content of the developing film.6,11-13 
These factors might result in conflicting processing conditions. For example, at 
lower substrate temperatures a-Si:H films are obtained, while at higher 
temperatures epi-Si tends to develop.12 However, the a-Si:H film properties 
improve with increasing temperature, such that the highest solar cell 
efficiencies are obtained at temperatures close to the transition to epi-Si, 
consequently enhancing the chance of nanometer-level epitaxial material 
formation.13 This effect is illustrated in Fig. 1 where the surface recombination 
velocity at the a-Si:H/c-Si interface is shown as a function of the film 
deposition temperature. Every data point in Fig. 1 represents a different 
H terminated Si(100) sample with films deposited on both sides (details about 
the deposition are described in Sec. III). The surface recombination velocity is a 
measure for surface passivation and is deduced from carrier lifetime  
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spectroscopy.14,15 With increasing deposition temperature, the surface 
passivation significantly improves up to ~140 ºC, indicating an improvement of 
the properties of the a-Si:H and the a-Si:H/c-Si interface. For temperatures 
above ~140 ºC, the surface passivation abruptly deteriorates, which is caused 
by the formation of epitaxial material during the initial film growth. Although 
parameters such as the deposition temperature, the substrate condition, and 
the growth rate are known to have an impact on Si film structure, the 
underlying mechanism governing whether a film develops purely epitaxial or 
entirely amorphous with a sharp interface is not fully understood yet. 
 The formation of Si thin films has been studied by several authors using 
ex situ techniques such as transmission electron microscopy (TEM)6,10,16,17 and 
secondary ion mass spectrometry (SIMS).12,16,17 Also carrier lifetime 
spectroscopy, as discussed above, has proven to be a useful diagnostic to 
measure the abruptness of a-Si:H/c-Si interfaces.15,16 Although providing 
detailed information on film structure and composition, these ex situ methods 
do not provide fast process feedback and information on the real-time 
evolution of the film properties. Moreover, TEM and SIMS are sample 
destructive. For detailed fundamental understanding of the growth mechanism 
as well as for process monitoring, in situ techniques that are applicable in real 
time during film growth are desired. For example, time-resolved microwave 
conductivity is a technique that has been used to study a-Si:H film growth in 

 

FIG. 1  Surface recombination velocity as a function of Si film deposition temperature.
Every data point represents a different sample. The suggested improvement of
passivation properties with increasing deposition temperatures until ~140 ºC where 
the passivation properties abruptly deteriorate is indicated by the dashed line that
serves as a guide to the eye. The films, having a thickness of 150-300 Å, were 
deposited on both sides of H terminated Si(100) substrates by using sample treatment 
B. Except for the deposition temperature, the experimental conditions were kept
constant for all films. 
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situ.18 In particular, all-optical techniques are very useful for in situ 
applications due to their noninvasive nature and real-time applicability. The 
formation of both amorphous and epitaxial films on c-Si has been studied in 
situ by using spectroscopic ellipsometry (SE),7,12,13,19-25 whereas amorphous 
film growth on c-Si has been investigated with attenuated total reflection 
Fourier transform infrared spectroscopy (ATR-FTIR).21,22,25 In a recent 
publication we reported on the simultaneous application of SE, ATR-FTIR, and 
second-harmonic generation (SHG) during low temperature Si film growth on 
H terminated Si(100).26 In this paper, we present an extended set of 
experimental data obtained with these three techniques and these data are 
analyzed in a more detailed way. From studies on native oxide covered and H 
terminated Si(100) substrates, it will be demonstrated that the three optical 
techniques SE, ATR-FTIR, and SHG provide important complementary 
information on the morphology development of Si films in terms of critical 
point resonances and H content. It will also be shown that especially SHG 
exhibits an excellent sensitivity to initial film morphology providing a 
distinction between direct heterointerface formation and epitaxial growth.  
 This paper is organized as follows. In Sec. II, we introduce the optical 
diagnostics SE, ATR-FTIR, and SHG and we discuss relevant applications of 
these techniques reported in literature. In Sec. III, the details of the high 
vacuum reactor, the deposition procedure, the preparation of the Si substrates, 
and the optical setups for the experiments are discussed. Additionally, we 
briefly introduce ex situ techniques used to complement and validate the 
results of the optical diagnostics. In Sec. IV, the results obtained by SE, 
ATR-FTIR, and SHG are presented and analyzed. Finally, in Sec. V, the results 
and conclusions are summarized. 
 
 
II. REAL-TIME OPTICAL DIAGNOSTICS 
 
 In this section, the optical diagnostics spectroscopic ellipsometry (SE), 
attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR), 
and second-harmonic generation (SHG) used to study the growth of Si thin 
films will be introduced in more detail. We will predominantly focus on SHG, as 
this is not yet a well-established technique to study Si film growth. The first 
technique, spectroscopic ellipsometry, measures the change in polarization of 
light upon reflection from a surface and provides information on linear optical 
properties, thickness, and surface roughness of films and substrates. 
Application of SE in real time during processing has provided information on 
the nucleation, coalescence, growth, and surface roughness evolution of a-Si:H 
thin films.12,13,19-24 Also, the formation of fully epitaxial Si and the breakdown 
of epi-Si into mixed phase material have been characterized with real-time 
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SE.7,12,13 With ATR-FTIR, the absorption of infrared radiation by chemical bonds 
is measured. Multiple reflections in the ATR crystal enhance the sensitivity of 
the technique. By probing Si-H stretching vibrations, the bonding of hydrogen 
can be resolved, both in the bulk and at the surface of the film. The sensitivity 
to surface Si-H bonds allowed for the identification of the role of SiHx radicals 
during a-Si:H growth on GaAs substrates,27,28 whereas the sensitivity to bulk 
Si-H bonds provided detailed information on the evolution of the H content in 
a Si:H deposited on c-Si.21,22,25 To our knowledge, ATR-FTIR has not yet been 
applied to study the formation of epitaxial or mixed phase Si films.  
 The third diagnostic applied here, which is second-harmonic 
generation, is a surface and interface sensitive nonlinear optical technique that 
allows for real-time probing of the interface between the Si films and the c-Si 
substrates. Microscopically, SHG is the conversion of two photons with energy 

ω  into a single photon with energy 2 ω . SHG occurs when incident radiation 
with a fundamental photon energy ω  and an electric field ( )ωE  induces a 
second-order nonlinear polarization ( ) ( )2 2ωP  in a medium that, as a result, 
radiates at twice the fundamental frequency. Within the electric dipole 
approximation SHG is described by29  
 
 
 
 
where ( ) ( )2 2χ ω  is the second-order nonlinear susceptibility tensor being a 
material property. The sensitivity of the technique to surfaces and interfaces 
arises from the fact that SHG is forbidden in the bulk of centrosymmetric 
media, such as c-Si and a-Si:H. For these materials, symmetry considerations 
imply ( )2 0χ = , whereas at a surface or interface, the symmetry is broken and as 
a result ( )2χ  is nonzero. For SiO2/Si(100) interfaces, Si(100) surfaces, as well as 
surfaces and interfaces of amorphous media such as a-Si:H, only five 
components of the second-order nonlinear susceptibility tensor are nonzero, 
of which only three components are independent. These nonzero components 
are ( )2

zzzχ , ( ) ( )2 2
zxx zyyχ χ= , and ( ) ( )2 2

xxz yyzχ χ= , where x and y define the surface or 
interface plane with z orthogonal to this plane.30,31 The process of SHG is 
resonantly enhanced when the photon energy of either the fundamental or the 
SHG radiation coincides with the energy of an optical transition in the medium. 
This aspect makes SHG a powerful technique to probe electronic states at 
surfaces and buried interfaces of thin films. 
 SHG has been extensively applied to study clean and H terminated c-Si 
surfaces and SiO2/c-Si interfaces.32 From controlled H dosing experiments of 
clean c-Si surfaces, SHG has been shown to be sensitive to surface Si dangling 
bonds in the fundamental photon energy range of ~1.0 to ~1.3 eV.33-35 
Furthermore, characteristic two-photon resonances close to 3.4 eV have been 

( ) ( ) ( ) ( ) ( ) ( )2 2
02 2 :ω ε χ ω ω ω=P E E , (1)
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observed at c-Si surfaces and buried interfaces. These resonances, being close 
to the 0 1/E E′  critical point (CP) transitions of bulk c-Si,36 were suggested to be 
related to Si-Si bonds distorted or strained due to the presence of a surface or 
interface37 and also suggested to be related to the presence of dc electric 
fields, which leads to electric-field-induced second-harmonic generation 
(EFISH).38 These dc electric fields can be generated by surface reconstructions 
or bulk space-charge regions (SCRs) in the c-Si that result from high doping 
densities, applied bias voltages, and (photon-induced) trapped charge.39,40 The 
surface and bulk SCR EFISH polarizations are proportional to the dc electric 
field dcE , 
 
 
 
 
At higher SHG photon energies, resonances were observed around 4.3 eV, 
which is near the c-Si 2E  CP, and around 3.7 eV. The latter resonance was 
attributed to Si interband transitions in a thin transition layer between c-Si and 
SiO2.41-43 

 The characterization of amorphous Si by SHG has remained relatively 
unexplored. Alexandrova et al. performed ex situ SHG experiments on a-Si:H 
films deposited on different glass substrates, however, only at a fixed photon 
energy of 1.17 eV (1064 nm) by using a Nd:YAG laser.44 More recently, we 
reported on both ex situ and real-time in situ SHG experiments of a-Si:H 
deposited on fused silica substrates investigated by using a Nd:YAG-pumped 
optical parametric oscillator. In these studies, broad spectral features assigned 
to both dangling bonds and Si-Si bonds were observed.31,45 Erley and Daum 
reported on ex situ SHG experiments of a 0.7 μm thick a-Si:D film on Si(100) 
and observed a very weak featureless SHG spectrum that was an order of 
magnitude lower in intensity than for native oxide covered Si(100).41 We also 
reported on real-time and spectroscopic SHG studies during the formation of 
thin layers of amorphous silicon (a-Si) by low-energy Ar+-ion bombardment by 
using a Ti:sapphire oscillator. In these studies, we observed a strong increase 
in SHG intensity upon ion bombardment and we showed that the SHG signal is 
originating from a dominant buried interface contribution near the c-Si 0 1/E E′  
CP energy and an additional contribution from the a-Si surface.46 Epitaxial 
growth of Si thin films has also been studied by SHG, however, only during 
dissociative chemisorption of Si2H6 on clean c-Si surfaces at high temperatures 
(> 750 K). In these experiments, it was found that the SHG response was 
predominantly governed by variations in H coverage.38,47 In this work, we focus 
on the interface formation between c-Si and Si thin films, both amorphous and 
epitaxial, during low temperature hot-wire chemical vapor deposition (HWCVD) 
by using a tunable Ti:sapphire laser for the SHG experiments.  

( ) ( ) ( ) ( ) ( )3EFISH
02 2 : dcω ε χ ω ω ω=P E E E . (2)
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III. EXPERIMENT 
 
A. High vacuum reactor and deposition procedure 
 The Si thin films were deposited in a high vacuum reactor with a base 
pressure of < 10-9 mbar. The setup consists of two independently pumped 
chambers separated by a flange with the substrate mount, as schematically 
shown in Fig. 2. The substrate temperature can be controlled accurately by a 
feedback system consisting of a radiative heater at the rear side of the sample 
in combination with thermocouples and a proportional-integral-derivative 
(PID) controller. The films were deposited from SiH4 gas with HWCVD. The hot-
wire source consists of a coiled 0.45-mm-diameter tungsten filament that is 
resistively heated by a 10 A dc to 2000 ± 200 ºC. Prior to deposition, a 
mechanical shutter is placed in front of the substrate to avoid any deposition 
during the onset period of the hot-wire source. The deposition chamber is 
back filled with SiH4 and once the pressure has stabilized, the hot wire is 
activated, typically after 30 s. Finally, when the hot wire stably operates, 
typically after 10 s, the shutter is removed and the deposition starts. During 
deposition, the pressure in the reactor is 8 × 10-3 mbar. The SiH4 used has a 
purity of over 99.995% and is led through an additional purifier before being 
injected in the high vacuum reactor. For the conditions applied, the radical flux 
toward the substrate can be estimated to be at least 2 orders of magnitude 
larger than the flux of possible contaminants toward the substrate. 
 
B. Substrate preparation 
 The substrates (50 × 20 mm2) were either standard n type Si(100) wafers 
(Czochralski grown, P doped, resistivity of 10-30 Ω cm, thickness of 500 ± 
25 μm) or undoped trapezoidally shaped Si(100) substrates (Harrick Scientific, 
thickness of 1 mm) with 45º angled bevels for experiments involving ATR-
FTIR. Si thin films were deposited on both native oxide covered substrates and 
on H terminated substrates. The native oxide covered substrates were cleaned 
by immersion in an ultrasound ethanol bath for 20 min and blown dry with 
nitrogen. Two different sample cleaning procedures were applied to prepare 
the H terminated Si(100) substrates. Treatment A consisted of ultrasound 
cleaning in ethanol for 20 min, subsequent immersion in a 2% HF solution for 
2 min and finally rinsing with ultrapure water. Treatment B consisted of a 
standard RCA I and RCA II procedure by using a buffered 1% NH4F/HF solution 
(BHF) with pH 4.48 Both methods removed the native oxide terminating the c-Si 
surface with H. Directly after cleaning, the samples were mounted in the 
reactor oriented with the [011] crystal axis parallel to the plane of incidence of 
the optical techniques. Prior to deposition on the native oxide covered 
substrates and the HF cleaned substrates (treatment A), the setup was baked 
for 16 h with the samples reaching a temperature of 225 ºC. The deposition on  
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the RCA/BHF cleaned samples (treatment B) was started once reaching a 
substrate temperature of 150 ºC and a background pressure of 10-7 mbar, 
typically < 60 min after loading. The hot wire was placed at a distance of 
11 cm from the native oxide and HF cleaned samples (A) and at a distance of 
13 cm from the RCA/BHF cleaned samples (B). This resulted in deposition rates 
of 3.4 and 2.1 nm/min, respectively. The filament-substrate distance used and 
the deposition pressure of 8 × 10-3 mbar are close to the optimal conditions 
for hot-wire a-Si:H deposition as reported by Molenbroek et al.49  
 
