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Abstract 

The nonlinear optical technique of second-harmonie generation (SHG) is im
plemented and applied on the etching model system of XeF2 and Ar+ ions on 
crystalline silicon ( c-Si) in a multiple-beam setup. This surface and interface 
sensitive technique of SHG is used to investigate the surface of the silicon 
during etching to gain knowledge on the etching process. For these measure
ments the setup used is extended with a new femtosecond laser system to 
generate the high intensity radiation needed for SHG, a dedicated detection 
setup and a new low energy ion source. The optical response of the new 
detection system is confirmed using the second-harmonie response from o:
quartz. Furthermore, ex situ second-harmonie experiments are performed on 
native-oxide covered silicon to verify that the laser system and the detection 
setup perform as expected and that the developed measurement procedure 
is correct. The azimuthal, polarization and spectral dependence of the sig
nal of the native-oxide covered silicon shows good agreement with literature 
results. The second-harmonie response of the initial hydrogen-terminated 
silicon used for the etching experiments is measured and compared with the 
literature as well. 

The literature reports a Si-Si bond related resonance in the second
harmonic photon encrgy range from 2.7 to 3.5 eV for c-Si. In this photon 
energy range the first SHG studies of plasma etching are performed on Ar+ 
ion etching of c-Si. The studies include spectral measurements for 70, 200 
and 1000 eV ion energy, real-time measurements at six different photon 
energies using 70 eV ions and XeF2 dosing experiments. The spectra show a 
clear resonance at a.pproximately 3.31 eV and the real-time signals exhibits 
a rapid increase to a steady-state value after several monolayers of Ar+ 
ion fiuence. Further analysis has resulted in a clear picture of the origin of 
the second-harmonie signal in which two contributions can be distinguished. 
The main contribution originates at the interface between the c-Si and the 
top layer of amorphous silicon ( a-Si) which is created by the damaging effect 
of the ion etching. The other contribution originates at the a-Si surface. The 
spectral data have been fitted with a critical-point excitonic line shape model 
accounting for the two contributions and a very good agreement is achieved. 

This work proves that SHG is successfully implemented on the silicon 
etching system. It can be concluded that SHG has a great potential to 
provide real-time information on the (silicon) etching system and thereby 
increase the understanding of etching processes. 
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Chapter 1 

lntroduction 

1.1 Technology assessment 

The world is changing fast in the last decennia and one source of these fast 
changes is the development of integrated circuits (IC's). These semicon
ductor devices are found in many consumables and machines, of which it 
is worth to mention the computer and the mobile phone. The cell phone 
for instance has entered our lives in less than ten years and has drasti
cally changed the way people communicate. The semiconductor industry 
has been developing at a staggering rate achieving miniaturization and in
creasing functionality for more than four decades described by Moore's law. 
Moore's law states that the number of transistors on an IC will increase 
by a factor of two within every 18-24 months. To keep up with this rate 
of miniaturization and to improve the production yield the industry has to 
be able to understand and control the manufacturing processes to an ever 
increasing level. 

One of the important steps in the production of IC's is the etching of 
submicron structures. \Vhen IC's were first developed the etching was per
formed by wet chemical etching. Soon however, the wet etching was replaced 
by a process that is better controlled and is able to etch anisotropically. For 
this purpose the industry currently uses plasma assisted dry etching. By 
using the directionality of ions produced in the plasma highly anisotropic 
etching is possible. 

Plasma etching has been optimized over the years, but the microscopie 
processes are nevertheless not yet fully understood. Moreover, due to the 
ever increasing miniaturization into the nanoscale, surface properties such as 
defects and roughness become increasingly important. Similar to any other 
surface treatment, plasma processing modifies the surface it is important 
to extend the knowledge of the plasma surface interactions. Fundamental 
studies of the microscopie details of the etching process can provide knowl
edge to optimize the plasma conditions, to improve device properties and 
possibly to extend the application possibilities of plasmas. 

Fundamental studies of etch mechanisms often circumvent the complex-
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ity of the plasma by performing experiments in a high vacuum multiple-beam 
setup. Such setups allow good control of the fiuxes of the important species, 
i.e., halogens and ions, in the plasma and may facilitate a number of mea
suring techniques. The setup used in this work, called Surface Chemistry 
Experiment fora Physical Theory of Etch Reactions1' 2 (Scepter), contains 
two ion sources and a halogens source, all directed in well-defined beams 
to the sample. In recent years Scepter has been used to study the etching 
process with mass spectrometry, single-wavelength ellipsometry and spec
troscopie ellipsometry. In this work the potentially surface and interfaces 
sensitive nonlinear optical technique of second-harmonie generation (SHG) 
is, to our knowledge, for the first time applied spectroscopically to study 
etching process of crystalline silicon during ion etching. 

In this chapter an introduction will be given concerning the etching mech
anisms and SHG, in sections 1.2 and 1.3 respectively. The motivation and 
goals of this report are described in section 1.4 and the outline of this report 
is presented in section 1.5. 

1. 2 Etching mechanisms 

Ion assisted silicon etching has been studied with multiple-beam setups since 
at least 1979 when Coburn and Winters3 wrote their classica! paper on the 
synergy effects of the combination of energetic ions and halogens. Their 
simple experiment proved that the silicon etch rate achieved with ions and 
halogens is more than one order of magnitude higher than the etch rate of 
either the ions or halogens separately. The silicon etch system studied in 
beam setups serves as a model system to generate information on plasma 
etching in general. As an example the different etch processes in the silicon 
etch systcm with Ar+ ions and XeF2 are briefiy discussed. 

During pure ion etching, which is the main etching process studied in this 
work, the main process of etching is physical sputtering. Physical sputtering 
is defined as the direct release of surface species upon ion impact. As a result 
of the physical sputtering strained and dangling silicon bonds are thought to 
be present in the substrate. Figure 1.1 gives a schematic representation of 
ion etching of crystalline silicon. The ions are known to damage the surface 
region of the silicon as a result of the stopping process of ions in the silicon. 
This damaged silicon region, which is basically amorphous silicon ( a-Si), 
has a thickness that depends on the ion energy. The a-Si layer thickness is 
typically 7 nm for 1 ke V Ar+ ions. 4 

In the case of spontaneous etching by XeF2 the XeF2 react with the 
substrate in a sequence of steps. First the XeF2 is physisorbed on the 
surface of the substrate where the fiuorine can react with the atoms of the 
substrate. The halogens and substrate material form a layer consisting of 
SixFy chains and eventually volatile compounds, i.e., SiF4, are formed that 
leave the surface. 

In the presence of both halogens and ions the production of the volatile 
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(a) 

(b) 

(c) 

Figure 1.1: The initially hydrogen-terminated crystalline silicon (a) is sub
jected to ion bombardment (b) leaving the crystalline silicon covered with an 
amorphous silicon layer ( c). Defects thought to be involved in ion etching are 
indicated, i.e., strained and dangling honds. 

3 
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compounds is increased compared with spontaneous etching. This is gener
ally explained by chemical sputtering, defined as the production of weakly 
bound species by the ion bombardment, followed by desorption. The ions 
also provide the possibility that less volatile compounds such as SiF2 leave 
the surface, which does not commonly happen during spontaneous etching. 
The release of SiF2 is explained by physical sputtering of the intermedi
ate Si.rF y layer. The strained and dangling bonds created by the ions are 
thought to serve as active bonding sites, thus increasing adsorption of the 
halogens. 

1.3 Second-harmonie generation 

Second-harmonie generation is a nonlinear optical technique widely adopted 
in the field of surface science. 5- 7 Similar to other optical techniques SHG 
can be applied non-invasively and non-destructively which is an advantage 
over other non-optical techniques. Optical techniques can be applied at all 
pressures and due to the large penetration depth of optical radiation buried 
interfaces in bulk materials are accessible. In centrosymmetric media, such 
as crystalline or amorphous silicon, SHG is highly surface and interface 
sensitive due to the fact that, in first approximation, SHG is forbidden in 
the bulk due to symmetry consideration. The symmetry is broken at the 
surfaces and interfaces and nonlinear effects, such as SHG, may occur. 

Describing SHG with photons provides a clear view of the microscopie 
process. SHG can be regarded as the conversion of two photons with energy 
liw into one photon with the sum energy nJ2 = 2liw. This process can be 
resonantly enhanced when the energy of either the fundamental photons or 
the second-harmonie photon coincides with a real transition in the medium 
and eau thus provide information about electronic states. Two conditions 
must be met to generate second-harmonie radiation. The second-order effect 
of SHG requires high intensity radiation, such as provided by a high-intensity 
laser. Furthermore, the medium must have nonlinear optical properties, e.g. 
in the bulk of non-centrosymmetric material or at the surface. 

1.4 Motivation and goals of this thesis work 

From the literature6 ' 8- 14 it is clear that the crystalline silicon surface exhibits 
SHG in the second-harmonie photon range 2.0-5.0 eV depending on sample 
preparation. Applying SHG on the etching system may identify possibly 
electronic surface states that could aid in explaining plasma-surface inter
actions. With SHG it ma.y also be possible to monitor these surface states. 
Apart of the photon range, i.e., 2.7-3.5 eV, is accessible by a femtosecond 
Ti:Sapphire laser, which is installed for this purpose. In SHG studies per
formed on c-Si, the main feature in this photon range is related to Si-Si 
bonds. The main goals within the scope of this work are: 
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• Implement and calibrate the Ti:Sapphire laser system and a detection 
system for SHG measurements on Scepter. 

• Perform SHG measurements on the silicon etching system under the 
influence of ion bombardment. 

The second goal mentioned raises the following research questions, used 
to focus the work in this report: 

• The second-harmonie signal in the photon energy range used in this 
work is, in c-Si, related to Si-Si bond transitions. If a second-harmonie 
signal is measured during ion etching, can the signal be related to those 
bonds? 

• As ion etching creates an amorphous silicon layer and SHG is sensitive 
to both surfaces and interfaces, is it possible to determine if the signal 
is originating at the surface or the amorphous/crystalline interface? 

• If both the surface and the interface contribute to the second-harmonie 
signal, is it possible to discriminate between the contributions? 

In this work the laser system and detection system are implemented and 
calibrated. Spectroscopie SHG is used as a surface sensitive technique and 
applied, to our knowledge, for the first time to study the etching system by 
investigating ion etching of crystalline silicon. 

1.5 Outline of this report 

Second-harmonie generation is the main technique used in this work and 
therefore Chapter 2 will discuss the relevant implications of the theory of 
SHG. The measurement are performed on Scepter, which is modified to 
facilitate the SHG experiments. The optical sctup and the experimental 
procedures developed are discussed in Chapter 3, as well as the other mea
surement techniques and the particle beams of Scepter. 

The SH signal calibration on Scepter is perforrned in Chapter 4, where 
experiments done on quartz, native-oxide covered silicon and hydrogen
terminated silicon are presented and discussed. The experiments put the 
emphasis on understanding the operation of the setup and serve as a start
ing point for the etching experiments. The results from the native-oxide 
covered silicon and the hydrogen-terminated silicon are compared with the 
literature. 

In Chapter 5 the results from real-time and spectroscopie SH measure
ments during ion etching experiments are presented and discussed. The 
results will be used to build a coherent hypothesis on the origin of SHG in 
the ion etching system. After the discussion of the hypothesis a model will 
be proposed for fitting the real-time and spectral measurements. 

Finally, in Chapter 6 the general conclusions of this work will be sum
marized and recommendations for future work will be given. 
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Chapter 2 

Theoretica! aspects 

This chapter will focus on theory about second-harmonie generation. Ex
tensive literature on SHG is available elsewere, 15- 17 but for clarity the most 
important implications of the theory for this work will be discussed. Sec
tion 2.1 will briefly discus the description of SHG in the electric dipole 
approximation. In section 2.2 the definition of the polarization notation will 
be given. The second-order susceptibility tensor will be discussed in sec
tion 2.3 and the results from symmetry considerations will be presented. In 
the last section some important results from the literature will be discussed. 

2.1 Second-harmonie generation 

Electromagnetic (EM) radiation interacts with all materials it passes through. 
The main interactions result in transmission, reflection and absorption. The 
interaction of the EM radiation can in first order be described by the polar
ization P induced by the incoming electric field E: 

P(w) = EoX(l)(w)E(w), (2.1) 

with w the frequency of the radiation, x(l) the electric susceptibility and Eo 
the permittivity of vacuum. \Vhen a high intensity electric field is used the 
interaction needs to be expanded into higher order terms and the next term 
that generally needs to be taken into account is the dipole interaction of the 
electric field with the material, the so called electric dipole approximation: 

(2) ,_,(2) 
P (2w) = EoX (2w):E(w)E(w), (2.2) 

with p(2) (2w) the polarization induced at twice the frequency of the incom

ing electric field and x(2
) (2w) the second-order susceptibility tensor. The 

second-order induced polarization radiates EM radiation at 2w. This process 
is called second-harmonie generation. 
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Surface and interface sensitivity 

Geometrie crystallography postulates that a material property must have 
the same symmetry as the material itself. Based on symmetry considera
tions the second-order susceptibility tensor in the dipole approximation must 
be zero in the bulk of centrosymmetrical materials like crystalline silicon. 
At surfaces of and interfaces between centrosymmetric media however, the 
bulk-symmetry is broken and therefore the surface or interface can generate 
second-harmonie radiation. 

In order to generate SHG at a surface or interface, high intensity radia
tion is needed. Although in the dipole approximation no SHG is generated 
in the bulk of centrosymmetric media the high intensity radiation may in
duce SHG radiation by other terms18 which may be of the same order as 
the second-harmonie signal from the surface. 

In the long-range order the bulk of amorphous material is disordered, 
but from a macroscopie point of view any symmetry operation transforms 
the medium onto itself. The bulk of amorphous media can therefore be 
considered centrosymmetric and the bulk does not generate second-harmonie 
radiation in the electric dipole approximation. 

