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Referat 
 

In dieser Arbeit werden als Untersuchungsverfahren für die Charakterisierung von 

gebondeten Siliziumwafern und Siliziumoxid-Xerogel-Schichten spektroskopische 

Ellipsometrie mit variablem Einfallswinkel (VASE) und Fouriertransformations-

infrarotspektroskopie (FTIR) eingesetzt. 

Aus dem Verhalten der LO- und TO-Moden in den Infrarotspektren werden 

Veränderungen der Dicke und Struktur der vergrabenen Grenzfläche zweier Wafer 

bei einer Wärmebehandlung abgeleitet. Es werden Mechanismen für das 

Tieftemperaturbonden von Wafern, die  auf der Entwicklung der chemischen Spezies 

an der vergrabenen Grenzfläche basieren, vorgeschlagen. Die chemischen Spezies 

wurden durch interne Vielfachtransmissionsinfrarotspektroskopie ermittelt.  

Aus ellipsometrischen Messungen wurden Dicke, optische Konstanten, Porosität und 

Porenabmessungen von Siliziumoxid-Xerogel bestimmt. Mittels VASE und FTIR 

wurde der Einfluss unterschiedlicher Hydrophobisierungsprozesse auf die 

Eigenschaften von Xerogel-Schichten untersucht. Weiterhin wurden die 

elektronischen und ionischen Beiträge zur statischen Dielektrizitätskonstanten 

bestimmt. 
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Chapter 1 
1 Introduction 
 
1.1. Silicon wafer bonding 
 

Silicon wafer bonding is an attractive technique to produce silicon-on-insulator 

(SOI) related microelectromechanical sensors (MEMS) [Ton99, Cri01]. Recently, 

much attention has been concentrated on studies of the Si-Si bonding mechanism 

and atomic arrangement at the buried interface [Fei94, Cha95, Wel96a] because the 

characterisation of the bonded interface is of paramount importance for improving 

bonding strength, specially for low temperature wafer bonding processes. 

Non-destructive techniques are strongly required for the characterization of 

structure, thickness, stoichiometry, and strain in silicon oxide layers. Since the 

bonded interface is buried, classical surface techniques are unable to characterise it. 

Infrared (IR) spectroscopy is one of the few techniques which can supply valuable 

information about the chemistry of the bonded interface. In particular Multiple Internal 

Transmission (MIT) IR spectroscopy was recently successfully employed to study the 

buried interface in Si-Si bonded wafers [Wel96b, Mil00]. 

The IR studies of silicon oxide demonstrated that the longitudinal and 

transverse optical (LO and TO) phonons provide valuable information on the internal 

structure of the oxide. The behaviour of these modes is correlated with changes in 

stoichiometry [Dev96] or stress relaxation [Luc87, And00]. The MIT technique was 

also used for the evaluation of buried silicon oxide layer thicknesses in Si-Si bonded 

wafers based on the analysis of MIT IR absorption by the LO phonons in silicon oxide 

[Wel96b]. Nevertheless, no independent measurements have been performed to 

confirm the values obtained. 

This work presents an investigation of the influence of annealing and wafer 

pretreatment on the properties of oxide layers which are formed at the surface and 

the interface of Si-Si bonded wafers using IR spectroscopy and ellipsometry. The 

results obtained by means of a non-destructive MIT IR two-prisms coupling geometry 

during annealing of Si-Si bonded wafers prepared using different prebonding 

procedures are also presented. 
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1.2. Silica xerogel films 
 

In ultra-large-scale-integration (ULSI) technology the performance of electronic 

circuits is limited by the resistance-capacitance delay associated with the parasitic 

capacitance of the dielectric and with the resistance of the metal [Hav98]. Integration 

of low dielectric constant materials can be applied as an effective way to solve this 

challenge. Because of its low dielectric constant ε, porous silica prepared as aerogels 

(dried supercritically) or xerogels (dried by solvent evaporation) [Jin97, Nit99], has 

become an attractive means of meeting this challenge. Besides the low dielectric 

constant which is due to the high porosity, these materials have the advantage of a 

good compatibility with conventional Si technology [Aoi97]. 

The surfaces of porous silica obtained by sol-gel methods are covered by OH 

groups [Brin90]. Owing to these OH groups the pore surfaces readily adsorb water 

leading to an dramatic increase of ε because of the high polarizability of water 

molecules. To stabilize electrical properties and to get a sufficient reliability for further 

integration steps the xerogels films have to be made hydrophobic. The hydrophilic 

OH species can be removed from the pores and replaced with hydrophobic 

trimethylsilyl (TMS) groups by chemical modification of the surface [Nit99, Sla00]. 

Dielectric properties of silica xerogels are strongly influenced by the chemical 

composition and the porosity of the films. In this work a non-destructive optical 

spectroscopy study resulting in a complete characterization of the xerogel films, in 

terms of thickness, optical constants, porosity and pore dimension is presented. The 

changes in the properties of the film induced by the hydrophobisation process are 

investigated. The electronic and ionic contributions to static dielectric constant were 

also established. 

In literature the materials with low dielectric constant are known as “low-k 

materials”. In this work the dielectric constant is denoted by ε. 

 

This work is organized as follows. Chapter 2 shows the procedures used for 

preparation of Si-Si bonded wafers and silica xerogels films. In Chapter 3 the 

experimental techniques employed in this work are introduced. The theoretical basics 

of Fourier Transform Infrared (FTIR) and Variable Angle Spectroscopic Ellipsometry 
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(VASE) are discussed. A description of the two-coupling prisms Multiple Internal 

Transmission (MIT) geometry used and its advantages are given. In addition, the 

models for evaluation of the ellipsometry results are described. The results 

concerning high temperature and low temperature Si-Si wafer bonding are presented 

in Chapter 4. The changes with annealing of the structure and thickness of the buried 

interfacial oxide are monitored and analyzed. On the basis of MIT results 

mechanisms for low temperature wafer bonding are proposed. Chapter 5 shows the 

results obtained by probing xerogel films using optical spectroscopies. A method for 

the characterization of these films (in terms of thickness, optical constants, porosity, 

pore dimensions) is introduced. Hydrophobisation process and its influence on the 

properties of the films are examined in detail. The electronic and ionic contributions 

to static dielectric constant were also established. Finally Chapter 6 summarizes the 

results obtained. 
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Chapter 2 
2 Sample Preparation 
 

 

2.1. Silicon-silicon bonded wafers 
 

Czochralski-grown (100)-p-Si (4 in. diameter, 463µm, 10-40 Ωcm, double side 

polished) wafers were used for the room temperature (RT) bonding process. In order 

to achieve hydrophilic Si surfaces different wet chemical treatments and surface 

plasma activation were used as presented in table 2.1. The aim of these pre-

treatments is to create reactive bonding surfaces for Si wafers in order to achieve 

strong bonding of two Si wafers. The wafer bonding was realized in the Center of 

Microtechnology Chemnitz in a clean-room. 
No. Pre-treatment Steps Time/min Temp. 
1. RCA NH3OH:H2O2:H2O = 1:1:6 

DI-Rinsing 
HCL:H2O2:H2O = 1:1:6 
DI-Rinsing 
NH3OH:H2O2:H2O = 1:1:6 
DI-Rinsing 

10 
15 
10 
15 
10 
15 

75°C 
RT 

75°C 
RT 

75°C 
RT 

2. O2-Plasma 
(Barrel reactor) 

p=1,33Pa, P=800W, 
RCA or DI-Rinsing 

15 - 

3. O2-plasma 
(RIE-reactor) 

p=10Pa, P=15W, Bias=110V 
RCA or DI-Rinsing 

5 - 

Table 2.1. Description of the pre-treatments of the Si wafers before room temperature 
bonding. 

 By RCA treatment the native oxide Si surfaces or thermally oxidised Si 

surfaces can be activated, and the water molecules will attack the most strained Si-

O-Si bridges according to the reaction [Ton1]: 

Si-O-Si + H-OH → Si-OH + Si-OH                                          (2.1) 

In this way the number of silanol (Si-OH) species increases especially for native 

oxide surfaces which contain strained siloxane (Si-O-Si) groups and can be easily 

attacked by water molecules. The silanol species are very important in the bonding 
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process of Si wafers because they can polymerize forming siloxane bridges between 

the surfaces of the two Si wafers. By O2 plasma activation plasma-induced defects 

are created on the Si surfaces increasing the chemical reactivity. 

 After surface activation processes the Si wafers were dried in a spin dryer. 

The wafers were subsequently bonded in air at room temperature using a bond 

equipment consisting of a wafer holder made from Piacryl and allowing a flat 

alignment of the wafers. The inspection of the bonding process is realized by a 

Hamamatsu IR imagining system as shown in the figure 2.1. 

PC

Monitor
IR source

Si-Si bonded 
wafers

Filter (λ>900 nm)

CCD camera

Unbonded area
(voids)

Bonded interface

Fig. 2.1. Schematic representation of the
IR imaging system used to control the
bonding quality.  

Fig. 2.2. IR transmission image of a Si-Si
wafer bond system showing unbonded
regions at the interface 

Blade 
thickness 2y

Crack length L

t

Bonded interface

Fig. 2.3. Schematic diagram of the blade test
method 

The wafers in horizontal position are put together face to face and a low 

pressure point contact initiates the bonding front, which spreads over the wafers 

interface within few seconds. IR transmission pictures of the samples are taken after 

pre-bonding showing voids and other 

unbonded areas (figure 2.2). After 

prebonding the samples were annealed 

using a temperature controlled oven 

with air flow for 200°C annealing and a 

furnace tube with nitrogen flow for 

400°C and higher temperature. After 

annealing the samples were inspected 
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again using the IR transmission system in order to detect eventual bubbles 

generated by annealing. Part of the pre-bonded samples, which were used for in situ 

Multiple Internal Transmission (MIT) infrared investigations were annealed in a low 

vacuum chamber as will be described in the Chapter 3. 

For the measurement of the bond strength the blade test method [Mas88] was 

used. The wafers are diced into stripes of 10 mm width using a wafer saw. A razor 

blade (100 µm thickness) is slowly inserted at the bonded interface starting from the 

wafer edge. The length of the unbonded area is measured using the IR system. From 

this measurement, the specific bond energy γ can be calculated from the geometry of 

the specimen using the formula: 

4

23

8
3

L
yEt

=γ                                                               (2.2) 

where E is the elastic modulus, t is the thickness of Si wafer, 2y is the thickness of 

the blade and L is the length of the crack. The error in determination of bonding 

energy by this method is of the order of 10%. 

 

 

2.2.  Silica Xerogels 
 

 The technology to produce silica xerogels films is 

based on a sol-gel / spin-on process [Bri90, Win98] and is 

schematically presented in the figure 2.4. A mixture of 

tetraethoxysilane (TEOS), water, solvent (alcohol) and a 

catalyst (acid) is transformed into a gel. TEOS is first 

hydrolised by the reaction with water: Spin onSpin on

Post-spin on gelationPost-spin on gelation

Drying / Annealing 
450°C

Drying / Annealing 
450°C

HydrophobisationHydrophobisation

Pre-spin on gelationPre-spin on gelation

Precursor  & catalyst 
mixing

Precursor  & catalyst 
mixing

 
Fig. 2.4. Scheme of the 
xerogel fabrication process. 

Si(OR)4 + H20 → (RO)3SiOH +  ROH                    (2.3) 

where R is C2H5 in the case of TEOS. After hydrolysis has 

started, water or alcohol condensation reactions occur (Eq. 

2.4 and 2.5 respectively) forming siloxane bonds (Si-O-Si) 

and liberating water or alcohol: 

(RO)3SiOH + HOSi(RO)3 → (RO)3Si-O-Si(RO)3 + H20        (2.4) 
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(RO)3SiOR + HOSi(RO)3 → (RO)3Si-O-Si(RO)3 + R0H                              (2.5) 

Since TEOS is tetrafunctional, a polymerisation phenomenon appears with the 

formation of three dimensional silica clusters as a result of hydrolysis and 

condensation reactions. The rates of hydrolysis and condensation can be controlled 

by the catalyst (monitored by PH values) and by the ratio H2O:TEOS in the initial 

solution [Bri90]. Spin-on was performed when the precursor solution viscosity was in 

the region of 10-15 mPa⋅s, which has been found to produce highly homogeneous 

films [Sch01]. The solution was spun on Si wafers (4 or 6-inch diameter) at various 

spin speeds from 1000 to 1500 rpm for 10 s. The silica clusters become attached one 

to the other forming a porous network in a process called aging [Nit99]. Mixing and 

aging time as well as the spin speed were varied in order to get samples with 

different porosities and thicknesses. 

 After spin-on stress in the film occurs and related capillary forces due to the 

presence of the solvent into the pores. Depending on the drying process used to 

remove the solvent from the pores, porous silica has been classified as aerogel 

(dried supercritically) or as xerogel (dried by solvent evaporation) [Jin97]. For the 

samples under investigation in this work drying was realized by exposure to air. The 

xerogel films were then annealed in vacuum at 450°C for 1h. 

OH (CH3)3Si-NH-Si(CH3)3

O

O

O

Si +

surface

O

O

O

O

Si

surface

Si(CH3)3 + NH3

OH (CH3)3Si-N

O

O

O

Si + O

O

O

O

Si Si(CH3)3 + HN

OH (CH3)3Si-O-C

O

O

O

Si + O

O

O

O

Si Si(CH3)3 + CH3COOH

C2H5

C2H5

C2H5

C2H5

CH3

O

HMDS

TMSDEA

OTMSA

2 2

 
 

Fig. 2.5. Silylation reaction scheme for different chemicals [Fru02]. 
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 Even after annealing the xerogels films contain a large amount of SiOH groups 

which can readily adsorb water. Adsorbed moisture increases the dielectric constant 

due to the high polarity of the water molecules. The hydrophilic OH groups can be 

removed by surface chemical modification and the inner surface of the pores 

becomes a hydrophobic one. Hydrophobisation is achieved by silylation, that means 

surface silanol groups react to yield trimethylsilyl (TMS) surface groups. Especially 

hexamethydisilasane (HMDS) was employed because of its high reactivity with silica 

surface silanol due to its basic nitrogen [Gun00]. Other hydrophobisation agents were 

also employed for the samples studied in this work: trimethylsilyldiethylamine 

(TMSDEA) or trimethylsilylacetate (OTMSA) [Fru02]. Hydrophobisation treatment 

followed immediately after annealing by exposure of the films to saturated vapors of 

HMDS, TMSDEA or OTMSA, at room temperature in a close container. The scheme 

of the reaction of silica xerogels films with these different chemicals is presented in 

figure 2.5. 
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Chapter 3 
3 Experimental Techniques; Measurement 

Procedures and Data Evaluation 
 

3.1. Infrared Spectroscopy 
 

3.1.1. Theoretical basics 
 The vibrational and rotational motions of constituents of matter have their 

natural frequencies in the infrared (IR) range (10-10000 cm-1). When an IR beam 

interacts with a sample and the frequency of the radiation matches a natural 

vibrational frequency of the molecules, a net transfer of energy takes place resulting 

in a change of the amplitude of the molecular vibration and a corresponding 

absorption of the radiation [Sko92]. The ratio between the intensity of the beam 

measured after and before interaction of IR light with the sample plotted as a function 

of the frequency of the light represents an IR spectrum. 

 The transition moment for infrared absorption can be written as: 

MIR=<ΨiµΨj>, where Ψi and Ψj are the initial and the final states and µ is the electric 

dipole operator: µ=µ0+(r-re)(dµ/dr)+…, µ0 is the permanent dipole moment which is 

constant. Because <Ψi Ψj>=0, the transition moment for IR absorption can be written 

as: MIR=<Ψi (r-re)(dµ/dr)Ψj>. To have IR absorption by a molecule it is necessary 

that the molecule undergoes a change in the dipole moment (dµ/dr≠0) during 

vibration. Only in these conditions the electric field of the radiation interacts with the 

molecule and can cause changes in the amplitude of its motion. 