C. Optical setups 
 Optical access to the sample is provided by several viewports in the 
reactor. For the SE experiments, strain-free fused quartz windows (Bomco) 
were used. The SE experiments were performed at an angle of incidence of 
approximately 60º by using a rotating compensator spectroscopic ellipsometer 
(J.A. Woollam M-2000U) featuring a broadband light source (1.24-5.0 eV), 
polarization optics, and a charge coupled device (CCD) [see Fig. 2]. SE data 
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FIG. 2  Schematic representation of the high vacuum setup used for the Si thin film 
depositions together with the three optical diagnostics: spectroscopic ellipsometry
(SE), attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR), 
and second-harmonic generation (SHG). The different components are indicated: wave 
plate (C), polarizer (P), optical filter (F), lens (L), Pellin Broca prism (PB), charge coupled
device (CCD), HgCdTe detector (MCT), photomultiplier tube (PMT), and hot-wire 
source (HW). 
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were taken before, during, and after film deposition. By averaging 25 spectra, a 
good signal-to-noise ratio and a time resolution of 3.5 s were obtained for the 
real-time SE measurements. The SE data (Ψ, Δ) can be represented in a useful 
way in terms of the pseudodielectric function 1 2iε ε ε= + , which is 
calculated by treating the film and substrate as one semi-infinite material.50 To 
facilitate the comparison with the SHG intensity, which is proportional to the 
squared second-order nonlinear susceptibility ( ) 22χ , we will express the SE 
results mainly in terms of the squared pseudolinear susceptibility ( ) 21χ . The 
squared pseudolinear susceptibility is calculated from the pseudodielectric 
function by using ( ) ( )2 2 21

1 21χ ε ε= − + . The SE data processing and analysis 
were performed by using the EASE 2.30 software package (J.A. Woollam). 
 The ATR-FTIR measurements were performed from the rear side of the 
substrates, as depicted in Fig. 2. The infrared radiation, entering and exiting 
the reactor through ZnSe windows, was provided by a Fourier transform 
infrared interferometer (Bruker Vector 22) and was focused on the bevels of 
the trapezoidally shaped substrates by parabolic gold mirrors. The 
interferometer operates in the frequency range of 400-7000 cm-1; however, in 
this work, we focus on Si-H stretching vibrations in the 1800-2250 cm-1 
range. A wire grid polarizer was used to polarize the incident radiation 
perpendicular to the plane of incidence (s polarization). The infrared beam 
underwent ~25 total internal reflections at each side of the sample (c-Si 
substrate and film), enhancing the sensitivity by a factor of ~50 compared to a 
single transmission measurement. After exiting the sample, the infrared beam 
was focused on a liquid nitrogen cooled HgCdTe (MCT) detector (Infrared 
Associates D313/6-M). During deposition, 15 scans were averaged, and with a 
spectral resolution of 4 cm-1, this yielded a time resolution of 6.8 s. The ATR-
FTIR data will be expressed in terms of absorbance A calculated from the 
measured transmission T and the background transmission T0 obtained just 
before film deposition by using ( )0logA T T= − .  
 The fundamental laser radiation for the SHG experiments was provided 
by a Ti:sapphire oscillator (Spectra Physics Tsunami) that is tunable in the 
1.35-1.75 eV photon energy range. This oscillator was pumped by an 
intracavity doubled cw Nd:YVO4 laser (Spectra Physics Millennia Vsj). The 
repetition rate of the laser pulses was 80 MHz and the pulse duration was 
~90 fs. Silver coated mirrors were used to guide the laser beam into the 
reactor. With a variable wave plate and a Glan-Thompson polarizer, the 
polarization direction was selected and the laser power at the sample was set 
to 100 mW. Undesired radiation in the incident beam at the SHG radiation 
wavelength range was suppressed by a color filter (Schott OG570). The laser 
beam was focused onto the sample by using a plano convex BK7 lens. The 
radiation entered and exited the vacuum system through fused silica windows, 
which were verified not to generate any SHG radiation. The polarization 
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direction of the SHG radiation was selected with a Glan-Laser polarizer. The 
fundamental radiation that reflected off the sample was suppressed both by 
spatial filtering applying a lens, a Pellin Broca dispersing prism, and a slit and 
by optical filters. For spectroscopic SHG experiments performed under steady-
state conditions, two color filters were used (Schott BG40), while for the real-
time SHG experiments performed during film deposition at a fixed 
fundamental photon energy (1.70 eV), a narrow band pass interference filter 
with a central wavelength of 365 nm and a full width half maximum of 10 nm 
(Edmund Optics K43-103) was used. The latter filter was required to suppress 
not only the fundamental laser radiation but also stray light generated by the 
hot-wire source during deposition. In addition, an array of seven metal plates 
with concentric apertures and a mutual spacing of 10 mm was placed inside 
the vacuum chamber to suppress the stray light from the hot-wire source. The 
array was positioned in such a way that the diverging beam of fundamental 
and SHG radiation was tightly enclosed. It was verified that the combination of 
this array and the interference filter fully suppressed the stray light. The SHG 
radiation was detected by using a photomultiplier tube (Hamamatsu R585) 
connected to photon counting electronics. The beam waist of the laser beam at 
the sample was ~100 μm. With an angle of incidence at the sample of 35º, this 
led to a fluence of ~10 μJ/cm2 per pulse. Under these conditions, no time-
dependent variations in the SHG signal caused by photon-induced charge 
trapping were observed.40 The time resolution for the real-time SHG 
experiments was 0.1 s and the dark count rate of the detection scheme was 
below 4 Hz. The SHG data will be represented in terms of the SHG intensity as 
calculated from the detected SHG signal after correction for the applied laser 
intensity and the response of the optical system. The optical response was 
obtained from separate transmission experiments of the optical components 
and was verified by spectroscopic SHG experiments on single side polished 
z cut quartz. The second-order relation between the incident fundamental 
intensity and the SHG intensity was verified in the experiments. As mentioned 
in Sec. II, ( )2

zzzχ , ( )2
zxxχ , and ( )2

xxzχ  are the only independent components of the 
second-order nonlinear susceptibility tensor that are nonzero for surfaces and 
interfaces of Si(100) and a-Si:H.30,31 Depending on the selected polarization of 
the fundamental and SHG radiation, different tensor components contribute to 
the surface and interface SHG response, resulting in (local) maxima in the SHG 
signal for three different combinations: (1) p polarized fundamental and p 
polarized SHG radiation (pP polarization), where all three independent tensor 
components contribute, (2) s polarized fundamental and p polarized SHG 
radiation (sP polarization), where only ( )2

zxxχ  contributes, and (3) mixed 
fundamental polarization with equal s and p components and s polarized SHG 
radiation (mixS polarization), where only ( )2

xxzχ  contributes. It should be noted 
that tensor component ( )2

xxzχ  always occurs in combination with an inseparable 
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isotropic bulk quadrupole susceptibility component γ of the substrate and/or 
film. The SHG experiments were mainly performed at pP polarization yielding 
the highest SHG intensity. 
 
D. Ex situ diagnostics 
 In addition to the three optical techniques applied in situ during 
deposition, several ex situ diagnostics were used to characterize the Si thin 
films. As discussed above, carrier lifetime spectroscopy was used to measure 
the surface recombination velocity at the a-Si:H/c-Si interface for films 
deposited at different temperatures (Fig. 1). These photoconductance 
experiments were carried out using a lifetime tester (Sinton Consulting 
WCT-100) in both quasisteady-state and transient mode.14 The surface 
recombination velocity was calculated assuming an infinite bulk lifetime, which 
results in an upper limit for the surface recombination velocity. For these 
measurements, Si thin films with a thickness of 150-300 Å were deposited on 
both sides of 2 in. n type Si(100) wafers (float zone, P doped, resistivity of 
1.9 Ω cm, and thickness of 275 μm) by using sample treatment B. Information 
on the surface roughness was obtained by atomic force microscopy (AFM) 
using a vibration stabilized AFM (NT-MDT Solver P47) in noncontact mode with 
c-Si tips having a curvature radius of 10 nm. The absolute and spatially 
resolved hydrogen content in the films was measured with time-of-flight 
secondary ion mass spectrometry (TOF-SIMS). The analysis was carried out 
with an ION-TOF TOF-SIMS IV instrument at an operation pressure of 
< 1.5×10–9 mbar. For sputtering 1 keV, Cs+ ions were used resulting in an 
erosion rate of about 7 Å/s, whereas either a Ga+ or a Bi+ gun was used as a 
primary ion source and secondary H– ions were acquired. The film morphology 
was studied with cross sectional high resolution TEM. The samples were 
prepared by mechanical polishing by using the tripod method and were 
investigated using a FEI Tecnai F30ST microscope operated at 300 kV. The 
TOF-SIMS and the TEM analysis were carried out at Philips Research-Materials 
Analysis, Eindhoven, The Netherlands. 
 
 
IV. RESULTS 
 
A. Spectroscopic ellipsometry 
 In Fig. 3, the real and imaginary parts of the pseudodielectric function, 

1ε  and ε2 , are shown as a function of photon energy for the native oxide 
covered and the H terminated Si(100) substrates at 150 ºC just prior to 
deposition. The magnitude of the imaginary part of the pseudodielectric 
function ε2  at the c-Si 2E  CP energy of 4.3 eV can be used to quantify the 
surface quality. The presence of any foreign material or microscopic roughness  
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results in a decrease in the magnitude of the peak.51 This feature was used to 
check the surface quality and to verify the result of the substrate treatment 
prior to every deposition on H terminated Si(100). In Fig. 3, the sensitivity to 
the nature of the surface is clearly visible; obviously, the peak value for native 
oxide covered Si(100) is lower than for H terminated Si(100). However, also the 
two substrate treatments to obtain H terminated Si(100) resulted in slightly 
different peak values. Treatment A (B) in ε2  = 39.0 ± 0.9 (39.5 ± 0.9) at room 
temperature directly after cleaning and 38.1 ± 0.9 (38.6 ± 1.1) at 150 ºC just 
prior to deposition. These values represent averages over the full sets of 
samples and, although the difference in ε2  after the two treatments is not 
significant, they might suggest a slightly higher quality surface after treatment 
B. The longer time between substrate cleaning and film deposition in treatment 
A due to the baking of the vacuum system did not cause a noticeable 
degradation of the surface quality. For both treatments, the values for ε2  
suggest the presence of surface roughness, which is a known side effect of wet 
chemical etching of Si(100). With AFM, the surface roughness of the substrates 
was found to be below a rms value of 2 Å. For treatment B, the Si(100) surface 
roughness has been reported to be related to the presence of (111) facets.52 
 Figure 4 shows the squared pseudolinear susceptibility ( ) 21χ  as a 
function of photon energy measured with SE during Si film deposition at 
150 ºC. As a reference, also ( )χ

21  of the native oxide covered and H 
terminated Si(100) substrates are shown as well as the linear 
susceptibility ( ) 21χ  of a-Si:H deduced from the SE data. The spectra in Fig. 4(a) 
and (b) were obtained during deposition on native oxide covered and H 
terminated Si(100) after treatment A, respectively, and show very similar  

 

FIG. 3  Real and imaginary parts of the pseudodielectric function as a function of 
photon energy at the deposition temperature of 150 ºC for (a) native oxide covered 
Si(100) and (b) H terminated Si(100) substrates. 



Real-time study of a-Si:H/c-Si heterointerface formation and epitaxial Si growth 

 113

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
trends. The films deposited on native oxide covered Si(100) exhibit a lower 
amplitude of ( )χ

21  caused by the presence of the native oxide. With 
increasing film thickness, the difference between the two cases diminishes, as 
the impact of the substrate on the pseudolinear susceptibility decreases. The 
spectra in Figs. 4(a) and 4(b) clearly indicate the deposition of a-Si:H. With 
increasing film thickness, an evolution from a c-Si spectrum for the pristine 
substrate to an a-Si:H spectrum is visible; the c-Si 0 1/E E′  and 2E  CP 
resonances at 3.3 and 4.3 eV broaden and ultimately cannot be separately 
distinguished anymore. The spectra in Fig. 4(c) were obtained during 
deposition on H terminated Si(100) after treatment B and correspond to films 
with the same thickness as in Figs. 4(a) and 4(b). These spectra hardly change 

 

FIG. 4  Squared pseudolinear susceptibility ( ) 2
1χ  obtained with SE during deposition 

at 150 ºC for (a) a-Si:H on native oxide covered Si(100) and (b) a-Si:H, (c) epi-Si, and 
(d) mixed phase Si on H terminated Si(100). In (a)-(d) data are given for selected film 
thicknesses of 38, 100, 236, and 329 Å, with additional curves for 600 and 1200 Å 
films in (d). Dashed lines indicate ( ) 2

1χ  for the native oxide covered and H 
terminated Si(100) substrates and ( ) 21χ  of a-Si:H as deduced from the data. The inset 
in (c) displays ( ) 2

1χ  at 3.3 eV as a function of deposition time for epi-Si films. 
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with increasing film thickness and coincide with the spectrum for the pristine H 
terminated Si(100) substrate, which reveals that the films developed 
epitaxially. In Fig. 4(d), also obtained during deposition on H terminated 
Si(100) after treatment B, an intermediate situation is visible. The spectra 
change with increasing film thickness; however, the characteristic crystalline 
features remain present. This slow evolution from a c-Si spectrum to an a-Si:H 
spectrum indicates the deposition of mixed phase material consisting of both 
amorphous and epitaxial Si.  
 Van den Oever et al. described the evolution of the dielectric function, 
bulk thickness, and surface roughness of a-Si:H deposited on native oxide 
covered Si(100) as obtained from optical model-based analysis of real-time SE 
data.24 The thicknesses of the different a-Si:H films, as indicated in Fig. 4, have 
been obtained by using a similar approach. However, for the films deposited 
on H terminated Si(100), the analysis yields significantly higher residue values 
between data and model during initial film growth (< 20 Å) than for films 
deposited on native oxide covered substrates. These higher residues are 
caused by a lack in optical contrast between the Si films and the H terminated 
Si(100) substrates. A consequence of this lack in contrast is that initial changes 
in SE data cannot clearly be assigned to the presence of a certain film 
morphology, surface roughness, or contamination for these ultrathin films.  
 The similarity between all spectra in Fig. 4(c) does not only indicate the 
deposition of epi-Si films, it also suggests that the surface roughness does not 
significantly change with film thickness. Apparently, the surface roughness 
remains of a comparable magnitude as the surface roughness of the substrate. 
As discussed above, an increase in surface roughness would yield a 
monotonously decreasing trend in ε2  and hence also in ( )χ

21 , especially at 
the 2E  CP energy. This decreasing trend is not observed. ( )χ