Resonance enhancement 

When the fundamental or the SH photon energy coincides with a real tran
sition in the medium, the SH signal is resonantly enhanced. Figure 2.1 gives 
a schematic representation of three real quantum states. Two photons with 
energy l1w excite the system to the intermediate states In') and In), which 
may be real or virtual states. A SH photon with energy 2/iw is released 
when the system relaxes back to the ground state lg). SHG occurs at all 
frequencies, but when either one of the intermediate states corresponds to 
a real quantum state the SH signal exhibits resonance. The existence of 
a resonance in the SH signal may yield spectroscopie information on the 
electronic states of the surfaces and interfaces in centrosymmetric media. 

2.2 Polarization definition 

As will be explained in the next section using polarized radiation yields in
formation on the second-order susceptibility tensor of a sample. Figure 2.2 
shows a sample radiated with a laser beam in the laboratory xyz-frame. To 
describe polarized radiation it is common to distinguish between radiation 
with the electric field component parallel to the plane of incidence, so called 
p-polarization and with the electric field component perpendicular to the 
plane of incidence, so called s-polarization (originating from the German 
word for perpendicular: senkrecht). In this work an additional distinction is 
made between the fundamental incident radiation which is denoted in lower 
case and SH radiation which is denoted in upper case. Fundamental and 
SH radiation polarization configurations are written between parentheses, 
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Figure 2.1: Schematic representation of the sequence of transitions occurring 
in case of SHG. The material system is excited twice by absorption of two 
fundamental photons with energy tu,;. By emission of a second-harmonie pho
ton with energy 2/L; the system returns to the initia! state. Virtual states are 
represented by the dashed lines, real quantum states by solid lines. Resonance 
occurs when the energy of the fundament.al or SH photons coincides with a real 
transition (U,;n9 or tu,;n'g in the system. After Gielis. 17 

9 

e.g., (p,S) for p-polarized fundamental radiation and S-polarized SH radi
ation. As a consequence of the definition of s- and p-polarization, s- and 
S-polarization coincide with the y-axis of the laboratory frame while p- and 
P-polarization have components in both x- and z-direction. 

2.3 The second-order susceptibility tensor 

Based on symmetry considerations extensively reviewed by Gielis17 the form 
of the second-order susceptibility tensor in the electric dipole approximation 
can be evaluated for certain materials. Because the materials used in this 
work are Si02/Si(lOO), Si(lOO) and a-Si a short introduction into the form 
and use of the ( dipole approximation) second-order susceptibility for these 
materials is given. 

In principle, the second-order susceptibility tensor has 27 elements be
cause it describes the interaction of two three-dimensional electric fields 
inducing a three-dimensional polarization. Because the two fundamental 
electric fields given in Eq. (2.2) describe in fact one electric field interacting 
with itself, the second-order susceptibility tensor in Eq. (2.2) can be written 
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y 

Figure 2.2: Geometry of the polarization of the laser beam as it is used in 
this work. 

in compact notation of 18 elements: 

Ex Ex 

[ (2) 
(2) (2) (2) (2) (2) 

l 
EyEy 

Xxxx Xxyy Xxzz Xxyz Xxxz Xxxy 
EzEz 

p(2) = Eo (2) (2) (2) x(2J (2) (2) (2.3) Xyxx Xyyy Xyzz yyz Xyxz Xyxy 
2EyEz (2) (2) (2) (2) (2) (2) 

Xzxx Xzyy Xzzz Xzyz Xzxz Xzxy 2ExEz 

2ExEy 

by combining the electric field product where EiEj = EjEi for i, j = x, y, z 
and i # j. 

The Si(lOO) surface has 4m-symmetry and therefore a lot of the tensor 
elements are zero: 

[ x&, 
0 0 0 

(2) 

~ l Xxxz ,_,(2) 
0 

(2) (2.4) x 0 Xxxz 0 
(2) (2) 

0 0 Xzxx Xzzz 

h l c 11 . b t"t . (2) (2) d (2) C2J d w ere t ie io ow1ng su s 1 utions Xyyz = Xxxz an Xzyy = Xzxx are ma e, 
also for symmetry reasons. Although Si02 and a-Si have a different symme
try, i.e., oom-symmetry, the shape of the second-order susceptibility tensor 
is the same as Si(lOO), given in Eq. (2.4). Of course the tensor elements 
differ in frequency dependence and value for different media. 

When the fundamental and the SH radiation are polarized ( using polar
izers) it is possible to address specific groups of tensor element.s. Selection 
of the input polarization can be visualized as selecting the appropriate col
umn in the susceptibility tensor, while selecting the output polarization is 
visualized as selecting the appropriate row of the tensor. As an example for 
the ( s,S) polarization configuration Eq. (2.4) is given with the appropriate 
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columns and row denoted by colored bars: 

;-;(2) [ 0 0 0 
x = 0 0 0 

(2) (2) (2) 
Xzxx Xzxx Xzzz 

0 
(2) 

Xx:cz 

0 

11 

(2) l Xxxz Ü 

0 0 . 

0 0 

The active tensor element for the (s,S) configuration is the element which 
is both in the column of s (or yy) and in the row of S (or y). Obviously 
the ( s,S) configuration selects a tensor element which is zero, so no ( electric 
dipole) SHG is expected for the (s,S) polarization configuration for Si(lOO), 
Siü2 or a-Si. 

A more interesting example is the (p,P) polarization configuration: 

,.....(2) [ 0 0 0 
x = 0 0 0 

x~;!x x~;!x x~~z 

(2) l 0 Xxxz Ü 
(2) 

Xxxz 0 Ü 

0 0 0 

Because the p- and P-polarizations have x- and z-components multiple 
columns and rows are addressed, i.e., xx, zz and xz columns and x and z 
rows. The resulting effective second-order susceptibility, as used in Eq. (3.3), 
is a weighted summation of the different elements where the weight factors 
depend on the linear optical propagation of the fundamental and SH radia
tion. 

2.4 Literature about SHG on c-Si 

Azimuthal dependence 

The tensor given in Eq. (2.4) has no azimuthal dependence, i.e., the electric 
dipole SH signal is constant when the sample is rotated around the norrnal 
of the surface, as displayed in Fig. 2.3. In the literature it can be found that 
the measured SH signal does have an azimuthal dependence and therefore 
the SHG on Si(lOO) is not completely described according to the electric 
dipole approximation. The signal generated by the neglected bulk terms18 

in Eq. (2.2) has, for c-Si, the same order of magnitude as the second-order 
signal from the surface. For s-polarized radiation a signal can be measured 
that has an azimuthal dependence described by: 19 

(2.5) 

where 'l/J the azimuthal angle defined as the angle between the plane of 
incidence and the [010] direction. The p-polarized radiation has an isotropic 
(surface) contribution, but has also an anisotropic contribution resulting in: 

(2.6) 

where CT represents the isotropic contributions and T represents the aniso
tropic contributions. The anisotropic terms are attributed to the bulk con
tributions. 
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y 

Figure 2.3: Geometry of the azimuthal scans. 

y 

Figure 2.4: Geometry of the polarization scans. 

Polarization dependence 

Polarization dependent measurements reflect the shape of the second-order 
susceptibility tensor and therefore aid in confirming the theoretical tensor. 
In this work polarization scans are performed as displayed in Fig. 2.4 to com
pare the results with the results from the literature. Turning the electric 
field gradually from p- to s-polarization reduces the incident electric field 
in the x- and z-direction in a eosine dependence and increases the incident 
electric field in the y-direction in a sine dependence. When the appropri
ate dependencies are put together in Eq. (2.4) and remembering that the 
SH intensity is squared dependent on the second-order susceptibility the 
polarization dependence of the intensity can be described by: 20 

1iH(rp) = asin4 (rp) + bsin2 (rp) cos2 (rp) + ccos4(rp) 

J~H(rp) = dsin2 (rp) cos2 (rp), 
(2.7) 

with <p the polarization angle defined as the angle between the polarization 
vector of the incident fundamental beam and the plane of incidence and 
a, b, c, d are sealing factors that depend on the second-order susceptibility 
tensor, linear optical properties and geometry. 
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Figure 2.5: Reproduction of Fig. 1 from Erley et al. 12 The SH spectrum of 
a Si(lüü) sample covered with native-oxide (0). Solid line: fit of three CP 
resonances to the data. Dashed lines: the SH intensities separately calculated 
from the fit parameters of each resonance. Also displayed are the data for 
native-oxide covered amorphous Si (•) which is not discussed in this work. 

Phase differences 

It is important to know that in accepted models describing SHG a single 
resonance is described with complex notation which accounts for a frequency 
dependent relative phase. In addition to the relative phase factor in a single 
resonance different resonances may have a different phase with respect to 
each other. The SH radiation generated by multiple resonances is the result 
of the complex addition of the different terms and as a result may show 
constructive or destructive interference. Figure 2.5 shows SHG data from 
Erley et al. 12 measured on Si02/Si(100). Erley et al. propose a model1 :~ 
describing the SH signal as a coherent superposition of critical point (CP) 
type resonances for the second-order susceptibility, which is used for fitting 
the data in Fig. 2.5. The different contributions are displayed separately 
and show both constructive and destructive interference. For example, at 
4.0 e V the total signal is significantly higher than both contributions at that 
energy, while at 4.8 eV the same two contributions result in a total signal 
approaches zero while the two contributions are not yet zero. Concluding, 
it is not possible to simply add different signals and a peak in the SH signal 
does not need to coincide with the resonance frequency, as can be seen with 
the peak at 4.30 eV. 

Microscopie origin of SHG from SiOz/Si(lOO) 

The peaks in Fig. 2.5 are related to the direct band gap transitions of 
native-oxide covered silicon. s, lü, 121 14 Although the SH signal arises at the 
Si02 /Si(100) interface two peaks are related to the bulk. The peak with a 
maximum at about 3.3 e V is derived from the Eb and E1 CP transitions 
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Figure 2.6: The microscopie origin of the SHG as described in the text. For 
clarity the reflected and transmitted fundamental radiation is not shown, nor 
is the internal reflection. 

in bulk c-Si. The resonance with a maximum at about 4.3 e V corresponds 
to transitions that cause the E2 CP in bulk c-Si. The third resonant inten
sity, between 3.6 and 4.0 eV, is due to strong interband transitions at the 
Si02/Si(IOO) interface that do not occur in the bulk. The transitions are 
attributed to the bonding configuration of Si atoms at the interface. 

2.5 Origin of SHG in multi-layer systems 

In this work the different treatments of silicon (ion etching and spontaneous 
etching) are believed to create a multi-layer system. To aid the under
standing of SHG from multi-layer systems with centrosymmetrical media 
the following picture can be used. 13 Although in this picture physical as
pects are simplified, it helps in interpreting and modeling the SHG data. 
The central idea in this picture is the SH signal is due to the polarization 
of bands which is compensated in the bulk by its neighbors, but not at 
the interface. Figure 2.6 shows a sample consisting of two media with one 
surface, i.e., the interface between the top layer and the vacuum, and one 
buried interface, i.e., the interface between the two bulk media. Both media 
are assumed to be capable of generating a SH signal at their interfaces. In 
the interface region both adjacent regions contribute to the SHG, because 
the polarizability of the bands in one medium is assumed to be indepen
dent of the polarizability of the bands in the other medium. The SH signal 
therefore refiects the structure of both media with distinct contributions. At 
interfaces where the media consist of different atoms the intermedium bands 
may also contribute to the SH signal. The region that contributes to the SH 
signal is of the order of one monolayer thick, i.e., the outermost bands of 
the medium. The total response of the system is the (phase incorporated) 
summation of the different contributions. 
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Chapter 3 

Experimental setup 

This chapter describes the experimental setup used to perform second
harmonic generation (SHG) studies of silicon etching. Not all the features of 
Scepter are used in this work but for completeness they are described briefly 
in section 3.1. An extensive description can be found in Vugts1 and Se bel. 2 

The laser system used to generate the SHG and the spectral response of the 
optical setup are described in section 3.2. Finally, the preparation method 
of the silicon samples will be presented in section 3.3. 

3.1 Scepter 

Essential in plasma etching of silicon is the presence of reactive species cre
ated in the plasma, i.e., halogens and energetic ions. The plasma process 
involves a highly complex chemistry, which make plasma-surface interactions 
difficult to investigate. In order to circumvent this complexity a multiple 
beam setup is used. In Scepter the plasma conditions are imitated by a 
XeF 2 beam and an Ar+ ion beam. The Scepter setup consists of an high 
vacuum vessel with a base pressure of ,..._,, 1 x 10-s mbar. The samples are 
about 10 x 10 mm and are mounted on interchangeable copper sample stages. 
The sample stages can be loaded into the main chamber via a separately 
pumped laad-loek, a magnetically driven transfer system and a sample ro
tation mechanism as shown in Fig. 3.1. The vessel has a total of seven 
ports with line of sight towards the sample to facilitate the measurement 
techniques and the halogen and ion beams. The analytical techniques used 
on Scepter are quadruple mass spectrometry (QMS), single wavelength el
lipsometry (SWE), spectroscopie ellipsometry (SE) and SHG as depicted in 
Fig. 3.2. The different techniques will be discussed in this chapter. 

XeF2 beam 

The halogen used in Scepter is fluorine, which is provided to the experiment 
on the carrier Xe as XeF2. Although XeF2 is not present in an etching 
plasma it is reported to yield results comparable with F 2 and F-atoms.21 A 
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Figure 3.1: Top view of the Scepter setup. 
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Figure 3.2: The configuration of the different ports of Scepter and their pur
pose. The po lar angles ( B, <f;) of each port are indicated. 
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Figure 3.3: Schematic drawing of electrical components of the ion gun. This 
figure is adopted from the KTI manual. 22 

XeF2 crystal is stored in a container attached to the gas system of Scepter. 
By controlling the temperature of the container with a Peltier element it is 
possible to controle the vapor pressure of XeF2 and thus the flux (ranging 
0.06-3.6 ~11/s, with 1 ML= 6.9 x 1014 cm-2). The XeF2 behaves as an 
silicon etchant and is used in this work only to modify surface states of ion 
etched silicon. An extensive description of the XeF2 beam can be found in 
Vugts. 1 

Ion gun 

The ion beam used in this work is produced by a custom-build Nonsequitur 
Technologies (NTI) ion gun ( modified version of model 1401). In this subsec
tion the principle of operation of the ion gun will be explained first. Aft.er 
that the results of the calibration measurements, discussed extensively in 
Appendix A are given for reference. 