 Molecular vibrations can be classified in stretching and bending vibrations (see 

Figure 3.1). Stretching vibration involve a rhythmical movement along the bond axis, 

so that interatomic distance changes. Bending vibrations are characterized by a 

change in the angle between two bonds and are of four types: rocking, scissoring, 

wagging and twisting. 
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Classical model of vibration in a diatomic molecule 

 The compression and extension of a bond in a diatomic molecule can be 

compared to the behaviour of a spring. If a mass m is displaced by a distance r from 

its equilibrium position by application of a force along the axis of the spring, the 

restoring force F is proportional to the displacement (Hooke’s law): F=-k⋅r where k is 

the force constant. The energy curve is parabolic (see figure 3.2) and has the form 

E=1/2⋅k(r−rech)2. Considering a diatomic molecule as a system consisting of two 

masses m1 and m2 connected by a spring, the vibrational frequency is given by: 

( )
21

21
2
1

2
1

mm
mmkk

c
+

=== πµπ
νν                                             (3.1) 

where µ is the reduced mass of the system and ν  is the wavenumber, a quantity 

widely used in spectroscopy. Equation (3.1) indicates how the frequency of the 

absorption should change for a strong bond (larger k values) and its dependence on 

the masses involved. 

 
Fig. 3.1. Types of infrared molecular
vibrations. Arrows indicate the direction of the
atomic movement; + indicates motion from
page towards the reader; - indicates motion
away from the reader (according to [Sko92]). 

rech

m 1 m 2

k

m 1 m 2

k

En
er

gy

Internuclear distance  
Fig. 3.2. The bond energy diagram in a 
diatomic molecule considering harmonic 
oscillator model: classical treatment 
(parabola) and quantum treatment (energy 
levels and allowed transitions). 
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Quantum treatment 

a) Harmonic oscillator. The classical mechanics do not completely describe the 

behaviour of particles of atomic dimensions. The quantified nature of molecular 

vibration energies does not appear in equation (3.1). However employing the concept 

of harmonic oscillator for the development of the wave equations of quantum 

mechanics, vibrational energies are found to be quantified by vibrational quantum 

number v [Ban94]:                 E=(v+1/2)h⋅ν,  (v =0,1,2)                                     (3.2) 

In this model the allowed vibrational levels are discrete and equidistant 

(horizontal lines in figure 3.2). Furthermore, quantum theory indicates that the only 

transitions that can take place are those in which the vibrational quantum number 

change by unity: ∆v=±1 (transitions indicated by vertical arrows in figure 3.2). Since 

the vibrational levels are equally spaced, only a single absorption peak should be 

observed for a given molecular vibration. 

b) Anharmonic Oscillator 

Real molecules do not obey exactly the law of simple harmonic motion. The real 

bonds are not so homogeneous to follow Hooke’s law; if the bond between atoms is 

stretched too much the molecules can dissociate into atoms. 

 The shape of the energy curve for a diatomic molecules can be approximated 

by Morse function: E=Edis{1-exp[a(rech-r)]}2 where a is a constant and Edis is the 

dissociation energy (see figure 3.3a). For anharmonic oscillations the vibrational 

energy can be quantified as follow [Ban94]: 

E=(v+1/2)h⋅ν [1-xe(v+1/2)]                                               (3.3) 

where xe is the anharmonicity constant. Anharmonicity leads to deviation of two 

kinds: at higher quantum numbers, ∆E becomes smaller (see the energy levels in 

figure 3.3 a) and the selection rule is not rigorously followed; transitions of ∆v =±2; ±3 

are also observed. Such transitions are responsible for the appearance of overtone 

lines at frequencies approximately two or three times larger than the fundamental 

frequency. Infrared spectra are further complicated by the fact that different vibrations 

in a molecule can interact giving absorption features at frequencies which are equal 

to the sum or the difference of the fundamental frequencies. The intensity of 

overtones and combination absorption peaks is generally low. 
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Fig. 3.3. Energy diagram for a diatomic molecule considering the model of anharmonic
oscillator (a).The phonon dispersion curves showing by arrows the allowed vibrational 
transitions between the phonon levels in the reduce-zone scheme according to [Hir02]. (b) 

°

Phonons 

In solids besides the molecular vibrations, other vibrations consisting of 

displacements of atom chains can appear (top of figure 3.3 b). These collective 

vibrations are called phonons and have a specific frequency. Phonon dispersion 

curves, which plot energy E versus wavevector k, are used to represent the allowed 

vibrational energies (bottom of figure 3.3b) [Hir02]. Since IR photons have low energy 

and no mass, their momentum is small compared to that of vibrations in solids. 

Therefore the excited state created after IR absorption has the same momentum as 

the initial state. So, only “vertical transitions” between occupied and unoccupied 

states in the phonon dispersion curves are allowed as shown by vertical arrows in the 

diagram in figure 3.3 b. 

 Acoustical phonons correspond to the displacements of the nuclei when a 

sound wave propagates through the sample, and optical phonons correspond to 

phonons that can be created by absorption of photons. The phonons can be 

classified as transverse acoustical and optical (TA and TO) according to their 

displacements being perpendicular to the direction of the wavevector k, or 
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longitudinal acoustical and optical (LA and LO) when the displacements are parallel 

with k. In a Si crystal the two atoms in the unit cell are identical, the bonding is purely 

covalent and the two atoms do not carry charge so that the Si TO phonon is not 

infrared active. However, Si absorbs in infrared due to multiphonon lattice absorption 

[Yu99]. 

Berreman effect 

 In the present work, the LO and TO features of silicon oxide thin films will be 

analysed. In a thin film there are two normal modes having wavelengths much 

greater than the film thickness [Ber63]. In one mode the vibrations are parallel to the 

film surface (TO mode in figure 3.4). In the other vibrations are normal to the film 

surface (LO mode in figure 3.4). For normal incidence the electric field can couple 

only with TO modes because the electric field is parallel with the film surface. 

 In the case of oblique incidence and for p-polarisation the electric field has 

both a normal and a tangential component relative to the surface of the sample. For a 

geometry like that plotted in figure 3.4 and in the case of p-polarisation the IR 

absorption was found to be [Bau96]: 

( ) ( ) ( 







−⋅+⋅

−
∆ ff
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where θ is the incidence angle, εf and εs are the dielectric constants of the film and 

substrate, respectively. Considering a free standing film (εs=1) the absorption modes 

will be recorded at those frequencies where the imaginary part of the film dielectric 

function reaches its maximum (TO modes). 

Additional structures are observed at 

frequencies where Im (-1/εf) has a maximum, 

thus at the minimum of the dielectric function 

(LO modes). The geometrical configuration of 

transmission or reflection of p-polarised IR light 

in oblique incidence allow the simultaneous 

detection of TO and LO modes. This effect was 

first described by Berreman [Ber63]. The TO 

modes alone can be recorded using s- 

polarisation for the incident light. 

LO

Ep

k=(kt,0,kn)
θEs

Fig. 3.4. Electric field for s- and p-
polarisation. TO and LO modes. 

TO
.
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3.1.2. Fourier Transform Infrared Spectroscopy. Experimental set-up 
 
 In the visible and ultraviolet (UV) range optical spectroscopy usually employs 

monochromators with dispersive elements in order to obtain monochromatic light 

from a broad-band light source. Most of the infrared spectrometers, however, are 

based on two-beam Michelson interferometers (see figure 3.5) and the 

measurements are performed using Fourier transformation. The principle of Fourier 

Transform Infrared (FTIR) spectroscopy and its advantages will be discussed in this 

section. 

 The Michelson interferometer is a device that divides a beam into two parts 

and then recombines them after a path difference has been introduced. The radiation 

from a “white light” source is divided into two parts by a beamsplitter. This is a 

semitransparent material which reflects ≈50% of the radiation falling on it and 

transmits the rest. After reflection from a fixed and a movable mirror, respectively, the 

two beams are recombined at the beamsplitter position: half of the beam returns to 

the source and the other half after interaction 

with the sample is focused onto a detector. 

For different positions of the moving mirror 

the two beams have different phase shifts 

with respect to each other. What the 

spectrometer measures is the signal as a 

function of the path difference (retardation) δ 

between the two beams. This curve I(δ) is 

called interferogram. An example of an 

interferogram is shown on the left side of 

figure 3.6. Depending on the retardation induced by the moving mirror the beams can 

constructively or destructively interfere. The maximum of the interferogram 

corresponds to equal distances of the two mirrors to the beamsplitter which causes 

constructive interference for all wavelengths. For this reason the peak is called white 

light position (WLP) [Bau96].  

fixed mirror

moving 
mirror

beamsplitter

light 
source

Fig. 3.5. Scheme of a Michelson 
interferometer. 

 The desired spectrum in the frequency domain is the Fourier transform of the 

interferogram [Gri86]: ( ) ( ) δδυπδυ diII )2exp(∫ −= . On the right side of figure 3.6 the 
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ig. 3.6. A typical interferogram (left) and the corresponding spectrum obtained
 Fourier transformation (right)

J(
δ)
um corresponding to the interferogram from the left side is shown. Due to the 

r transformation a narrow white light position corresponds to a broad frequency 

ution of the IR light while a broad interferogram is generated by a narrow 

ncy distribution. The spectral resolution in a FTIR spectrum is determined by 

erse of the total path of the movable mirror.  

The IR spectra shown in this work are measured by means of a Bruker FTIR 

 spectrometer. The set-up of this spectrometer is schematically presented in 

ure 3.7. The IR source used is a Globar: an electrically heated  silicon carbide 

or the measurements performed in the mid infrared range (400-4000 cm-1) a 

splitter made of KBr is used. For transmission and reflection measurements a 

ated triglycine 

te (DTGS) detector 

ployed. DTGS is a 

ectric detector which 

nsitive in the mid 

d range. For 

le Internal 

ission (MIT) 

rements for which 

nal is relatively low 

control electronics

sources

external
beam
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MCT
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Fig. 3.7. Schematic diagram of FTIR set-up for the Bruker IFS-
66 spectrometer 
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(due to Si multiphonon absorption), a sensitive Mercury Cadmium Telluride (MCT) 

detector is employed. MCT can be used above 650 cm-1, operates at liquid nitrogen 

temperature, which reduces the noise, and has a faster response and a better 

sensitivity than DTGS. 

 FTIR spectroscopy has the following advantages in comparison with the 

dispersive instruments [Ban94]: 

1. Multiplex advantage- the total scanning time for FTIR is less than that needed 

by a dispersive instrument to measure a spectrum of the same sensitivity and 

resolution. This is due to the fact that in FTIR all the frequencies are measured 

at once. 

2. Throughput advantage: since no slit is necessary in FTIR large apertures can 

be used. 

3. Precision: The resolution of a FTIR spectrometers is related to the maximum 

mirror path by the equation: δυ /1=∆  where υ∆  is the resolution and δ is the 

maximum path of the mirror. The position of the moving mirror is measured by 

counting interference fringes from a laser. Knowing the frequency of the laser 

with great precision, it is possible to measure the mirror position very 

accurately. 
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3.1.3. Multiple Internal Transmission 
 
 Infrared spectroscopy is a powerful technique to probe the chemical reactions 

and the chemical composition at semiconductor surfaces and interfaces. If polarized 

light is used, important structural information can also be obtained. In spite of all the 

advantages of this technique some experimental difficulties have limited the 

application of IR spectroscopy. Because IR wavelengths are much larger than the 

characteristic thickness of thin films, IR spectroscopy probes both surface and bulk 

vibrations. So, the absorption by surface vibrations is often covered by the stronger 

absorption generated by the substrate vibrations. In other cases even if the substrate 

is an IR transparent material, the vibrations in a film having  thickness in the 

monolayer range are difficult to be detected using traditional reflection and 

transmission geometries. 

 To overcome the sensitivity problem special geometries, such as Attenuated 

Total Reflection (ATR) (figure 3.8. a) and Multiple Internal Reflection (MIR) (figure 

3.8. b) are often used to enhance the detection of vibrational modes in thin films. 

ATR geometry is based on a trapezoidal crystal with relatively high refractive index. 

This crystal is in intimate optical contact with the sample under study. The IR 

radiation enters into the crystal and is several times internally reflected until it exits at 

the other end. The internal reflections create an evanescent wave, which extends 

beyond the surface of the crystal into the sample placed on its surface. Part of the 

radiation is absorbed by the sample, the IR absorption intensity being proportional 

with the number of reflections of the IR beam in the crystal. A modified ATR geometry 

is the MIR geometry shown in the figure 3.8.b. In this case the ATR crystal is the 

substrate itself. By means of these geometries, using a large number of passes these 

methods are sensitive down to submonolayer coverage on the surfaces.  

ATR crystal
ATR MIR

a) b)

substrate

thin film

 
Fig. 3.8. Schematical representation of Attenuated Total Reflection (ATR) and Multiple 
Internal Reflection (MIR) geometries. 
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 The ATR technique was extended to study buried interfaces in its variant 

Multiple Internal Transmission (MIT). This geometry was successfully applied for 

characterization of the buried interface of two silicon bonded wafers [Fei94, Wel96a, 

Rei95, Mil00] and GaAs bonded wafers [Han01]. This geometry is schematically 

shown in the figure 3.9 a. The IR radiation enters into the system through the beveled 

edges of the Si-Si bonded wafers and is total internally reflected at the outer 

surfaces. The radiation is transmitted through the interface rather than reflected, 

even under angular conditions where total internal reflection is observed for bulk 

media, because the interface is much thinner than the wavelength leading to 

“tunneling” [Wel96b]. In this way the IR 

response of the interface is strongly 

enhanced due to the manifold 

interaction of the IR light with the buried 

interface. 

 In our laboratory a modified MIT 

geometry using two-coupling prisms 

was employed for the investigation of 

interfaces in Si-Si bonded wafers [Mil99, 

Mil00]. This MIT configuration is 

schematically presented in figure 3.9.b. 

A picture of the experimental set-up 

used for ex situ MIT measurements is 

shown in figure 3.10. Two prisms made 

of an IR transparent material (KRS5 or 

ZnSe) are gently pressed onto the 

surface of the Si wafer in order to get an 

intimate optical contact. The shape of the prisms is plotted in the right-down corner in 

figure 3.10. The IR light enters in the Si-Si bonded system via one prism, undergoes 

multiple internal reflection in the sandwiched structure (the thin bonded interface is 

tunnelled) and is guided out from the system by the second prism. The faces of the 

prisms are optically polished which allows a good and reproducible optic contact 

between the prism and the wafer by applying a slight pressure. KRS5 prisms with an 

angle α = 62° (providing an internal angle of 38°) were employed and the distance 

θMIT
External 

Transmission

prism prism

Bonded 
interface

IR light

θMIT

interface layer
thickness d
refractive index lεl1/2

Layer refrac-
tive index n

b)

a)

 
Fig. 3.9. Multiple Internal Transmission 
geometries used by Chabal and co-workers 
[Cha95, Wel96a,b] (a) and in our laboratory (b) 
to study the bonded interface in Si-Si bonded 
wafers. The path of the light in the case of
external transmission (ET) is also plotted. 

θET

θET
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Fig. 3.10. Picture of the set-up used for ex situ MIT measurements: the wafer (1), the 
prisms (2), the mirrors for alignment (3) the polariser (4) and the screws (5) for adjusting 
the optical contact prism-wafer are indicated on the picture. 
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between the prisms can be varied between 20 and 70 mm which corresponds to ~ 30 

up to 100 passes of the IR light through the interface. 