21  displays, 
however, an oscillation as a function of film thickness. The inset in Fig. 4(c) 
shows this oscillation as a function of deposition time at a photon energy of 
3.3 eV. Teplin et al. attributed this behavior to interference due to the presence 
of a porous interface layer possibly related to a higher hydrogen content at the 
interface.7 For the a-Si:H films in Figs. 4(a) and 4(b) interference fringes in the 
2-3 eV photon energy range are visible. The presence of these fringes 
indicates that the interface between the native oxide covered and H terminated 
c-Si substrates and the deposited films is relatively sharp. In the spectra in 
Fig. 4(d) obtained during deposition of mixed phase material, these 
interference fringes are absent, indicating that the contrast between the c-Si 
substrate and the film is limited. This suggests that the mixed phase film 
developed as a graded layer, with an increasing a-Si:H content with increasing 
thickness.  
 The a-Si:H content in the mixed phase material in Fig. 4(d) has been 
deduced by using two different three-layer optical models to describe epitaxial  
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breakdown, which are similar to the models used by Teplin et al.7 The first 
model consists of (1) a c-Si substrate, (2) a graded layer modeled as an 
effective medium of crystalline and amorphous material, and (3) a surface 
roughness layer. The optical constants for the c-Si substrate are extracted 
from the SE data obtained prior to deposition in terms of the pseudodielectric 
function, as shown in Fig. 3(b). The same optical constants are used for the 
crystalline fraction in the graded layer. The optical constants for the 
amorphous fraction in the graded layer were described with the Cody-Lorentz 
formalism with parameters determined from the topmost, fully amorphous 
material formed at the end of the deposition.24,53 The dielectric function of the 
film was assumed to linearly vary from pure c-Si to pure a-Si:H over the 
thickness of the film. The surface roughness layer was modeled as an effective 
medium consisting of 50% voids and 50% of the underlying material by using 
the Bruggeman approximation.54 The thickness of the graded film and the 
thickness of the surface roughness layer were included in the fitting process. 
In the second model, a virtual interface approach was applied.55 The optical 
model consists of (1) a virtual substrate, (2) a thin effective medium layer of 
crystalline and amorphous material, and (3) a surface roughness layer that was 
treated the same way as in the graded layer model. In this approach, the real-
time SE data measured in a certain time interval are fitted by assuming that SE 
data measured before this interval can be converted into optical constants of 
an effective substrate. The amorphous content of the overlying effective 
medium layer, having a thickness of typically 25 Å, is fitted by using the same 
Cody-Lorentz parameters for the a-Si:H as in the linear grade model. The  

 

FIG. 5  Fraction of a-Si:H in a mixed phase Si film on H terminated Si(100) as a 
function of film thickness as deduced from SE using linear grade analysis and virtual
interface analysis, and as deduced from the H content in the film obtained by ATR-
FTIR and TOF-SIMS. 
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surface roughness is also fitted in this virtual interface approach. The a-Si:H 
content resulting from the real-time SE analysis using both the linear grade 
and virtual interface models is shown in Fig. 5. Both models yield similar 
results and show a linear increase in the a-Si:H content with thickness. It can 
be concluded that the initial film growth was predominantly epitaxial, whereas 
the film growth at the end of the deposition (i.e., at a film thickness of 
~1200 nm) was fully amorphous. The thickness of the surface roughness layer 
at the end of the deposition was around 20 Å in both models. In summary, 
with spectroscopic ellipsometry, the optical properties of the Si thin films have 
been characterized in terms of the pseudolinear susceptibility. Also, 
information on the film thickness and surface roughness has been obtained. 
From the SE data, different film morphologies can be distinguished in real time 
during processing, and in addition, the technique provides information on the 
abruptness of the film/substrate interface.  
 The surface roughness of the different films has also been investigated 
with AFM. Figure 6 shows the AFM micrographs for a-Si:H deposited on native 
oxide covered Si(100) and a-Si:H, epi-Si, and mixed phase Si on H terminated 
Si(100). The rms roughness of the different films deduced from the AFM data is 
also indicated in Fig. 6. The results correspond well to the results obtained 
with SE. It is clear that epi-Si films exhibit the lowest surface roughness. The 
rms roughness of these films is ~3 Å and is therefore comparable to the  
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FIG. 6  AFM micrographs for (a) 3500 Å of a-Si:H on native oxide covered Si(100), (b) 
329 Å a-Si:H on H terminated Si(100), (c) 350 Å epi-Si on H terminated Si(100), and 
(d) a 3140 Å thick film that consists of mixed phase Si, with the first ~250 Å being 
epi-Si. The rms roughness of the films is indicated in the figure. 
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roughness of the substrates (< 2 Å). The surface roughness of the a-Si:H films 
is somewhat larger, but still below a rms value of 10 Å. The mixed phase 
material yields the highest surface roughness, possibly related to a slightly 
different growth rate between the amorphous and epitaxial phase in the film, 
as also found by Teplin et al.56 

 
B. Attenuated total reflection infrared spectroscopy 
 Figure 7 shows the absorbance as a function of frequency measured 
with ATR-FTIR during the deposition of Si thin films. The spectra in Fig. 7(a) 
were obtained during deposition of a-Si:H on native oxide covered Si(100), the 
spectra in Fig. 7(b) during deposition of a-Si:H on H terminated Si(100) after 
treatment A, and the spectra in Fig. 7(c) during deposition of mixed phase Si 
on H terminated Si(100) after treatment B. The absorbance in the  

 

FIG. 7  ATR-FTIR spectra for (a) a-Si:H on native oxide covered Si(100), (b) a-Si:H on H 
terminated Si(100), and (c) mixed phase Si on H terminated Si(100). For clarity, only 
data for selected film thicknesses of 38, 100, 236, and 329 Å are shown. In (d), the 
deconvolution of the spectrum for 38 Å a-Si:H on H terminated Si(100) is shown, 
including the assignment of the peaks. 
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1900-2200 cm-1 range can be assigned to SiHx stretching modes of hydrogen 
in the bulk and at the surface of the films.21,22,25,27,28,57,58 It can be seen that for 
similar thickness values, the absorbance for the a-Si:H films is about an order 
of magnitude higher than for the mixed phase material, indicating a higher 
H content in the amorphous material. With increasing film thickness, the 
absorbance increases for all films, whereas the position of the peak 
absorbance value shifts toward lower frequencies for thicker films.  
 To obtain quantitative information about the hydrogen bonding in the 
films as a function of film thickness, the spectra were deconvoluted into 
several Gaussian peaks. The peak assignments are based on reports in 
literature and are summarized in Table I. Figure 7(d) shows the deconvolution 
of the spectrum for 38 Å a-Si:H on H terminated Si(100) [cf. Fig. 7(b)], which 
can be reproduced very well by three relatively narrow peaks due to SiHx 
surface modes and two broader peaks related to SiH and SiH2 bulk 
modes.21,22,25,27,28 For the a-Si:H films deposited on native oxide covered 
Si(100), oxygen back bonded SiHx modes were also detected.57 Due to the 
limited absorbance, surface peaks could not be distinguished from bulk modes 
in mixed phase material. In Figs. 8(a)-8(c) the integrated absorbance by SiH 
and SiH2 bulk modes and the sum of the integrated absorbance by SiHx surface 
modes resulting from the deconvolution of the ATR-FTIR spectra are shown at 
the onset of film growth as a function of film thickness. Data are presented for 
a-Si:H on native oxide covered Si(100), a-Si:H on H terminated Si(100), and 
mixed phase Si on H terminated Si(100), respectively. As is visible from 
Fig. 8(b), the absorbance by SiHx surface modes is dominant at the onset of  

TABLE I  The range of center peak positions of the infrared absorption peaks in the
SiHx stretching region of a-Si:H and their assignments.21,22,25,27,28,57 The full width at 
half maximum of bulk peaks and surface peaks is ~85 cm-1 and ~25 cm-1, 
respectively. 

Peak position (cm-1) Assignment 

1980 - 2020 Bulk SiH 

2070 - 2105 Surface SiH 

2080 - 2095 Bulk SiH2 

2110 - 2120 Surface SiH2 

2135 - 2145 Surface SiH3 

2155 - 2165 Surface SiH2 on SiO
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a-Si:H deposition on H terminated Si(100). Subsequently, the absorbance by 
the SiH2 bulk mode strongly increases. For a-Si:H deposited on native oxide 
covered Si(100), shown in Fig. 8(a), the initial increase in the absorbance by the 
SiH2 bulk mode is even stronger. These phenomena indicate a H-rich onset of 
a-Si:H film growth. Although a high H density might cause a poor initial 
network structure,22,25 this H-rich interface region can be beneficial for the 
surface passivation properties of the a-Si:H films on H terminated Si(100). 
After ~40 Å of a-Si:H deposition the SiH bulk mode becomes dominant. The 
integrated absorbance for the mixed phase Si, shown in Fig. 8(c), is very low 
for ultrathin films, which indicates that initially the H content and hence the 
a-Si:H fraction are very low.  

 

FIG. 8  Integrated absorbance by SiH and SiH2 bulk stretching modes and the total SiHx

surface stretching modes as a function of film thickness for (a) a-Si:H on native oxide
covered Si(100), (b) a-Si:H on H terminated Si(100), and (c) mixed phase Si on
H terminated Si(100). In (d), the integrated absorbance by SiH and SiH2 bulk modes for 
a-Si:H on native oxide covered Si(100) and mixed phase Si on H terminated Si(100) are
shown in one plot up to a film thickness >1000 Å.  
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 In Fig. 8(d), the integrated absorbance by SiH and SiH2 bulk modes is 
displayed for thicker films. The integrated absorbance of a-Si:H deposited on 
H terminated Si(100) is omitted in Fig. 8(d), as the data are very similar to the 
integrated absorbance of native oxide covered Si(100) substrates, especially at 
this scale. The integrated absorbance by SiH and SiH2 bulk modes for a-Si:H 
linearly increases as a function of film thickness, indicating a constant 
H content during bulk film growth. This H content can be calculated to be 
around 12.5 at. %. However, for the mixed phase material, the absorbance by 
SiH and SiH2 bulk modes increases with thickness, which indicates an increase 
in the a-Si:H fraction. By assuming that all H in the film can be attributed to 
a-Si:H, the a-Si:H fraction in the mixed phase material can be calculated from 
the H content. The resulting a-Si:H fraction as a function of film thickness is 
shown in Fig. 5, in which also the a-Si:H fraction in the mixed phase material 
as obtained by SE was displayed. It can be seen that the a-Si:H fraction 
calculated from the ATR-FTIR data corresponds very well to the results 
obtained with SE. The ATR-FTIR data also show that the initial film growth was 
predominantly epitaxial, whereas the a-Si:H fraction increased almost linearly 
with film thickness. Concluding, the characterization of the H bonding in the Si 
thin films by ATR-FTIR allows for real-time distinction between different Si film 
morphologies. 
 The H content in the a-Si:H and mixed phase material was also 
measured by TOF-SIMS, as shown in Fig. 9. In Fig. 9 also the H content is 
displayed for a film that developed fully epitaxial for the first ~250 Å and 
subsequently broke down into mixed phase material. These data correspond 
very well to the results obtained with ATR-FTIR. As is visible from Fig. 9, for all 

 

FIG. 9  H content in a-Si:H, mixed phase Si, and epi-Si as obtained with TOF-SIMS. The 
epi-Si film displayed breakdown into mixed phase Si at a thickness of ~250 Å. The 
positive (negative) horizontal axis denotes the film (substrate) region.  
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films, the interface between substrate and film is relatively H rich. For the 
a-Si:H the H content is constant throughout the film, which is around 
6 × 1021 cm-3 or 12 at. %. The strong increase in H content at ~300 Å is due to 
H present at the surface. The H content in the mixed phase film is initially 
about an order of magnitude lower than for a-Si:H and increases with film 
thickness. For the film with initial epitaxial growth, the H content is even lower. 
During bulk epi-Si growth, the H content is constant, whereas the breakdown 
into mixed phase material is clearly visible from the increase in H content after 
reaching a thickness of ~250 Å. Similar as for the ATR-FTIR analysis, the a-Si:H 
fraction in the mixed phase film has been calculated from the H content in 
Fig. 9 by assuming that all H can be attributed to a-Si:H. This result is also 
displayed in Fig. 5 and corresponds very well to the results obtained with SE 
and ATR-FTIR. 
 
C. Spectroscopic second-harmonic generation 
 Both SE and ATR-FTIR are useful diagnostics to measure Si thin film 
properties in real time during processing. However, as these techniques 
predominantly probe bulk properties, their sensitivity is inherently limited 
during the initial film growth (< 20 Å). For SE, this is caused by the limited 
contrast between the Si film and Si substrate. The limited sensitivity of ATR-
FTIR arises from the very low absorbance values at the onset of film growth. As 
for many applications of a-Si:H and epi-Si films on c-Si, the interface 
properties are essential for a good device performance; information on the 
initial film growth is highly desired. Because of its sensitivity to surfaces and 
interfaces, the nonlinear optical technique of second-harmonic generation has 
the potential to provide this information at the onset of growth of Si films. 
 In Fig. 10, the SHG spectra for native oxide covered and H terminated 
Si(100) substrates are shown. The results are clearly different for the two 
situations and illustrate the sensitivity of SHG to the nature of the substrate 
surface. For both situations, a strong dependence on substrate temperature is 
observed. The SHG spectrum for native oxide covered c-Si at room 
temperature is clearly asymmetric and consists of several interfering 
contributions. Furthermore, this spectrum corresponds well to the spectra 
reported by Rumpel et al. for SiO2/Si(100), which were shown to consist of (1) a 
contribution related to Si-Si bonds modified due to the presence of the 
SiO2/c-Si interface with a resonance at 3.3 eV near the c-Si 0 1/E E′  CP energy, 
(2) an EFISH contribution related to the c-Si bulk SCR at the 0 1/E E′  CP energy of 
3.4 eV, and (3) nonresonant contributions near 3.7 eV related to Si atoms 
bonded to SiO2 and near 4.3 eV at the c-Si 2E  CP energy, respectively.42 At the 
deposition temperature of 250 ºC, the SHG spectrum has a more symmetric 
appearance and the amplitude has increased with almost an order of 
magnitude. This effect is caused by a strong increase in the EFISH contribution,  
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reflecting the temperature dependence of the bulk Fermi level.38 The EFISH 
contribution dominates the SHG spectrum at this elevated temperature. The 
increased temperature has also redshifted and broadened the c-Si 0 1/E E′  CP 
resonance, which is an effect that is well known from linear optical techniques 
such as SE. The SHG spectra for H terminated Si(100) correspond well to SHG 
spectra reported by Dadap et al. for H terminated Si(100) prepared by exposing 
Si(100) to atomic H after removing the native oxide by a controlled heat flash.38 
The spectra show a maximum at 3.25 eV and a sharp minimum at 3.4 eV at 
150 ºC that blueshift with decreasing temperature. This similarity with the 
results by Dadap et al. corroborates that the wet chemical cleaning applied in 
the present study provided a good H termination of the c-Si surface. As 
reported by Dadap et al., the spectra for H terminated Si(100) can be explained 
by (1) a contribution related to interface-modified Si-Si bonds near 3.3 eV, (2) 
a surface EFISH contribution near 3.4 eV, and (3) a nonresonant contribution at 
higher photon energy.38 Interference of these contributions results in the sharp 
minimum at 3.4 eV in the 150 ºC spectrum. The different temperature 
dependence of the interfering contributions causes the difference between the 
spectra at RT and at 150 ºC. The absence of the strong increase in amplitude 
with increasing temperature indicates that bulk EFISH does not play an 
important role for the H terminated Si(100), in contrast to the case for the 
native oxide covered Si(100).38 