Figure 3.3 shows a schematic dra,ving of the electrical components of 
the ion gun. Creating energetic ions in the ion gun starts with feeding 
some inert gas into the ion source region of the ion gun. A filament, placed 
in this region, emits electrons which are accelerated through an electrode 
surrounding the source region. The electrons experience ionizing collisions 
with the gas atoms, creating ions. The ions are extracted from the source 
region by an electric field between the source and the extraction electrode 
around the source exit. After the extraction the ions are accelerated to their 
final energy between the extractor and the grounded lens housing and pass 
some "opties" consisting of steering and focus lenses. 

The NTI ion gun replaces the old ion source (energy range 0.5-2.5 keV) 
that was used before for previous experiments. The old source is not used 
for any measurement described in this report, so it is not discussed here. 
The new ion gun was installed in October 2004 followed by calibration mea
surements described in Appendix A. The gun creates Ar+ ions with energies 
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Figure 3.4: \Vire scan of the ion beam operating at 9 x 10-5 mbar Ar pressure, 
200 eV ion energy, 1.0 mA emission current and 400 V focus voltage. 

ranging from 10 eV to 2.5 keV, but due to flux problems the gun is not op
erating properly yet at energies below 20 eV. For any given ion energy the 
ion flux can be adjusted by varying the Ar gas pressure, filament emission 
current and the focus voltage. Varying the Ar pressure changes both the 
ion current and the beam profile. To know the ion flux at any pressure 
would require a considerable amount of additional measurements, therefore 
one operating pressure is chosen, i.e., rv 9 x 10-5 mbar, which is well char
acterized. The emission current can only be varied in a stepwise manner, 
therefore the flux can only be changed stepwise. In general the ion beams 
have a Gaussian-like profile as shown in Fig. 3.4, which shows a typical wire 
(or line) scan measurement. The ion gun is operated at the focus voltage 
which provides a F\VHM of approximately 3 mm as a trade-off between 
maximum flux and homogeneity. The 3 mm spot size corresponds to the 
dimensions of the Central Detection Area of the QMS. The fluxes for some 
ion energies and emission currents are given in Table 3.1. As displayed in 
Fig. 3.2, the ion gun is positioned at a 45° incidence angle with respect to 
the normal to the sample surface. 

Measurement techniques 

The samples can be monitored with a number of techniques to investigate 
the ( dynamic) processes during etching. The mass spectrometer is used to 
determine what species leave the sample surface after interaction with the 
ion and/or halogen beam and what species compose the background gas. 
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Table 3.1: Fluxes achieved by the l'\onsequitur Technologies ion gun at differ
ent ion energies and emission currents. (1 ML is the amount. of silicon atoms 
in a single monolayer and equal to ,...., 6.9 x 1014 cm-2 .) 

Ion energy Emission i Flux Flux 
(eV) current (mA) 1 (1013 cm-2s-1) (ML/s) 

70 3.0 4.7 0.068 
200 0.3 1.9 0.028 
200 1.0 5.0 0.072 

1000 0.3 5.6 0.081 

The QMS has a line of sight along the normal to the sample and if? used in 
this work to monitor the dose of XeF2. Single wavelength and spectroscopie 
ellipsometry monitor linear optical properties of the sample by measuring 
the change in polarization of light upon reflection. Both ellipsometers are 
viewing the sample at a 74° angle with the surface normal. Single wave
length ellipsometry, which is dedicated to Scepter, is applied at 632.8 nm 
(He-Ne laser) in a polarizer-compensator-sample-analyzer (PCSA) config
uration and is used to monitor the etching process. 2 The spectroscopie 
ellipsometer is a J.A. Woollam, Ine. M2000Fin1 with IR-extension, also in 
PCSA configuration, measuring from 0.75 eV to 5.0 eV.23 By modeling the 
data obtained it is possible to extract optical properties such as the dielectric 
functions. The data are used in this work to obtain relevant properties, i.e., 
the linear susceptibility of the crystalline and amorphous silicon, the a-Si 
layer thickness and the absorption coefficient for the a-Si. SE is not used 
simultaneously with SHG as both techniques use the same optical ports of 
Scepter. The SHG setup is explained in detail in Section 3.2. 

3.2 Optica! setup 

Laser system 

The laser light used in this work is generated in a Spectra Physics Tsunami 
Ti:Sapphire oscillator. The oscillator pulses at 80 MHz with a pulse length 
of rv 90 fs. The laser is tunable in the range from 710 to 920 nm or 1.35 to 
1.75 eV. The output power ranges 0.5-0.8 W depending on the laser wave
length. The Tsunami is pumped by a 5 Vv G\V Millennia VsJ laser from 
Spectra Physics at a wavelength of 532 nm. The laser wavelength and the 
corresponding linewidth are measured with an Ocean Opties USB2000NIR 
detector ranging 1.05-2.34 eV. The linewidth of the laser is tuned at every 
wavelength to rv 12 nm FWHM. 

Figure 3.5 shows the setup schematically. The laser beam is directed 
to the experimental setup with silver coated mirrors (Newfocus 5103). Just 
before the laser beam is focused onto the sample the polarization of the laser 
light is adjusted by a compensator (Newfocus 5540) in combination with a 
polarizer (Newfocus 5525 or 5526) to obtain the desired fundamental laser 
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Figure 3.5: Schematic representation of the optical setup used to perform 
SHG experiments. The elements are not to scale. 

polarization at the desired power. A neutral-density filter is present in front 
of the compensator to reduce the laser power to ease the tuning of the laser 
power with the compensator. A color glass filter (Schott RG715) is placed 
behind the polarizer to black SH light created by the optical components. 
The light is focussed onto the sample by a lens (CVI PLCX 25.4-103.0-
C) with a focal distance of 200 mm. The spot-size of the laser on the 
sample is estimated to be approximately 0.1 mm in diameter. The focus 
of the laser is optimized for maximal signal by using a translation stage to 
position the lens. For the in situ experiments the last optical component 
before the sample is the window of Scepter which consist of stress free fused 
silica. The laser power, typically 50 mW, is measured before each individual 
measurement between the filter and the lens with a power meter (Ophir 
lOA). 

After interaction with the sample, the refiected light first passes through 
a fused silica window again. Bebind the window two color glass filters (Schott 
BG40) are present to black sufficient fundamental light to prevent distur
bance of the detection while filtering still less than 403 of the SH radiation. 
A polarizer (Thorlabs GLlOA) is used to select the polarization of the SH 
light. After the polarizer the light is directed into a lighttight box, depicted 
in Fig. 3.6, attached to the photomultiplier tube (PMT, Hamamatsu R585). 
The box has one entrance hole with a pinhole attached to it to reduce stray 
light entering the detection setup. Bebind the pinhole a lens (CVI PLCX 
25.4-64.4-C) with a focal distance of 124 mm is used to focus the light beam 
onto a slit which is placed in front of the PMT. The slit can be manually 
adjusted to optimize the signal-to-noise ratio. Between the lens and the slit 
a fused silica prism (Casix LRP 1601) and a Pellin Broca prism are placed to 
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Figure 3.6: Top view of the detection box. 

spatially separate the remaining fundamental light from the SH light. The 
Pellin Broca prism is mounted on a manually operated rotational stage to 
select the wavelength of the light measured. The signal from the PMT is 
transformed to TTL pulses that can be used for single photon counting by 
pulse-counting electronics in the data-acquisition system. 

To obtain a signal, the following procedure is used: First the desired 
polarization setting is regulated and then the laser power just in front of 
the sample is tuned to the desired value with the aid of the compensator. 
After tuning the input beam, the rotation angle of the Pellin Broca is tuned 
for maximal signal on the PMT. When the alignment is correct, turning the 
Pellin Broca through the optimal setting results in a signal that increases 
rapidly to a certain value where it remains constant for several rotations of 
the adjustment micrometer before rapidly decreasing again. For each new 
sample the pinhole is checked to ensure that it does not cut off substantial 
amounts of the signal. The integration times used are 5 s for the data-points 
of the spectra and 200 µs for the real-time measurements. 

Optical response 

All the components used in the optical setup have a spectra! dependent 
infiuence on the laser beam. The lenses, mirrors, windows and prisms are 



22 

-1 -Q) 

~ 1.0 
0 
Cl. 
~ 0.8 .... 

Experimental setup 

e pon e 

2.8 3.0 3.2 3A 3.6 
SH photon energy (eV) 

Figure 3. 7: Normalized system response taken into account two BG40 filters, 
the polarizer and the photomultiplier tube. 

believed to have negligible inftuence to the spectrum, but the remammg 
components need to be taken into account. The spectral transmission of 
the transmitting components is measured with the SE equipment and with 
Fourier transform spectroscopy with a cascaded are Ar plasma light source, 
as described in Appendix B. The spectral transmission of the components 
in front of the power meter do not infiuence the signal, therefore they are 
ignored here. There are four optical elements, i.e., two filters, the polarizer 
and the PMT, with a spectral dependent inftuence on the signal in the optical 
path of the exiting beam. Due to practical problems the photomultiplier 
tube is not measured, so the response supplied by the manufacturer is used 
instead. 24 Figure 3. 7 provides the resulting normalized correction spectrum 
used to correct the measured signal to the real spectrum. The figure shows 
the multiplied spectral responses of the filters, polarizer and the PMT. In 
Chapter 4 the spectral response of the detection will be checked by measuring 
the SH response of a-quartz. 

Representation of the data 

To compare the number of photons, which is the measured quantity, with 
the second-order susceptibility, which is the physical property of interest, 
some conversion of the data is necessary. The photon energy Ephoton is given 
by: 

Ephoton(w) = nw, (3.1) 

with Planck's constant n and w the frequency of the radiation. Multiplying 
the number of photons N with the photon energy nw and assuming a con-
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stant laser beam profile A for all frequencies gives the average intensity of 
the SH radiation IsH, i.e., 

Nli2w 
IsH(2w) = -----:;r-· (3.2) 

In order to compare this intensity with theory, Eq. (2.2) is used. Ignor
ing the linear optical propagation, the electric field of the SH radiation is 
proportional to the induced second-order polarization. The intensity of any 
harmonie E11 field is proportional to the square of the electric field ampli
tude. With Eq. (2.2) the intensity of SHG is therefore proportional to the 
fundamental radiation intensity I and the effective second-order susceptibil-
"t (2) . 
1 y Xeff ' i.e.' 

(3.3) 

Combining Eqs. (3.2) and (3.3), leaving out all constants and correcting the 
number of photons counted for the optica! response of the detection T given 
in Fig. 3. 7 results in: 

1 
(2) 12 Nw 

Xeff (2w) rv J2(w)T(2w). (3.4) 

Because the intensity of the fundamental laser beam is proportional to the 
power P Eq. (3.4) can be written as: 

1 

(2) 12 Nw 
Xeff (2w) "" p2(w)T(2w). (3.5) 

The right-hand side of this last equation is used to process the spectra! data 
for presentation in Chapter 5. 

Absolute reproducibility 

In the experiments performed in this work there are minimal sample-to
sample orientation differences. These differences are mainly due to the 
backlash in the sample holder which influences the vertical alignment of 
the sample. The orientation differences cause the SHG signal of different 
samples under identical conditions to vary. As a result, the absolute value 
of the SHG has little value in this work and the literature also reports mostly 
in arbitrary units as it is very difficult to obtain a good absolute reference 
signal. To compare data obtained on different samples the data are scaled. 
Anticipating on Chapter 5, one spectrum during ion etching is taken as the 
standard, i.e., no sealing is used on this spectrum. The other spectra are 
scaled to this spectrum by the relative difference of the steady-state signal 
of one sample subjected subsequently to ions with different energies. The 
real-time measurements are scaled by comparing the steady-state value at 
the end of the measurement to the corresponding point in the spectrum. 
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Heating and damage 

Because the ion beam and the laser beam transfer energy to the sample they 
could influence the SHG for example by heating the sample. The peak power 
deposited by the ions is estimated at 10 mW/ cm2 for 1000 e V ions at 0.3 mA 
emission current. The total power deposited by the ions is approximately 
1 m \V. These numbers are negligible compared with the laser power which 
is about 50 mW continuously with a peak energy flux of 500 W / cm2 . Dadap 
et al. 9 state that these numbers limit possible heating to <5 K. No visible 
damage or damage effects have been observed. 

3.3 Sample preparation 

All samples discussed in this work are cut from commercially available n-type 
phosphorus doped Si(lOO) (p = 10-30 n cm) wafers. Each batch of samples 
consists of at most six samples, that are approximately 10 x 10 mm in size. 
The native-oxide covered silicon samples are cleaned with ethanol and ace
tone and subsequently put in an ultrasonic bath with ethanol for about five 
minutes. The samples used in Chapter 5 have the oxide removed subse
quently by immersing the samples for two minutes in a 23 HF-solution. As 
a result, the silicon becomes hydrogen terminated and is highly hydropho
bic. 9, 25 • 26 The samples are mounted on the sample stages and transferred 
to the load-lock. For the HF-dipped samples it takes approximately 10 min
utes to get the samples from the HF-dip into the load-lock and start the 
turbo-pumps, which is believed short enough to prevent re-oxidation. The 
load-lock is flushed with argon during the time it is open to minimize oxygen 
and water entering the setup. 
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Chapter 4 

SHG on native-oxide Si(lüü), 
quartz and H-Si(lüü) 

Before any novel SHG experiment with Ar+ etching of Si(lOO) can be per
formed the setup discussed in Chapter 3 needs to be examined. Four differ
ent types of measurements are perforrned and cornpared to results frorn the 
literature. Firstly, section 4.1 describes and discusses the power dependence 
of the SHG signal to confirrn that the signal is indeed SHG. Secondly, the 
systern response given in section 3.2 is checked in situ with z-cut quartz in 
section 4.2. Thirdly, in section 4.3 it is confirmed that the setup is suitable 
for the rneasurernents on Si(lOO) systems and that the measurement proce
dures are correct by cornparing results for native-oxide covered Si(lOO) to 
results reported in the literature. The azirnuthal, polarization and spectral 
response are rneasured on native-oxide covered Si(lOO). Finally, the spectral 
response of clean H-terrninated Si is presented and discussed. 