 In contrast to the MIT geometry introduced by Chabal and the co-workers 

[Wel96a, Fei94] which uses cut bevels on the Si-Si bonded wafers the configuration 

employed in this work does not require additional sample preparation and is thus 

completely non-destructive. This is advantageous especially for RT bonded wafers 

where the cutting and polishing of the bevels can induce debonding of the wafers. 

Another advantage of our geometry is that the distance between the prisms can 

easily be varied and in this way different regions of the interface probed by the IR 

radiation can be studied. 

In figure 3.11 a transmission IR spectrum of a Si-Si bonded wafer is plotted 

together with the MIT spectrum for the same sample. It can be seen that the MIT 

spectrum provides complementary information to the external transmission (ET) 

spectrum. ET gives valuable information about the structure of the oxide at the 

interface in the region of optical phonons in silicon oxide [Que00, Him01a]. On the 

other hand, using ET the chemistry of the interface (region above 1500 cm-1) cannot 

be studied due to the low sensitivity. The solution for detection of H containing 
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species from the buried interface is to use the MIT geometry. In the MIT spectrum the 

features corresponding to Si-H stretching vibrations at the Si/SiO2 interface (2100 

cm-1) or in the oxide layer (2270 cm-1) and the absorption features of O-H stretching 

vibrations in water molecules (broad band centred at 3400 cm-1) and in isolated 

silanol species (3740 cm-1) can clearly be observed. 

 Chabal [Cha88] showed that the absorption for p-polarisation in the case of 

transmission of the IR light through a three-layer system is: 
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where (∆I/I0) is the absorption, θ is the internal angle, d and ε~ are the thickness and 

the dielectric constant of the interface layer. The absorption is divided into two terms: 

one proportional to the imaginary part of ε~  and the other to the imaginary part of 

- ε~/1 , which describe the component of absorption parallel and normal to the 

interface, respectively [Cha95]. Considering equation (3.5) the component of 

absorption normal to the interface is enhanced in respect to the parallel component 

by a factor:         ( )
( )θε
θ
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In the case of external transmission (ET) the internal angle θ can never be 

larger than sin-1(1/n). This means for silicon (nSi=3.42) (θET)max≈17°. Considering that 

for the silicon oxide interfacial layer we have 3.1~ 21 ≈ε  [Wel96b] the enhancement 

factor given by equation (3.6) in the case of external transmission is ~7.5. In the case 

of MIT geometry the internal angle in our experiments is ~38° which gives an 

enhancement factor per pass of ~50. 

The ratio between the sensitivity of the MIT geometry and that of the ET 

geometry for the components of absorbance perpendicular to the interface is 

enhanced by the following factor:  
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where N is the number of passes and θMIT and θET are the internal angles for MIT and 

ET, respectively (as plotted in figure 3.9). In this case θMIT~38° and considering that 

θET=16.3° for external transmission at the Brewster angle we obtain an enhancement 

of perpendicular absorption of ~5.4 per pass for MIT compared with the ET geometry. 

Under these conditions considering the number of passes we obtain that the 

sensitivity of MIT is larger by more than 2 orders of magnitude compared with the 

sensitivity of ET for the absorption perpendicular to the interface. This fact provides 

the reason for using p-polarised light. Another reason is that p-polarised light 

interacts with the bonds normal to the interface which are more involved in the 

bonding mechanism. In the MIT spectrum of figure 3.11 the absorption features of 

the chemical species at the interface can easily be seen, while the region below 1500 

cm-1 becomes practically opaque due to Si multiphonon absorption. 

 Another advantage of the two-coupling prisms MIT geometry is that using 

prisms with different angles made of different materials (KRS5, ZnSe, Si, Ge) the 

internal angle θMIT can be tuned so that the sensitivity ratio (∆IMIT/∆IET)⊥ can be further 

improved. It was also found [Wel96b] that the sensitivity of the MIT configuration is 

20 times that of the traditional MIR. Considering these enhancement factors the 

interpretation of MIT spectra for p-polarisation is straightforward: the outer surface 

absorption are negligible compared to the perpendicular component of the interface 

absorption. 
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3.1.4. Heating chamber for in situ MIT measurements 
 
 Part of the room temperature Si-Si bonded wafers were further annealed in a 

small home built low-vacuum annealing chamber placed in the air-purge box of the 

spectrometer. Pictures of the experimental set-up used are shown in the figure 3.12: 

heating plate and MIT configuration (a) and the chamber with the electrical and 

vacuum connectors (b). The IR light coming from the spectrometer is polarized by the 

polariser (1) and guided by the mirror (2) through the IR windows (3) on the first 

prism (4). The windows are made of CaF2, which is an material transparent above 

1500 cm-1. The prisms are made of ZnSe and have an angle α=60° which provide the 

same internal angle θMIT=38° as KRS5 62° prisms used for ex situ measurements. 

KRS5 prisms were not used for measurements during annealing for safety reasons 

(KRS5 material contains thallium which can be evaporated during annealing). ZnSe 

was the best material for annealing up to 400°C considering its mechanical, thermal 

and optical properties. The prisms (4) will couple the light inside the Si-Si bonded 

wafer (5). The IR light will be internal reflected several times in the sample until the 

second prism (4’) will guide the light out of the sample. The light will be further 

transmitted through the windows (3’) and by reflection on the mirror (2’) directed to 

the detector. 

    
 
Fig. 3.12. Experimental set-up for in situ MIT measurements: MIT geometry and heating plate (a); 
annealing low-vacuum chamber (b). 
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 As can be seen in the pictures, the mirrors are adjustable by screws that allow 

a good alignment of the light into the system. The heating plate (6) can be electrically 

heated by a current applied through the connector (7). The same connector allows 
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the measurement of the temperature using a thermocouple which is placed on the 

heating plate. The temperature was calibrated prior the measurements. A vacuum of 

~ 5⋅10-3 mbar is realised in the chamber by a mechanical pump connected to the 

system by the vacuum connector (8). The experimental set-up presented above 

allows to record IR spectra for the RT bonded samples during annealing. This makes 

a real-time monitoring of the chemical species present at the interface and their 

evolution with annealing temperature possible. For the doping level of the present Si 

wafers the IR radiation is totally absorbed by free carriers at temperatures higher 

than 230°C. The MIT configuration we applied should also work at higher 

temperatures for samples produced using semi-insulating Si wafers. However, even 

for the doping concentration of the samples under study the MIT geometry used 

allowed the monitoring of the chemical species and the understanding of the bonding 

mechanism up to temperature slightly above 200°C, which is the temperature range 

desired for technical applications. 
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3.2. Variable Angle Spectroscopic Ellipsometry 
 

3.2.1. Principles. Experimental set-up 
 Spectroscopic ellipsometry is an optical technique which measures the 

changes of the polarization state of a polarized light beam after reflection from the 

sample under study (see figure 3.13). The change is measured by the ellipsometric 

parameters ψ and ∆. ψ is the ratio of the amplitudes of the Fresnel reflection 

coefficients for the electric field component with polarization in the plane of incidence 

(p-polarization) to that with polarization perpendicular to the plane of incidence (s-

polarization). ∆ is the phase retardation between the two Fresnel reflection 

coefficients rp and rs. The ratio ρ of these reflection coefficients is measured by the 

ellipsometer [Azz92]: 

∆⋅== i
s

p er
r

ψρ tan                                                             (3.8) 

Changes in ψ and ∆ depend on the 

thickness, roughness, porosity, 

refractive index (n), extinction 

coefficient (k) of the layers and 

substrate. For a given sample, the 

magnitude of the change in ψ and 

∆ is different at different angles of 

incidence [Sun02a]. A larger 

change gives more accurate 

results, and for this reason data 

are usually taken at various 

incident angles to find the angles that give the biggest change in ψ and ∆. For 

semiconductor materials most precision can be acquired at angles around the 

Brewster angle. Variable Angle Spectroscopic Ellipsometry (VASE) uses a large 

number of angles and wavelengths for data acquisition in order to improve the 

analysis precision. 

ES

EP

substrate (nsub,ksub)
layer  (nlay, klay, dlay)

EL
Eel

φ0

Linearly polarised light Elliptically polarised light

Fig. 3.13. Interaction of linear polarized light with a 
sample. 
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 The ellipsometric ψ and ∆ data measured on a sample can be directly 

converted into the pseudo-optical constants or pseudo-dielectric function <ε> of the 

sample as follows [Woo99]: 
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where <ε1> and <ε2> are the real and imaginary part of the pseudo-dielectric function; 

<n> and <k> are the pseudo refractive index and pseudo extinction coefficient and φ 

is the incidence angle. These quantities are called pseudo because they are not a 

property of a certain material, but describe the average properties of the sample in 

the region penetrated by the light. 

 
Fig. 3.14. Woollam VASE Ellipsometer. Optical fiber (1), polarizer (2), sample (3), analyser 
(4) and autoretarder (5) are marked on the picture by numbers. 

54 
3 2 1

 The Ellipsometric measurements presented in this work were measured using 

a rotating analyzer VASE Woollam ellipsometer (see figure 3.14). The light (250-

1700 nm spectral range) from a short arc xenon lamp is guided through an optical 

fiber (1) from a monochromator to the input polarizer unit (2). The changes in the 

polarization of the linearly polarized light will be analyzed by the rotating analyzer (4) 

in terms of ψ and ∆ ellipsometric parameters after reflection on the sample (3). An 

automatic ψ and ∆ spectroscopic scan can be realized at different angles of 
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incidence. The precision in measuring the incidence angle is 0.01°. Using this type of 

ellipsometer the “handedness” of the ellipsometric ∆ parameter cannot be 

determined. ∆ can range from 0° to 360° but for ∆>180° the system will report 

∆meas=360°-∆real. In this way the values for the measured ∆ are between 0° and 180°, 

so there is no distinction between left and right handed polarization. 

 This disadvantage was overcome in December 2001 by upgrading the VASE 

system with an autoretarder (5). This device changes the input polarization state to 

well known polarizations. By measurements with multiple input conditions, the 

resulting data have maximum confidence and ∆ can be accurately measured 

between 0° and 360° (or any other interval of a length of 360°). In  figure 3.15 we 

present ∆ ellipsometric spectra for a xerogel film on a Si substrate measured without 

(woAR) and with autoretarder (AR). We can observe the mirroring of the spectra by 

the line ∆=180° which indicates that ∆woAR=360°-∆AR for ∆>180°. 
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.15. ∆ ellipsometric spectra for a xerogel film on Si sample measured without
 symbols) and with (filled symbols) autoretarder. 
o extract useful information about a sample (thickness, optical constants, 

ss of the layers) the experimental data must be compared with the data 

ed using a model which describes the optical response of the sample. The 

m for analyzing the VASE data is schematically presented in figure 3.16. 
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Fig. 3.16. Analysis procedure for VASE data. 

Analytic expressions (Fresnel equations applied to the assumed model) can be 

written for predicting ψ and ∆ as a function of optical constants and thicknesses of 

the layers. The expression of calculating ψ and ∆ will be not presented here, but can 

be found in standard references [Azz92]. In the case of complex material systems, a 

matrix multiplication procedure is used, each layer and boundary being represented 

by a matrix. The software WVASE [Joh95] is capable to do the matrix multiplications, 

predicting the ellipsometric data for a multilayer structure. 

The unknown parameters in the model are adjusted in order to get the best fit 

between the model and the experimental data. The algorithm of doing this fit is to 

minimize the Mean Square Error (MSE) value which is used to quantify the 

differences between the experimental and predicted data [Woo99]: 
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where N is the number of measured ψ and ∆ pairs, M is the number of fit parameters, 

σψ
exp and σ∆

exp are the standard deviations of the experimental data points. From 

equation (3.10) it can be seen that noisy measurements with corresponding large 

standard deviation will not be strongly weighted in the fit. 
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3.2.2. Models for data evaluation 
 
 To extract material properties from the analysis of VASE data it is very 

important to build a model which describes the optical response of the sample and 

have enough flexibility to accurately fit the experimental data [Joh95]. 

Cauchy dispersion relation 

For the parametrization of the refractive index of transparent materials the 

Cauchy dispersion relation is well suited: 

( ) +++= 42 λλ
λ nn

n
CBAn                                           (3.11) 

where An, Bn, Cn, are constants which can be fit parameters. Some of the xerogel 

samples under study in this work absorb radiation at the UV edge of the spectrum. 

The optical response of these samples has been modeled by adding to the Cauchy 

dispersion an Urbach absorption relation [Joh95]:  
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λ                                           (3.12) 

where Ak, Bk and Ck are constants with Ck representing the band edge. 

Effective Medium Approximations 

For the determination of porosity in the xerogel films, which are a mixture of 

silicon oxide and voids, Effective Medium Approximation (EMA) models were 

employed. EMA models are the most appropriate tool to calculate optical constants 

of heterogeneous materials which are mixtures of constituents of different optical 

constants [Ohw97]. For light waves with wavelengths much longer than the 

dimensions of the inhomogeneities the heterogeneous materials can be treated as a 

homogeneous material with an effective dielectric constant εeff by means of the 

Bergman EMA theory. In this approximation εeff  depends on the dielectric constants 

of the constituents ε, of the host material εh and the topology of the system, as follow 

[Bau96]:                                
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where f is the volume fraction of the component with the dielectric constant ε, c is the 

degree of connectivity of the component and g(f,c) is called spectral density and 

describes the topology of the system. The 

function g(f,c) is difficult to be calculated even if 

the topology is known and because of this, 

simple mixing equations as presented below 

can  simplify the formula (3.13). 

 For isotropically disordered systems 

consisting of two media a and b having the 

dielectric constants εa and εb embedded in a 

host medium with dielectric constant εh, the 

dielectric constant  can be written in the 

approximation of spherical inclusions as: 

ε~

        (3.14)  
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where fa and fb are the volume fractions of the 

media a and b. The approximation given by 

equation (3.14) has three different particular cases depending on how the 

components are embedded into the host matrix (figure 3.17) [Ohw97]: 

 
Fig. 3.17. Schematic representations
of effective medium theories [Ohw97].

1). Lorentz-Lorenz approximation (εh=1, figure 3.17 a) considers that the host 

medium is air, so that the dielectric constant ε~  of the mixture can be written as:  
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2). Maxwell-Garnett (figure 3.17 b and c) assumes that one of two media a and b is 

the host medium (εh=εa or εh=εb). Considering as host medium the component b, ε~  

becomes:  

ba

ba
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b f
εε
εε

εε
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−

⋅=
+
−                                                    (3.16) 

3) Bruggeman  

The Lorentz-Lorenz method cannot exclude the presence of voids and for Maxwell-

Garnett approximation ε~ is dependent on the choice of the host medium. To solve 
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this problem the Bruggeman theory (figure 3.17 d) assumes that the inclusions 

should be considered as being embedded in the effective medium itself (εh=ε~ ), so 

neither phase should be given a preference. In these conditions ε~  can be calculated 

using the relation:             
εε
εε

εε
εε
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~
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+
−
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−

⋅=
b

b
b

a

a
a ff                                             (3.17) 

Silica xerogel films consist 

of a porous structure which is an 

isotropic mixture of silicon oxide 

and voids, as can be seen in the 

Scanning Electron Microscopy 

(SEM) picture in figure 3.18. It 

should be noted that Maxwell-

Garnett, Lorentz-Lorenz and 

Bruggeman expressions are all 

related and differ only in the 

choice of the host medium. In this 

work the Maxwell-Garnett 

approximation was preferred 

because it considers the xerogels as a host silica matrix with the pores “seen” as 

voids embedded into the matrix. For a direct comparison of VASE results with 

Ellipsometric Porosimetry (EP) results the Lorentz-Lorenz approximation was used 

because the software to treat EP data is based on this approximation. However, 

when using the three different EMA models described above to fit the ψ and ∆ 

ellipsometric spectra of silica xerogel films very close values (differences below 2%) 

were obtained for the porosity of the films f=Vpores/Vfilm and for MSE. 

