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Abstract

The work presented within this thesis consists of two parts both related to wafer
bonding and x-ray scattering.

The first purpose of this project has been to investigate low temperature plasma as-
sisted wafer bonding. This was done by performing x-ray reflectivity measurements
at the bonded interfaces in combination with other characterization methods e.g.
bond strength measurements. The mechanism behind the low temperature plasma
assisted bonding is unknown and the aim of the x-ray reflectivity measurements
was therefore to obtain structural information about the bonding interface and
thereby contribute to a better microscopic understanding of the system. The need
for a more detailed microscopic understanding of the low temperature bonding
process is important, both to optimize the process, but also to ensure stability of
devices fabricated using the bonding step.

Oxygen plasma activated bonding of silicon wafers at room temperature has been
investigated systematically using a reactive ion etch (RIE) and an inductively
coupled RIE (ICP-RIE) system. The influence of various process parameters on
the oxide thickness, bond strength and the density profile across the interface
were studied, and the bond strength measurements were used to optimize on the
activation process in order to obtain highest possible bond strengths. Highest bond
strengths were found to be around to 1.6Jm−2, which is comparable to standard
fusion bonded wafers annealed at 500-700 degrees.

The second purpose of the project was to use our knowledge within water bonding
to fabricate x-ray wave guides. X-ray wave guides can be used to produce x-ray
micro or nano beams with high flux and significant small cross section and open
op a whole range of new area of applications within scattering, microscopy and
spectroscopy with a real space resolution in the nanometer range.

The wave guides made and investigated in this project were made by etching nano
structures in silicon wafers and using wafer bonding techniques for closing these
etched structures. In this way nano dimensional air channels buried in silicon were
obtained and since air is used as the guiding medium in principle no problems of
intensity decrease caused by absorption were expected. The x-ray beam was coupled
into the the guide from the front and for a certain combination of dimensions and
incidence angles a standing wave inside the cavity is obtained. Far field intensities
of the propagating modes were measured and compared to theoretical calculations.
The success of waveguiding depends on the quality of the etch cavity structures.
The roughness of the channel surfaces has to be minimizied and if guiding in two
dimensions, it also has to be considered whether the sidewalls are perpendicular.
The waveguide fabricated in this project was made by RIE etching and both one
dimensional and two dimensional wave guiding were observed.





Resume

Form̊alet med dette projekt har været at undersøge lav temperatur plasma assis-
teret wafer bonding ved hjælp af røntgen reflektivitet, fremstille og karakterisere
røntgenbølgeledere ved brug af wafer bonding samt at undersøge interfacet af
bondede wafere, bonded med krystal orienteringen af waferne drejet eller tilted i
forhold til hinanden. Afhandlingen vil behandle de første to af disse emner.

Plasma aktiveret lav tempertur bonding er interessant, da man kan opn̊a en høj
styrke af bondingen allerede ved stuetemperatur. Dette gør metoden anvendelig til
fremstilling af komponenter der er varmefølsomme og derved ikke kan fremstilles
ved konventionel waferbonding. Årsagen til den høje bonde-styrke og den generelle
mekanisme bag processen er stadig uklar og formålet med vores målinger var at
undersøge bonde interfacet ved hjælp af røntgen reflektivitet. De strukturrelle
undersøgelser blev kobineret med standard karakteriserings metoder indenfor
waferbonding teknologi.

To typer af aktiverinssystemer er blevet undersøgt i forhold til, hvordan forskellige
process parametre p̊avirker bondestyrken og strukturen af bondegrænsefladen.
Process parametrene for de to systemer blev optimeret i forhold til bondestyken og
bondestyrker p̊a optil 1.6 Jm−2 blev målt. Dette svarer til bondestyrken af direkte
hydrofob bondede prøver opvarmet til 600 - 700 grader.