4.1 Squared power dependence 

Equation (3.3) shows that the SH intensity is quadratically proportional to 
the laser power. Figure 4.1 displays an exarnple of a power dependence rnea
surernent perforrned on a native-oxide covered Si(lOO) sample. The square 
root of the signal is plotted versus the laser power and fitted with a linear 
function. The fit yields a good fit proving the that the SH signal is indeed 
quadratically proportional to the power. 

It is very laborious to tune the laser power within 2 rn W of the desired 
value which is rnostly 50 m \V. To cornpare the signals rneasured at slightly 
different power all signals are norrnalized by dividing the rneasured signal 
by the squared power of the fundarnental laser bearn, as already given in 
Eq. 3.5. 
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Figure 4.1: The square root of the SH signal of Si02 /Si(100) as a function of 
the laser power, with linear fit. 

4.2 Quartz reference sample 

Crystalline quartz is a common reference in SHG experiments for spectral 
comparison. 6· 12•27- 30 Quartz is chosen because it is a wide band gap (8.9 eV) 
material, thus dispersion of the linear and second-order susceptibility is small 
in the photon-energy range used. 31 The second-order susceptibility va.lues 
for Nd:YAG laser energies, i.e., SH photon energy of 2.33 and 4.66 eV, 
and one spectrum for mid-infrared sum-frequency generation30 can be found 
in the literature. For the energies used in this work however, no va.lues 
have been reported. It is commonly assumed that quartz follows Miller's 
rule, 15• 16 i.e., the second-order susceptibility spectrum is assumed to be 
nearly constant for nonresonant conditions. Recently reported and accepted 
va.lues of the second-order susceptibility at SH photon energies of 2.33 and 
4.66 eV are given by Hagimoto et al. 27 as 0.60±0.04 x 10-15 m/V and 0.62± 
0.02 x 10-15 m/V respectively, showing that the second-order susceptibility 
at both sides of the spectrum used in this work have similar va.lues, validating 
the assumption of a constant second-order susceptibility. 

In the literature care is taken to measure the SHG of quartz of one sur
face only (when measuring in refiection) or of a single pass through bulk 
only (when measuring in transmission). This is done by using a wedged 
crystal or otherwise ensuring space separated beams that can be selected 
individually. In this work the coherent production of SHG is prevented by 
using a single-side polished sample, created by roughening one side by sand
paper of a commercial double-side polished sample. The spectra! response 
of the detection setup, discussed in subsection 3.2, is checked by measuring 
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Figure 4.2: SH intensity (p,P) spectrum of z-cut a-quartz measured in situ. 

the reflective spectral SH response of a z-cut o:-quartz sample (University 
Wafer). The quartz SH response is measured in the (p,P) polarization con
figuration because, anticipating on the next chapter, the measurements on 
Si(lOO) are performed in that configuration. For this measurement, the 
power of the fundamental laser beam is tuned to approximately 100 m Vv. 
The SH intensity spectrum, depicted in Fig. 4.2, is corrected for the optical 
response of the detection system as described in Chapter 3. The intensity 
spectrum exhibits large fluctuations compared with the experiments in the 
next chapter, but appears featureless. The fl.uctuations might be due to 
the preparation of the sample, i.e., the original quartz sample is manually 
roughened by sandpaper on one side. The intensity increases slightly for 
increasing photon energy. 

Because the SH intensity spectrum of quartz is nearly flat it is believed 
that the optical response of the detection system is well known. The response 
as presented in Fig. 3. 7 is used to correct the raw data for presentation in 
the next sections and chapter. New experiments on o:-quartz however, are 
advisable to reduce the fl.uctuations on this sample and azimuthal checks 
should also be performed to confirm proper signal. 

4.3 Native-oxide covered Si(lOO) 

In the literature extensive SHG experiments can be found on clean and oxide 
covered Si(l00).8' 10- 12, 14, lS, 19, 32 In order to verify that the setup is operated 
properly , results from the literature are compared with result from an ex situ 
experiment with the same optical setup as described in Chapter 3. Native
oxide covered Si(lOO) is measured for azimuthal, polarization and spectral 
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Figure 4.3: Ex s'itu azimuthal scan of native-oxide Si(lüü) for (p,P) and 
( mix,S) configurations at the SH photon energy of 3.31 e V. 

dependence. 

Azimuthal dependence 

In order to decide on the orientation of the samples in the setup, azimuthal 
dependency measurements are performed. For all the ex situ measurements, 
the Si02/Si(100) sample is mounted on a rotary stage with the laser beam 
incident at an angle of approximately 7 4 ° with the surface normal. The 
SH signal is measured \vhile rotating the sample around its normal in 2.5° 
intervals, as described in Chapter 2. Care is taken to align the axis of 
rotation of the rotary stage with the nonnal of the sample and to align the 
laser spot on the sample at the axis ofrotation. The [011 J-axis of the Si( 100) 
crystal is aligned approximately with the 90° marker of the rotary stage. As 
can be understood from Chapter 2 and is shown in the next subsection the 
( s,S) and (p,S) polarization configurations do not exhibit any SHG. The 
signal for S-polarized SH light is therefore measured with a fundamental 
polarization of 45° with respect to the s-polarization, the so called mix
polarization. The measured polarization configurations are therefore (p,P) 
and (mix,S). The fundamental laser beam is tuned to'""' 50 mW. 

Figure 4.3 shows the azimuthal dependence of the (p,P) and ( mix,S) 
signal. Because the ( mix,S) signal is approximately 40 times smaller than 
(p,P) the SH signal of ( mix,S) is scaled with a factor of 30. Bath signals 
show a fourfold symmetry, although this is less pronounced for the ( mix,S) 
signal due to the noise, which is about 103 of the signal. 

As explained in Chapter 2 the second-order susceptibility of Si02/Si(lOO) 
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shows no azimuthal dependence in the dipole approximation, so there must 
be other nonlinear terms contributing to the signal. The silicon crystal has 
fourfold symmetry in the [100] direction, so a signal exhibiting fourfold sym
metry is not surprising. Different authors14' lS, 19 show the fourfold symmetry 
for (p,P), see for example Fig. 4.4. They attribute the fourfold azimuthal 
dependence to an anisotropic bulk contribution. For the remainder of this 
work the most important observation is that the anisotropic (bulk) contribu
tion is relatively small, 203 of the total signal from Si02/Si(lOO), compared 
with the large signal that will be discussed in Chapter 5. When the fits in 
Fig. 4.3 are compared with the data it appears that the signal has an addi
tional varying baseline which is probably due to slight misalignment of the 
laser beam on the rotary axis of the sample or the result of a slight mis-cut 
of the sample. Chapter 2 explained that multiple contributions can interfere 
constructively or destructively. As a result there is ambiguity of the signs 
for the interfering parts of the bulk and surface responses, so no conclusions 
can be drawn about which azimuthal angle reduces the bulk contribution 
most. All further experiments are clone with the plane of incidence parallel 
to the [011 ]-axis. 

Polarization dependence 

Polarization scans are made for both S- and P-polarization of the SH beam 
to investigate which tensor elements contribute to the SH signal. The scans 
are performed by varying the polarization of the fundamental beam over 
360°, as described in Chapter 2. The power of the fundamental laser beam 
is tuned again to rv50 m \V. As explained in the previous subsection, the 
plane of incidence is chosen to be parallel to one of the (011)-axes. The 
signals from these scans are plotted in Figs. 4.5 and 4.6. The polarization 
angle cp is defined as the angle between the polarization vector of the incident 
fundamental beam and the plane of incidence (p at <p = 0° and 180°; s at 
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Figure 4.5: Linear plot of the ex situ polarization scan of native-oxide Si(lOO) 
for P- (•)and S-polarized (•) SH light with 3.31 eV photon energy. Lines are 
fits using Eq. (2.7). 

'P = 90° and 270°). 
Consistent with the signals in the previous subsection the P-polarized 

SH intensity is approximately 40 times larger than the S-polarized intensity. 
The S-polarized scan displays a twofold symmetry*, with a peak for mix
polarization of the fundamental beam, going to the background level for the 
s- and p-polarization. The P-polarized signal consists of one large peak for 
p-polarization and one small peak at s-polarization, going to the background 
level in bctwcen. The fact that "opposite" polarization, i.e., for cxample at 
0° and 180° polarized fundamental radiation, show approximately the same 
amplitude confirms good alignment for these measurements. 

Equation (2.3) describes the second-order susceptibility tensor for native
oxide covered Si(lOO) in the dipole approximation. For the S-polarized SH 

beam only one tensor element is probed, i.e., xWz, as explained in Chap

ter 2. Tensor element xWz is concluded to be relatively small, because the 
S-polarized signal is about 40 times smaller than the P-polarized signal. 

Symmetry considerations demand that x~~z is equal to x~~z, so x~~z is also 

small. The small peak in the ( s,P) configuration can be assigned to x~~Y 
because for this configuration x~~Y is the only contributing tensor element, 

consequently x~~Y is small. By using symmetry again, x~~Y equals x~~x. The 
last tensor element contributing to the P-polarized signal to be discussed is 

x~~~. Although small contributions could add up to the total signal, it is 

*Rotating the polarizer by 360° accounts for two full rotations of the polarization, so 
only 180° of the polarizer should be considered when determining the symmetry of the 
signa!. 
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Figure 4.6: Polar plot of Fig. 4.5. The ex situ polarization scan of native
oxide Si(lOO) for P- (•)and S-polarized (•) SH radiation with 3.31 eV photon 
energy. Lines are fits using Eq. (2.7). 

commonly known that x~~~ describes the main contribution to the (p,P) sig
nal. This conclusion can not be drawn on the presented data, but with angle 
of incident variation, as described in the literature,8 it is possible to draw 
this conclusion. Figures 4.5 and 4.6 also show the polarization dependence 
fitted with Eq. (2.7). The fits describe the data well. The measurements 
are in good agreement with the literature. s, 11 

Spectral dependence 

On the Si02/Si(lOO) a spectral scan is performed by changing the funda
mental laser energy. The power of the incident beam is adjusted to rv50 mW. 
The polarization configuration used is (p,P) because that is the configura
tion with the largest signal and most investigated by others, partly for that 
reason. The SH intensity spectrum measured in this way is displayed in 
Fig. 4.7. The spectrum shows a resonant feature around 3.34 eV. As dis
cussed in Chapter 2, this resonance is the result of the Eb and E1 direct band 
gap transitions. The spectrum coincides nearly perfectly with data from the 
literature. As an example data obtained by Daum et al. is also displayed in 
Fig. 4. 7. The spectra show a minor difference at the low energy side of the 
peak. The difference can be the result of different angles of incident and is 
considered to be negligible for the current purpose of verifying the optical 
setup. 
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Figure 4. 7: Ex situ SH intensity spectral scan of native-oxide Si(lOO) for 
(p,P) configuration ( 0) and the spectrum measured by Daum et al. for 2 nm 
thermally-grown oxide on Si(lOO) (•). The results of Daum et al. are scaled 
to the same amplitude as the measured spectrum. 

4.4 Hydrogen-terminated silicon 

Each measurement in the next chapter starts with a new hydrogen-termina
ted Si(lOO) sample. Figure 4.8 shows the spectrum of a H-Si(lOO) sample. 
To compare the spectrum with results from the literature it is useful to 
have a reference for the order of magnitude. The signal of the Si02/Si(lOO) 
spectrum shown in Fig.4. 7 is larger than the spectrum shown in Fig. 4.8 by a 
factor of approximately %, although as mentioned in Chapter 3 two signals 
can only be compared roughly in absolute sense. Daum et al. 8 report the 
spectrum of Si02/Si(lOO) together with the spectrum of H-Si(lOO) and for 
their data the H-Si(lOO) spectrum is negligible compared with Si02/Si(100). 
Others9• 14 report single wavelength SHG measurements where the signal of 
native-oxide covered Si(lOO) is larger than the signal of H-Si(lOO) by a factor 
of two for the azimuthal orientation used by Daum and a factor of four for 
the azimuthal orientation used in this work. Other spectra reported in the 
literature6• 11 show a different shape of the H-Si(lOO) spectrum, although 
those studies do not compare the H-Si(lOO) spectra with the spectrum of 
Si02/Si(100), so the amplitude can not be compared with this work. To 
conclude, the spectrum of H-Si(lOO) in Fig. 4.8 seems reasonable but the 
amplitude is rather large compared with the literature. 

Although no time-dependent measurement of the SH signal from H-Si(lOO) 
is dorre it is noted that the signal seems to rise when the H-Si(lOO) is mea
sured soon after mounting the samples in the load-lock. There is some 
concern that the H-Si(lOO) samples might be vulnerable to oxidation before 
and during measurements. Although the literature9 • 25 reports a long, but 
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Figure 4.8: SH intensity spectrum of a H-terminated Si(lOO) sample. 
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not quantified, lifetime of H-terminated silicon, Henrion et al. 33 report the 
creation of an average 0.5 A thick oxide layer after 10 min of exposure of 
H-Si(lOO) to air, i.e., approximately one sixth of the surface is covered by a 
monolayer of oxide. As SHG is a surface sensitive technique the SH signal 
could be sensitive to this minor oxidation. After the preparation of the 
silicon sample in the HF-solution the sample is exposed to air for about 
10 minutes before it is installed in the load-lock and the evacuation of the 
load-lock begins. Because every data point in the spectrum requires manual 
tuning of the laser and other opties it takes approximately an hour and a 
half to measure one spectrum. It seems that the SH signal of H-Si(lOO) has 
changed slightly during the time needed to mount the sample, evacuate the 
system and measure the spectrum. As it is not possible with ellipsometry 
to distinguish between surface roughness and Si02 for these samples, the 
possible oxide layer is believed to remain thin. Furthermore, the possible 
oxide layer is not believed to noticeable influence the etching process because 
experiments with XeF2 show that spontaneous etching occurs on H-Si(lOO) 
samples while a complete monolayer of Si02 is thought to prevent etching. 