 In Fig. 11, SHG spectra for a-Si:H thin films deposited on native oxide 
covered Si(100) as measured at the deposition temperature of 250 ºC are 
shown. These spectra have a similar symmetric appearance as the spectrum for 
the pristine substrate. The spectral feature for 97 Å a-Si:H has nearly the same  

 

FIG. 10  SHG spectra for pP polarization for (a) native oxide covered Si(100) and (b) H 
terminated Si(100) substrates both at room temperature and at the deposition
temperature. 
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amplitude and width as the feature obtained for the substrate itself and shows 
a slight blueshift. The spectra for 249 and 300 Å thick films show redshifted 
and broader features with lower amplitudes, which is an effect that is stronger 
for the thicker film. In the inset of Fig. 11, the SHG spectrum for 97 Å a-Si:H at 
250 ºC is shown together with the spectrum for the same film at room 
temperature. With decreasing temperature the spectral feature blueshifts to 
3.4 eV, narrows, and increases in amplitude. These trends were also observed 
for the other films (not shown). From the similarity between the spectra for the 
thin films and the spectrum for the substrate, it can be concluded that also the 
SHG signal for the a-Si:H films is dominated by EFISH at the 0 1/E E′  CP energy 
arising from the c-Si SCR. The behavior for thicker films can be explained by 
absorption of SHG radiation that is generated at the interface region with the 
c-Si and that propagates through the a-Si:H films.46 The SHG radiation is 
strongly absorbed when propagating through the a-Si:H, especially at higher 
photon energies. This causes not only a decrease in amplitude but also 
broadening and an effective redshift of the spectral feature. The low SHG 
intensity for thicker films is consistent with the weak SHG response reported 
by Erley and Daum for a 0.7 μm thick a-Si:D film on Si(100).41 The slight 
blueshift of the spectral feature of the 97 Å film compared to the response of 
the pristine substrate might be related to an additional contribution from the 
buried interface between a-Si:H and SiO2 or from the a-Si:H surface. However, 
the strong decrease in SHG signal for thicker films indicates that the a-Si:H  
surface can be expected to have a minor influence. The blueshift and 

 

FIG. 11  SHG spectra for pP polarization for a-Si:H films with a thickness of 97, 249, 
and 300 Å deposited on native oxide covered Si(100) at 250 ºC. The spectrum for the 
native oxide covered substrate itself is also shown. The inset shows the comparison 
between the SHG spectra for the 97 Å thick a-Si:H film as measured at 250 ºC and at 
room temperature. 



Chapter 5 

 124

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
narrowing of the spectral feature with decreasing temperature corresponds to 
the temperature behavior of the 0 1/E E′  CP resonance, as known from linear 
optics and also observed for the native oxide covered substrates. The 
maximum at a SHG photon energy of 3.4 eV in the SHG spectrum obtained at 
room temperature corroborates the dominance of the EFISH contribution.38 
However, the strong temperature dependence of the amplitude of the SHG 
intensity observed for the native oxide covered substrates is absent.  
 SHG spectra for a-Si:H thin films deposited on H terminated Si(100) 
obtained at the deposition temperature of 150 ºC are shown in Fig. 12(a). 
These spectra clearly differ from the spectra for a-Si:H deposited on native 
oxide covered Si. For ultrathin a-Si:H films of 38 and 100 Å, the SHG intensity 
is enhanced compared to the pristine H terminated Si(100) substrate. 
Furthermore, the SHG intensity for these a-Si:H films has a sharp maximum at 
3.3 eV and an additional feature above 3.4 eV. The spectra have a lower 

 

FIG. 12  SHG spectra for pP polarization for a-Si:H with a thickness of 38, 100, 236, 
329, and 727 Å deposited on H terminated Si(100), together with the spectra for the 
pristine H terminated Si(100) substrate, as measured at (a) the deposition temperature
of 150 ºC and (b) room temperature.  
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amplitude and are broader and less symmetric than the spectra for a-Si:H films 
with comparable thickness deposited on native oxide covered Si(100). For the 
236 and 329 Å, films the intensity is reduced again, showing a minimum 
around 3.25 eV and a maximum around 3.5 eV. For a thick film of 727 Å, the 
SHG intensity is very low, particularly in the high photon energy range. In 
Fig. 12(b), SHG spectra at room temperature for the same films are depicted. 
These spectra show similar trends as the spectra at the deposition 
temperature: sharp maxima near 3.3 eV for the ultrathin films of 38 and 100 Å 
and a decreasing SHG intensity with increasing film thickness. However, for the 
ultrathin films, the peaks in the spectra obtained at room temperature have a 
reduced width, an increased amplitude, and a slightly blueshifted photon 
energy, which result in a more symmetric appearance compared to the spectra 
measured at 150 ºC. Furthermore, the minimum for the 236 Å film has become 
less pronounced, whereas it is not visible anymore for the 329 Å film.  
 The decreasing SHG intensity for thicker a-Si:H films can be explained 
by SHG radiation that is absorbed while propagating through the film, which is 
similar as discussed above for a-Si:H deposited on native oxide covered 
Si(100). This observation suggests that also for a-Si:H deposited on H 
terminated Si(100), the SHG radiation is predominantly generated at the buried 
interface with c-Si. To verify this hypothesis, the SHG response was recorded 
during exposure of a 105 Å thick a-Si:H film to molecular oxygen directly after 
deposition. The oxygen (purity 99.999%) was injected through a leak valve into 
the reactor for 225 s, resulting in total dose of 1.7 × 105 L. The SHG intensity, 
which is measured at a SHG photon energy of 3.40 eV, increased by only ~6%, 
whereas the SHG spectrum remained very similar to the spectrum of the 100 Å 
film shown in Fig. 12(a). As the oxygen is expected to only influence the film 
surface, this limited response is in line with the conclusion that the SHG signal 
is predominantly originating from the buried interface. The result of the 
oxygen dosing is consistent with the observations reported by Aarts et al. for 
a-Si:H films deposited on fused silica.45 
 In Figs. 13(a) and 13(b), the pP polarized spectra for the 100 Å film are 
shown together with the spectra for mixS and sP polarization at the deposition 
temperature and room temperature, respectively. At both temperatures, the 
SHG intensity obtained at these two polarization combinations is lower than for 
pP polarization. The spectra for mixS polarization show a maximum around 
3.4 eV, while the sP spectra have a peak near 3.3 eV. As addressed in Sec. III.C, 
the components of the second-order nonlinear susceptibility tensor that 
contribute to the SHG response depend on the polarization combination 
selected. For sP polarization, tensor component ( )2

zxxχ  contributes, which is 
inseparable from the isotropic bulk quadrupole susceptibility component γ. The 
low SHG response observed for sP polarization directly implicates that isotropic 
bulk contributions from both the film and the substrate have limited influence  
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and can only play a marginal role in the spectra for pP polarization. Moreover, 
the strong intensity increase observed in the pP polarized spectra for thin 
a-Si:H films compared to the spectrum for the H terminated substrate suggests 
that the influence of bulk contributions from the substrate (i.e., isotropic as 
well as anisotropic contributions) is limited. The SHG intensity for mixS 
polarization, where only tensor component ( )2

xxzχ  contributes, is also 
significantly lower than for pP polarization; this suggests that tensor 
component ( )2

zzzχ  is dominant in the response for pP polarization. The thickness 
dependence of the spectra for mixS and sP polarization (not shown) is similar 
as for pP polarization; the SHG intensity increases with thickness for films with 
a thickness below 10 nm, while beyond this thickness, the intensity decreases 
again, particularly at high photon energies. These trends indicate that the SHG 
response for mixS and sP polarization is also dominated by the buried 
interface, similar as for pP polarized spectra. 
 The somewhat broader and less symmetric appearance of the 
pP polarized SHG spectra for a-Si:H films deposited on H terminated Si(100) 
compared to the spectra for a-Si:H films on native oxide covered Si(100) 
indicates that the spectra for the a-Si:H films on H terminated Si(100) consist 
of multiple contributions. A deconvolution of these spectra into separate 
resonances might provide more insight into the exact microscopic origin of the 
SHG response after a-Si:H deposition and the changes with respect to the H 
terminated substrates.46,59 This method has been successfully applied for SHG 
experiments on amorphous Si layers formed by ion bombardment of H 
terminated Si(100).46 However, for the present case, the SHG spectra for 
different film thicknesses could not yet be consistently reproduced. Therefore, 

 

FIG. 13  SHG spectra for pP, mixS, and sP polarization for a-Si:H with a thickness of 
100 Å deposited on H terminated Si(100) at (a) the deposition temperature of 150 ºC 
and (b) room temperature.  
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the spectra are qualitatively analyzed, which also yields important information 
on the origin of the SHG response.  
 For example, the SHG spectra for ultrathin a-Si:H films of 38 and 100 Å 
on H terminated Si(100) have a similar shape as the linear susceptibility for 
c-Si with a sharp resonance at 3.3 eV (cf. Fig. 4). This indicates that also these 
SHG spectra include a dominant contribution related to the c-Si E’0/E1 CP 
transition. Also the trends observed in the spectra for these films with 
decreasing temperature, i.e., the narrowing and the slight blueshift of the 
maxima, are characteristic for the E’0/E1 CP transition and are also observed for 
a-Si:H films on native oxide covered substrates. This contribution is interfering 
with an additional smaller and broader contribution originating probably from 
Si-Si bonds of a-Si:H.45,46 Also, nonresonant contributions, e.g., at the c-Si 
E2 CP energy, might influence the SHG spectra. Similar as discussed above for 
the H terminated substrates, the different temperature dependences of the 
interfering contributions account for the differences between the spectra 
obtained at 150 ºC and at room temperature.  
 In general, SHG contributions near the c-Si E’0/E1 CP energy might be 
related both to Si-Si bonds in the c-Si modified due to the presence of the 
interface with the a-Si:H and to EFISH effects. However, in contrast to the 
spectra for the a-Si:H films on native oxide covered substrates, a dominant 
contribution of EFISH to the SHG spectra in Fig. 12 is unlikely. At room 
temperature, EFISH would result in a clear resonance at 3.4 eV (cf. Fig. 11),38 
whereas the room temperature pP polarized spectra for both 38 and 100 Å 
thick a-Si:H on H terminated Si(100) display a sharp peak at the lower SHG 
photon energy of 3.3 eV. The redshift of the resonance to 3.3 eV with respect 
to the room temperature E’0/E1 CP energy of bulk c-Si of 3.4 eV indicates that 
modified or weakened Si-Si bonds in the c-Si in the interface region with the 
a-Si:H film are more likely responsible for the SHG response.37,41 In principle, 
interference of multiple SHG contributions can also effectively shift a 
resonance. However, it is unlikely that this effect has caused the large shift 
from 3.4 to 3.3 eV, as this effect would also result in a highly asymmetric 
spectrum. This is not in agreement with the sharp and symmetric spectra 
observed for the 38 and 100 Å thick a-Si:H films at room temperature. The 
increase in amplitude of the spectra for the a-Si:H covered Si(100) and the 
spectra for the pristine H terminated Si(100) suggests that the nature of the 
Si(100) surface has changed after a-Si:H deposition. Also, the presence of a 
thin film can, in principle, enhance the efficiency of SHG from an underlying 
substrate interface compared to a bare substrate surface. This enhancement 
can arise because of multiple reflections of both the fundamental and the SHG 
radiation within the film resulting in interference effects. However, by 
calculating the linear propagation effects of the fundamental and the SHG 
radiation in the film,46 it can be shown that the film should be fully transparent 
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to both the fundamental and the SHG radiation for this enhancement to occur. 
This is obviously not the case for a-Si:H.  
 The hypothesis that EFISH has a limited contribution to the SHG 
response of a-Si:H films deposited on H terminated Si(100) provides important 
information on the surface passivation properties of the a-Si:H thin films. In 
general, surface passivation can be achieved by a reduction of recombination 
centers, typically surface defects, or by electrostatic shielding of charge 
carriers by internal electric fields, a phenomenon referred to as field-effect 
passivation. The observation that EFISH does not contribute significantly to the 
SHG response implies that the surface passivation mechanism of c-Si by a-Si:H 
thin films is not governed by field-effect passivation. The internal electric 
fields, caused, for example, by fixed charge, would result in a c-Si space-
charge region and a significant EFISH contribution.60 It can therefore be 
concluded that a reduction of recombination centers is dominating the surface 
passivation of c-Si by a-Si:H.61-63 The increased H content in the a-Si:H in the 
interface region with the c-Si, as revealed by ATR-FTIR and TOF-SIMS, 
probably plays an important role in the passivation of defects at the c-Si 
surface, such as dangling bonds. Moreover, the conclusion that a reduction of 
recombination centers at the c-Si surface is the dominant a-Si:H passivation 
mechanism is also in agreement with the data presented in Fig. 1, where the 
formation of defect-rich epitaxial or mixed phase material strongly reduces the 
surface passivation properties at higher deposition temperatures. 
 