Fig 3.18. SEM picture of a silica xerogel sample. 
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3.2.3. Ellipsometric Porosimetry 
 
 Ellipsometric porosimetry (EP) is a method which uses the changes of the 

optical characteristics of porous films during adsorption and/or desorption of an 

adsorbate in/from the pores, and determines the amount of the adsorbate inside the 

pores [Bak00a, Bak00b]. The EP results shown in this work were obtained at IMEC 

Leuven using an experimental set-up (figure 3.19) consisting of a high-vacuum 

chamber equipped with a pumping system and a source of an adsorptive liquid which 

allow admission of the vapors into the chamber at controllable pressure. The system 

is coupled with an one-wavelength ellipsometer (λ= 632.8 nm) which measures the ψ 

and ∆ values during adsorption and desorption of the adsorbent in the pores of the 

xerogel film. 

 The porosity values are determined as 

in the case of classical ellipsometry by using 

EMA models for data evaluation. Considering 

the Lorentz-Lorenz approximation (Eq. 3.15) 

the relation ε=n2, and the pores being initially 

filled with air (εb=1) the porosity of the film 

can be calculated as: 

           (3.16) 
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where nr is the measured refractive index of the porous film and ns is the refractive 

index of the skeleton. In the case of adsorption of a substance inside the pores the 

adsorptive vapors condenses in the pores even if the vapor pressure P is less than 

the equilibrium pressure of a flat liquid surface P0 [Bak00b]. Near to the equilibrium 

pressure P=P0, the Lorentz-Lorenz EMA model can be also applied considering that 

the pores are filled with an adsorptive liquid of a known refractive index. Using 

several adsorbents and applying Lorentz-Lorenz EMA in each case, it was found that 

the refractive index of the skeleton is equal with the refractive index of silica. 

 
Fig. 3.19. Schematic representation of 
the system used for EP measurements. 

pumpPC

P

adsorptive

laser

sample

detector

 The dependence of the adsorptive volume on the relative pressure P/P0 is an 

adsorption or desorption isotherm. Typical adsorption/desorption isotherms of 

toluene in/from a xerogel film are shown in figure 3.20.a. The porosity can be 
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Fig. 3.20. Typical adsorption and desorption isotherms of the toluene in/from the pores of
a xerogel film (a) and the corresponding pore size distribution (b). 

determined from the saturation values of these isotherms. The porosity determined in 

this way is the “open” porosity because it refers to the open pores which are 

accessible to the liquid adsorption. By comparing “open” porosity obtained from EP 

with “full” porosity obtained from VASE important information about the degree of 

connectivity of the pores can be obtained. 

 It was found that the radii of the pores, r, have a dependence on the relative 

pressure P/P0 and can in the case of cylindrical pore be approximated by the Kelvin 

equation [Bak00a]:  
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0
ln2
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V
RT

r Lγ
                                                          (3.17) 

where γ and VL are surface tension and molar volume of the adsorbed liquid. Using 

Kelvin and Brauner-Emmet-Teller (BET) equations [Bak00b] the pore size distribution 

(PSD) can be calculated from the desorption isotherms. The calculated PSD for the 

desorption isotherm in figure 3.20.a is shown in figure 3.20.b. 
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Chapter 4 
4 Properties of Si—Si bonded wafers. 
 

4.1. High temperature Si—Si wafer bonding with 
RCA and O2 plasma pretreatment. 
This chapter presents an investigation of the influence of annealing on the 

properties of oxide layers (layer thickness, strain relaxation) which are formed at 

surfaces and interfaces in Si-Si wafers bonds using spectroscopic methods 

(ellipsometry and IR spectroscopy) and High Resolution Transmission Electron 

Microscopy (HRTEM). Prior to bonding the Si wafers were cleaned in RCA solution 

and treated by an O2 plasma. After bonding the samples were annealed in nitrogen 

for 6h at 400°C, 800°C and 1100°C, respectively. 

 

4.1.1. Determination of surface oxide thickness 
  The imaginary part of the pseudo-dielectric function (Im <ε>) for prebonded, 

i.e. room temperature bonded 

without any further annealing 

step, and 800°C and 1100°C 

annealed Si-Si wafer bonds is 

plotted in figure 4.1. The 

features in the spectra at 3.3 

and 4.2 eV correspond to E1 

and E2 interband critical points 

of Si, respectively. Annealing 

obviously causes changes in 

(Im <ε>) (red shift of E1 and 

decrease of Im<ε> near E2) that 

can be explained by an 

increasing surface silicon oxide 

thickness. The values for the 

surface oxide thickness were 
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Fig. 4.1. Experimental (symbols) and simulated (lines) 
imaginary part of the pseudo-dielectric function for Si-Si 
bonded wafers annealed at different temperatures. Inset
shows the surface oxide thickness determined from the
best fit to the experimental data. 

 1100°C
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determined from the best fit to the experimental pseudo-dielectric function spectra, by 

means of the WVASE 32 program [Joh95]. The pseudo-dielectric function used in the 

calculation considers the dependence of Fresnel reflection coefficients on the 

refractive indices of the surface layer (SiO2) and the Si substrate and on the 

thickness of the surface layer. In this curve fitting procedure, optical constants in the 

visible range for SiO2 and Si taken from literature [Jel92,Pal85] were used and the 

thickness of the surface layer was the variable parameter. The surface oxide 

thicknesses as a function of annealing temperature are shown in the inset to figure 

4.1. The surface oxide thickness increases from (3.5 ± 0.2) nm for the prebonded 

sample and up to a value of (10.7 ± 0.2) nm for the sample annealed at 1100°C. 

 

4.1.2. Evaluation of the “reststrahlen” band: Strain relaxation 
of the surface oxide with annealing. 
 

The changes in the thickness and structure of the surface and interface silicon 

oxide layers upon annealing can be evidenced by infrared spectroscopy in the 

spectral range of the “reststrahlen” band of SiO2 (950-1300 cm-1). The IR 

transmission spectra of Si-Si wafer bonds measured with p-polarized light at oblique 

incidence (70°) are presented in figure 4.2. by solid lines. Due to the Berreman effect 

[Ber63] the experimental geometry used allows both TO and LO vibrations in SiO2 to 

be observed. Indeed, the IR spectra shown in figure 4.2. reveal two absorption 

features at 1107 cm-1 and at about 1250 cm-1. The band at 1250 cm-1 assigned to LO 

phonons undergoes changes in intensity and frequency position. The shift of LO 

phonons from 1247 cm-1 for the prebonded sample to 1256.5 cm-1 for the sample 

annealed at 1100°C will be discussed later. The strong feature at 1107 cm-1, 

however, corresponds to absorption due to interstitial oxygen in silicon bulk and only 

the weak shoulder appearing at 1050 cm-1 is due to the TO phonon line in silicon 

oxide. The inset to figure 4.2 shows the decrease of the absorption band at 1107 cm-

1 of about 0.5% which occurs as a result of annealing. This indicates that diffusion of 

interstitial oxygen from bulk silicon to the surfaces and buried interface [Ahn90] with 

further formation of silicon oxide takes place. 

 The IR transmission spectra of Si-Si bonded wafers contain information on 

both surface and buried interface oxides. In order to distinguish between the surface 
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contributions in the IR spectra of the bonds, the surface oxide of Si-Si 

s was removed by chemical etching in HF (40%) solution for 2-5 

minutes. After etching, the samples 

were measured again in the same 

geometry. No differences in the 

spectra of samples etched for 2 and 5 

minutes were observed. It can thus be 

concluded that the etching process 

entirely removes the surface oxide but 

does not affect the interface oxide. 

The spectra of Si-Si bonded wafers 

after etching are presented in figure 

4.2 by dotted lines. The same shift of 

the LO frequency position is observed 

for etched and non-etched samples 

upon annealing. This behaviour 
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the internal structure of the oxide at the surface and the interface is 

hile no changes are observed in the frequency position of LO modes 

r etching, the intensity of these modes and the shoulder appearing at 

ease significantly after etching.  

 to obtain the IR response of the surface oxide, the spectra of non-

nded wafers (solid lines in figure 4.2) were divided by the spectra of 

ched in HF (dotted lines in figure 4.2). Spectra obtained as a result of 

ion procedure are shown in figure 4.3. This procedure allows the TO 

 of the surface oxide located at about 1050 cm-1 to be clearly 

he increasing intensity of both LO and TO modes upon annealing is 

he increase of surface oxide thickness confirming the ellipsometric 

ncreasing temperature, both vibrational modes shift towards higher 

t the magnitude of the shifts differs for TO and LO modes. 

tailed analysis of the spectral changes the TO and LO frequencies 

ν2
TO value are plotted in figure 4.4 as a function of annealing 

he error bars of ν2
LO-ν2

TO values are derived from the errors in the 

f LO and TO frequencies. Apparently both νTO and νLO increase with 

erature. The magnitude of the TO shift is larger, leading to a decrease 

ing. There are two possible reasons for such a change occurring in the 
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ν2
LO-ν2

TO value, namely strain relaxation and changes in stoichiometry. Improving 

stoichiometry at a silicon/silicon oxide interface with increasing oxide thickness, i.e. 

an increasing SiO2 content in a SiO/SiO2 mixture, is accompanied by an increase of 

LO-TO splitting [Que00]. The decrease of the ν2
LO-ν2

TO value with annealing 

temperature, which was experimentally observed can consequently not be explained 

by improving stoichiometry. Therefore, only strain relaxation can be responsible for 

the behaviour of TO and LO phonons. 

 The central-force network model [Gal79] allows the relation between LO and 

TO frequency positions, ν2
LO-ν2

TO values and strain in surface silicon oxides to be 

established. Using this model the frequencies of TO and LO modes of the 

asymmetric O stretch vibrations in SiO2 depend on the Si-O-Si bridge bond angle as 

follows [Leh82]: 
21
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where α, β are the central and non-central force constants, γ ~ ρ/(2m+M); m and M 

are the masses of O and Si atoms, ρ is the density of SiO2. Taking into consideration 

the ratio β/α ≈ 0.16 [Gal79], β can be neglected and the relations can be written as: 

2
sin0

θνν =TO                                                               (4.3) 

)2(~22 MmTOLO +− ρνν                                                  (4.4) 

were mαν 20 =  was determined to be 1134 cm-1 assuming that a TO frequency 

position at 1078.5 cm-1 corresponds to completely unstrained vitreous silica (θ = 

144°) [And00]. Using the experimental values of νTO, it was found that the Si-O-Si 

bond angle increases from 137.7° for the prebonded sample to 143° for the sample 

annealed at 1100°C. Increasing annealing temperature thus leads to an increase of 

TO frequency position that correlates with the increase of Si-O-Si bridge angle θ. At 

the same time, one can see from equation (4.4) that the decrease of the ν2
LO-ν2

TO 

value is obviously connected with a decreasing atomic density ρ. Consequently 

increasing annealing temperature also results in a reduction of strain in surface 

oxides, manifested by increasing θ and decreasing ρ. The evolution of the optical 

phonons with annealing observed in our IR experiments is consistent with that of 
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vitreous silica [Ish97] rather than wet chemical [Gur99] or thermally grown oxide 

[Ish97]. 

 The frequency positions of LO phonons observed in the IR spectra of oxides 

are exactly the same for etched and non-etched bonds. If the LO-TO splitting is also 

the same it is very likely that the internal structure of surface and interface oxides is 

very similar. 

 

4.1.3. Determination of buried interface thickness: growth of 
interface oxide with annealing. 
 

While the thickness of the surface oxide can be determined precisely from 

ellipsometry measurements, the characterisation of the interface oxide is not possible 

due to a small penetration depth of the light in Si in the visible and UV spectral range. 

However, the buried oxide thickness can be evaluated from IR spectra of Si-Si wafer 

bonds. 

The buried oxide thickness was determined from the best fit of the IR spectra 

of etched Si-Si bonded [Him01a]. In the simulation, the IR transmission spectra were 

calculated using the E-H matrix method applied for a multi-layer system [Azz92, 

Joh95]. In the calculation of IR transmission spectra of etched Si-Si bonded wafers 

the propagation of light through the multilayered structures is completely described 

by the dielectric function ε~  and the thickness d of each layer. This model considers 

that propagation of light in a layer is governed by linear equations and the continuity 

of the tangential field across an interface between two isotropic media can be written 

as a 2×2 matrix [Azz92]. Following this approach the complex reflectance and 

transmittance coefficients r~  and t~  can be determined as follows: 
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In the case of n layers sandwiched between two semiinfinite ambient media (0), the 

elements of the matrix τ can be deduced from: 
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were Ik,k+1 are the matrices of the interface between k and k+1 media, and Lk is the 

matrix of propagation in the layer k. These matrices can be written as: 
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were tk,k+1 and rk,k+1 are Fresnel’s coefficients of transmission and reflection at the 

k,k+1 interface, , dkn~ k, βk are the complex indices of refraction, thickness and phase 

thickness of layer k, respectively. φk is the angle between the direction of light 

propagation in the layer k and the normal to sample surface. This angle can be 

calculated from the angle of incidence using Snell’s law: 

nnnnn Φ==Φ=Φ sin~sin~sin~
1100                           (4.8) 

The extinction coefficient of Si which is very sensitive to the concentration of 

interstitial oxygen (band at 1107 cm-1) atoms in bulk Si, was determined from the best 

fit to an IR transmission 

spectrum of an etched single Si 

wafer. Thus, the phonon 

absorption in Si bulk was 

automatically taken into 

account. The extinction 

coefficient of Si obtained and 

the literature data for silicon 

oxide [Pal85] were then used for 

the simulation of the IR 

transmission spectra of etched 

Si-Si bonded wafers taking the 

oxide thickness as a fitting 

parameter. The interface oxide 

layer was represented as a SiO2 

layer clad by two thin (0.7 nm) 

intermixed SiO2/SiO layers (with 
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(lines) IR transmission spectra of etched Si-Si
bonded wafers. 
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40% of SiO2) to describe the Si/SiO2 

interface region according to the 

arguments of Queeny et al. [Qui00]. 

The IR spectra calculated using this 

model are shown in figure 4.5 (solid 

lines) together with the experimental 

ones (symbols). One can easily see 

that a very good agreement between 

calculated and experimental spectra 

was obtained.  

The change of interface oxide 

thickness of Si-Si bonded wafers 

with annealing temperature 

evaluated from the calculation is 

shown in the figure 4.6 by filled 

squares together with the values of 

surface thickness determine from 

ellipsometry (open circles). The buried oxide layer thickness increases continuously 

from (4.8 ± 0.25) nm for the prebonded sample, i.e. room temperature bonded 

without any further annealing step, up to (6.0 ± 0.25) nm for the sample annealed at 

1100°C. However, in a previous study [Wel96b] a saturation of the oxide thickness 

with annealing above 800°C was found from analysis of MIT absorption by LO 

phonons in the buried oxide. 
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Fig. 4.6. Surface (ellipsometry results are shown 
by circles) and interface (IR and HRTEM data are 
squares and triangles, respectively) oxide 
thicknesses as a function of annealing 
temperature. 

 In order to verify the buried oxide thicknesses determined using IR 

spectroscopy, HRTEM measurements were additionally performed [Him01b]. The 

cross sectional HRTEM images of the bonded wafers are shown in figure 4.7. The 

values of interface oxide layer thickness obtained from HRTEM images are also 

shown in figure 4.6 by triangles. Obviously, the results deduced from infrared 

spectroscopy correspond very well with those of HRTEM measurements. The 

HRTEM characterization of the prebonded sample is not available because a low 

bond energy leads to wafer debonding during HRTEM sample preparation. Thus, up 

to now the IR spectroscopy is the only non-destructive method which allows the 

buried interface oxide thickness even for the prebonded sample to be evaluated.  
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Fig. 4.7. Cross sectional HRTEM images of the interface regions of the bonds annealed at
400°C (a), 800°C (b) and 1100°C (c). 