4.5 Conclusions 

The results in this chapter show that spectral response of the setup described 
in Chapter 3 is well known. The results obtained on Si02/Si(lOO), i.e., az
imuthal, polarization and spectral dependence, are comparable to results 
from the literature. The second-order signal exhibits a small anisotropic 
(bulk) contribution, but this is not considered a problem. The setup is 
concluded to be suitable for SHG measurements on systems similar to 
Si02/Si(100). The initially hydrogen-terminated Si(lOO) response is known, 
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although some considerations remain about the stability of the termination. 
These considerations are not believed to imply any substantial influence on 
the results presented in the next chapter. 
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SHG on Si(lüü) during ion 
etching 
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In this chapter the results of second-harmonie generation experiments per
formed on crystalline silicon during Ar+ ion etching will be presented and 
discussed. As discussed in Chapter 1 the ions create a damaged region that 
can be considered as a (rough) layer of amorphous silicon (a-Si) on top of 
the crystalline silicon. The properties of the a-Si depend on the ion energy 
as shown in section 5.1 where spectroscopie ellipsometry (SE) data obtained 
by Stevens et al. 4 are discussed. The SE data are used to obtain relevant 
linear optical properties of the a-Si/ c-Si system. Each new sample is sub
jected to ions of the elected energy and monitored with SHG both spectrally 
during steady-state ion etching and in real-time during etching, described in 
section 5.2. Subsection 5.2 shows that the SH signal changes substantially 
upon ion bombardrnent, subsection 5.2 continues with investigating the ion 
energy dependence of the SH signal and subsection 5.2 describes experiments 
with XeF2 to discriminate between SHG origins. The observations given in 
section 5.2 are used in section 5.3 to build a hypothesis on the origin of 
the SH signal, which is tested by fitting the spectral and real-time data in 
subsections 5.4 and 5.4, respectively. 

5.1 Spectroscopie ellipsometry4 

The results discussed in this section are from experiments carried out start
ing with a H-terminated Si(IOO) sample. The sample is subjected to Ar+ 
ions with step by step increasing energy. During each energy step the sam
ple is monitored until steady-state is reached. For this work the relevant 
properties that can be obtained from SE are the a-Si layer thickness and 
the linear optical properties, i.e., the linear susceptibility of the crystalline 
and amorphous silicon and the absorption coefficient for the a-Si. 

The SE data are modelled with a layered model, consisting of three lay
ers: one layer of c-Si, one layer of a-Si and a layer of surface roughness 
consisting of 50% a-Si and 50% voids using the so called Bruggeman ap-
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Figure 5.1: Schematic picture of the layered model used in interpreting the 
SE data as described in the text. 

proximation. Figure 5.1 gives an illustrative picture of this model. The 
model needs optical properties of the materials, which are taken for the lit
erature for c-Si and modelled for a-Si with a Tauc-Lorentz model,23 which 
is a commonly used model for systems like the one discussed here. 

Figure 5.2 shows the index of refraction (n) and the extinction coefficient 
(k) of the c-Si and the a-Si created by 70 e V, 200 e V and 1000 e V Ar+ ions as 
modelled from the SE data. From these optical properties the steady-state 

squared linear susceptibility [x(l) [2 
of the c-Si and the a-Si is calculated and 

displayed in Fig. 5.3. The linear susceptibility differs significantly for the 
different types of materials. vVhile the c-Si has two sharp resonances, the 
a-Si exhibits one broad peak. The peak in the c-Si at 3.37 e V is associated 
with the Eb and E 1 direct band gap CP transitions in the bulk.8 a-Si has 
direct band gap transitions that are broader distributed than the transitions 
in c-Si because of its amorphous nature. The result is a broad spectrum. 

One of the fitting parameters used in the SE model is the layer thickness 
of the a-Si layer. The thickness is important for the fitting of the spectra 
discussed further on in this chapter and therefore the values for the thickness 
and the rouglmess of the different layers are given in Table 5.1. The layer 
thickness is larger with increasing ion energy as can be expected from general 
behavior of particle stopping in solids. For the SHG data fitting the surface 
roughness is not separately taken into account and incorporated in the layer 
thickness by adding half the surface roughness to the layer thickness. As a 
comparison two values of the a-Si layer thickness as derived from molecular 
dynamics simulations dorre by Humbird et al. 34 are given, which show a 
number in the same order of magnitude. 

The absorption can not be neglected in the fitting process of the spec
tra presented in the next sections, therefore the absorption coefficient is 
extracted from the SE data. The absorption coefficient a is defined by 

a(w) = ~ ln I(w, d) 
d Io(w) 

(5.1) 

with I (w, d) the transmitted intensity, Ia (w) the initial intensity, and d the 
length of the optical path. The absorption coefficient, depicted in Fig. 5.4, 
changes significantly over the energy range used in this work (1.35-1.75 eV 



5.1 Spectroscopie ellipsometry 37 

7 

6 -~ 
5 -c 

(!) 

4 
·5 
if: 
(!) 

3 
0 
(.) 

c 
2 

0 
:;::; 
(.) 
c 

:;::; 
>< w 

0 
2 3 4 5 

Photon energy (eV) 

Figure 5.2: Index of refraction and extinction coefficient of crystalline Si(lOO) 
and amorphous silicon layers modelled from SE data of ion etching with ïO eV, 
200 e V and 1000 e V ions, respectively. The regions of interest for the funda
mental and SH radiation are indicted by the shaded areas. 
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Table 5.1: Layer thickness and surface roughness of the a-Si generated by ion 
bombardment. Results from molecular dynamics simulations done by Humbird 
et al. 34 are given as comparison. 

Ion energy Layer thickness Roughness Humbird: Layer 
(eV) (Á) (Á) thickness ( A) 

70 11.8 6.2 7-8 
200 16.7 4.0 15 

1000 56.3 7.8 -
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Figure 5.4: Absorption coefficient for the amorphous silicon layer created 
by 70 eV, 200 eV and 1000 eV ion etching. The spectra are derivecl from 
spectroscopie ellipsometry clata.4 The regions of interest for the funclamental 
and SH radiation are inclictecl by the shadecl areas. 

fundamental photon energy or 2.7-3.5 eV SH photon energy). 
This section gave an overview of relevant linear optical properties of the 

a-Si/ c-Si system as modelled from SE data. The linear susceptibility shows 
two distinct spectra for the a-Si and c-Si. The layer thickness of the a-Si 
region on top of the c-Si is determined for each ion energy which shows an 
increase with increasing ion energy. The absorption coefficient is presented, 
which is non-negligible and varies in the spectral range used in this work. 

5.2 Second-harmonie generation 

SHG results of Si(lOO) samples that are ion etched with 70, 200 and 1000 eV 
Ar+ ions and different ion fl.uxes are discussed here. The second-harmonie 
signal is monitored during the initial etching process at six photon energies 
as well as spectrally during steady-state etching. XeF2 dosing experiments 
are performed after ion etching to modify surface states that may contribute 
to the SH signal. Each experiment is clone on a new sample from the same 
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3.6 

Figure 5.5: SH intensity spectra of H-Si(lOO) before ( 0 )and during ion etching 
with 70 eV ions (•). The inset shows the spectrum of H-Si(lOO) (scaled by 13) 
and the 70 e V ions spectrum, respectively. 

silicon wafer. 

Response to ion etching 

The steady-state spectrum of Si(lOO) is measured during ion etching with 
70 eV Ar+ ions. The ion flux used is approximately 0.068 ML/s and is 
kept constant during the experiment. All measurements in this chapter are 
performed in the (p,P) polarization configuration. Figure 5.5 shows the SH 
intensity spectrum of H-Si(lOO) as discussed in the previous chapter and the 
spectrum of the sample during ion etching. The ion bombardment increases 
the SH intensity by more than one order of magnitude, while approximately 
maintaining the shape of the spectrum, as can be seen in the inset of Fig. 5.5. 
The spectral feature for the measurement during ion etching has a slightly 
greater skewness. 

The SH signal of silicon clearly shows an order of magnitude increase 
upon ion impact. Because it is interesting to know the timescales involved, 
the initial response of the H-Si(lOO) when subjected to energetic Ar+ ions 
is monitored. The ion beam is switched on for 10 minutes and subsequently 
turned off for 10 minutes. Finally, the ion beam is switched on again before 
the experiment is stopped. The ions have 70 eV energy and the flux is again 
rv0.068 ML/s. The measured signal at 3.31 eV SH photon energy is plotted 
in Fig. 5.6. 

Clearly, the signal rises within tens of seconds toa level much higher than 
the starting value when the ion beam is switched on. The signal reaches 
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Figure 5.6: Real-time SH intensity of Si(lOO) during ion etching with 70 eV 
ions measured at 3.31 e V SH photon energy. The ion beam is switched on at 
0 seconds, switched off at 600 s and switched on again at 1200 s. 

a steady-state value after approximately 150 s or an Ar+ ion fluence of 
'"'"'10 ML. After the ion beam is switched off the signal decreases, but does 
not seem to reach a steady-state value within the 10 minute monitoring 
interval. The signal however, is still considerably higher than the starting 
value of the H-terminated silicon. Turning on the ion beam again at t=1200 s 
results in an equal signal value as during the first ion bombardment before 
t=600 s. 

The spectra shown in Fig. 5.5 do not have exactly the same shape. To 
investigate possible photon energy dependence the real-time measurements 
on Si(lOO) are also done at different photon energies. The other SH pho
ton energies at which the SH signal is measured are 2.70, 3.10, 3.22, 3.37 
and 3.44 eV. The circumstances are equal to those in the previous experi
ment, i.e., 70 eV Ar+ ions at rv0.068 ML/s for 10 minutes and subsequently 
10 minutes pause. The measured SH intensity is shown in Fig. 5. 7. 

The trend for all photon energies is roughly the same as described for 
3.31 eV SH photons. The 3.44 eV response however, does not reach a steady
state in the first 10 minutes but the signal starts to decrease after the initial 
fast increase while the ion beam is still on. Switching off the ion beam is 
hardly noticeable for this photon energy. The subsequent ion bombardment 
slightly increases the signal again. For the 3.37 and 3.44 e V experiments 
the value of the signal during the second ion bombardment does not reach 
the previous level. The 3.37 eV experiment also shows a slight decrease of 
the signal after the initial signal rise, but less pronounced than the 3.44 e V 
signal. Finally, the rate at which the signal increases and decreases varies 
for the different experiments. 
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Figure 5.7: Real-time SH intensity of Si(lOO) during ion etching with 70 eV 
ions at 6 different SH photon energies. The ion beam is switched on at 0 sec
onds, switched off at 600 s and switched on again at 1200 s. 
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Figure 5.8: SH intensity spectra of Si(lOO) during ion etching with 70 eV (•), 
200 eV (8) and 1000 eV ions (Át..). 

The experiments show distinct changes in the second-harmonie signal 
when Si(lOO) is subjected to Ar+ ion bombardment. The whole spectrum 
increases significantly in a relatively short time frame. The real-time signal 
shows different changes for different photon energies, i.e., the rate of change 
depends on the photon energy used. 

Ion energy dependence 

The results previously discussed involved only one ion energy. To investigate 
ion energy dependence two new Si(lOO) samples are exposed to Ar+ ions 
with different ion energies. The first sample is etched with 200 e V ions at 
an ion flux of ""'0.072 l\;IL/s, the second sample is etched with 1000 eV ions 
at a flux of ""'0.081 ML/s. Figure 5.8 shows the spectra resulting from these 
measurements together with the 70 e V spectrum previously discussed. 

For all SH photon energies the SH intensity of the 200 e V measurement 
is lower than the spectrum measured with 70 eV ions. Up to 3.08 eV SH 
photon energy the intensity for the 1000 e V ion spectrum is higher than 
for the 200 e V ions, for higher photon energies the intensity is lower. The 
shapes of the spectra are comparable to each other as can be seen in Fig. 5.9, 
where the 200 e V and 1000 e V spectra are scaled to the same amplitude as 
the 70 e V spectrum. The 70 e V and 200 e V ions spectra appear very similar 
in shape. The 1000 eV ions spectrum, however, shows an higher intensity at 
low photon energy and a lower intensity at the high photon energy side of 
the peak. The fact that the intensity does not increase with increasing a-Si 
layer thickness agrees with the expectation that no significant contribution 
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Figure 5.9: The same figure as Fig. 5.8 except the 200 eV (•)and 1000 eV (4.) 
spectra are scaled by a factor of 1.2 and 1.8, respectively. The 70 e V (•) 
spectrum is not scaled. 

from the bulk a-Si is present in the SH signal. 
Apart from the SHG spectra of 70, 200 and 1000 eV ions also the real

time response during the initial etching and subsequent response to switch
ing off the ion beam show differences between each other as displayed in 
Fig. 5.10. The real-time measurements are performed at 3.31 eV SH photon 
energy and the ion flux is approximately equal for all three ion energies at 
"'0.07 ML/s. Besides the difference in signal strength, the initial rise time 
is decreasing for increasing ion energy as can be clearly seen in the inset 
of Fig. 5.10. The real-time signals show a steady initial increase when the 
ion beam is turned on. The response of the silicon to turning off the ion 
beam is most pronounced for the 70 e V ion signal and least pronounced for 
the 1000 e V signal, but all signals are decreasing. The ra te of the decrease 
appears to be approximately the same. The increase of the signal when the 
ion beam is turned on for the second time is slower than the initial increase. 