D. Real-time second-harmonic generation 
 The SHG spectra demonstrate the sensitivity of the technique to the 
substrate/film interface and suggest that real-time SHG can provide more 
insight into the dynamics of the interface formation. In Fig. 14(a), the evolution 
of the SHG intensity at a SHG photon energy of 3.40 eV is shown during a-Si:H 
deposition on native oxide covered c-Si (film I). During the first ~60 s of film 
deposition, which corresponds to ~30 Å of film growth, the SHG intensity 
remains constant. After ~60 s, the SHG intensity rapidly increases, while after 
~100 s of film deposition, the intensity decreases again. At 160 s, the film 
growth is terminated, however, the SHG intensity continues to decrease, as is 
also visible from Fig. 14(c) where the data are shown at a longer time scale. 
The time dependence of the SHG intensity during deposition on H terminated 
Si(100) substrates is shown in Fig. 14(b) for three different films. Films II and III 
were deposited on a substrate prepared by treatment A and film IV was 
deposited after treatment B. The SHG photon energy was again 3.40 eV, which 
is close to the 0 1/E E′  CP of c-Si and also corresponds to the minimum in the 
SHG spectrum for H terminated Si(100) at the deposition temperature of 
150 ºC (cf. Fig. 10). The SHG intensity for film II rapidly increases directly at the 
onset of deposition. The time scale of this increase and the magnitude of this 
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increase are similar as observed for a-Si:H deposited on native oxide covered 
c-Si (film I). The SHG intensity for film II slowly decreases after ~50 s and 
remains constant after the film growth is terminated at 160 s. The intensity for 
film III remains nearly zero during the first ~50 s of film deposition. After this 
period of ~50 s, corresponding to ~20 Å of film growth, the intensity 
increases, however, not as rapidly as for film II. For increasing film thickness, 
the SHG intensity decreases again [Fig. 14(c)], which is in agreement with the 
decreasing trends for thicker films in the SHG spectra in Fig. 12. The SHG 
intensity does not change after terminating film growth at 560 s. The SHG 
intensity for film IV hardly changes and remains very low. Only a very slight 
increase is observed with increasing film thickness over a time frame of 180 s.  
 Real-time SE and ATR-FTIR experiments indicate that films II and III 
deposited on H terminated Si(100) are both amorphous, whereas the real-time 
SHG response of these films is significantly different. Cross sectional TEM 

 

FIG. 14  SHG intensity as a function of deposition time at a SHG photon energy of
3.40 eV and pP polarization for (a) a-Si:H deposited on native oxide covered Si(100) 
(film I) and (b) a-Si:H deposited on H terminated Si(100) (film II), a-Si:H with epitaxial 
onset of growth on H terminated Si(100) (film III), fully epi-Si deposited on H 
terminated Si(100) (film IV). In (c), the SHG intensity for a-Si:H on native oxide covered 
Si(100) (film I) and a-Si:H with epitaxial onset of growth on H terminated Si(100) (film 
III) is shown at a longer time scale. The deposition rate for films I-III was 34 Å/min, for 
film IV this was 21 Å/min. Dashed vertical lines indicate the termination of deposition. 
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confirms that film II developed fully amorphous with direct heterointerface 
formation, as shown in the high resolution TEM image in Fig. 15(a). However, 
as is visible from the high resolution TEM image in Fig. 15(b), the onset of 
growth for film III is epitaxial and is followed by rapid breakdown into mixed 
phase material after ~20 Å. Finally, the film continues to grow as purely 
amorphous material. Film IV, shown in Fig. 15(c), developed fully epitaxial 
during the deposition time in Fig. 14(b). For this film, the film/substrate 
interface can hardly be distinguished, except at some places where dislocation 
loops are visible. After ~250 Å, epitaxial breakdown into mixed phase material 
occurred, as visible from the growing cones of a-Si:H. The higher surface 
roughness observed with AFM after epitaxial breakdown is also visible from 
this TEM image. Figure 15(d) shows the TEM image for a mixed phase Si film, 
that is, a film that displayed epitaxial breakdown immediately at the onset of 
growth. This TEM image confirms the graded transition from epitaxial to 
amorphous material as found by SE, ATR-FTIR, and TOF-SIMS (cf. Fig. 5).  
 It can be concluded that differences in the initial film morphology 
strongly influence the real-time behavior of the SHG intensity for Si thin films 
deposited on H terminated Si(100). Deposition of epi-Si hardly affects the real-
time SHG intensity, whereas the intensity rapidly increases once amorphous 
film growth sets in. The behavior for native oxide covered substrates is 
different; the initial SHG signal remains constant while the onset of film growth 
is also directly amorphous (film I). This different behavior compared to the H 
terminated Si(100) substrates is most likely related to the difference in origin 
of the SHG signal. As concluded from the SHG spectra, the SHG signal for the 
native oxide covered substrates is governed by a contribution at the buried 
SiO2/c-Si interface related to EFISH from the c-Si SCR, while the SHG signal for 
H terminated substrates consists of several comparable contributions from the 
surface. The first nucleation of amorphous material on the SiO2 surface 
apparently has a limited influence on the SHG contribution from the buried 
interface. 
 The three real-time optical techniques as well as the ex situ diagnostics 
indicate a relation between film morphology and the two different substrate 
treatments for H terminated Si(100). Films deposited after substrate treatment 
A tend to develop amorphous with possibly some nanometer-level epitaxial 
material, while after treatment B, the probability to start the film growth 
epitaxially is higher resulting in mixed phase Si or fully epitaxial Si. This 
difference might be related to surface roughness, as discussed in Sec. IV.A. 
Both cleaning methods induce surface roughness on Si(100). However, after 
treatment B, a more structured roughness with larger scale local order and the 
appearance of (111) facets occurs.52 A more ordered surface might explain the 
higher probability of epitaxial film growth after treatment B. In addition, the 
growth rate applied after treatment B is slightly lower, which likely also  
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FIG. 15  Cross sectional TEM images for (a) a-Si:H deposited on H terminated Si(100), 
(b) a-Si:H with epitaxial onset of growth on H terminated Si(100), (c) fully epi-Si 
deposited on H terminated Si(100), and (d) mixed phase Si on H terminated Si(100).
The dashed lines indicate the position of the interface between the films and the
substrates. The images in (a)-(c) correspond to films II-IV in Fig. 14(b). 
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contributes to the higher probability to form films with a higher crystalline 
fraction. A lower growth rate reduces the probability of forming 
crystallographic imperfections that induce epitaxial breakdown.6,13,17 
 
 
V. CONCLUSIONS 
 
 The interface formation between Si thin films and native oxide covered 
Si(100) as well as H terminated Si(100) has been studied in real time during 
hot-wire chemical vapor deposition by using the three complementary optical 
techniques of spectroscopic ellipsometry (SE), attenuated total reflection 
Fourier transform infrared spectroscopy (ATR-FTIR), and second-harmonic 
generation (SHG). With SE and ATR-FTIR, the growth of amorphous, mixed 
phase, and epitaxial films has been detected. For mixed phase material, the 
a-Si:H content could be monitored, showing a gradual increase with film 
thickness. ATR-FTIR revealed a H-rich onset of film growth, especially for 
a-Si:H films. For ultrathin films (< 20 Å) the sensitivity of SE and ATR-FTIR is 
limited due to low contrast between film and substrate and low initial 
absorbance, respectively. Real-time SHG, on the other hand, provides a 
method to distinguish between direct heterointerface formation, nanometer-
level epitaxial growth and fully epitaxial growth at a very early stage of film 
growth. From spectroscopic SHG of a-Si:H on H terminated Si(100), it was 
concluded that the SHG signal is predominantly originating from the c-Si at the 
film/substrate interface, with an additional minor contribution from a-Si:H. In 
addition, the spectroscopic SHG results suggest that electric-field-induced 
SHG has a minor contribution to the total SHG response of a-Si:H on H 
terminated Si(100). 
 The results obtained by the three combined optical techniques indicate 
that the c-Si surface passivation properties of a-Si:H are not governed by 
field-effect passivation. Instead, it is plausible that a-Si:H films reduce the 
density of recombination centers at the c-Si surface. Direct measurement of 
these surface defects, for example, by applying SHG to probe Si dangling 
bonds, is an important subject for future investigation. The results reported 
have demonstrated that the simultaneous and real-time application of SE, 
ATR-FTIR, and SHG is a very valuable approach to monitor and control 
processes that occur during Si thin film growth. Especially the interface 
sensitive nature of SHG has a great potential to further increase the 
understanding of Si film growth; however, from the present work, it can also 
be inferred that for a well-founded interpretation of SHG studies, the 
combination with other (optical) methods is necessary.  
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Chapter 6 
 
 
Negative charge and charging dynamics in Al2O3 films 
on Si characterized by second-harmonic generation 
 
 
Thin films of Al2O3 synthesized by atomic layer deposition provide an excellent level of interface 
passivation of crystalline silicon (c-Si) after a post-deposition anneal. The Al2O3 passivation 
mechanism has been elucidated by contactless characterization of c-Si/Al2O3 interfaces by 
optical second-harmonic generation (SHG). SHG has revealed a negative fixed charge density in 
as-deposited Al2O3 on the order of 1011 cm-2 that increased to 1012-1013 cm-2 upon anneal, 
causing effective field-effect passivation. In addition, multiple-photon-induced charge trapping 
dynamics suggest a reduction of recombination channels after anneal.§ 

                                                 
§  Submitted for publication: J.J.H. Gielis, B. Hoex, M.C.M. van de Sanden, and W.M.M. Kessels. 
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I. INTRODUCTION 
 
 The reduction of recombination losses at semiconductor interfaces is of 
prime importance for numerous photonic devices such as nanocrystal or 
wafer-based light emitting diodes, photodetectors, and high-efficiency solar 
cells. Recombination of charge carriers at an interface can be suppressed by 
passivating the interface. Recently, interface passivation by Al2O3 films has 
been reported for III-V compound semiconductors1 and for crystalline Si 
(c-Si).2-5 Thin passivation layers of Al2O3 synthesized by atomic layer deposition 
(ALD) were demonstrated to enhance the efficiency of light emission from c-Si, 
even outperforming thermal SiO2,3 while Al2O3 films deposited by plasma-
assisted ALD followed by a post-deposition anneal were shown to provide 
excellent interface passivation of both n and p type c-Si.4,5 In general, interface 
passivation can be achieved by a reduction of recombination centers, typically 
interface defects, or by electrostatic shielding of charge carriers by internal 
electric fields. The passivation properties of Al2O3 films are likely related to 
negative fixed charge in the Al2O3 providing field-effect passivation.6 Real-
time characterization of the fixed charge density in the Al2O3 films and the 
Al2O3 interface properties during processing could help to unravel the exact 
passivation mechanism. 
 In this respect, the noninvasive nonlinear optical technique of second-
harmonic generation (SHG) is a very promising diagnostic. SHG is highly 
interface sensitive for centrosymmetric media and allows for a contactless 
detection of internal electric fields, which can either be applied static fields or 
electric fields in semiconductor space-charge regions arising from interfacial 
charge separation.7,8 The effect of electric-field-induced SHG (EFISH) has been 
used to study charge trapping in the c-Si/SiO2 system.9-12 More recently, 
photon-induced charge trapping,13,14 as well as process-dependent charging in 
high-κ dielectric stacks have been investigated.15,16 
 In this paper we characterize as-grown and annealed Si(100)/Al2O3 
structures with interfacial SiOx synthesized by plasma-assisted ALD using both 
spectroscopic and time-dependent SHG. With spectroscopic SHG the polarity of 
the fixed charge in the Al2O3 is determined to be negative and the fixed charge 
density is deduced, exhibiting a strong increase after anneal. In addition, with 
time-dependent SHG an improvement in interface properties is observed after 
anneal and the c-Si/Al2O3 conduction band offset is derived. These results 
provide important insight into the interface passivation properties of Al2O3 and 
directly illustrate the feasibility of SHG as a contactless technique to 
characterize charge and charging dynamics in c-Si/high-κ dielectric structures 
in situ and during processing. 
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II. EXPERIMENTAL 
 
 Amorphous Al2O3 films were deposited at both sides of 275 μm thick 
P doped H terminated Si(100) wafers with a resistivity of 1.9 Ω cm by plasma-
assisted ALD using alternating Al(CH3)3 dosing and O2 plasma exposure at a 
substrate temperature of 200 ºC. After being analyzed, the as-grown samples 
were annealed for 30 min at 425 ºC in N2. More details on the preparation of 
the Al2O3 films and their analysis, demonstrating for example a stoichiometric 
composition ([O]/[Al] = 1.5), can be found in Ref. 17. High resolution 
transmission electron microscopy (HR-TEM) revealed the presence of an 
interfacial SiOx layer of ~1.5 nm between the Si(100) and the Al2O3 both before 
and after anneal.4 With carrier lifetime spectroscopy the effective lifetimes of 
c-Si passivated by as-grown Al2O3 were determined to be < 10 μs, which are 
indistinguishable from an unpassivated c-Si wafer, whereas after anneal 
lifetimes up to 6.6 ms were obtained, corresponding to an excellent level of 
surface passivation.4,5 The SHG experiments were carried out at an angle of 
incidence of 35º using a Ti:sapphire oscillator providing radiation tunable in 
the 1.33-1.75 eV photon energy range with a pulse duration of ~90 fs.18 Time-
dependent SHG experiments were performed at a time resolution of 0.1 s. 
 
 
III. RESULTS AND DISCUSSION 
  
 In Fig. 1(a) and (b) SHG spectra for p polarized fundamental and SHG 
radiation are shown for a 11 nm thick Al2O3 film on Si(100), as-grown 
(sample A1) and after anneal (sample A2), respectively. For comparison the 
spectra are combined in the inset. Both show a distinct resonance in the 
3.3-3.4 eV range, indicating that the SHG response is dominated by c-Si 
interband transitions at the ′E E0 1/  critical point (CP).19,20 The anneal very clearly 
modifies the SHG spectrum; the amplitude increases with more than an order 
of magnitude, whereas the peak shifts from ~3.3 to ~3.4 eV resulting in a 
more symmetric feature. 
 In order to separate different contributions to the SHG response, the 
spectra have been reproduced using a model in which the SHG intensity is 
approximated by a coherent superposition of CP-like resonances with 
excitonic line shapes evaluated at the substrate/film interface18,21,22 
 
 
 
 
where qh  denotes the (real) amplitude, ωq  the frequency, Γq  the linewidth, 
and ϕq  the excitonic phase of resonance q. The spectra have been analyzed in  

( ) ( ) ( ) ( ) ( ) ( )
22

2 2 2
, in in2 , ,

2

qi
q

zzz zzz q zzz
q q q q

h e
I A I A I

i

ϕ

ω ω θ χ ω ω θ ω
ω ω

= ∝
− + Γ∑ ∑ , (1)



Chapter 6 

 140

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
terms of tensor element ( )2

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

zxxχ  and ( )2
xxzχ ,7 does not modify 

the spectral parameters significantly. The complex function ( ),zzzA ω θ  in Eq. (1) 
describes the propagation of the fundamental and SHG radiation and includes 
linear optical effects, such as absorption, refraction, and interference due to 
multiple reflections.18  
 The spectrum for the as-grown Al2O3 film (A1) clearly has an 
asymmetric shape, indicating the presence of multiple interfering 
contributions. The data can be fitted very well with three contributions: a main 
contribution at 3.32 ± 0.01 eV and additional contributions at 3.38 ± 0.01 eV 
and 3.62 eV. The resonance frequency and linewidth of the third contribution 
are fixed at 3.62 and 0.36 eV, as within the current experimental photon 
energy range the parameters of this contribution can not be determined 
unambiguously. These latter values have been reported by Rumpel et al. for 
c-Si/SiO2 and have been attributed to a resonance related to Si interband 
transitions in a thin transition layer between Si and SiO2.23,24 The presence of 
such an interface resonance seems also viable for the Si/Al2O3 system, 
especially considering the presence of the interfacial SiOx layer as detected by 
HR-TEM. The parameters resulting from this analysis of sample A1 are listed in 
Table I and the individual resonances are shown in Fig. 1(a). 
 The SHG spectrum after anneal (sample A2) can be reproduced very well 
by the same resonances, as shown in Table I and Fig. 1(b). The second  