Understanding of interface oxide formation requires not only the thickness and 

internal structure but also the chemical species to be determined. Figure 4.8 shows 

MIT spectra of Si-Si bonded wafers annealed at different temperatures in the spectral 

range of OH and SiH bands. Due to strongly enhanced absorption at the interface 

[Wel96b], only the chemical species absorbed at buried interface can be observed. It 

is clearly observable that the spectrum of the prebonded sample is dominated by the 

2000 2100 2200 2300 3000 3200 3400 3600 3800

a) O3-SiH
species

 SiH
species

 

 

No
rm

al
ise

d 
M

IT
 tr

an
sm

itt
an

ce

Wavenumber / cm-1

b)

 

Si-OH
species

OH species
 in water

 
Fig.4.8. p- polarized IR MIT spectra of the prebonded (dashed lines) and annealed at
400°C (solid lines) and 800°C (dotted lines) Si-Si wafer bonds measured in the spectral
regions of SiH and O3–SiH species (a) and OH and Si–OH species (b). The spectra
were normalised with respect to spectrum of the sample annealed at 1100°C. 
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absorption at 2105 cm-1 assigned to Si-H stretch modes in dihydride species at the 

(100) silicon surface [Cha86] (figure 4.8.a) and by the broad absorption band 

centered at 3460 cm-1 attributed to O-H stretch vibrations of water molecules 

adsorbed at the interface of prebonded wafers (figure 4.8.b). Annealing of Si-Si 

bonded wafers at 400°C causes a strong decrease of the absorption band centered 

at 3460 cm-1 due to loss of the water at the interface. In addition, new features 

appear at 3680 cm-1 and 3737 cm-1 attributed to O-H stretch vibrations in H bonded 

silanol (Si-OH) groups and to isolated (not H bonded) silanol groups at the buried 

interface, respectively [Fei94]. The decomposition of water causes an increased 

absorption by Si-H stretch vibrations at 2105 cm-1. At the same time a new band at 

2270 cm-1, which corresponds to the Si-H vibrations in O3-Si-H species appears. 

Further annealing of samples at 800°C leads to a disappearance of silanol species. 

This fact is accompanied by the decrease of intensity of the SiH band at 2105 cm-1 

and the increasing absorption by O3-Si-H species at 2270 cm-1. The frequency 

position of O3-Si-H band is shifted towards higher frequencies with annealing from 

400°C to 800°C. This relates to diffusion of hydrogen atoms located near the buried 

interface into the oxide layer [Mil99]. 

The MIT measurements performed on Si-Si bonded wafers show the role of 

the chemical species in the growth of buried oxide with annealing. In the temperature 

range below 400°C, decomposition of water determines the increase of buried 

interface thickness by oxidizing the crystalline Si. Further annealing induces the 

condensation and formation of silanol species which again leads to an increase of 

interface oxide thickness. This is consistent with the model of wafer bonding 

[Wel96a]. The growth of oxide during this last step of annealing (800°-1100°C) is 

determined by the diffusion of oxygen from silicon bulk in silicon oxide layers. This 

mechanism is suggested by the attenuation of interstitial oxygen band (at 1107 cm-1) 

in the IR transmission spectra upon annealing as can be seen from the inset of figure 

4.2. 
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4.2. Low temperature wafer bonding 
Significant progress has been achieved in understanding and optimizing Si-Si 

wafer bonding processes, especially at high temperature [Ton99]. However, 

microelectronic applications require bonding processes at low temperatures (below 

400°C). In this subchapter a comparative analysis of IR response of low temperature 

Si-Si bonded wafers prepared using different surface activation treatments is 

presented and mechanisms for low temperature bonding are proposed. 

 

4.2.1. Monitoring of chemical species at buried interfaces 
during annealing of RCA, O2-plasma and RIE Si—Si bonded wafers. 
 
 In order to achieve hydrophilic Si surfaces different wet chemical treatments 

and surface plasma activation were used as presented in Table 4.1. For each 

process (RCA, O2 plasma and RIE) three sets of RT samples were produced. One 

set of samples was annealed in N2 for 6h at 200°C and another set was annealed in 

the same condition at 400°C. The RT bonded samples were further annealed in a 

small low-vacuum annealing 

chamber placed in the air-

purge box of the 

spectrometer. The spectra 

were recorded at different 

temperatures in the range 

30°-225°C. With increasing 

annealing temperature the 

absorption of IR light by free 

carrier increases. The spectra measured during annealing are corrected for the 

carrier absorption by multiplying each spectrum to get the same transmittance level 

as for the samples at RT. 

 

Sample 
(native oxide)

Pre- treatment 

RCA RCA 
O2 plasma O2 plasma (barrel reactor) + DI 

water rinsing 
RIE Reactive Ion Etching (RIE) –

O2 plasma + DI water rinsing 
 

Table 4.1. Description of the pre-treatments of the Si 
wafers before room temperature bonding. 

 At room temperature bonding of two hydrophilic wafers is realised by 

the hydrogen bonding between the water molecules adsorbed on the two surfaces 

[Ton99]. The MIT IR spectra for all RT bonded samples (RCA,O2 plasma, RIE) in 

figure 4.9 are dominated by a broad absorption band between 3000-3800 cm-1 
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itu MIT IR spectra recorded during annealing in the region of water and
ption for a) RCA b) O2 plasma and c) RIE samples. The temperature
the direction of the arrows in the order: 30°, 100°, 125°, 150°, 175°, 200°
 to the stretching vibrations of different hydroxyl groups [Him02b]. The 

sma samples contain more molecular water (bands centred at ~ 3400-

 the interface compared to the RCA sample, because the plasma 

duces a more reactive surface able to adsorb more water. During 

t of the molecular water diffuses away from the bonded interface or 

layer reaching the Si crystal and oxidising it.  

reasing annealing temperature different rearrangements of the water 

pecies take place. For all samples heating induces a reduction in the 

 band at 3400 cm-1 indicating the loss of water at the interface. Part of 

cules attack the most strained Si-O-Si bonds leading to an increasing 

 groups (slow fracture effect [Mic84]): 

H2O + ≡Si–O–Si≡ ⇒ ≡Si–OH + HO–Si≡                                (4.9) 
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At 150°C a band centred at 3500-3550 cm-1 corresponding to H stretching 

vibration of the surface SiOH species which is hydrogen bonded to molecular water 

[Bri90] can be distinguished. At the same time a band at 3737 cm-1 develops as 

observed for the RCA sample while in the other two samples a band at 3650 cm-1 (in 

RIE sample) and a shoulder at the same frequency (in O2 plasma sample) appear. 

This means that in the RCA sample isolated (no H bonded) SiOH species are formed 

while for the other samples the SiOH species are mutually H-bonded [Bri90]. In the 

case of the RCA sample the isolated SiOH groups do not contribute to the bonding 

mechanism. For O2 plasma and RIE treated samples the SiOH groups are H bonded 

to either vicinal SiOH from the same surface or to SiOH from the opposite surface 

and are therefore involved in the bonding mechanism of the two silicon wafers. 

Further increasing of the annealing temperature determine the polymerisation of the 

SiOH species with formation of siloxane [Gös99]: 

≡Si–OH + HO–Si≡   ⇒ ≡Si–O–Si≡ + H2O                             (4.10) 

reflected by the decrease of intensity at 3650 cm-1 especially in the spectra for O2 

and RIE samples. When this polymerisation appears between species at opposite 

surfaces Si-O-Si bridges are formed at the interface contributing to the increasing 

bonding energy.  

Formation of Si-O-Si bridges is limited by the contact area of the two surfaces 

and by the number of Si-OH 

groups at the two Si surfaces. It 

is expected that the plasma 

activation processes will 

increase the surface density of 

Si-OH groups [Sun02b], 

increasing concomitantly the 

probability of strong Si-O-Si 

formation. In very good 

agreement with this statement 

are the values that are obtained 

for bonding energies (see figure 

4.10.) using the blade test 

method. The measured surface 
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Fig 4.10. Surface energies determined by the 
blade method for RCA, O2 plasma and RIE; 
200°C (squares) and 400°C (stars) annealed
samples 
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energies for the samples 

annealed at 200°C are 1.25 J/m2, 

1.4 J/m2, and 1.9 J/m2 for RCA, 

RIE and O2 plasma, respectively. 

The bonding energy of the RT 

samples are below 200 mJ/m2 

and for this reason they cannot 

be accurately measured using 

the blade test method. 

In figure 4.11 the MIT IR 

spectra of the RT samples 

measured at room temperature, 

at 225°C and after cooling and 

storage in air are shown. It can 

be observed that even after 10 

days of storage in air very little 

water is reabsorbed at the 

interface. This means that the 

rearrangement of the molecules at the interface which is caused by annealing at 

225°C is stable in time after cooling at RT and storage in air. 
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Fig. 4.11. MIT IR spectra of Si-Si bonded sample 
at RT, 225°C and after cooling and storage in air
for 10 days 

 225°C

 The water molecules formed by condensation (Eq. 4.9) can diffuse into the 

thin oxide layer reaching the Si/SiO2 interface. Here, water dissociates oxidising the 

surrounding crystalline Si and producing Si-H species [Wel96a, Wel96b] or H2 

[Gös99]: 

H2O → Si/SiO2  ⇒ SiO2 + 2 (Ox)SiH                                  (4.11) 

Si +  2 H2O  ⇒ SiO2 + 2H2                                          (4.12) 

where (Ox)SiH denotes hydrogen bound to a Si atom which is bound to x oxygen 

atoms (x=0 when H is bonded to crystalline Si and x=3 when H is bonded to a Si 

atom in the oxide layer).  

Experimental evidence was found for both reactions in the temperature range 

of 200°-400°C. On one hand, it can be observed in figure 4.12 that for the O2 and 

RIE treated samples the band corresponding to the stretching vibration of H at the 

Si/SiO2 interface at 2105 cm-1 [Oga92] is increasing in intensity. On the other hand, it 
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Fig. 4.12. Ex situ MIT IR spectra in the region of Oy-Si-Hx vibrations measured at 
room temperature for a) RCA b) O2 plasma and c) RIE samples. The spectra 
correspond to RT prebonded samples (); 200°C annealed sample (⋅⋅⋅⋅⋅⋅⋅⋅); and 
400°C annealed samples (- - - - ). 

is observable for all samples that with increasing bonding temperature the band at 

2270 cm-1 increases in intensity. This band was attributed to H stretching inside SiO2 

(as O3SiH groups) [Oga92]. 

The H2 molecules produced by the decomposition of water can diffuse into the 

silicon oxide interfacial layer producing O3SiH species. Moreover, it is observed that 

in the RIE sample with more molecular water at the interface at RT the band at 2270 

cm-1 at 400°C is stronger compared to the other two samples. For RIE and RCA 

treated samples having a larger absorption by Oy-Si-Hx species at 400°C IR 

transmission images reveal that small bubbles are formed at the interface. In figure 

4.13 the IR transmission images for RIE sample before and after annealing at 400°C 

are shown.  

In the RCA and RIE samples, where generation of bubbles at 400°C was 

observed, we found that the increasing of surface and interface oxide thickness with 

annealing is faster compared to that of the O2 plasma sample. In figure 4.14 the 
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a) b)a) b)

 
Fig. 4.13. IR transmission image of prebonded (a) and annealed at 400°C (b) RIE sample. 

transmission spectra of Si-Si bonded wafers in the region of LO stretching in silicon 

oxide are presented. As we have shown in section 4.1.3 of this work, the intensity of 

LO absorption correlates with the oxide thickness. We can see from figure 4.14 that 

when the temperature changes from RT up to 400°, the intensity of LO mode it is 

stronger increased for RCA and RIE samples compared with the O2 plasma sample 

suggesting an accelerated oxidation process. 

This fact correlates very well with the appearance of bubbles in RCA and RIE 

samples generated by the H2 

molecules due to oxidation of 

crystalline Si by water 

according to equation (4.12). 

A second argument for the 

statement above is that the 

intensity of the band at ~ 

2270 cm-1 in figure 4.12. for 

RCA and RIE samples is 

higher increased than for O2 

plasma sample when the 

annealing temperature rises 

from RT up to 400°C. This 

indicates that in RCA and 

RIE samples the molecular 
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Fig. 4.14. Transmission spectra (70°, p-polarisation) of
RT and 400°C Si-Si bonded wafers, in the region of LO
mode in silicon oxide. 

O2 plasma
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H2 formed during oxidation will be partially dissolved in the thin oxide (band at 2270 

cm-1) and the rest will form bubbles at the interface [Gös99].  

The bubble generation will decrease the bonding energy because it destructs 

the intimate contact of the two Si surfaces and the formation of strong Si-O-Si 

bridges. In the O2 plasma sample we have seen that the oxidation process is not so 

pronounced, and in this case the few H2 molecules produced will be dissolved in the 

oxide and no bubbles are formed. Consequently the bonding strength for O2 plasma 

sample is larger compared to those of RCA and RIE samples as can be observed 

from figure 4.10. 

 

 

4.2.2. MIT investigation of Si-SiO2 / Si bonded wafers 
 

In the previous section it was shown that the exposure to oxygen plasma is 

more effective in the formation of strong Si-Si bonded wafers than the wet chemical 

(RCA) surface activation at low temperatures. However, the bonding energy is limited 

by bubble formation at the bonded interface. In the case of wafers covered with thin 

native oxide, the H2 produced according to equation (4.12) cannot be dissolved in the 

thin oxide layer and will accumulate in the bubbles. The solution to avoid this problem 

is to use Si wafers covered by thick (1µm) thermal oxide. The H2O molecules present 

at the interface cannot penetrate the thick silicon oxide layer and reach the Si/ SiO2 

interface (to oxidise Si according to equation (4.12)). The water will be trapped at the 

interface, obstructing the formation of Si-O-Si bridges. The combination of thin oxide 

(favouring the consumption of water) and thick oxide (which will dissolve H2 

molecules) has thus been identified to be the most favourable for the formation of 

strong wafer bonding [Krä98]. 

In this section we present a study of Si-SiO2 / Si bonded wafers with different 

pre-treatments for Si wafers: 

– wet chemical activation: RCA or K1 (solution of NH3OH: H2O: H2O2 ); 

– RIE oxygen plasma treatment followed by deionised water rinsing. 

The samples were bonded in air at RT and annealed at 200°C in N2 atmosphere for 

8h. A RCA sample was bonded in low vacuum (1 mbar) and annealed by the same 

procedure. 
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Fig. 4.15. MIT IR spectra in the region of water and SiO-H stretching vibrations for 
200°C Si-SiO2 / Si bonded wafers with RCA, K1 and RIE pre-treatments. 

 K1

 Figure 4.15 shows the MIT IR spectra of the Si-SiO2 / Si bonded wafers 

annealed at 200°C in the region of water and SiO-H absorption. It can be clearly 

seen that the spectra of RIE sample is dominated by a strong absorption band at 

3650 cm-1. This band correspond to coupled Si-OH groups which will polymerize 

favoring formation of Si-O-Si 

bridges (Eq. 4.10). For this 

sample we expect a much 

larger bonding energy than 

for the other three samples. 

 In good agreement 

the blade test method 

performed to determine the 

strength of the bonds 

showed that the value for 

the surface energy for RIE 

sample is more than double 

than that for the other 

samples (see figure 4.16). It 
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Fig. 4.16. Surface energies determined by blade method 
for 200°C annealed Si-SiO2 / Si bonded wafers with RCA, 
K1 and RIE pre-treatments. 
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should be pointed out that IR images show bubble free interfaces for all the samples 

confirming that the thick oxide layer dissolved most of H2 formed by silicon oxidation. 