The results in this section show a clear ion energy dependency of both the 
spectrum and the real-time response of the SH signal. The main part of the 
signal decreases for increasing ion energies. The initial rise time decreases 
with increasing energy for real-time measurements. 

XeF2 dosing 

Because the signal is in principle expected to have contributions from both 
the surface and the buried interface, as discussed in Chapter 2, XeF2 is used 
to try to modify surface states that contribute to the SH signal. Exposing 
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Figure 5.10: Real-time SH intensity of ion etching with 70, 200 and 1000 eV 
Ar+ ions at approximately the same ion flux of rv0.07 ML/s measured at 3.31 eV 
SH photon energy. The inset shows the initial increase enlarged. 

the sample toa reactive gas is common practice in the literature. 0 2, H20, 
H2 and XeF2 have been used on silicon6,s, 2o, 35- 37 to modify the surface 
states. The XeF2 is used in this work in two different experiments. First, 
a real-time measurement is clone with XeF2 dosing after ion etching and, 
second, a spectrum is taken from a XeF2 dosed a-Si/ c-Si system created by 
ion bombardment. 

A clean Si(lOO) sample is subjected to 70 eV ion etching for 10 minutes, 
similar to the samples in the previous sections. The ion etching is followed 
by two small XeF2 doses ( < 1 ML). The measurement is clone at 3.31 eV SH 
photon energy and displayed in Fig. 5.11. The rise of the signal due to the 
ion bombardment and subsequent decrease after shutting off the ion beam 
follows the same characteristic as shown in Fig. 5.6. The subsequent XeF2 
fiuence is too small for significant spontaneous etching by XeF2 and the 
XeF2 only reacts with the surface of the a-Si. The signal decreases rapidly 
when the first close is applied, the second close results in a small additional 
decrease of the signal. 

The second dosing experiment is performed on a new Si(lOO) sample af
ter 600 s ion etching with 1000 eV ions subsequently followed by 300 s XeF2 
dosing. In situ single wavelength ellipsometry confirms that this amount of 
dosing only starts to etch the a-Si layer and that the etching is stopped be
fore any substantial amount of a-Si is removed. The measured SH intensity 
spectrum shown in Fig. 5.12 is displayed together with the spectrum mea
sured during steady-state ion etching. The spectra show a clear difference 
in the shape of the resonance curve. The low energy part of the spectrum is 
decreased going from the steady-state ion bombardment to the XeF2 etched 
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Figure 5.11: Real-time measurement of the SH-signal (grey line) at 3.31 eV 
SH photon energy of 70 e V ion etching followed by two small doses of XeF 2 . 

The ions are switched on at 0 s and turned off at 600 s. The XeF2 dosing runs 
from 930 s to 960 s and again from 1060 s until 1120 s. The XeF2 counts of 
the mass spectrometer are shown as the black line. 

spectrum. The high energy part of the spectrum however, raises. Together 
these changes result in a spectrum that has a considerably smaller width 
than the spectrum during ion etching. 

The results in this subsection show a clear change of the SH signal upon 
XeF2 dosing. The SH intensity spectrum after the XeF2 dosing is shifted 
to higher energies and is narrower and higher than the initial spectrum for 
1000 eV ions and the 70 eV ions real-time signal decreases within a fraction 
of a ::VIL fl uence of XeF 2. 

5.3 Origin of SH signal 

The key observations of the previous section will be discussed here and used 
to build a hypothesis on the origin of the SH signal in the a-Si/ c-Si system. 
The hypothesis will be tested by fitting the experimental data with a model 
built on the presented hypothesis. 

Key observations 

To discuss the observations of the previous section they are summarized 
below: 

l. The SH intensity spectrum of Si(lOO) shows an increase by more than 
one order of magnitude when subjected to Ar+ ion etching. The spec-
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Figure 5.12: SH intensity spectra of a-Si/ c-Si during 1000 eV Ar+ ion etching 
(•) and after 300 s subsequent XeF2 dosing (e). 

trum of the a-Si/ c-Si system differs slightly from the H-Si(lOO) spec
trum. 

2. The SH signal displays an increase which reaches steady-state within 
a few monolayers of Ar+ fiuence. 

3. The SH intensity spectrum, both shape and magnitude, and the rate 
of increase of the SH signal depend on the ion energy. 

4. The SH intcnsity spectrum changes fast and significantly aftcr ex
posure to a small fiuence of XeF2. The 1000 eV ions SH intensity 
spectrum after XeF 2 dosing is narrower and higher than the spectrum 
prior to dosing and has a shifted peak position. 

Surface contribution 

Next, we will try to build a consistent picture of the origin of the SH signal. 
In the Chapter 2 it is argued that SHG can take place at the surface of the 
sample and/or at the a-Si/ c-Si interface region, as depicted in Fig. 5.13. 
First, we will try to find evidence for contributions to the SH signal of the 
a-Si/ c-Si system coming from the a-Si surf ace. 

As mentioned in the previous section the XeF2 dosing experiment is car
ried out in such a way that no substantial amount of a-Si is etched. The 
XeF2 does however change the SH signal significantly and fast (observation 
4). The XeF2 can only infiuence the SH signal originating from the sur
face. XeF2 is known to quench several surface states of c-Si, but could in 
principle also create an additional SH resonance. As explained in Chapter 2 
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Figure 5.13: Reprint of Fig. 2.6: the possible microscopie origins of the SHG. 
For clarity the reflected and transmitted fundamental radiation is not shown, 
nor is the internal reflection. 

different SH contributions can have phase differences and the change of the 
SH spectrum could be due to a XeF2 induced SH contribution. However. 
the spectrum of the XeF2 dosed sample is narrower and more symmetrie 
than the spectrum during ion etching (see Fig 5.12), so it is believed that 
the remaining signal comes from one resonator. The increase of the signal 
can be explained by the phase difference between the original resonators, 
i.e., near the peak position the original contributions interfere destructively. 
The XeF2 is therefore believed to quench at least one surface contribution 
to the SH signal. Because the change of the SH signal upon XeF2 dosing is 
significant, a part of the SH signal must arise from the surface of the a-Si. 

Interface contribution 

So a significant part of the signal is attributed to the surface of the sample, 
but what about the remaining signal, could that be attributed to the other 
possible origin of SHG in the a-Si/ c-Si systern (see Fig. 5.13): the buried 
a-Si/ c-Si interface? In Section 5.1 it was concluded that absorption can 
not be neglected for SH light coming from the a-Si/ c-Si interface. Because 
the a-Si layer thickness differs for the different ion energies the infiuence of 
absorption on the spectra will be different. The thick layer created by the 
1000 eV ions will absorb more than the relatively thin layers created by 70 
and 200 e V ions. When the spectra of the different ion energies, as displayed 
in Fig. 5.8, are compared the difference in absorption can partly explain 
the decrease in amplitude with increasing ion energies (key observation 3). 
Of course, when a SH contribution from the surface is present the change 
in the SH spectrum amplitude does not depend in a straightforward way 
on absorption. Thus, comparing the spectra with absorption taken into 
account will be addressed with the fitting of the data in subsection 5.4. 
Still, qualitatively there is an additional feature of the difference between the 
spectra that can be explained. When the absorption spectrum in Fig. 5.4 was 
discussed it was noted that the absorption of the SH light is less significant 
at the low end of the SH energy spectrum than at the high energy end. This 
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can explain the difference in shape of the spectra, as seen in Fig. 5.9. At the 
peak location the absorption has a stronger infiuence on the signal than at 
for example 3.0 eV. Therefore the peak decreases more than the low energy 
tail of the spectral feature. Comparing the 1000 e V spectrum with the 70 e V 
yields a relatively higher signal at the low energy side of the spectrum, in 
agreement with the behavior discussed. 

Microscopie origin 

Until here we have established that the SH signal coming from the a-Si/ c-Si 
system has a contribution from the surface and might have a contribution 
at the buried a-Si/ c-Si interface. Stevens et al. measured the linear opti
cal properties for a-Si/ c-Si systems created by ion etching as discussed in 
section 5.1. Under certain conditions8, 38 the second-order nonlinear suscep
tibility of a system may be compared to the linear optical response. The 
spectrum of a-Si/ c-Si created by 1000 eV ions and subsequently dosed with 
XeF2, as displayed in Fig. 5.12, is shown again in Fig. 5.14 together with the 
squared linear susceptibility of both the a-Si and the c-Si. The agreement 
of the SH intensity spectrum, which is proportional to the squared second
order susceptibility (Eq. 3.5), with the squared linear susceptibility of c-Si 
is striking. In the discussion about the response measured on Si02/Si(lOO) 
the agreement with the same peak in the linear susceptibility was used to 
assign the SH resonance to the (strained) Si-Si bonds in the sub-(Siü2/c-Si)
interface region in the c-Si. The same argument can be used here to assign 
the SH spectrum of a-Si/ c-Si after XeF2 dosing to the same Si-Si bond in 
the sub-interfacial region in the c-Si. 

::Vfore evidence for the Si-Si bond as origin of the SH signal for XeF2 
dosed a-Si/ c-Si comes from experiments performed by others. Gielis et al. 39 

have performed spectral ex-situ SHG experiments on hydrogenatcd amor
phous silicon ( a-Si:H) made with hot-wire Chemical Vapor Deposition 
(CVD). The spectrum fora 9 nm a-Si:H film, which was grown on nonlinear 
inactive fused silica and investigated in the ( s,P) polarization configura
tion at 45° angle of incidence, is shown in Fig. 5.15. The SH intensity 
increases with increasing photon energy and shows a possible maximum 
at the SH photon energy of rv3.4 eV. The squared linear susceptibility for 
the a-Si:H as determined by SE is also given in Fig. 5.15. As discussed 
by Gielis et al., the resemblance between the squared linear susceptibility 
and the SH spectrum indicates that the SH response for a-Si:H is related 
to Si-Si bonds in the buried interface layer or in the surface region. \Vhen 
the spectra of the a-Si/ c-Si system created by Ar+ ions are compared with 
the spectrum of a-Si:H, the spectra appear very different. The spectra of 
a-Si/ c-Si show a pronounced resonant feature while the spectrum of a-Si:H 
is only smoothly increasing towards its maximum at the edge of the photon 
range. Although the polarization configuration between the a-Si:H and the 
a-Si/ c-Si measurements is different it is thought that the spectrum of XeF2 
dosed a-Si/ c-Si does not originate in the a-Si side of the a-Si/ c-Si interface. 
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Figure 5.14: SH intensity spectra of Si(lOO) after ion etching with 1000 eV 
ions and subsequent XeF2 dosing (•) and the squared linear susceptibility of 
the a-Si (dashed line) and c-Si (solid line). 

-en :g 0.20 
:J 

.ci 
~ 0.15 

z.. 
"[g 0.10 

Cl> 
ë 
i o.o5 
(/) 

•• - .. 
• ••• 

-10 "b 

o.oo ~~~~~~~~~-~~~~~~o !i 
2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 

SH photon energy (eV) 

Figure 5.15: Reproduction of Fig. 1 from Gielis et al.: 39 SH intensity spec
trum generated at a 9 nm thick film of a-Si:H deposited by hot-wire CVD 
for s-polarized fundamental and p-polarized SH radiation. The squared linear 
susceptibility as determined from SE measurements is also given. 
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Figure 5.16: SH intensity spectra of Si(lOO) during ion etching with 70 eV 
ions (•) and the squared linear susceptibility of the a-Si ( dashed line )and c-Si 
( solid line). 

Further comparison between the squared linear susceptibility and the 
SH intensity spectrum is done on the spectrum taken from the sample sub
jected to 70 e V ions. Figure 5.16 shows the a-Si/ c-Si spectrum from Fig. 5.5 
together with the squared linear susceptibilities of a-Si and c-Si. The resem
blance of the spectrum with the squared linear susceptibility is still there, 
although it matches less than the XeF2 dosed sample. This last obscrvation 
can be understood when remembering that there is a surface contribution 
which is not likely to be shaped like the squared linear susceptibility of c-Si. 
Gielis et al. showed that the spectrum coming from the a-Si:H resembles the 
squared linear susceptibility spectrum of the a-Si:H. The linear spectrum of 
a-Si:H appears similar to the linear spectrum of a-Si, so the SH signal of the 
a-Si surface might be expected to also behave accordingly. As discussed in 
Chapter 2 the phase difference between different contributions can account 
for both increase and decrease of the signal when the strength of one of 
the contributions increases. An a-Si like surface contribution could explain 
the increase of the spectrum at the low energy side of the spectrum while 
decreasing the signal at the high end side of the spectrum. 

Combining all the results previously discussed it is concluded that the 
SH spectrum in the SH photon range of 2. 7-3.5 e V of the a-Si/ c-Si system 
created by energetic Ar+ ions is governed by at least two different contribu
tions; one crystalline-like contribution from the a-Si/ c-Si interface and one 
amorphous-like contribution from the a-Si surface. 
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5.4 Model description 

Spectral data 

As discussed in Chapter 2 the resonances probed with SHG in c-Si in this 
photon energy range are related to Eb and E1 transitions. For these kind of 
transitions Erley et al. 12• 13 propose a model to describe the SHG generated 
by a surface of a stack of layers given by: 

2 

(5.2) 

where all relevant resonances at the interfaces and surface are considered 
in the summation. fk is the strength of the kth resonance at frequency wk 

with the linewidth /k and a phase <f>k· The function Ak (w, B) describes the 
linear-optical effects that result from the propagation of the fundamental 
and second-harmonie wave through the system. The propagation properties 
vary with the photon frequency and the angle of incidence B. In this work 
the angle of incidence is constant therefore the function Ak depends on the 
linear optical refractive index and absorption, which are deduced from the 
SE measurements for the fixed angle of 74° in section 5.1. Because the phase 
angle in this fit has an arbitrary offset </>1 is set to zero. 