FIG. 1  SHG spectra for an 11 nm Al2O3 film on Si(100), (a) as-deposited (sample A1) 
and (b) after anneal (sample A2). The solid lines are fits to the data using a
superposition of three CP-like resonances. The dashed lines represent the individual
resonances. Data were obtained at p polarized fundamental and SHG radiation using a 
laser power at the sample of 40 mW (fluence 25 μJ cm-2 per pulse). In the inset in (b) 
the SHG spectra for sample A1 (open circles), sample A2 (closed circles) and an
annealed 26 nm thick Al2O3 film on Si(100) (open squares, sample B) are shown on the 
same scale. 
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contribution at 3.414 ± 0.004 eV is clearly dominant with an amplitude that 
increased by a factor of six compared to sample A1. The first contribution has 
redshifted to 3.25 ± 0.02 eV and has minor impact. This contribution can be 
assigned to interband transitions related to Si-Si bonds modified due to the 
vicinity of the interface with the film.19,20 The redshift of this contribution after 
anneal might be related to further weakening of Si-Si bonds,19,23 indicating 
structural changes in the (interfacial) oxide. 
 The resonance around 3.40 eV is a clear signature of EFISH originating 
from the bulk space-charge region (SCR) in the c-Si.20 The Si SCR is 
predominantly caused by fixed charge in the Al2O3, as illustrated in Fig. 2(b). 
The drastic increase of the EFISH contribution after anneal is a clear indication 
for the increase of the fixed charge density fQ  in the Al2O3. The electric field at 
the interface with Al2O3 resulting from the doping of the c-Si substrates 
(2.5 × 1015 cm-3) can be estimated to be < 10 kV cm-1,25,26 which is too low to 
have a significant effect on the SHG response.8,20 As shown in Table I, the  

TABLE I  Parameters of the three critical point resonances as obtained from the fits to
the SHG spectra for Al2O3 on Si(100): 11 nm Al2O3 as-grown (A1) and after anneal 
(A2), and 26 nm Al2O3 after anneal (B). In the analysis 1ϕ is set to 0. Parameter values 
in italic were fixed in the analysis. 

 
Sample A1 A2 B 

1h  (arb. units) 0.31 ± 0.05 0.31 0.31 

1ω  (eV) 3.32 ± 0.01 3.25 ± 0.02 3.23 ± 0.02 
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1Γ (eV) 0.121 ± 0.009 0.121 0.121 

2h (arb.units) 0.19 ± 0.07 1.21 ± 0.05 2.11 ± 0.09 

2ω (eV) 3.38 ± 0.01 3.414 ± 0.004 3.396 ± 0.004 

2Γ (eV) 0.09 ± 0.01 0.114 ± 0.004 0.117 ± 0.003 

EF
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2ϕ ( π  rad) 0.9 ± 0.1 1.00 ± 0.06 1.0 ± 0.1 

3h (arb.units) 0.23 ± 0.12 0.23 0.23 

3ω (eV) 3.62 3.62 3.62 

3Γ (eV) 0.36 0.36 0.36 
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3ϕ ( π  rad) 0.33 ± 0.07 0.33 0.33 
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phase difference between the contribution due to the Si-Si interface bonds and 
the EFISH contribution is ~π, both before and after anneal, which indicates a 
positively charged Si SCR,24 and thus negative fixed charge in the Al2O3. 
Electrical characterization of Al2O3 films has revealed the presence of negative 
fixed charge situated predominantly at the interface with interfacial SiOx.27 

 The intensity of the EFISH contribution resulting from the CP modeling 
reflects the magnitude of the electric field ( )DC

zE z  in the Si SCR and can be 
used to quantify the negative fQ  in the Al2O3 before and after anneal. To 
achieve this, the negative fQ  can be related to the electric field ( )DC

zE z  in the 
Si SCR by numerically integrating Poisson’s equation. Subsequent integration 
of ( )DC

zE z  over the SCR, taking into account the penetration and escape 
depths of the fundamental and SHG radiation, gives the EFISH electric field and, 
hence, the EFISH intensity8,20 
 
 
 
 
where zK  and zk  are the complex wave vector components of the SHG and 
fundamental radiation perpendicular to the c-Si/Al2O3 interface, respectively. 
To relate the EFISH intensity to absolute values of fQ  in the Al2O3, a 26 nm 
thick annealed Al2O3 film on Si(100) (sample B) with a known negative fQ  of 
(1.3 ± 0.1) × 1013 cm-2 as measured in a corona charging experiment was used  
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FIG. 2  (a) EFISH intensity at a SHG photon energy of 3.40 eV as a function of the 
negative fixed charge density fQ  in Al2O3. The relation is calibrated and normalized 
using the CP parameters for an annealed 26 nm Al2O3 film on Si(100) (sample B) with a 
known fQ . A1 and A2 indicate the charge and EFISH intensity for an 11 nm Al2O3 film 
on Si(100) before and after anneal, respectively. (b) Schematic diagram of the 
Si(100)/Al2O3 interface with Si SCR and interfacial SiOx. 
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for calibration.6 This value of fQ  yields an electric field at the position of the 
interface of ( )0DC

zE  = 2.1 MV cm-1, corresponding to a strong EFISH 
contribution. The SHG spectrum of this film is shown in the inset in Fig. 1 and 
the parameters obtained from CP modeling are included in Table I. In Fig. 2(a) 
the EFISH intensity calculated using Eq. (2) is shown as a function of the 
negative fQ  in the Al2O3. As indicated in Fig. 2(a), the EFISH intensity deduced 
from the CP modeling can be related to a negative fixed charge density 
of fQ  = 2.5 × 1011 cm-2 for the as-grown 11 nm thick Al2O3 film (A1), whereas 
after anneal (A2) fQ  has increased to 5.4 × 1012 cm-2 for this sample. These 
values, which are in good agreement with results obtained by conventional 
capacitance-voltage analysis,6 indicate that the field-effect passivation 
improves significantly upon anneal. 
 The SHG spectra were obtained using a laser power at the sample of 
40 mW (fluence 25 μJ cm-2 per pulse) while keeping the illumination time as 
short as possible, since at higher laser power the SHG intensity increases 
strongly with illumination time due to photon-induced charge injection into 
the Al2O3. In Fig. 3(a) the charging dynamics are shown before and after anneal 
of sample A, using a laser power of 100 mW and a fundamental photon energy 
of 1.71 eV. The initial SHG intensity (at t = 0 min) is higher after anneal, in 
agreement with the spectroscopic data. The rapid increase in SHG intensity 
during illumination reflects an increase in the EFISH contribution caused by the 
charge injection. Both for SiO2 and high-κ dielectrics on c-Si the charge 

Si

SiOx

Al2O3

VB

CB

(a) (b)
e-

hω

6.
8 

eV
 

1.12 eV 

8.
9 

eV
 

2.
0 

eV
 

A2

A1

 

FIG. 3  (a) Time dependent SHG intensity for 11 nm Al2O3 on Si(100) before (open 
circles, A1) and after anneal (closed circles, A2) for a fundamental photon energy of 
1.71 eV and an average laser power of 100 mW. Between t = 60-92 min the laser 
beam was blocked. The insets show the SHG intensity during the second period of
illumination in greater detail. (b) Energy diagram illustrating photon-induced charge 
injection.  
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transfer process has been reported to occur via injection of electrons from the 
c-Si valence band into the oxide conduction band, as illustrated in Fig. 3(b). 
The injected charge then diffuses into trap sites in either the oxide bulk, at the 
buried interface or at the ambient surface.10,14,16,28 The monotonous increase of 
the SHG intensity in Fig. 3(a) indicates that the laser-induced trapped charge in 
the oxide has the same polarity as the fixed charge, i.e., negative, hence hole 
injection is expected to be insignificant. The data also show that after anneal 
more charge can be injected. The total negative charge after 60 min of 
illumination at the conditions in Fig. 3(a) can be estimated to be 2.0 × 1012 and 
8.7 × 1012 cm-2 for the as-grown and annealed sample, respectively. This 
estimate is based on the assumptions that the negative charge is situated at 
the interface and that only the amplitude 2h  of the EFISH contribution 
increases, whereas all other contributions and parameters remain unaltered by 
the photon-induced charge injection. 
 After 60 min of illumination the laser beam is blocked for 32 min. The 
behavior during the second period of illumination is clearly different before 
and after anneal. The laser-induced SHG intensity for the as-grown film has 
decreased with 30% and rapidly increases again, similar to the initial 
illumination. The annealed film displays a decrease of only 4% and exhibits a 
slowly increasing trend similar as just before blocking of the laser beam. The 
total charge density right after unblocking the laser beam can be estimated to 
be 1.6 × 1012 and 8.6 × 1012 cm-2 for the as-grown and annealed film, 
respectively. The limited decrease in charge density for the annealed sample 
indicates that the detrapping of laser-induced trapped charge has been 
reduced after anneal compared to the as-deposited state. This effect suggests 
a reduction of detrapping channels in the Al2O3, in the interfacial SiOx or at the 
different interfaces. Detrapping might occur by tunneling of electrons through 
the interfacial oxide followed by recombination with holes at the interface. An 
improvement of the interfacial SiOx properties after anneal, as also observed 
with Fourier transform infrared spectroscopy,29 might reduce the tunneling of 
the photon-induced trapped charge back into the Si. The reduction of 
detrapping channels might also account for the excellent level of surface 
passivation observed for Al2O3 films after anneal, in addition to the increase in 
the internal electric field.4,29 
 The time evolution of the SHG intensity can provide more information 
on the electronic properties of the c-Si/Al2O3 system. To model the time 
dependence a simple first-order rate equation is used to describe the photon-
induced charge injection kinetics9,12 
 
 
 
 

( )0
i

i i ti i di
dn n n n
dt

τ τ= − − , (3)
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where in  denotes the density of filled charge traps of type i, 0in  the initial  
density of unfilled traps, 1

tiτ −  the trapping rate, and 1
diτ −  the detrapping rate. If 

the traps are initially empty then the solution to Eq. (3) is given by 
 
 
 
 
Following this model with multiple traps, the time dependence of the laser-
induced SHG intensity can be written as  
 
 
 
 
where ( )1 1 1

i ti diτ τ τ− − −= + , and where 0a  and 1a  are constants related to the initial 
and saturation SHG intensity and the relative contribution of each type of trap 
i. Equation (5) can be fitted best to the data when using a description with 
three types of charge traps (m = 3). The existence of multiple types of traps 
has been reported for the extensively studied c-Si/SiO2 system both in the SiO2 
bulk and at surfaces and interfaces.10,30 For the conditions shown in Fig. 3(a) 
the fitting procedure results in 1τ  = 89 s, 2τ  = 351 s, and 3τ  = 1801 s before 
anneal and 1τ  = 38 s, 2τ  = 154 s, and 3τ  = 1704 s after anneal, where all time 
constants have an uncertainty of 5%. Consequently, the annealing not only 
increases fQ , it also increases the net rate at which charge can be injected into 
the oxide. 
 The time constants strongly depend on the laser power applied, 
indicating that the photon-induced charge trapping is a process involving 
multiple photons. In Fig. 4(a) this dependence is shown for sample A2 at a 
fundamental photon energy of 1.66 eV. For lower laser powers the slowest 
time constants are omitted in the analysis, as they exceed the measurement 
time and have a minor contribution to the observed time dependent behavior. 
Figure 3(a) shows that the detrapping rates 1

diτ −  for the annealed sample are 
much slower than the trapping rates 1

tiτ − , hence 1 1
i tiτ τ− −≈ . The number of 

photons n required to inject the charge from the c-Si into the oxide can be 
deduced by fitting the intensity dependence of the time constants 
to ( )1

in
n

i Iτ ω− ⎡ ⎤∝ ⎣ ⎦ .9,12 The result of this analysis performed for different photon 
energies is shown in Fig. 4(b) for the two fastest time constants. In the 
fundamental photon energy range of 1.59-1.55 eV a transition in the number 
of photons required to inject charge from the c-Si into the oxide from n = 2 to 
n = 3 can be observed. This transition reflects the threshold for two-photon 
electron injection from the c-Si valence band into the oxide conduction band.12 
Taking into account the c-Si band gap of 1.12 eV this yields a c-Si/oxide 
conduction band offset of 2.02 ± 0.04 eV. This value indicates that the  
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c-Si/oxide conduction band offset is not governed by the interfacial SiOx of 
~1.5 nm considering the higher c-Si/SiO2 conduction band offset of 3.1 eV.26 
These results are consistent with values for the conduction band offset for the 
c-Si/Al2O3 system obtained by Afanas’ev et al. using internal photoemission 
(IPE) experiments, including their observation that a 1.2 nm thick interfacial 
thermal SiO2 layer between c-Si and Al2O3 hardly changes the c-Si/Al2O3 
conduction band offset.31 The conduction band offset of ~2.0 eV indicates also 
that the influence of hole injection from the c-Si conduction band into the 
oxide valence band is limited. Considering the band gap of Al2O3 deposited 
with ALD of 6.8 eV,32 the c-Si/Al2O3 valence band offset is ~3.7 eV, hence the 
hole injection process would require at least one photon more than the 
electron injection process. 
 