Unlike to [Ton98] an improvement of surface energy for the RCA sample by bonding 

in vacuum (1mbar) could not be observed.  

Thus surface energy for the RIE sample is much higher than in the case of the 

plasma treated sample with thin interfacial oxide (see previous section). This fact 

reveals the benefit of using thick interfacial oxides. The value of more than 3000 

mJ/m2 for the RIE sample is surprisingly high, because in this temperature range a 

saturation of ~ 1660 mJ/m2 is expected [Ton99, Han00]. This saturation value 

corresponds to a density of 4.6 / nm2 OH groups for the hydrated silica surface, 

supposing that the Si-OH groups are able to be converted entirely into Si-O-Si.  
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Fig. 4.17. Evolution with annealing of the MIT IR spectra for RIE Si-SiO2 / Si 
bonded wafers. 

400°C

In figure 4.17 the evolution of MIT IR spectra of RIE sample with annealing up 

to 400°C is presented. As can bee seen a strong shoulder at 3650 cm-1 exists even 

for the RT bonded sample. This means that the RIE process will provide a surface 

coverage by OH groups higher than 4.6 / nm2. It was found that damages of the 

surface layer by the oxygen plasma can presumably accommodate a high 

concentration of OH groups [Sun02b]. A second effect of the plasma exposure is the 

formation of a disordered surface structure which will increase the water removal 

from the bonded interface allowing the formation of covalent bonds [Ami00]. Both 
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these effects of RIE oxygen plasma treatment can explain the value of 3000 mJ/m2 

for the surface energy of the RIE sample annealed at 200°C. 

Such a high bonding energy for the RIE sample is very well suited for technical 

applications. Low temperature silicon wafer bonding technology based on the RIE 

oxygen plasma treatment was successfully used for the fabrication of Microscanner 

arrays in the Center of Microtechnologie Chemnitz [Ges00]. Debonding experiments 

in most of the cases lead to a fracture in the silicon rather than in a separation at the 

bonded interface [Ges00]. This can be explained by the fact that the energy of Si-O 

bonds (4.5 eV) is larger than the energy of Si-Si bonds (1.9 eV) [Ton 99]. 

58 



Chapter 4. Properties of Si—Si bonded wafers. 
 

 

 

4.3. Mechanisms for low temperature silicon wafer 
bonding. 
 
 In the previous section it was shown that the highest bonding energy was 

obtained for Si-SiO2 / Si bonded wafers activated by RIE oxygen plasma. Figure 

3.18. shows schematically the low temperature bonding mechanism for the Si-SiO2 / 

Si system. The buried interface consist of a thin and a thick oxide layer, and the 

bonded interface (region where the two silica surfaces come into contact). The 

diagram presents the chemical reactions and atomic rearrangements which take 

place at th

of the inve
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 4.18. Schematic diagram of low temperature wafer bonding mechanism for Si-SiO2 /
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e buried interface as indicated by IR spectra and IR transmission images 

stigated bonded wafers. 

T the bonding is realized via hydrogen bridges formed between adsorbed 

ecules and terminal Si-OH groups from silica surfaces. With annealing 
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water molecules trapped at the interface can diffuse away or through the thin oxide 

and react at the Si/SiO2 interface forming additional oxide. During this oxidation 

process molecular hydrogen is formed. Since the thick thermal oxide has an open 

structure the hydrogen molecules can be dissolved in the oxide reducing the bubble 

formation and the gas pressure at the bonded interface [Ton99]. 

On the other hand, molecular water will react with the strained Si-O-Si groups 

at the silica surface forming Si-OH species. RIE plasma activation process will 

produce a very reactive surface so that the density of Si-OH groups which cover the 

silica surface will be very high. This fact is very important for the bonding process 

because when two Si-OH groups from the opposite surfaces come into contact, 

strong covalent Si-O-Si bridges are formed by a condensation reaction. The thin 

oxide will favor the consumption of the resulting water (which cannot diffuse trough 

the thick layer), while the thick oxide will dissolve the hydrogen molecules formed 

(which cannot be dissolved within the thin oxide layer). 
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Chapter 5 
5 Properties of porous low-k xerogel films. 
 

5.1. Determination of thickness, porosity and optical 
constants of xerogel films. 

 

In order to extract the information contained in the ellipsometric spectra a 

model describing the structure of the sample and its optical response is usually 

applied. In figure 5.1.a. typical Ψ ellipsometric spectra of a xerogel sample are plotted 

by symbols. The spectra are measured at angles of incidence ϕ0 near the Brewster 

angle of Si, namely 69°, 71°, 73°, 75° and 77. Since the xerogel films are formed 

from a porous SiO2 structure, they can be considered transparent in the visible region 
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Fig. 5.1. Ψ ellipsometric (a) and reflectance (b) spectra of a xerogel films on a Si substrate. The 
symbols are experimental data and solid lines are the fits obtained using a Cauchy model. 
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due to the absence of absorption features in SiO2 below 5 eV. In order to analyse the 

ellipsometric data a model consisting of a film having a Cauchy dispersion relation 

and a Si substrate was employed. The Cauchy dispersion relation: 
2)( λλ nn ban +=  describes very well the refractive index of transparent materials. 

The parameters an and bn and the thickness d of the film were considered as fitting 

parameters in the calculation of Ψ and ∆ values. The fits obtained are plotted by solid 

lines in figure 5.1.a. This procedure allows both thickness and refractive index to be 

determined simultaneously. 

Additionally, reflectance 

measurements on the same 

sample were performed for s- 

polarised light and angles of 

incidence near the Brewster 

angle. The reflectance 

spectra are shown in figure 

5.1.b. by symbols. To 

analyse the reflectance data 

the same optical model as for 

ellipsometric data was 

applied. The values obtained 

for thickness and optical 

constants by analysing Ψ and ∆ e

good agreement. The values of 

while a difference smaller than 1 

two different measurements. 

Different silica xerogel film

method as described in section 2

from a TEOS solution and gelate

variation of process parameters 

varied. The processes used and 

given in table 5.1. 
300 400 500 600 700

1.220

1.225

1.230

1.235

1.240

1.245

 Reflectance

n

Wavelength / nm

4.5 4 3.5 3 2.5 2

 Energy / eV

 
Fig. 5.2. Optical constants of a silica xerogel film
obtained from reflectance (squares) and ellipsometric
(line) measurements. 

 Ellipsometry
llipsometric data and reflectance spectra are in very 

refractive indices obtained are plotted in figure 5.2. 

nm for the thickness value was obtained from these 

s were prepared using an acid catalysed sol-gel 

.2. The films were spun on 6 inch Si (100) substrate 

d in a solvent atmosphere before being dried. The 

allowed the porosity and dielectric constant to be 

labelled A to E are described by the parameters as 
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The values and the 

errors in the determination 

of the parameters an, bn 

and thickness d, obtained 

by applying the procedure 

described above are given 

in the table 5.2. The errors 

are calculated as a 

summation of the errors 

provided by the fitting procedure and of the statistical errors given by performing 

measurements in several points (typically 4 for each sample).  

Process Mixing time 
(min.) 

Aging time 
(min.) 

Spin speed
(rot/min). 

A 100 - 1000 
B 120 - 1150 
C 124 201 1150 
D 126 205 1150 
E 135 207 1400 

 
Table 5.1. Variation of the parameter of the sol-gel spin 
coating process: mixing time, aging time and spin speed. 

Cauchy EMA Process 
an bn⋅103 d / nm f / % 

A 1.257±8⋅10-3 2.24±0.07 430.8±7.5 40.4±3.3 
B 1.252±3.5⋅10-3 2.14±0.05 449.2±6.7 43.4±2.6 
C 1.198±3.5⋅10-3 1.83±0.02 574.5±5.1 55.3±1.5 
D 1.191±1.8⋅10-3 1.78±0.05 624.2±6.5 56.7±1.7 
E 1.184±3⋅10-3 1.64±0.06 557.5±8.7 58.6±2.1 

 
Table 5.2. The values and the errors of the optical parameters, thickness and porosity 
determined by fitting of the ellipsometric data using Cauchy and EMA models. 

Typical fits obtained by means of this model are plotted in figure 5.3 by solid 

lines. They agree very well with the experimental data for samples C, D, and E over 

the whole spectral range. For samples A and B, however, the fits and the 

experimental data diverge above 4 eV which means that these samples become 

absorbent in this region. Therefore, for these two samples, an Urbach absorption was 

considered in addition to the Cauchy dispersion. The refractive indices of xerogel 

films obtained using this model [Him01c] are plotted in figure 5.4. by continuous lines 

together with the literature data for the refractive index of SiO2 [Pal85]. The refractive 

indices of xerogel films are clearly lower compared to those of SiO2 due to the porous 

structure of the xerogels. As can be seen the refractive index decreases from sample 

A to sample E. The reason of this change in the refractive index will be discussed 

later. The n values obtained are indeed suitable for electronic applications. 
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 and ∆ ellipsometric spectra of a silica xerogel film on a Si substrate. Symbols are
ental points, continuous lines are the fits obtained using a Cauchy model and
s are the fits obtained using EMA model. The spectra refer to sample C. 

70°

70°
 extinction coefficients are plotted in the inset of figure 5.4. Consideration 

bsorption in the case of samples C, D and E results in k=0 which supports 

 samples are indeed completely transparent. The absorption in the 

UV) region of the spectra in the case of samples A and B is due to the fact 

 samples were produced without aging. This clearly influences the 

tion of Si-O-Si networks, leading to a less porous structure with some Si-Si 

ch can explain the absorption in the short wavelength region of the spectra 

ing the thicknesses of the films determined using the Cauchy model, an 

edium Approximation (EMA) was applied in order to determine the values 

 porosity. Maxwell-Garnet EMA was used because this approximation 

pherical inclusions of one medium (voids) embedded in the host material 

his way the xerogel material is seen as a mixture SiO2/voids. Considering 

clusions of voids which have the dielectric constant of air (=1) are 

 in a SiO2 matrix, the dielectric constant of the mixture SiO2/voids (ε) is 
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Fig. 5.4. The refractive index of the xerogel films: solid lines are the calculated using 
Cauchy model and dotted lines are calculated using EMA model. The inset shows the
extinction coefficient obtained considering Urbach absorbance. 
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where f =Volumevoids/Volumefilm defines the porosity of the film, and εSiO2 the dielectric 

constant of SiO2. In this model the thickness was fixed and the experimental spectra 

are fitted in order to determine the porosity f of the films. Typical fitting results 

obtained in this way are plotted in figure 5.3 as indicated by crosses. The results are 

also summarised in table 5.2. Taking into account the relation ε=n2, the n values 

obtained are plotted by dotted lines in figure 5.4. A comparison with the n values 

obtained using the Cauchy model reveals fairly good agreement between the 

refractive indices calculated using Cauchy and EMA models within error bars of 

Cauchy values. 

 Figure 5.5 shows the refractive index at 632.8 nm and porosity values for the 

different processes A to E. As can be seen the decrease of the refractive index from 

1.271 to 1.188 is accompanied by an increase of the porosity of the films from 40.4% 

to 58.6% when going from process A to process E. The increase of the porosity is 

obviously related to the increase of the mixing time. With increasing mixing time, 

more hydrolysis and condensation reactions can take place and this determines the 
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Fig. 5.5. Porosity (squares) and refractive index (circles) at 632.8 nm for samples A to E 
obtained by variation of the process parameters as presented in Table 5.1. 
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formation of longer ≡Si-O-Si≡ chains and consequently a more porous ≡Si-O-Si≡ 

network. The samples can be grouped in A and B, on one hand, and C,D, and E, on 

the other hand (plotted in the figure 5.5 as non-shaded and shaded regions, 

respectively). This grouping is also due to differences in the preparation conditions.  

 

5.1.1. Reliability of thickness determined using Cauchy model. 
 
 Very close thickness values were obtained by applying the Cauchy model to 

evaluate ellipsometric and reflectance data. The thickness obtained from Cauchy 

model was further used by EMA models in order to determine the porosity of the 

films. The algorithm for calculation of thickness and porosity is based on the 

minimisation of MSE value (Eq. 3.10.) as described in section 3.2.1. The thickness 

(for Cauchy model) or porosity (for EMA model) are the ones at which the lowest 

MSE values are obtained. 

 The fitting procedure performed using the EMA model using the Cauchy 

thickness and other thicknesses revealed that the thickness determined with the 

Cauchy model is reliable. In figure 5.6 the minima of MSE values for the EMA 
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Fig. 5.6. Plot of MSE values (filled squares) of EMA model as function of thickness. 

MSEmin=9.1

π= 65.7 %

tCauchy=571.3 nm

calculations obtained by performing fits for different fixed thicknesses are plotted. It 

can be clearly seen that the minimum of MSE values for the EMA model is obtained 

for the thickness determined by the Cauchy model. The porosity values obtained at 

each fixed thickness are plotted in figure 5.6. by open circles. The porosity of the film 

will correspond to the minimum of MSE. For the example presented in figure 5.6 the 

film has a thickness of 571.3 nm and a porosity of 65.7%. 
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5.2. Hydrophobisation processes for porous low-k 
silica xerogel films. 

 

5.2.1. FTIR investigation of the hydrophobisation mechanism. 
 Despite of excellent electrical properties porous silica xerogels films suffer in 

the as-deposited state from water adsorption caused by surface silanol groups. To 

overcome this problem and to get a sufficient reliability for further integration steps 

the films have to be made hydrophobic. Hydrophobisation is achieved by silylation, 

that means surface silanol groups are reacted to yield trimethylsilyl (TMS) Si-(CH3)3 

surface groups as shown in 

figure 5.7. This treatment 

removes H atoms from the 

hydrophilic surface Si-OH 

groups and replaces them 

with TMS groups which are 

less polar and hydrophobic 

[Jin97]. In this section an 

FTIR investigation of 

silylation of xerogel films 

using hexamethyldisilazane (HMDS), trimethylsilyldiethylamine (TMSDEA) and 

trimethylsilylacetate (OTMSA) is presented. The schemes of the balance reactions 

for the chemicals above were shown in figure 2.5 in section 2.2. 

(CH3)3-Si-NH-Si-(CH3)3

Si
O

O
O

OH

O
O

O

O

(CH3)-Si-(CH3)

(CH3)

Si

NH3

Si
O

O
O

OH

O
O

O

O

(CH3)-Si-(CH3)

(CH3)

Si

 
Fig. 5.7. Scheme of the hydrophobisation reaction of silica
with HMDS. 

The HMDS attack leads to the obvious destruction of surface silanols as can 

be observed in the FTIR spectra of figure 5.8. The spectra were recorded in oblique 

incidence (70°) for p-polarised light and were normalized with respect to the 

spectrum of the Si substrate. The sharp absorption band at about 3737 cm-1 is 

related to the O-H-stretching vibration of free or single (non-hydrogen-bonded) silanol 

groups. They are clearly visible in the spectra of the untreated sample. While the 

absorption at 3700 cm-1 is due to O-H-stretching of bonded silanols, the broad 

absorption band centered at 3500 cm-1 is caused by O-H vibrations of adsorbed 

molecular water. Si-O stretching and bending vibrations of Si-O-Si units are related to 

absorption bands at 1000-1300 cm-1 and 800 cm-1. The features at 935 cm-1 and 985 
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Fig. 5.8. FTIR-spectra of untreated and HMDS treated samples. The treatment time increases
from 1 minute up to 4 h and the order of the corresponding spectra is indicated by the arrow. 