Equation (5.2) is used to test the hypothesis described in section 5.3, 
i.e., one SH contribution at the a-Si/ c-Si interface with its resonance around 
3.4 eV and one SH contribution at the a-Si surface with a resonance around 
3.2 eV. As an example the 1000 eV ions spectrum is shown in Fig. 5.17 
together with the fit according to Eq. (5.2) with two resonances. The SH 
spectra of the individual resonances are given as they would appear when 
the other resonance is absent. The fitting result describes the spectrum 
very well. The a-Si/ c-Si interface contribution can be fitted with a sharp 
contribution at 3.36 e V and the a-Si surface contribution can be fitted with 
a broad contribution at 3.17 eV. Equation (5.2) with only one resonance 
does not fit the spectrum very well. 

The other spectra discussed in this work reveal similar results. They will 
be discussed in detail in an upcoming paper by Gielis et al. 40 The a-Si/ c-Si 
interface resonances of the different measurements do not depend on the ion 
energy or surface treatment. The a-Si interface resonance however, varies 
slightly for different ion energies and is severely moderated by XeF2 . The fits 
confirm the hypothesis established in section 5.3. The absolute agreement of 
the fits, especially for the c-Si contribution, gives confidence that the sealing 
of the spectra of the different ion energies, as discussed in section 3.2, is 
correct. 

Real-time data 

In this subsection the real-time data are fitted. The fitted time constants 
are compared and assigned to the appropriate SHG origin. 
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Figure 5.17: SH intensity spectra of Si(lOO) during ion etching with 1000 eV 
ions (•) fitted with Eq. (5.2) (solid <lark line). For both resonances the SH 
spectrum is displayed (solid grey lines). The linear susceptibility of c-Si and 
a-Si ( dashed grey lines) are given. 

The shape of the initial SH responses displayed in Fig. 5. 7 suggest an 
exponential increase. As a first attempt the response is fitted with a sin
gle exponential increase for the second-order susceptibility as given in the 
following equation: 

(5.3) 

with Ish the (scaled) signal, A2 the steady-state value of the signal, T the 
time constant and to the offset correction, both for the baseline and the 
starting time. Photon counting has an estimated precision in the data-points 
that scales with the square-root of the number of counts, therefore the data.
points are weighted accordingly. To fit the data a Levenberg-Marquardt 
algorithm is used. An example of the fit is given in Fig. 5.18. The fit using 
Eq. (5.3) seems to deviate from the data in the transition from the initial 
rise to the longer time scale. To investigate this deviation a histogram of 
the residu is made, i.e., the data value minus the fit value. The residu is 
scaled with the square-root of the fit to account for the fo-dependence of 
the noise. The residu is depicted in Fig. 5.19. Although the fit does not seem 
to describe the data very well, the residu reveals no suspicious behavior. 

The conclusion in subsection 5.3 states at least two contributions to the 
SH signal, so the fit is tried to improve by assuming both contributions have 
their own time constant. Now Eq. (5.3) becomes: 

Ish = [ A1 ( 1 - e-(t-to)/ri) + A2 ( 1 - e-(t-to)/r2 )] 

2
, (5.4) 

with 
(5.5) 
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Figure 5.18: The fits according to Eqs. (5.3) and (5.4) in the reprint of 
Fig. 5.7: real-time SH intensity at 3.10 eV SH photon energy. 
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Figure 5.19: Histogram of the residu of the data in Fig. 5.18 with the fit 
following Eqs. (5.3)(•) and (5.4)(•) corrected for the noise distribution as 
described in the text. The lines are gaussian fits to the histograms. 
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Table 5.2: The relative amplitudes of two contributions in the SH signa! as 
obtained from fitting the real-time signals shown in Fig. 5.7 with Eq. (5.4). 

Photon ' ! 

energy (eV) Ai/A 
1 

A2/A 
2.76 0.70 0.30 
3.10 0.66 0.34 
3.22 0.75 0.25 
3.31 0.80 0.20 
3.37 0.84 0.16 
3.44 0.79 0.21 

All energies T1 = 10 S 1 T2 = 60 S 

A1 and A2 the sealing factors for both contributions and T1 and T2 the 
corresponding time constants. It is assumed that the time constants each 
belong to one process which exhibits the same time constant for all photon 
energies. Therefore the amount of parameters can be reduced by fitting all 
six real-time measurements in Fig. 5. 7 simultaneously with the same time 
constants. The result of this fit for 3.10 e V photon energy is displayed in 
Fig. 5.18. It is clear from this figure that the double exponential function 
results in a better fit than the single exponential. This is also proven by the 
narrower shape of the histogram in Fig. 5.19. The time constants resulting 
from the fits are close to 10 and 60 s, respectively. Table 5.2 gives the 
relative contribution of A1 and A2 to the signal amplitude given as Ak/ A. 
The process with the small time constant gains influence with increasing 
photon energy. Because the contribution belonging to that process is also 
larger than the contribution of the process with the larger time constant 
and the resonance is located at a higher photon energy the former process 
is assignetl to the crystalline interface contribution at 3.37 eV SH photon 
energy. As a consequence the larger time constant is contributed to the 
amorphous surface contribution. Interesting to note is the fact that the 
short time constant is smaller than the time it takes to close the surface 
with 1 monolayer of Ar+ ions. The time constant coincides with the fluence 
(0.5-0.8 :'.\fL) it takes to create the amorphous silicon layer according to 
Molecular Dynamics simulations clone by Humbird et al. 34 

The decay of the signal after the ions are turned off suggests a simple 
exponential decay: 

(5.6) 

with I5 the steady-state value and A3 the amplitude of the decaying term 
which also accounts for the time-offset. The time constants resulting from 
the fit are given in Table 5.3. Although it is not very clear it seems that for 
photon energies away from the resonance peak around 3.4 e V the decay of the 
signal is faster than for nearly resonant photon energies. Figure 5.20 shows 
a spectrum taken 24 hours after the ion bombardment that can be compared 
with the steady-state value for the fit according to Eq. (5.6). The steady-
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Table 5.3: Time constant of the SH signal as obtained from fitting the clecay
ing real-time signals after turning off the ion beam at t = 600 s as shown in 
Fig. 5.7 with Eq. (5.6). 

1 Photon 
1 energy ( e V) T4 (s) 

2.76 110 
3.10 170 
3.22 170 
3.31 250 
3.37 220 
3.44 180 

state values from the fits are intermediate values between the spectrum 
during etching and the spectrum after 24 hours. A possible explanation is 
that a second process with a longer timescale than visible in the measured 
time-frame is present. Relaxation of the material at one or both of the SH 
origins could result in a decrease of the signal. The difference in timescales 
of the decay may be that the bonds associated with the off-resonance energy 
relax faster than the near-resonance bonds. An other possibility is that the 
background gas influences the signal because it could modify the surface 
states. The base pressure of 1 x 10-s mbar is equivalent to an oxygen flux of 
,..._, 0.001 ML/s which is not negligible on the timescales used in this work. No 
definite conclusions are drawn on these observations and further experiments 
are needed to confirm these ideas. 

Concluding remarks 

In the previous sections we have tried to establish a view on the origin of 
the SHG. It is concluded that the a-Si/ c-Si system created by ion etching 
has two SHG contributions in the photon range used, displayed in Fig. 5.21. 
The main contribution arises at the a-Si/ c-Si interface and has a squared 
second-order susceptibility that resembles the squared linear susceptibility 
of c-Si. The second contribution arises at the a-Si surface and has a broad 
spectrum similar to the squared linear susceptibility of the a-Si. The signal 
coming from the interface is influenced by absorption in the bulk of the a-Si 
layer. Due to the different a-Si layer thickness dependent on the ion energy 
the absorption is the main cause for the differences between the spectra 
of different ion energies. The time-constants of the initial increase of ion 
etching are different for the two origins and depend on the ion energy used. 
The signal coming from the interface increases a lot faster than the signal 
originating at the surface. The spectra and real-time measurements can be 
fitted with models that are based on these considerations. 
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Figure 5.20: SH intensity spectra of Si(lOO) during ion etching with 70 eV 
ions (•), 24 hours after turning off the ion beam (•) and the steady-state value 
from the fit(.Á). 
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Figure 5.21: The microscopie origins of the SHG. For clarity the refl.ected and 
transmitted fundamental radiation is not shown, nor is the internal refl.ection. 
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6.1 Conclusions 
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In this work spectroscopie second-harmonie generation is implemented on a 
model setup for etching studies and experiments are presented on crystalline 
silicon during Ar+ ion etching. The real-time response of the SH signal for 
different photon energies is discussed as well as the spectral response for 
different ion ftuxes and ion energies. Ftom these measurements the following 
conclusions are drawn which answer the questions raised in Chapter 1: 

• Spectroscopie SHG is successfully implemented in the multiple-beam 
setup Scepter. 

• Crystalline silicon exhibits SHG during ion etching and it is possible 
to mcasure the SH signal. Both real-time and spectral rneasurernents 
provide information about Ar+ etching ofSi(lOO). 

• Crystalline silicon displays a significant increase in SH signal of ap
proximately one order of magnitude when the silicon is subjected to 
70, 200 and 1000 eV ions. The SH signal reaches steady-state in typi
cally several rnonolayers of Ar+ ftuence. 

• The second-harmonie signal of ion etched Si(lOO) has two origins. The 
main contribution originates at the interface between a-Si and c-Si 
and is attributed to Si~Si bond transitions similar to the Eó and E1 
transitions in the bulk of the crystalline silicon. 

• The remainder of the second-harmonie signal, i.e., the signal without 
the interface contribution, is attributed to the surface region of the 
amorphous silicon. 

• Dosing an a-Si layer with XeF2 quenches surface states of a-Si in the 
applied SH photon energy range of 2.7 to 3.5 eV. 
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• The SH signal originating at the a-Si/ c-Si interface appears to reach 
steady-state considerably faster than the SH signal originating at the 
surface. 

In general it is concluded that SHG performed on the etching system 
is a promising technique to gain new insights into the surface processes of 
plasma etching. 

6.2 Recommendations 

Second-harmonie generation is successfully implemented on Scepter and is 
in this work applied to crystalline silicon during ion etching. The results 
have clarified the origin of SHG. However, the investigations on ion etching 
are at an initial stage of using SHG on the etching system. To use and 
improve SHG as a tool for further investigation of the silicon etching system 
some recommendations are given here: 

lmprovements to the current setup 

• First of all it is advisable to improve the knowledge of the SHG re
sponse of the quartz reference samples to at least the same noise level 
as the spectra of c-Si during ion etching. Increased homogeneity of the 
roughening of the back side of the quartz sample will possibly decrease 
the fluctuations of the quartz second-harmonie signal. 

• When the response of the quartz is more established it is possible to use 
the quartz signal directly to correct for the optical detection response. 
The setup should be extended to measure the response from the sample 
and the quartz reference sample sirnultaneously. This increases the 
stability of the signal because long term drifts of the laser system 
are accounted for. Eventually it may then also be possible to obtain 
absolute values for the second-order susceptibility of the silicon. 

• The response of the hydrogen-terminated Si(lOO) might receive some 
further attention, because the spectrum is not completely conform the 
literature. l\ifeasuring the spectrum as quick as possible after evac
uation of the load-lock, or measuring the real-time response at for 
instance 3.35 eV SH photon energy should be done. Understanding 
the quality of the HF-dip might improved the initial conditions and 
reduce possible oxidation. 

lmprovements for the physical picture 

• To improve the knowledge of the shape of the SH signal originating at 
the surface, the signal from the a-Si/ c-Si interface can be suppressed 
by increasing the a-Si layer thickness. This can be achieved by using 
higher ion energies and/or using a nobel gas for the ion gun with a 
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lower atomie mass. It is expected that some contribution from the 
interface will remain (based on TRIM simulations to obtain the a-Si 
layer thickness), but suppressing the interface signal is expected to 
improve the quality of the surface signal nevertheless. 

• The dependence of the time-constants on ion properties is not well 
understood. It is advisable to investigate the dependence on ion en
ergy. The flux dependence of the time-constants is assumed to be ion 
fluence related, i.e., the product of the flux and each time-constant is 
expected to be constant for one ion energy. Detailed ion flux depen
dent real-time measurements could resolve this matter. 

• The real-time fits and the spectral fits have not yet been combined. 
This is partly due to the fact that the real-time data has not been fit 
with phase dependent contributions, because this <lid not to improve 
the fits. Using phase information from the spectral fitting might pro
vide additional information for proper fitting of the real-time data. 
After incorporating the phase differences into the real-time fits, it is 
also possible to compare the relative contributions with the spectral 
fits. 

Further investigations 

• Dangling bonds are thought to play an important role in the plasma 
etching process. SHG at second-harmonie photon energies below the 
photon energies used in this work has shown to be sensitive to dangling 
bonds on c-Si. It might therefore be very interesting to extend the 
second-harmonie photon range down to 2.00 eV and this should be 
tried next. 

• In plasma systems the ion energy is commonly as low as 20 c V and 
it appears that interesting processes happen below the lowest ion en
ergy (70 eV) used in this work. Therefore it is advisable to extend 
the investigations in the model system to lower ion energies, which is 
possible with the new ion gun. 

• This work has only investigated ion etching, but plasma etching is 
more complicated. The setup allows for investigations that include 
halogens and the work done in this report should be extended to in
clude spontaneous etching and ion assisted etching. 

• In this work the silicon is taken from the same silicon wafer. thus 
the type and level of doping is the same for all experiments. The 
matter of electric field induced SHG (EFISH) might be responsible 
for the enhancement of the second-harmonie signal during ion etching. 
Investigating the dependence of the SH signal on the type and level of 
doping of the silicon may provide answers in this matter. 
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Appendix A 

Calibration measurements of 
the Nonsequitur ion source 

The new ion source (Nonsequitur, modified version of model 1401), described 
in section 3.1, is calibrated using a dedicated calibration vacuum setup and 
in situ using the Scepter setup. The calibration setup is used to obtain cross
sectional ion current data describing the ion beam. The data is obtained by 
scanning the ion beam with a wire probe and measuring the current. The 
wire probe consists of a 0.3 mm golden wire attached to a framing copper 
plate as depicted in Fig. A.l. The framing plate has a 3 mm hole to facilitate 
the focusing process prior to the line scanning. The following conditions 
are varied during the measurements: the ion energy, the focus voltage, the 
emission current and the argon gas pressure. The in situ measurements in 
Scepter are performed on a 3 mm hole in the copper bridge between the 
two samples. The copper bridge is attached to the the current meter and 
serves to simulate the monitored surface of the sample. The geometry of the 
bridge with respect to the ion gun is displayed in Fig. A.2. 