 
IV. CONCLUSIONS 
 
 Al2O3 thin films deposited on Si(100) by plasma-assisted ALD have been 
studied by spectroscopic and time-dependent SHG before and after annealing. 
The Al2O3 films contain fixed charge, which is negative with a density 
increasing from ~1011 cm-2 before anneal to 1012-1013 cm-2 after anneal. 
Furthermore, due to the annealing both the amount of charge that can be 
injected into the Al2O3 and the net rate at which this charge can be injected 
increase, whereas detrapping channels in the c-Si/Al2O3 system are reduced. 
The excellent passivation properties of Al2O3 after annealing are likely a result 

 

FIG. 4  (a) Laser power dependence of the three time constants for 11 nm Al2O3 after 
anneal (sample A2) at a fundamental photon energy of 1.66 eV. The solid lines are fits 
to the data. (b) Order of the electron injection process as a function of fundamental
photon energy. 
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of the increase in the internal electric field with an additional reduction of 
interface defects.29 The results demonstrate the feasibility of SHG for 
contactless characterization of charge and charging dynamics in c-Si/high-κ 
dielectric structures in situ and during processing. This kind of analysis is 
inaccessible by conventional techniques such as capacitance-voltage 
measurements; moreover, SHG studies do not require a minimum film 
thickness. The application of SHG during processing of c-Si/high-κ structures 
provides not only relevant information for devices relying on field-effect 
passivation but also for nonvolatile memory and metal-oxide-semiconductor 
transistor applications. 
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Chapter 7 
 
 
Second-harmonic spectroscopy of Si nanocrystals 
embedded in silica 
 
 
Extending previous second-harmonic generation (SHG) single-wavelength studies1 of Si 
nanocrystals (NCs) embedded in fused silica, we implement spectroscopic cross-polarized two-
beam SHG (XP2-SHG) by employing an optical parametric amplifier as a source of widely tunable 
(1.6-2.4 eV) femtosecond pulses. Subsequent isolation of the SHG signal produced by the NCs 
yields the oscillator strength and phase of their nonlinear response. We obtain a broad 
resonance between bulk Si 1E  and 2E  critical points. Possible explanations for the spectroscopic 
result are discussed.§† 

                                                 
§  Accepted for publication in Phys. Stat. Sol. (c): A. Wirth, J. Wei, J.J.H. Gielis, P. Figliozzi, 
J. Rafaelsen, Y.Q. An, and M.C. Downer. 
†  This work has been carried out at The University of Texas at Austin, Austin, Texas, USA. 
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I. INTRODUCTION 
 
 Unique interface states at semiconductor ”nano-interfaces”, for example 
at the sharply curved interface of silicon nanocrystals (NCs) embedded in fused 
silica, give rise to chemical and physical properties that differ radically from 
those of planar silicon interfaces or bulk silicon. The radiative and nonradiative 
optical transitions between NC interface states are crucial for understanding 
luminescence, but difficult to calculate from first principles or measure by 
conventional surface science methods. Spectroscopic cross-polarized two-
beam second-harmonic generation (XP2-SHG) can probe these unique features 
of the Si NC/SiO2 electronic structure. The advantage of XP2-SHG compared to 
conventional single-beam SHG is an increase of the SHG signal from 
centrosymmetric nanocomposites by three orders of magnitude, while 
retaining sensitivity to H passivation of the nano-interfaces,2 thus enabling 
nonlinear spectroscopy. Here we present a spectroscopic study using XP2-SHG 
on silicon nanocrystals embedded in fused silica. The paper is organized as 
follows: Sec. II describes our sample as well as the experimental setup and 
explains why isolation of the NC-signal is necessary for spectroscopic 
XP2-SHG. An experimental Z scan technique for differentiating the NC signal is 
explained. In Sec. III we describe empirical modeling of the Z scan data, which 
completes the isolation of the nanocrystals’ nonlinear response. Section IV is 
devoted to the nonlinear spectroscopic result and possible qualitative 
explanations for its features. 
 
 
II. EXPERIMENT 
 
A. Sample preparation and experimental setup 
 The nanocrystal samples were prepared by multi-energy ion 
implantation of Si ions with six different energies into silica glass substrates 
(Corning 7940) of thickness h = 1 mm in order to produce a homogeneous 
Si-ion density throughout the implanted depth ncL  of 1 μm (Fig. 1). The 
formation of NCs with an average diameter of 3 nm and 30% size fluctuation 
was precipitated by post-implant annealing in either Ar or Ar + 4% H2.3 No NCs 
were implanted in an outer 1 mm wide margin [see Fig. 1(a)] of the substrate, 
which therefore served as a control region enabling the spectroscopic 
normalization of the signal to the unimplanted SiO2 substrate.  
 Extending previous single-wavelength studies,2 we now employ a 
home-built noncollinear optical parametric amplifier (NOPA) as a source of 
widely tunable (1.6-2.4 eV) femtosecond pulses to implement spectroscopic 
XP2-SHG.4 The repetition rate was 1 kHz, the on-sample fluence § 0.01 J cm-2, 
and the beam waists were (70 ± 5) μm to avoid sample damage. The direct  
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800 nm femtosecond pulses from a Ti:sapphire laser amplifier system that 
drive the NOPA were used to obtain a single additional data point at a photon 
energy of 1.55 eV. Figure 2 shows the XP2-SHG setup without laser system. 
The tunable NOPA pulses are split by beam splitter BS2 into two portions 
where the polarization of the angled beam is rotated π/2 by a waveplate WP 
with respect to the normally incident beam. Both pulses are then focused and 
spatially-temporally overlapped in the sample. The SHG radiation, propagating 
in the bisector direction, is then collimated, filtered by a Czerny-Turner 
spectrometer, and detected by a photomultiplier tube in gated-count mode   
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FIG. 1  (a) Sketch of the cross section of the sample with thickness h = 1 mm and 
implanted NC layer with thickness ncL  = 1 μm. (b) Photograph of the sample with NC 
layer. 
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FIG. 2  Overview of the XP2-SHG setup. Beam splitter BS2 splits the NOPA pulse into
two beams. The angled beam is rotated π/2 in polarization by waveplate WP. Both 
beams are spatially and temporally overlapped in the sample. Beam splitter BS1 splits
of a fraction of the NOPA radiation for the reference line. 
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yielding a detection bandwidth of Δλ = 10 nm for each spectroscopic data 
point. Temporal fluctuations of laser power and pulse duration are monitored 
by a reference line which detects the frequency doubled signal of a weak 
portion of the NOPA pulses (BS1). 
 An important difference between XP2-SHG and conventional single-
beam SHG is that the former enhances not only the SHG signal of the NCs but 
also the electric quadrupole polarization of the SiO2 matrix ( )2

gP .5 Distinction 
between the SHG contribution of the glass substrate and embedded NCs is 
therefore necessary. The detected SHG signal is the result of interference of 
both SHG fields. These fields can be described by three parameters: the 
amplitudes of the SHG fields from the nanocrystals (substrate) ncΓ  ( )gΓ  and 
the phase difference Φ between them. Equations (1) and (2) define these 
quantities where only the leading-order terms of the nonlinear polarization for 
XP2-SHG are shown6,7  
 
 
 
 
 
 
 
where ( )6i e m q

nc nc be n γ γ γΦΓ = Γ = − −  and ( )2g δ β γΓ = − − , with gΓ ∈ . 
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FIG. 3  Three different Z scan sample configurations for isolating the NC contribution 
of the detected SHG signal: (a) glass scan, (b) nc@exit scan, and (c) nc@entrance scan. 

( ) ( )2
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i
nc nc eε Φ= Γ ⋅ ∇P E E , (1)

( ) ( )2
0g gε= Γ ⋅ ∇P E E , (2)
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B. Isolation of the nanocrystal signal  
 In order to deconvolute the interfering fields, the three unknowns ncΓ , 

gΓ , and Φ must be determined. To achieve this, three independent 
measurements that consist of a translational scan of the sample through the 
beam overlap in the Z direction are performed. To get independent 
measurements, the sample position or orientation is altered in each scan. 
Figure 3 introduces the three different sample configurations: glass scan, 
nc@exit, and nc@entrance scan. During the stepper-motor-driven Z scans, the 
SHG signal is monitored in the bisector direction. The intensity depends on the 
sample position Z. Figure 4 shows the recorded signal depending on the 
Z coordinate for the three different configurations. The convention is, that if 
the beam overlap is centered in the sample then the right edge of the sample  

 

FIG. 4  SHG intensity profiles for the different Z scan configurations and their empirical 
fits for two different SHG photon energies, (a) 4.68 eV and (b) 3.22 eV. The signal 
strength depends on the overlap position within the sample as well as on the sample
orientation. The empirically modeled fitting functions enable the determination of the
amplitude ncΓ  and the phase Φ of the nonlinear NC response. h denotes the 
thickness of the sample. 
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is at the position Z = 0. The appearance of the two peaks in each scan is due 
to phase (mis)match-induced interference.5 Empirical modeling of the two 
peak intensity profiles yields expressions for the glass scan ( ),g gI Z Γ , the NCs 
at the exit scan ( ), ,exit g ncI Z Γ Γ , and the NCs at the entrance scan ( ), ,ent g ncI Z Γ Γ , 
which depend on the sample position Z. The three unknowns ncΓ , gΓ , and Φ 
are determined by fitting the empirically modeled functions to the 
experimental data using these unknowns as fitting parameters. As shown in 
Fig. 4 this approach results in a good reproduction of the experimental data. 
The phenomenological modeling of the two peak SHG intensity profiles will be 
described in the following section. 
 
 
III EMPIRICAL MODELING OF Z SCANS 
 
 The following effects are considered in the phenomenological modeling: 
Interference between the electric field 3ncE  generated by the array of NCs and 
the field 3gE  produced by the fused silica host material, linear absorption in the 
NC layer as well as common propagation and refraction effects. Both Gaussian 
beams intersect at the position where they have their beam waists w1 and w2. 
 
A. Glass scan  
 By using the approximation that the confocal parameter of the beams is 
much larger than h, the incident electric fields can be written as 

0 Z
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�0

�g
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x

FIG. 5  Overview of the two coordinate systems: Z is fixed in the lab frame and the 
position of the sample is recorded in terms of the intersection of the exit surface with 
the Z axis. The second coordinate system z is always centered in the center of the 
beam intersection. 
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where iϕ  is the angle between the two beams inside the medium i. Evaluating 
the quadratic polarization given in Eq. (2) using these fields, and integrating 
over the beam overlap cross section in the x and y direction (Fig. 5), yields an 
effective nonlinear polarization from the overlap of the two Gaussian beams 
 
 
 
 
Substituting Eq. (4) as the source term into the nonlinear wave equation8  
 
 
 
 
where 0z  is an arbitrary starting position of field propagation (all phases of the 
involved fields are zero at 0z ), applying boundary conditions and transforming 
the positions of the glass edges from the coordinate z into Z (Fig. 5) using 

( ) 2U Z h Zq= − , with 0tan( ) tan( )gq ϕ ϕ=  gives the amplitude of the glass field 
at the end of the sample 
 
 
 
 
Phase mismatch is expressed by gkΔ  and index z denotes the z component. By 
incorporating Fresnel coefficients jkt ϕ  ( )jkT ϕ  for the fundamental (SHG) field,9 
where j, k denote the two adjacent media (v: vacuum, g: glass, nc: NC layer) 
and ϕ denotes the angle of incidence, the SHG intensity can be expressed by 
 
 
 
 
 
B. NC at exit scan 
 In this case, we first calculate the SHG field of the glass in front of the 
NC layer ( )3g exit Zε , then the field produced by the NCs ( )3nc exit Zε . Since the 
glass SHG signal has to propagate through the NC layer, both SHG waves have 
to be added at the end of the sample while taking their phase into account. 
The treatment is analogous to that of the glass scan, except that the positions 
of the interfaces have changed and the nonlinear wave equation has to include 
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linear absorption of the fundamental beam as well as SHG in the NC layer. The 
nonlinear wave equation for the NC layer is now of the following form8 
 
 
 
 
where 0 2 gz h Zq L= − + + . Furthermore, the wave vectors are complex, 

Re Imj j j ji i⎡ ⎤ ⎡ ⎤ ′= + = +⎣ ⎦ ⎣ ⎦k k k k k , with { 1, 2, 3 }j ∈ . ( ) ( )2
3nc zP  is the same as for 

glass as given by Eq.(4), however with gΓ  replaced by i
nc e ΦΓ . The resulting 

signal strength for the nc@exit profile is 
 
 
 
 
 
The linear absorption of the glass SHG in the NC layer is included via the factor 

'
3ncz nck Le − . 

 
C. NC at entrance scan 
 In this case, the NCs are located at the front side of the substrate. The 
only difference compared to the nc@exit scan is that the positions of the 
boundaries change and that the SHG signal generated by the glass ( )3gentE Z  
does not propagate through the nanocrystral composite. The expression for 
the SHG intensity for this configuration is 
 
 
 
 
 
 
 
IV. SPECTROSCOPIC RESULT AND INTERPRETATION 
 
 Analysis of the Z scan data for each wavelength isolates the normalized 
amplitude nc gΓ Γ  of the nanocrystals as well as the phase Φ. Figure 6 
presents the result of the second-harmonic spectroscopic study of NCs. The 
normalized amplitude nc gΓ Γ  of the NCs annealed in Ar is shown together 
with the phase Φ, each plotted as a function of the second-harmonic photon 
energy. To first approximation the spectrum of nc gΓ Γ  resembles a step 
function that begins rising sharply from its low frequency value (~0.5) at a SHG 
photon energy of ~3.3 eV, then reaches a local maximum (~1.5) at ~3.5 eV, 
slightly above the 1E  critical point energy 3.4 eV of bulk Si. nc gΓ Γ then  
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remains within ± 25% of 1.5 at second-harmonic photon energies up to 
4.78 eV, well beyond the E2 critical point energy (4.3 eV) of bulk Si. Meanwhile 
the phase Φ, which has a constant value ~0.7 π below 3.3 eV, decreases 
monotonically to ~π/4 through the plateau region of nc gΓ Γ , qualitatively 
consistent with the phase shift of a classical oscillator driven through a broad 
resonance, or series of resonances.  
 It is instructive to compare the SHG spectrum of 3 nm diameter Si NCs 
embedded in SiO2, shown in Fig. 6, to the SHG spectrum of a planar Si/SiO2 
interface.10 In both cases, the SHG response is strong only for SHG photon 
energies near and above the bulk Si 1E  energy. Moreover, both samples exhibit 
a broad, strong SHG response between the 1E  and 2E  energies of bulk Si. For 
planar Si/SiO2, a single intermediate peak at a SHG photon energy of ~3.8 eV 
was clearly resolved. This peak was sensitive to sample preparation and had no 
counterpart in the spectrum of bulk Si. It was therefore ascribed to interfacial 
Si atoms with reduced bonding symmetry that prevented the splitting of Si 
interband transitions into 1E  and 2E  bands.10 From 3 nm Si NCs we also 
observe a small peak at ~3.8 eV, with an accompanying phase discontinuity, 
atop a broad plateau between the 1E  and 2E  energies of bulk Si. These features 
may therefore arise from transitions at the Si NC/SiO2 interfaces. The relatively 
broad spectral response between 1E  and 2E  could be attributed to the greater 
complexity of the NC Si/SiO2 interface compared to the planar Si/SiO2, and/or 
to size fluctuations of Si NCs. Studies of NCs with hydrogen terminated 
interfaces could help to distinguish between NC bulk and nano-interfacial 
contributions in this spectral range. 
 Differences between the SHG spectra of Si NCs and planar Si/SiO2 should 