 8 min.

cm-1 are related to oxygen stretching in non-bridged Si-O units (in isolated and 

hydrogen-bonded Si-OH groups respectively) [Par93, Kyt97]. The absorption bands 

at 2962 cm-1 and 2904 cm-1 can be related to asymmetric and symmetric C-H 

stretching modes in TMS groups, the band at 1257 cm-1 is due to their bending, and 

the bands at 848 cm-1 and 866 cm-1 due to their rocking vibrational modes [Ben00]. 

The bands related with the absorption by CH and OH species are indicated in the 

figure by solid and dotted arrows respectively. 

The spectrum of the 1 minute treated sample in figure 5.8 illustrates the rapid 

initial reaction of HMDS with isolated silanols. This reaction is indicated by rapid 

increasing of CH related bands together with the decrease of the bands due to 

isolated silanol groups. That means there should be a rapid but not full coverage of 

the surface by TMS-groups in a short time (<1min). The surface load by TMS-groups 

increases then continuously but more slowly until about 4h exposure time. The 

retarded reaction after the rapid initial step was explained by the reaction of HMDS 

with non-hydrogen-bonded silanols [Gun00] and is indicated by the slow decrease of 

the absorption bands at 935 cm-1 and 3700 cm-1 . 
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Further modification of the spectra are observable in the region of absorption 

bands caused by Si-O vibrations. The shape of the broad absorption band at 

1000-1300 cm-1 is changed continuously with increasing exposure time. The changes 

of the Si-O-Si network vibrations will be analysed in detail in the next section. 

A remark is necessary regarding the decrease of the band corresponding to 

isolated surface silanols in FTIR spectra after a 1 minute treatment. Haukka et al. 

[Hau94] have shown that single OH groups can also form hydrogen bonds to 

neighboring methyl of TMS-groups, so that a part of the free silanols become H-

bonded silanols. That makes the definition of a reaction rate based on the intensity of 

absorption bands related to single OH-groups uncertain. But looking at the changes 

described above in the FTIR-spectra related to C-H-vibrations and Si-O-vibrations, 

however, an estimation of the reaction rate based on comparison seems to be 

possible.  

The most important difference between the selected silylating agents is 

expected to be in their reactivity. Figure 5.9 contains FTIR spectra comparing HMDS, 

TMSDEA and OTMSA treated samples. Single surface silanols are visible only in 

spectra of the OTMSA treated sample (1min) indicating a slower hydrophobisation 
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Fig. 5.9. Comparison of FTIR spectra of samples silylated by HMDS, TMSDEA or OTMSA 
(the spectra are in the order indicated by the arrows) for 1min (bottom) and for 4 hours 
exposure time (top). 
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70 



Chapter 5. Properties of low-k silica xerogel films. 
 

 

reaction. From the spectra in figure 5.9 it is obvious, that the reaction rate for 

TMSDEA should be higher than for HMDS and OTMSA. This was also confirmed by 
29Si-NMR studies for TMSDEA treated sample [Frue02]. The sudden change related 

with structural changes between untreated samples and short time treated samples 

is generally bigger than that observed between short time treated samples and long 

time treated samples. Besides the reaction rate, the efficiency of a hydrophobisation 

agent is connected also to the porosity changes that the treatment will induce in the 

sample (which affect directly the static dielectric constant) as will be shown in the 

next section. 

Long term stability studies for HMDS treated xerogel films regarding effects of 

water adsorption were also performed. The adsorption of water is visible as 

increasing absorption band intensity in FTIR spectra with storage time. The longer 

the treatment was performed the weaker was the water absorption and the 

deterioration of the electrical film properties. Samples treated more than 4 hours did 

not show any degradation of electrical behaviour due to water absorption. This was 

also proved for storage times exceeding 6 months [Frue02]. 

Interesting insight is provided by the comparison of FTIR results with those 

from ellipsometry. Figure 5.10 presents the absorbance spectra of samples A to E 

(see Table 5.1) in the region of CH vibrational modes after HMDS treatment, 

normalised with respect to 

the thickness and the 

porosity value of the films. 

Assuming that the TMS 

groups have the same 

distribution on the inner 

surface of the pores, the 

integrated intensity of the 

spectra in figure 5.11 is a 

measure of the pore surface 

area per pore volume unit. 

This integrated intensity in 

the region 2850-3000 cm-1 is 

plotted in figure 5.11 together 
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Fig. 5.10. The normalised absorbance spectra of the xerogel
films in the region of CH stretching vibrations.  

 E   58.6%
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Fig. 5.11. CH integrated intensity and refractive index (at 632.8 nm) as function of the 
porosity. (Dotted lines are guides to the eye.) 

 n

with the n values as a function of film porosity. As can be seen the less porous films 

have a larger integrated intensity. This means that the films with lower porosity have 

a larger pore surface area per pore volume unit. At a first view this behaviour is 

surprising, but it can be explained by the fact that in the films with a lower porosity the 

pores are smaller but their number is larger compared with the pores in the films with 

higher porosity.  

This result obtained from IR spectroscopy is in very good agreement with 

ellipsometric porosity (EP) studies which show that the mean pore radii are smaller 

and the pore surface area per pore volume unit is larger in the case of lower 

porosities [Mur02]. Considering figure 5.10 again it can also be observed that the 

peak frequency of the CH bands for samples A and B is shifted to lower 

wavenumbers by ~ 3.5 cm-1 compared to that of samples C,D, and E. We suppose 

that this shift is due to the formation of H bridges in the small pores (samples A and 

B) which can slightly decrease the strength of CH bonds. This behaviour seems to be 

similar to that of Si-OH species: when the OH· · ·O distance decreases the H bonding 

strength increases and the bond strength of O-H stretching decreases resulting in a 

similar downshift of the respective absorption feature [The90]. 
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5.2.2. Influence of the hydrophobisation process on the 
porosity of silica xerogel films. 

 

 In this section the effect of the HMDS treatment on the porosity of xerogels 

films will be investigated. The porosity was calculated from ellipsometry data by 

means of the method described in section 5.1 FTIR was used to correlate the 

changes in porosity with the structural changes in Si-O-Si network. 

 The spectra simulated using the Cauchy model are depicted in figure 5.12 as 

dots, together with the experimental data (open triangles and circles) for an as-

prepared and HMDS-treated xerogel film. As is readily apparent, there is a very good 

match between experimental and calculated spectra, indicating the reliability of the 

optical constants and thickness obtained in this way. The values of an and bn and the 

errors in their determination are given in table 5.3. The errors are calculated as a 

summation of the errors arising from the fitting procedure and of the statistical errors 

of measurements performed at three different points on the samples. 

Fig. 5.12
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. Experimental ψ and ∆ spectra (for 70° incidence angle) of an as-prepared 
) and HMDS treated (circles) xerogel film, and the fitted spectra considering 
dotted lines) and EMA (solid lines) models. 
73 



Chapter 5. Properties of low-k silica xerogel films. 
 

 

 Figure 5.13 shows the 

refractive indices obtained using 

the method described above. For 

comparison purposes literature 

data for the refractive index of SiO2 

[Pal85] are presented in the same 

plot. After treatment with HMDS 

the refractive index increases from 

1.148±0.005 to 1.216±0.005 (values at =632.8 nm). The reason for this increase will 

be given later. At the same time, the thickness of the xerogel remains almost the 

same for as-prepared (570±5 nm) and HMDS (582±8 nm) films. 

Cauchy parameters Sample 
an bn x103 

As 
prepared 

1.146±3⋅10-3 1.07±0.02 

HMDS 
treated 

1.212±5⋅10-3 1.91±0.03 

 

Table 5.3. Values of, and errors in, the Cauchy 
parameters an and bn for as-prepared and HMDS-
treated films 

The dielectric constant of a porous dielectric εr can be determined using the 

Lorentz-Lorenz effective medium approximation (EMA) [Ohw97]: 
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where f =(pore volume/film volume) is the relative film porosity and εa and εs are the 

dielectric constants of air and the film skeleton, respectively. Because ε=n2, and εa =1 

the porosity of the films can be calculated from: 
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where nr is the measured 

refractive index of the porous film 

and ns the refractive index of the 

skeleton. 

Taking ns=nSiO2, the 

porosity f of the xerogel films can 

be determined by curve fitting of 

the experimental spectra. From 

the simulated spectra for the 

EMA model, shown in figure 5.12 

by solid lines, values for the 

porosity of fas-prepared=(65±3)% 

and fHMDS=(50±3)% were 
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Fig. 5.13. Refractive indices obtained by use of the Cauchy
model for the as-prepared and HMDS-treated xerogel films, 
compared with the literature [Pal85] refractive index of SiO2.
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obtained. Very similar values (differences <2%) were obtained when other EMA 

models were used (Bruggeman and Maxwell-Garnet). Reduction of the porosity by 

~15% also explains the increase of the refractive index by ~0.07, as is apparent from 

figure 5.13. 

The rate of the porosity 

reduction as a function of HMDS 

treatment time was also established 

for samples treated for different 

times. An as-prepared sample was 

cut into several pieces which were 

exposed to HMDS for different time. 

In figure 5.14 it can be seen that the 

porosity will reduce by ~ 13% after 

16 minutes of treatment. On the 

other hand, it is obvious that the 

most important decrease in porosity

porosity will decrease more slowly, sh

is in very good agreement with the rap

FTIR investigations (see figure 5.8). T

step reflected here by the slower rate o

time above 5 minutes. 

The same behaviour 

in the reduction of porosity 

was found for the treatments 

with all hydrophobisation 

substances investigated 

(HMDS, TMSDEA, and 

OTMSA). Since the initial 

pore volume was not exactly 

the same for all as-prepared 

samples, the relative porosity 

(pore volume / initial pore 

volume) decrease during the 

treatment with HMDS, TMSDEA, and
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Fig. 5.14. Porosity reduction function of treatment 
time for a HMDS treated sample. 
 occurs after a few minutes, thereafter the 

owing a saturation tendency. This observation 

id initial reaction of HMDS with silica found by 

he first reaction step is followed by a slower 

f decreasing porosity with increasing treatment 

 OTMSA is shown in table 5.4. FTIR results 

1 2 3 HMDS TMSDEA OTMSAosure 

 / min. pore volume / initial pore volume in % 

0.5 88 not determ. (n.d) n.d. 

1 87.9 82.1 95.4 

2 85.8 n.d. n.d. 

4 83.8 n.d n.d. 

8 81.8 79 94.9 

16 81.8 79.8 93.4 

240 n.d. 77.7 92.7 

e 5.4. Relative porosity decrease of xerogels films as a 
ion of exposure time for different chemicals. 
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shown in the previous section indicate that TMSDEA has a higher reactivity than 

HMDS and OTMSA. In correspondence a faster porosity reduction was found for 

TMSDEA treated samples. 

Even if the better hydrophobisation was achieved by TMSDEA treatment, the 

static dielectric constant was found to be lower for HMDS treated samples [Fru02]. 

This can be explained by the fact that for TMSDEA samples the reduction of the 

dielectric constant due to removal of water by hydrophobisation, is opposed to an 

increase due to porosity reduction. For HMDS the porosity reduction is smaller and 

the corresponding increase of the dielectric constant will be smaller than for 

TMSDEA. Once again the combination of FTIR and VASE proved to be a powerful 

method for the investigation of silica xerogels films. 

By FTIR investigations (see section 5.2.1) it was observed that 

hydrophobisation is accompanied by important changes in IR spectra in the region of 

Si-O-Si vibrations (1000-1300 cm-1 spectral range). In the following part the changes 

of the bands corresponding to Si-O-Si vibrations will be analysed in detail. Figure 

5.15 a) and b) show by symbols the IR absorption spectra for as-prepared and HMDS 

treated xerogel film, respectively. The absorption spectra are derived from 

transmission measurements at normal incidence for unpolarised light. The spectra 

are dominated by a strong band at ~ 1080 cm-1 and an asymmetric high frequency 

shoulder. 

The region from 900 cm-1 up to 1350 cm-1 was decomposed in peaks using 

Gaussian functions. To decompose the region of Si-O-Si four Gaussian components 

were found to be sufficient to provide an acceptable fit. The Gaussian components 

obtained by curve fitting are plotted in figure 5.15. a) and b) by dotted lines while the 

fits obtained are plotted as solid lines. The region of Si-O-Si vibrations can be 

decomposed in peaks centred at 1081, 1132, 1154 and 1205 cm-1. 

The band at 1081 cm-1 can be attributed to TO modes in silicon oxide 

corresponding to the asymmetrical stretch (AS1) motion in which adjacent O atoms 

execute motion in-phase to each other [Kir88]. Kirk revealed that in a disordered 

system a second TO mode at ~ 1200 cm-1 corresponding to out of-phase asymmetric 

stretching (AS2) motion of adjacent O atoms exists. Under oblique incidence and p-

polarised light the corresponding AS1-LO and AS2-LO will appear due to the 

Berreman effect [Ber63]. Kirk showed that due to disorder induced coupling of the 

modes an inversion of LO-TO splitting for the AS2 mode will occur. 
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Fig. 5.15. IR absorption spectra for as-prepared (a) and HMDS treated (b) xerogel films.
The experimental points are plotted by symbols, the components obtained by curve fitting by
dotted lines and the fits by solid lines. A comparison for the peaks for as-prepared and HMDS 
treated films is also given (c). 

Almeida et al. [Alm90] indicated that in porous samples due to disorder the 

light is scattered in all directions inducing appearance of the modes having LO 

character even at normal incidence. Experimental evidence for this fact was found in 
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spectra of oxidised porous silicon [Wan99], and of aerosol-gel SiO2 [Pri97] where TO 

and LO modes for AS1 and AS2 are present also in normal incidence IR spectra. 

However, it is suggested that in the vitreous materials due to long range structural 

disorder effects [Alm90] the modes have no pure LO or TO character. Under these 

conditions the dominant TO response expected at normal incidence will be mixed 

with modes having LO character. Moreover, it was demonstrated that the shoulder at 

1100-1200 cm-1 is connected with structural disorder [Mar98] or more directly to the 

porosity [Cho95, Maw97]. This shoulder was found to be more pronounced in porous 

gels than in thermal oxide [Alm90]. Chou et al. [Chou95] showed that materials with a 

larger absorption shoulder at 1200 cm-1 have a smaller refractive index and a more 

porous structure. 

In figure 5.15 c) the peaks obtained from curve fitting for as-prepared and 

HMDS treated films are plotted as dotted and solid lines, respectively. According to 

the literature [Kir88, Wan99, Pri97] the features at 1081, 1132, 1154 and 1205 cm-1 

can thus be attributed to AS1-TO, AS2-LO, AS2-TO and AS1-LO, respectively. It can 

be clearly seen that after HMDS treatment the features denoted by 1, 2, and 3 from 

the region of the shoulder decreased in intensities while the TO mode intensity 

increased. Considering the discussion above this behaviour suggests a reduction of 

porosity after HMDS treatment, in very good agreement with VASE results. Porosity 

reduction is correlated with changes in the silica network structure, namely increasing 

number of Si-O-Si bridges reflected by increasing TO, accompanied by reduction of 

the shoulder at 1150-1200 cm-1 reflecting porosity reduction and improving order in 

the system. Mechanisms which can induce these changes are proposed in the next 

section. 

Besides the changes in Si-O-Si structure in the spectra from figure 5.15 c) 

disappearance of the mode at 985 cm-1 and appearance of the mode at 1256 cm-1 

after HMDS treatment can be observed. This reflects the replacement of the isolated 

-OH groups by TMS groups during the hydrophobisation reaction. 
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5.2.3. Ellipsometric Porosimetry (EP) results. 
  