Genera! beam line profile 

Figure A.3 shows a representative example of the line profile of a low energy 
ion beam measured in the calibration setup. The line profile features a 
narrow central peak and a broad background. The measurement is stopped 
at z = 33 cm because for higher z the copper frame starts to pick up 
significant amounts of ion current. The two-dimensional beam profile is 
expected to have a Gaussian distribution. To obtain a reasonable fit of the 
scan displayed in Fig. A.3 however, two Gaussians are needed, i.e" one for 
the narrow central peak and one for the broad background. The physical 
reason for these two different beams is not yet understood. 

Commonly the beam profile is described by a radial distribution, which 
can be deduced by Abel inversion.A1 In this work however, the radial dis
tribution is not used so all the figures show the original data. When the line 
profile is Gaussian or a sum of Gaussians with the same mean, the resulting 
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Figure A.1: Schematic drawing of the wire probe used to investigate the ion 
flux in the measurement setup. 
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Figure A.2: Schematic overview of the geometry of the ion source with respect 
to the hole in the bridge. 
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Figure A.3: Beam profile of 100 eV ions fitted with two Gaussians. The 
operating parameters are: 0.3 mA emission current, 350 V focus voltage and 
9.0 x 10-5 mbar gas pressure. 

radial profile is also Gaussian with the same width(s). 

Scepter bridge profiles 

Figures A.4 and A.5 show scans for 50 and 500 eV on the bridge in the 
Scepter setup. The scans are made by varying the deftection voltage of the 
ion source. The position of zero Vx and V),· deftection, both defined by the 
ion gun controls, does not appear to be on the same position which is most 
likely due to the fact that the bridge is moved between the measurements 
and has no locked position. The scans show an elongated projection of the 
hole in the bridge which is due to the angle of incident (45°). The vertical 
axis of the figure is aligned with the vertical axis of the setup, the right side 
of the figure is the near side of the bridge, i.e., the left side of Fig. A.2. It is 
estimated that in first order the vertical distance b,.y from the central aim 
of the ion gun is linear dependent on the vertical deftection voltage Vy and 
is estimated by: 

(A.l) 

with Eian the ion energy. Vy is a linear combination of the deftection voltages 
Vx and Vy estimated to be given by: 

Vy = -0.54V,y + 0.84V1, (A.2) 

No estimate is given here for the horizontal distance from the central aim 
be because the incident angle and the length scales of the system do not 
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Figure A.4: 50 eV current profile scan on the bridge of Scepter (units in µA). 
The hole is 3 mm in diameter. The operating parameters are: 1.0 mA emission 
current, 188 V focus voltage and 9.0 x 10-5 mbar gas pressure. 

justify a first order approximation and there is not enough data to esti
mate the effective distance from the defl.ection magnet to the exit of the ion 
gun. Nevertheless it is concluded that the ion source is well aligned and no 
defl.ection is needed for proper measurements. 

Beam divergence 

For two ion energies the divergence is measured by scanning the beam at 
different distances from the ion source. The beam is first optimized, i.e., 
the focus voltage is tuned to maximize the current through the 3 mm hole 
in the framing plate of the wire probe before measuring the line profile, at 
the nonnal working distance of approximately 20 mm from the ion source. 
The 100 e V ion beam profile is too narrow to be resolved in the current 
resolution to determine a divergence, but an upper limit can be given as 
0.01 rad. The line profiles of the 40 eV ions are shown in Figure A.6. The 
different line scans do not share the same mean. This is probably due to 
slight misalignment of the ion source. Using the size of the FWHM, the 
divergence is estimated to be rv 0.04 rad. 

Ion source gas pressure dependence 

To investigate the infl.uence of the gas pressure, the ion current is recorded 
in the Scepter setup for 50 eV ions at 0.9, 1.5, 2.6 and 5.0 x 10-4 mbar ion 
source Ar gas pressure. In Scepter it is not possible to measure the beam 
profile, but alternatively the copper bridge with the hole is used. The beam 
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The hole is 3 mm in diameter. The operating parameters are: 3 mA emission 
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Figure A.6: Beam profiles of a 40 eV ion beam at 12 (T), 16 (Ä), 18 (•) 
and 20 mm (•) away from the ion source. The lines are guides to the eye. The 
operating parameters are: 0.3 mA emission current, 120 V focus voltage and 
5.0 x 10-5 mbar gas pressure. 
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Figure A. 7: Currents measured for 50 e V ions on the bridge ( closed symbols) 
and through the hole (open symbols). The circles ( e) denote the measurements 
at 175 V focus voltage, the triangles (.à) denote the measurements at the 
optimized voltage (•, right axis) with maxima! current through the hole. The 
lines are guides to the eye. 

current is measured for two situations: using no deflection, the beam is 
assumed to be aimed at the hole, and using the deflection to steer the beam 
at some distance away from the hole on the copper bridge itself, giving the 
total ion current. The optimal focus voltage, defined in this section as the 
minimum current while aiming the beam through the hole, is dependent 
on the pressure. The data shown in Fig. A. 7 are given for a fixed focus 
voltage of 175 V and for the optimal voltage. The current through the hole 
is calculated from the total current minus the current measured when aiming 
the beam through the hole. As can be seen in Fig. A. 7 the total current and 
the current through the hole do not depend much on the gas pressure when 
the optimal focus voltage is chosen. The optimal focus voltage varies a lot 
however, for different gas pressures. \Vhen the focus voltage is chosen fixed, 
especially the focussed part of the beam depends a lot on the gas pressure. 
Increasing the current through the hole increases in this case also the total 
current. However, the total current measurement might not be accurate for 
badly focussed ion beams due to the substantial amount of ion flux in the 
tails of the beam profile. 

During the calibration measurements of the new ion source a source 
pressure of 9.0 x 10-5 mbar is chosen as the standard operation pressure 
because at that pressure a reasonable beam could be achieved for most 
energies. Most measurements are therefore performed at 9.0 x 10-5 mbar. 
It is observed, but not recorded, that at low ion energies the total flux was 
optimized at the pressure of 9.0 x 10-5 mbar. Optimizing the total flux 
however, does in general not produce the best ion beam. 
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Table A.1: Ion source conditions during the measurements presented in 
Fig. A.8. 
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Figure A.8: Beam profile of 30 eV ions at 0.3 (.._), 1.0 (•) and 3.0 mA (•) 
emission current. The lines are guides to the eye. 

Emission current dependence 

To investigate the beam profile dependence on emission current the line 
profiles are measured for three different emission currents while keeping the 
gas pressure constant at 9.0 x 10-5 mbar. The focus voltage is tuned to 
maximize the current through the 3 mm hole before measuring the line 
profile. Table A.1 shows the focus voltage and ion currents measured on the 
wire holder (total) and through the hole for 30 eV ions at emission currents 
of 0.3, 1.0 and 3.0 mA, respectively. Comparison of the total ion current 
with the current through the 3 mm hole shows that with increasing emission 
current hardly any of the additional ion current is directed through the hole. 
The line profiles for the 30 eV ions are shown in Fig. A.8. With increasing 
ion energy the ion beam becomes wider, while the peak ion current does not 
increase substantially, but the background increases. Thus an increasing 
emission current does not add to the effective ion flux. 
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Figure A.9: The relative ion current through the hole in the bridge on the 
Scepter setup as a function of the focus voltage at 0.3 (•), 1.0 (•), 3.0 (..&.) 
and 10 mA (T) emission current for 200 eV ions at 9.0 x 10-5 mbar. The lines 
are guides to the eye. 

Table A.2: Proposed focus voltages at the mentioned energy and emission 
current for ion beams generated at 9.0 x 10-5 mbar ion source pressure. 

Energy ( e V) 80 100 200 1 500 i i 1000 l 
Emission 
current (mA) 

0.3 - - 460 v 990 v 1140 v 
1 210 v 265 v 500 v 1060 v 1280 v 
3 245 v 290 v 540 v 1180 v 1460 v 
10 280 v 320 v 610 v 1280 v 1720 v 

Focus voltage dependence 

The effect of the focus voltage at different emission currents has been in
vestigated using the hole in the bridge in the Scepter setup. In Fig. A.9 a 
representative example is given for the ion current through the hole relative 
to the total ion current as a function of the focus voltage for 200 e V ions. 
For all emission currents the relative ion current reaches a maximum. The 
maximum relative ion current reached is highest for the lowest emission cur
rent, in agreement with the previous section. The focus voltage at which the 
maximum relative ion current is reached depends on the emission current. 
This work proposes a working focus voltage that corresponds to focus volt
age at which 503 of the ion current goes through the hole. The proposed 
focus voltages from measurements are given in Table A.2. 

The currents measured for the data in Table A.2 are used to calculate 
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Table A.3: Fluxes achieved by the l'\onsequitur Technologies ion gun at dif
ferent ion energies and emission currents. ( 1 ML is the amount of silicon atoms 
in a single monolayer and equal to "" 6.9 x 1014 cm-2 .) 

Ion energy Emission Flux Flux 
(eV) current (mA) (1013 cm-2s-1) (ML/s) 

70 0.3 1.2 0.017 
70 3.0 4.7 0.068 

200 0.3 1.9 0.028 
200 1.0 5.0 0.072 

1000 0.3 5.6 0.081 

the ion flux at the sample. The area of the hole as seen by the ion source is 
approximately Trr2 

/ V2 with r the radius of the hole. Using r = 3 mm the 
area evaluates to rv 5.0 x 10-2 cm2 . Assuming that the central part of the 
beam, i.e., the fllLx through the hole, is approximately homogeneous it is 
possible to estimate the flux towards the sample. Table A.3 gives the fluxes 
for the ion beams used in this work. The focus values for 200 and 1000 e V 
are taken from Table A.2, the focus values for 70 e Vare extrapolated and are 
taken as 155 and 225 V for 0.3 and 3.0 mA emission current, respectively. It 
is currently assumed that the focus voltage for the 0.3 mA emission current 
ion beam is too low, i.e., less than 503 of the ions reach the 3 mm detection 
area, so the flux is estimated too high. 

Time dependence 

During the calibration measurements in the dedicated setup it is observed 
that the total current at fixed settings of the ion source decreases over time. 
\Vhen the source is switch off the bcam generates a lowcr current than when 
the source is turned on again some time later. The experiments on silicon 
discussed in this work do not suffer significantly from this decrease of ion 
current. The decrease of the signal is not yet understood, but possible 
contributions are the stability of the ion source ( which might have improved 
over time because of the vacuum) or charge build-up effects on the surface 
of the probe. Some further investigations might be useful to determine if 
the source of the current fluctuations can be found. Charge build-up can be 
measured by measuring the current of the beam on two different surfaces 
using the rotating device in Scepter. 

Recommendations 

After the calibration of the ion source some recommendations can be made 
for the future: 

• The current calibration setup is built to use a ruler as the read out 
of the position of the wire probe. It is beter to use a micrometer 
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for positioning which can be achieved by positioned the wire vertically 
instead of horizontally. A new pro be needs to be build for this purpose. 

• The divergence of the ion beam is only measured in one condition, with 
constant ion energy, emission current and focus voltage. If the flux is 
to be known to a higher degree the divergence of the beam should be 
measured at different emission currents and ion energies. 

• In order to ensure a constant flux of ions it is advisable to investigate 
the time dependence of the ion current. Try to find the source of the 
decreasing ion current noticed in the calibration setup. 

• For future calibration measurements it should be considered to mea
sure the beam profile using a Faraday cup. 
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Appendix B 

Transmission measurements 

The transmission of the Thorlabs GLlOA polarizer and the Schott BG40 
filter, optical components in the exiting beam of the setup, are measured. 
The polarizer is measured using a Fourier transform spectrometer (Bruker 
IFS 66/s, with step-scan option) in combination with a cascaded are Ar 
plasma light source, which is extensively described by Zijlmans. Bl The filter 
is measured with spectroscopie ellipsometry (J.A. Woollam, Ine. M2000FITM 
with IR-extension) in transmission mode. 

Thorlabs GLlOA polarizer 

The Fourier transform spectrometer is polarization dependent and to ac
count for this the background spectrum is measured with a polarizer (New
focus 5524) in the measurement area. \Vith the background measured 
the Thorlabs polarizer is measured in the same polarization orientation as 
the Newfocus polarizer. The resulting transmission spectrum is given in 
Fig. B.I. The transmission spectrum is decreasing from nearly unity at 
2.7 eV to 0.6 at 3.5 eV. 

Schott BG40 filter 

Figure B.2 shows the transmission spectrum of the filter (Schott BG40, 
2 mm) as measured with spectroscopie ellipsometry in transmission mode 
together with the transmission specified by the supplier.B2 The transmission 
measured shows a generally good agreement with the specification, in the 
region of interest the trend of the spectrum is the same within 23. 

Hamamatsu R585 photomultiplier tube 

Although a photomultiplier tube (PMT) has no transmission in the correct 
sense of the word, the response of the PMT is given here for completeness. 
Figure B.3 is a reproduction of the specification of the supplier. B3 
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Figure B.1: Transmission of the polarizer (Thorlabs GLlOA) in the exit beam 
of the setup discussed in this work. 
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Figure B.2: Transmission of the filter (Schott BG40, 2 mm) in the exit beam 
of the setup discussed in this work, measured with SE and as specified by the 
supplier. B2 The regions of interest for the fundamental and SH radiation are 
indicted by the shaded areas. 
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Figure B.3: Spectral response of the PMT as specified by the supplier. B3 The 
regions of interest for SH radiation is indicted by the shaded areas. Note that 
the horizontal axis is the wavelength of the radiation instead of the energy. 
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