FIG. 6  Spectroscopic second-harmonic response of 3 nm Si nanocrystals embedded in 
SiO2 and annealed in Ar as a function of the SHG photon energy. A sharp rise of the
oscillator strength starting at 3.3 eV converges into a plateau with only broad, subtle 
features throughout the rest of the spectroscopic range. 
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also be emphasized. 1E  and 2E  resonances are both clearly resolved in the 
latter case,10 whereas they are hardly resolved from a broad plateau for Si NCs. 
Moreover, the interface-modified 1E  resonance of planar Si/SiO2 appears at 
3.3 eV – lower in energy than bulk 1E  – rather than slightly higher (3.5 eV) as 
observed for Si NCs. The latter blueshift is consistent with quantum 
confinement. The 2E  SHG resonance of planar Si/SiO2 is approximately eight 
times stronger than 1E , whereas for Si NCs the SHG amplitude is nearly the 
same in these two regions. Finally, for planar Si/SiO2, the SHG response drops 
off sharply above 2E  (for SHG photon energies > 4.5 eV), whereas the spectral 
plateau continues without diminution for Si NCs. Comparison with recent 
measurements of the linear dielectric function of Si NCs is also instructive.11,12 
For 4.5 to 6 nm diameter Si NCs, these measurements show a slight blueshift 
of the 1E  critical point energy, qualititatively consistent with our SHG spectrum 
of 3 nm Si NCs. Moreover, Ref. 11 reports a strong size-dependent redshift of 
the 2E  resonance, which begins to merge with 1E  for 4.5 nm NCs. This strong 
size-dependence of the 2E  energy may explain the broad plateau in this region 
in our sample with 30% size fluctuations. While the discussion above tacitly 
assigns spectral features to resonances at the SHG frequency, we cannot rule 
out the possibility that interfacial resonances at the fundamental frequency 
may also contribute to the SHG spectrum observed. In particular, a tight 
binding calculation of 3 nm Si NCs reveals a direct interband interfacial 
electronic transition at ~1.9 eV.13 This provides an alternative explanation of 
the feature at 3.8 eV in our SHG spectrum. A sum-frequency study using two 
different incident frequencies will be helpful in distinguishing resonances at 
fundamental and SHG frequencies. 
 
 
V. CONCLUSIONS 
 
We successfully implemented spectroscopic XP2-SHG as a tool to probe the 
electronic structure of nanocrystals. Empirical modeling allows the isolation of 
the oscillator strength and phase of the nanocrystal SHG response. We provide 
the first second-harmonic spectroscopic study of nanocrystals embedded in 
fused silica in the range from 3.11 to 4.78 eV. Besides a sharp rise of the 
oscillator strength, beginning at the SHG photon energy of 3.3 eV, the 
spectrum at higher energies resembles a plateau with only broad, subtle 
features. Further expansion of the spectroscopic range, comparison with SFG 
experiments and with spectra of samples annealed in Ar + H2 will further 
elucidate the microscopic origin of the spectral features. These nonlinear 
spectra can provide a benchmark for calculations of the optical properties of Si 
NCs embedded in silica.14 
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INTERFACE STUDIES BY SECOND-HARMONIC GENERATION  
DURING SILICON-BASED MATERIALS PROCESSING 

 
 Surface and interface properties increasingly govern device performance 
in microelectronics and photovoltaics due to a continuous trend of decreasing 
critical dimensions and increasing performance demands. This thesis is aimed 
at contributing to bridging the gap between the rapid developments in 
Si-based materials processing and limitations brought by poor understanding 
of surface and interface characteristics during processing. The ability to 
specifically measure surface and interface properties and their evolution during 
processing leads to a better understanding of the underlying mechanisms of 
Si-based materials processing and can lead to process and device 
improvements. Moreover, this approach also provides means for online 
process control and monitoring. 
 To reveal the properties of surfaces and interfaces during Si-based 
materials processing, the nonlinear optical technique of second-harmonic 
generation (SHG) has been implemented both spectroscopically and in real 
time. SHG is the method of choice as it is noninvasive, highly surface and 
interface sensitive, and applicable during processing. Moreover, SHG has 
proven to be an ultrasensitive probe for surface and interface states such as 
dangling bonds and strained Si-Si bonds in crystalline Si (c-Si) surface science. 
The SHG experiments described in this thesis were carried out using amplified 
and unamplified femtosecond Ti:sapphire laser systems. To circumvent the 
complexity inherent to a (plasma) processing environment, the studies were 
performed under well-defined conditions in high vacuum setups using 
separate ion and radical beams. SHG has been applied in various areas of 
Si-based materials processing, predominantly in thin film geometries. These 
areas include: (1) c-Si etching, (2) Si thin film deposition, (3) the introduction 
of high-κ dielectrics, such as Al2O3, in Si technology, and (4) novel Si-based 
device technologies employing nanocrystals. 
 The ion-assisted etching of c-Si has been investigated using low-energy 
(70-1000 eV) Ar+ ions. These ion energies are representative for plasma 
processing and have been found to create a layer of amorphous Si (a-Si) with a 
thickness of several nanometers in the surface region of the c-Si. From 
spectroscopic SHG in combination with a critical point model it has been shown 
that the SHG signal from this a-Si/c-Si system is dominated by a contribution 
from the a-Si/c-Si interface, with an additional a-Si surface contribution. The 
results suggest that the a-Si/c-Si interface is relatively sharp and that the 
surface and interface properties are virtually ion energy independent. 
 The growth of hydrogenated amorphous Si (a-Si:H) thin films on c-Si 
has been studied during hot-wire chemical vapor deposition. Also in this 
system the SHG signal displays a strong contribution originating from the 
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a-Si:H/c-Si interface, with an additional contribution from the a-Si:H. In 
addition to SHG, two other noninvasive and all-optical diagnostics with real-
time applicability have been used simultaneously. Spectroscopic ellipsometry 
(SE) has been used to deduce thicknesses and linear optical properties of Si 
films and substrates, while attenuated total reflection Fourier transform 
infrared spectroscopy (ATR-FTIR) has been applied to characterize the 
hydrogen content in Si thin films during deposition. For many applications, 
such as silicon heterojunction solar cells and passivation of c-Si surfaces, an 
extremely abrupt interface between the a-Si:H film and the c-Si substrate is 
required. It is demonstrated that real-time SHG provides a method to 
distinguish between direct heterointerface formation and undesired 
nanometer-level epitaxial growth at a very early stage of film growth with a 
sensitivity unprecedented by other real-time probes. 
 The technique of SHG is known to be sensitive to internal electric fields 
within materials created for example by the presence of fixed charge. This 
feature has been employed to characterize the surface passivation of c-Si by 
thin films of Al2O3 deposited with plasma-assisted atomic layer deposition. 
Spectroscopic SHG combined with critical point modeling has revealed the 
presence of a high fixed charge density with negative polarity in the Al2O3. 
After calibration, negative fixed charge densities in the range of 1011-1013 cm-2 
have been deduced from the SHG spectra. This negative charge is an important 
factor responsible for the excellent surface passivation properties of Al2O3. 
 SHG has also been applied to investigate Si nanocrystals embedded in 
SiO2. This study has been carried out by spectroscopic cross-polarized 
two-beam SHG (XP2-SHG), which yields a more efficient generation of SHG 
radiation from nanocomposites than single beam SHG. XP2-SHG revealed 
spectral features that can possibly be attributed to the Si nanocrystals and 
their interfaces with the SiO2 matrix. This approach has great potential to lead 
to more insight into Si nanocrystal interface states and their influence on the 
emission of light. 
 In conclusion, the work in this thesis shows that SHG is capable of 
bridging the gap between materials processing and surface science. It is 
demonstrated that SHG can enhance the insight into a broad range of surface 
and interface properties during and after materials processing, as required for 
next-generation advanced devices. 
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INTERFACE STUDIES BY SECOND-HARMONIC GENERATION  
DURING SILICON-BASED MATERIALS PROCESSING 

 
 De eigenschappen van oppervlakken en grenslagen bepalen in 
toenemende mate de prestaties van micro-elektronica en zonnecellen. Deze 
trend wordt veroorzaakt door een continue afname van kritische afmetingen en 
steeds strikter wordende eisen met betrekking tot functionaliteit en prestaties 
van deze toepassingen. Dit proefschrift draagt bij aan het dichten van de kloof 
die is ontstaan tussen snelle ontwikkelingen op het gebied van materiaal-
behandeling enerzijds en restricties die voortkomen uit een beperkt inzicht in 
de eigenschappen van oppervlakken en grenslagen tijdens deze behandeling 
anderzijds. De bepaling van de eigenschappen van oppervlakken en grens-
lagen en het in kaart brengen van de veranderingen in deze eigenschappen 
tijdens materiaalbehandeling zorgt voor meer inzicht in de mechanismen die 
ten grondslag liggen aan deze materiaalbehandeling. Deze kennis kan 
aangewend worden om verbeteringen door te voeren in zowel de 
productieprocessen als in de uiteindelijke producten. Daarnaast kan deze 
aanpak gebruikt worden om fysische en chemische processen te controleren 
en actief bij te sturen tijdens materiaalbehandeling.  
 Om de oppervlakte- en grenslaageigenschappen tijdens de behandeling 
van materialen gebaseerd op silicium te bepalen is de niet-lineair optische 
techniek tweede harmonische generatie (SHG) toegepast. SHG is uiterst 
gevoelig voor oppervlakken en grenslagen en kan toegepast worden tijdens 
materiaalbehandeling, zonder de materiaaleigenschappen of het proces hierbij 
te verstoren. SHG is bovendien een zeer gevoelige methode om losse 
Si-bindingen en Si-Si-bindingen “onder spanning” te meten, zoals reeds 
aangetoond is in de oppervlaktefysica. De SHG experimenten beschreven in dit 
proefschrift zijn uitgevoerd met zowel versterkte als onversterkte 
femtosecondelasersystemen met titaansaffierkristallen. Om de complexiteit die 
materiaalbehandelingsprocessen inherent met zich meebrengen te verlagen 
zijn de experimenten uitgevoerd onder goed gedefinieerde condities door 
gebruik te maken van hoogvacuumopstellingen en aparte ionen- en 
radicaalbundels. SHG is toegepast in verschillende deelgebieden van de 
Si-technologie, met name in dunne film toepassingen. Deze deelgebieden zijn: 
(1) het etsen van kristallijn Si (c-Si), (2) de depositie van dunne Si-films, (3) de 
introductie van zogenaamde high-κ-diëlektrica zoals Al2O3 in Si-technologie 
en (4) nieuwe Si-technologieën waarbij nanokristallen gebruikt worden. 
 Het iongeassisteerde etsen van c-Si is bestudeerd voor laagenergetische 
(70-1000 eV) Ar+-ionen. Deze ionenenergieën zijn representatief voor 
materiaalbehandelingen met een plasma. Het ionenbombardement creëert een 
amorfe Si-laag (a-Si) met een dikte van enkele nanometers aan het oppervlak 
van het c-Si. Aan de hand van spectroscopische SHG-metingen gecombineerd 
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met een critical point model is aangetoond dat het SHG-signaal van het 
a-Si/c-Si-systeem gedomineerd wordt door een bijdrage van de a-Si/c-Si-
grenslaag met een additionele bijdrage van het a-Si-oppervlak. Deze 
resultaten geven aan dat de a-Si/c-Si-grenslaag relatief scherp is en dat de 
oppervlakte- en grenslaageigenschappen niet afhangen van de energie van de 
ionen. 
 De aangroei van dunne gehydrogeneerde amorfe Si-films (a-Si:H) op 
c-Si substraten is bestudeerd tijdens hot-wire chemical vapor deposition. Ook 
in dit systeem is een sterke bijdrage gevonden afkomstig van de a-Si:H/c-Si-
grenslaag met tevens een bijdrage van het a-Si:H. Tegelijkertijd met SHG zijn 
er twee andere optische meetmethoden toegepast. Zo is spectroscopische 
ellipsometrie gebruikt om de dikte en de lineair optische eigenschappen van 
de Si-films en de substraten te meten en is met behulp van attenuated total 
reflection infraroodspectroscopie de waterstofinhoud van de Si-films bepaald. 
Voor veel toepassingen, zoals op silicium gebaseerde heterojunctiezonnecellen 
en oppervlaktepassivatie van c-Si, is een zeer abrupte overgang van a-Si:H 
naar c-Si vereist. Met metingen is gedemonstreerd dat tijdsopgeloste SHG 
directe amorfe aangroei kan onderscheiden van ongewenste epitaxiale 
aangroei van het silicium en dit met een unieke gevoeligheid.  
 Het is bekend dat SHG gevoelig is voor interne elektrische velden in 
materialen, bijvoorbeeld veroorzaakt door de aanwezigheid van gebonden 
lading. Deze eigenschap van SHG is gebruikt om de oppervlaktepassivatie van 
c-Si door middel van Al2O3-films te bestuderen, waarbij het Al2O3 is 
aangebracht met behulp van plasmageassisteerde atoomlaagdepositie. 
Spectroscopische SHG metingen en critical point modellering hebben de 
aanwezigheid van negatieve gebonden lading in de Al2O3-films aangetoond. 
Na kalibratie is er een negatieve ladingsdichtheid in het Al2O3 in de orde van 
1011-1013 cm-2 gevonden. De oppervlaktepassivatie-eigenschappen van Al2O3 
zijn uitmuntend en hierbij speelt de negatieve lading een belangrijke rol. 
 SHG is ook toegepast om Si-nanokristallen in SiO2 te bestuderen. In dit 
geval is spectroscopische cross-polarized two-beam SHG (XP2-SHG) gebruikt. 
Deze meetmethode leidt tot een efficiëntere vorming van SHG-licht dan 
SHG-metingen die gebruik maken van een enkele bundel. De XP2-SHG spectra 
vertonen bijdragen die mogelijk toegeschreven kunnen worden aan de 
Si-nanokristallen en de grenslagen met het omringende SiO2. Deze aanpak is 
veelbelovend om beter inzicht te krijgen in de eigenschappen van 
Si-nanokristallen en hun invloed op de emissie van licht. 
 Het werk beschreven in dit proefschrift laat zien dat SHG een bijdrage 
kan leveren om de kloof tussen materiaalbehandeling en oppervlaktefysica te 
dichten. SHG kan inzicht verschaffen in een breed scala van oppervlakte- en 
grenslaageigenschappen tijdens en na materiaalbehandeling. Dit inzicht is 
vereist om volgende generaties hoogtechnologische producten te realiseren. 
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