Ellipsometric porosimetry was used to confirm the reduction in porosity after 

HMDS treatment obtained using VASE [Him02a] as was shown in the previous 

section. The principle behind EP is to use changes in the optical characteristics of 

porous films during adsorption and/or desorption of an adsorbate in/from the pores, 

and to determine the amount of adsorbate (toluene in our work) inside the pores. 

Besides porosity values, important information about pore-size distribution (PSD) and 

pore interconnectivity can be obtained. A detailed description of the method can be 

found elsewhere [Bak00a, Bak00b]. In practice equation (5.2) can again be used, 

because the pores are filled with an adsorptive liquid of known dielectric constant. 

Measurements performed for different adsorbates showed that the approximation 

ns≅nSiO2 was reasonable.  

The dependence of adsorptive volume on the relative pressure P/P0 is an 

adsorptive isotherm, which is used to calculate PSD [Bak00a]. Figure 5.16 a) shows 

the adsorption and desorption isotherms of the toluene in/from the as-prepared and 

HMDS-treated xerogel films. Toluene was used as adsorbed species, because it has 

a contact angle close to zero for the xerogel films under study. The hysteresis 

behaviour observed is caused by capillary condensation and desorption of the 

toluene from the porous film [Bak00b]. The porosity is determined from the saturation 

values of the isotherms in figure 5.16 a), and is called the "open" porosity, because it 

refers to the open pores which are accessible to toluene. The values of the open 

porosity from the figure are very close to the values of the "full" porosity obtained by 

VASE (65% and 50% for as-prepared and HMDS treated films, respectively), which 

means that nearly all the pores are interconnected. 

The skeleton refractive index was, moreover, found to be equal to that of 

silicon oxide (nskeleton≈nSiO2=1.46) for both untreated and HMDS-treated films. This 

means there is at most a negligible number of closed pores in the films, because their 

presence would reduce the skeleton refractive index (the toluene cannot penetrate 

the closed pores). This is another indication of the interconnectivity between the 

pores. Figure 5.16 b) shows the PSD obtained from the desorption isotherms by use 

of the Kelvin and BET equations (a commonly used approach in adsorption 

porosimetry [Bak00a]). It is apparent that some micropores in the as-prepared sample 
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Fig. 5.16. (a) Adsorption-desorption isotherms of toluene in/from the pores of the xerogel 
films. The toluene condenses in the pores at vapour pressures (P) less than the equilibrium
pressure (P0). (b) Pore-size distributions in the xerogel films before and after HMDS-
treatment, calculated from the desorption isotherms. 

HMDS
 HMDS

disappear after treatment with HMDS. Pores with dimensions smaller than 2 nm were 

analysed by use of Dubinin-Radushkevich theory [Gre82] which enables 

determination of the mean pore size of the micropores. These micropores are closed 

by HMDS treatment by load of 

TMS groups on the surface in 

agreement with the results 

published by Fuji et al. [Fuj99]. 

Covering of mesopore surfaces by 

TMS groups can decrease the 

porosity by a few percent, but 

cannot explain the significant 

reduction of porosity by ~ 15%.  

Fig. 5.17. HRTEM image of a silica xerogel film. 

The mean pore size of 3-4 

nm is in good agreement with the 

dimensions of the pores in the 

HRTEM image in figure 5.17. The 

HRTEM images for silica xerogels 
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films were recorded by means of a platinum replica of the surface of the film. 

The reduced porosity of HMDS-treated films is assumed to be the result of 

several chemical reactions occurring in the presence of HMDS and its by-products. 

Ammonia, in particular, is known for its catalytic effect, for instance on the 

condensation reaction which could occur during HMDS treatment. On the other hand, 

the reaction of neighbouring TMS groups liberating hexamethyldisiloxane (HMDSO) 

and forming Si-O-Si bridges was observed by Slavov et al. [Sla00] during the 

reaction of HMDS with silica at 200 °C: 

2 [ ≡Si-O-Si(CH3)3] → ((CH3)3Si)2O + ≡Si-O-Si≡                       (5.4) 

This might explain the reduction in the porosity in our films, because the 

pendant Si-O-Si(CH3)3 groups are transformed into siloxane species. Thus the 

structure of the xerogel becomes more compact, reflecting the reduction of porosity 

found by VASE and EP results. This hypothesis is confirmed by FTIR results 

presented in the previous section. Further investigations are needed to establish the 

contributions of the condensation reaction and of the reaction described by equation 

(5.4) to the formation of Si-O-Si bridges. 
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5.2.4. FTIR investigation of cap-layer deposition on xerogel films. 
 

In the integration process which include Cu metallization the xerogel films must be 

protected during chemical and mechanical polishing and mask pattering in order to 

ensure the stability of their advantageous electrical characteristics [Sch01]. One 

solution to overcome this problem is deposition of an insulating SiO2 or Si3N4 cap 

layer on top of xerogel films. Plasma Enhanced Chemical Vapour Deposition 

(PECVD) was used to deposit such protective cap layers. 

FTIR spectroscopy was employed to monitor the influence of cap layer deposition 

on the chemical composition of the xerogel films. Very important for applications is to 

preserve the hydrophobic 

character of the films after 

depositing a cap layer. 

Absorbance IR spectra in 

figure 5.18 show no significant 

variation of symmetrical and 

asymmetrical stretching 

vibrations at 2905 and 2962 

cm-1 of C-H in TMS groups 

after deposition of a Si3N4 

layer. A very small reduction 

of the peak intensity after 

deposition of SiO2 cap layer 

was observed. This indicates 

that the PECVD cap layer 

deposition process has not 

removed the methyl groups introduced during HMDS treatment and the hydrophobic 

nature of the porous xerogel survives. In accordance with FTIR results deposition of 

cap layers on xerogel films was found to have negligible effects on the electrical 

properties [Sch01]. 
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Fig. 5.18. IR absorption spectra of non-capped, SiN and SiO 
capped xerogel in the region of CH stretching vibrations. 
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5.3. Contributions to dielectric constant. 
 

In this section the electronic and ionic contributions to the static dielectric constant 

of silica xerogels films were determined from the refractive index in the visible 

spectral range measured by VASE and from transmission infrared spectra. The static 

dielectric constant ε, determined by C-V measurements at 1 MHz consists of 

electronic ∆εe, ionic ∆εi and configurational ∆εc contributions [Han98]: 

cie εεεε ∆+∆+∆+=1                                                     (5.5) 

where 1 is the dielectric constant of vacuum. The electronic contribution ∆εe arises 

from the polarization generated by the distortion of the electron clouds, the ionic 

contribution ∆εi is caused by the ionic motions and the configurational contribution ∆εc 

stems from polar molecules which try to align with the applied electric field [Han98]. 

When the frequency of the applied radiation will exceed the characteristic frequency 

of the motion which contributes to the polarization, this motion cannot further follow 

the electric field and consequently the dielectric constant is reduced with increasing 

frequency. In the infrared range the dielectric constant above vacuum dielectric 

constant consists of ionic and electronic contributions while in the visible range only 

the electronic part contributes [Lin96]. 

The dielectric constant ε of a material is related to its optical constants as follows: 

( ) nkiknikni 2222
21 +−=+=+= εεε                                       (5.6) 

where ε1 and ε2 are the real and imaginary part of ε, n is the refractive index and k 

the extinction coefficient. The magnitude of the dielectric constant then is: 

2
2

2
1 εεε +=                                                                 (5.7) 

 Xerogel films produced using different aging / hydrophobisation conditions 

were used to investigate the contributions to the static dielectric constant determined 

from C-V characteristics. As can be seen in Table 5.5 the aging was realized in air, 

solvent or H2O/solvent atmosphere and the hydrophobisation was done in HMDS 

vapours for 10 minutes or 24 hours. According to the preparation conditions the 

samples were labeled A24, S10, S24 and W24, respectively. 
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Sample Preparation: 
(aging / 

hydrophobisation) 

Thickness/nm
± 10 nm 

n (632.8 nm) 
± 5⋅10-3 

Porosity % 
± 2% 

∆εe 
± 0.01 

∆εi
650 

± 0.1 
εstatic 
± 0.1 

A24 Air / 24h HMDS 444  1.27 39.8 0.61 0.42 2.6 
S10 solvent / 10 min 

HMDS 
509  1.224 49.5 0.5 0.32 2.6 

S24 solvent / 24 h 
HMDS 

509  1.237 47 0.53 0.33 2.31 

W24 Water + solvent / 
24h HMDS 

582  1.198 55 0.44 0.29 2 

 

Tabel 5.5 Aging / hydrophobisation conditions; thickness, refractive index and porosity 
determined from VASE; as well as electronic and ionic contributions to the static dielectric 
constant for the samples A24, S10, S24 and W24. 
 

  The thickness, optical constants and porosity of the xerogels films were 

determined from VASE using the method presented in section 5.1. Since the films 

are transparent (k=0) in the visible range, the dielectric constant is the square of the 

refractive index (ε=n2) so that the electronic contribution can be written as: 

12 −=∆ neε                                                              (5.8) 

In the calculation of ∆εe the refractive index at 632.8 nm was used for consistence 

with literature (632.8 nm is a wavelength commonly used in one-wavelength 

ellipsometry) [Lin96, Han98, Han99, Kim01]. 

 The dielectric constant in the visible range determined from the refractive 

index and the “static” dielectric constant at 1 MHz are plotted in the figure 5.19 
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Fig 5.19 Porosity (stars), electronic contribution including vacuum dielectric constant (squares) 
and static dielectric constant (circles) for the samples A24, S10, S24 and W24 respectively. 
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together with the porosity of the films. It can be observed that the electronic 

contribution is directly influenced by the porosity, because it is calculated using the 

refractive index: samples with higher porosity will have a lower electronic contribution 

to the dielectric constants. On the other hand, it can be seen that there is not a direct 

connection between the static dielectric constant and porosity. 

 The dielectric constant in the IR range εIR consists of vacuum, electronic and 

ionic contributions. εIR was calculated from IR transmission spectra describing the 

film as a Lorentz layer consisting of several absorption peaks: 

∑
−−

+= ∞
k kk

k
IR hiBhE

Ah
νν

ενε 221 )(
)(                                          (5.9) 

where k is numbering the oscillators, Ak, Ek and Bk are the amplitude, center energy 

and broadening of each oscillator and ε1∞ is an additional offset [Joh95]. The model 

of dielectric constants described by equation (5.9) fulfills the Kramer-Kronig 

dispersion relations [Joh95]. 

Using the model described above the optical constants of the films in the IR 

range were determined. Using equations (5.6) and (5.7) the magnitude of the 

dielectric constant εIR in 650-4000 cm-1 IR range was calculated. εIR for the films 

under investigation are plotted in figure 5.20. As can be observed in the figure εIR at 

1000 1500 2000 2500 3000 3500 4000
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

∆εvacuum=1

∆εe

∆εi
650

 A24
 S10
 S24

 ε IR

Wavenumber / cm-1
 

Fig 5.20 Dielectric constant in IR range derived from IR transmission spectra. 
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650 cm-1 consist of vacuum (1), electronic (∆εe) and ionic contributions (∆εi
650). The 

values for the ionic contribution at 650 cm-1 (∆εi
650) are presented in Table 5.5. It 

should be noted that these values do not contain the whole ionic contribution 

because vibrations with characteristic frequencies below 650 cm-1 were not included 

in the model (measurements in far IR range were not performed). It can be observed 

that the ionic contribution decreases slightly with increasing porosity because the 

films with higher porosity have a smaller density. It can be also pointed out that the 

ionic contribution is smaller than the electronic one for all the films. The region at 

about 1100-1200 cm-1 where the dielectric constant is slightly smaller than 1 

corresponds to the strong absorptions by Si-O vibrations. Such effect was also 

observed for fluorinated and carbon-incorporated silicon oxide films [Lim96, Han98, 

Kim01]. 

 Figure 5.21 summarizes in form of a histogram the contribution to the static 

dielectric constant. The difference between the level of static dielectric constant and 

the upper level of ∆εi consists of the remaining ionic contribution in far IR range and 

the configurational contribution. Because the ionic contributions at 650 cm-1 have 
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Fig. 5.21 Contribution to the static dielectric constant. 
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close values (minimum 0.29 and maximum 0.42) it is expected that the additional 

ionic contribution in the far IR range have close values, too. In these conditions the 

main difference between static dielectric constants (minimum 2 and maximum 2.6) 

must arise from different configurational contributions. 

From figure 5.21 the highest configurational contribution is expected for sample 

S10 and the lowest for sample W24. This is in good agreement with the fact that for 

sample S10, which was hydrophobised only for 10 minutes, more –OH groups are 

present in the pores. Consequently the configurational contribution is expected to be 

high due to polarity of these groups. On the other hand, for sample W24 aged in 

H2O/solvent the addition of water in the aging process enhances the 

polycondensation reaction [Fru02b] so that the number of “unlinked” edges is 

expected to be reduced. For such a sample the configurational contribution is thus 

lower because of a smaller number of –OH species. 
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Chapter 6 
6 Conclusions 
 

Combination of IR spectroscopy, ellipsometry and HRTEM was successfully 

applied for characterization of the surface and interface oxide layers in high 

temperature Si-Si bonded wafers. It was shown that non-destructive IR spectroscopy 

allows buried interface oxide layer thicknesses to be precisely determined as was 

judged from comparison with HRTEM measurements. The role of the chemical 

species adsorbed at the interface and of the interstitial oxygen in Si bulk, in the 

buried oxide formation was established. The behaviour of LO and TO modes with 

annealing is in agreement with an increase of Si-O-Si bond angle and a 

corresponding strain relaxation in the surface oxide layer. An overview of the method 

applied is shown in figure 6.1. 
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. 6.1. Schematical presentation of the procedures applied for characterisation of 

rface and interface oxide layers in Si-Si bonded wafers.
 non-destructive two-coupling prisms MIT technique was applied for IR 

acterisation of bonded interface in low temperature Si-Si bonded wafers. The IR 

tra were recorded in situ during annealing of RT bonded Si-Si samples produced 

 different chemical pre-treatments of the Si wafers and ex situ for 200° and 
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400°C annealed bonded wafers. The rearrangement of the atoms at the buried 

interface obtained from IR spectra suggests chemical reactions which explain how 

the bonding of Si wafers is realised. Corresponding bonding mechanisms were 

proposed for low temperature Si-Si bonded wafers with both thin and thick interfacial 

oxide layers. It was found that the best bonding at low temperatures is realised 

between Si wafers covered with native oxide together with Si wafers covered with 

thick thermal oxide in the case when both wafers are treated by RIE oxygen plasma. 

 

Optical and structural properties of silica xerogels films were studied by 

spectroscopic ellipsometry and IR spectroscopy in dependence of their conditions of 

growth during a sol-gel spin coating process. The optical constants and the 

thicknesses of the films were simultaneously determined from the curve fitting of the 

ellipsometric data describing the films as a Cauchy layer. Further, using these 

thicknesses, the porosity of the films was calculated applying effective medium 

approximation. Ellipsometric Porosimetry was used to confirm the porosity values 

obtained using VASE results. 

The effects of the hydrophobisation process on the properties of the xerogels 

films were also investigated. HMDS was found to be the best hydrophobisation 

agent. Porosity of silica xerogel films is reduced by ~15% after hydrophobisation 

treatment, because of the changes in Si-O-Si network as revealed by FTIR. 

Agreement between "full" porosity (from VASE) and "open" porosity (from EP) values 

suggests that most of the pores are interconnected. 

The electronic contribution to dielectric constant was estimated in visible range 

from the refractive index while the ionic contribution was estimated from IR 

transmission spectra. For the films under study with porosities in the range 40-55%, 

the main difference between static dielectric constant was found to arise from the 

configurational contribution. 

The hydrophobic character, the low refractive index and dielectric constants 

recommend the xerogel films for dielectric applications. 
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