Den anden del af afhandlingen er relateret til fremstilling af bølgeledere ved brug af
standard silicium process teknologi i kombination med waferbonding. Anvendelsen
af røntgenbølgeledere til at fremstille intense velfokuserede micro eller nano beams
åbner op for et helt nyt omr̊ade indenfor spredning, microskopi og spectroskopi
med opløsninger ned i nanometer omr̊adet.

Vi har fremstillet b̊ade en og to dimensionale strukturer i silicium, og succesfuldt
demonstreret at de fremstillede strukturer udviser bølgeleder egenskaber. Ved at
bruge luft som guide medium er vi ikke begrænset af absorbtion og kan derved
lettere opn̊a enkelt mode guiding.
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guides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

9.4.2 Examples of measured far-field intensities . . . . . . . . . . . . . . . . 129
9.4.3 summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

10 Conclusion 137
10.1 Investigations of plasma assisted low temperature bonding . . . . . . . . . . . 137
10.2 Fabrication and characterization of x-ray waveguides made by wafer bonding 138

A Process step overview for waveguide fabrication 149
A.1 UV-process - one dimensional guides . . . . . . . . . . . . . . . . . . . . . . . 149
A.2 e-beam process- two dimensional guides . . . . . . . . . . . . . . . . . . . . . 150

B Examples of measurements on one dimensional waveguides 151
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2000Åwide guide, when the horizontal incidence angle (hphi) is scanned. . . . 134

9.23 Far-field intensities measured in two dimensions with a CCD camera for a
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Chapter 1

Introduction

The work within this project can be divided into three main parts all related to wafer bonding
and x-ray scattering. Semiconductor wafer bonding is a technique known for many years used
for joining materials together, and it has been used widely within the microelectronic and
-mechanical industry for fabricating complicated structures and devices. X-ray scattering is
also a well established field and with the development of strong synchrotron radiation it has
become a strong tool for structural investigation of materials.

The three subjects that has been worked with are:

• Structural investigations of low temperature plasma assisted bonding.

• Fabrication and characterization of x-ray wave guides made by silicon wafer bonding.

• X-ray investigations of twist and tilt bonded wafers.

The first two of the three subjects will be discussed in details in the thesis, while the third
one only shortly will be commented later in this chapter. To get an overview of the aims
within the subjects some short comments are made on each of them including a presentation
of the overall structure of the thesis.

Structural investigations of low temperature plasma assisted bonding.

In plasma assisted wafer bonding the surface is activated prior to the room temperature
bonding step. The activation can be made in different ways, but the most common method
to use is activation in a plasma chamber using either an oxygen or an argon plasma. After
the activation the surfaces are very reactive and when bonding the two wafers very high
bond strengths (measurement of the strength of adhesion) are observed all ready at room
temperature. This is different from what is found when doing standard fusion bonding of
hydrophilic or hydrophobic not activated wafers, which has to be annealed before same bond
strengths are reached. The need for annealing makes the standard fusion bonding useless if
heat sensitive devices have to be made. The annealing is not necessary if the surfaces have
been activated and this makes the plasma assisted bonding attractive.
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The mechanism behind the plasma assisted bonding and the influence of varying the process
parameters within the activation process are unfortunately not very well understood. The
fact that the bonding might be used to fabricate reliable devices like e.g airbag sensors is
exactly the reason why good understanding of the bonding process is important. The aim of
our project was to use x-ray reflectivity measurement in combination with other characteri-
zation methods to obtain detailed information about the interface structure and how it was
influenced when changing the parameters in the activation chamber.

The work related to the investigations of the plasma assisted low temperature bonding is
presented in the first part of the thesis, starting with a short introduction to general aspects
of standard wafer bonding and low temperature bonding in chapter two. At the end of that
chapter there is a short description of the cleanroom procedure for fabricating the activated
bonded wafers. Chapter three is related to evaluation of the bonding quality. The most
commonly used technique for evaluation, is measuring the bond strength using the razor
blade method. This method is, even if it is widely used, very uncertain, and as a part of the
project the method has been investigated in a student project. The result of that project,and
a detailed discussion and evaluation of the method are also presented in chapter three. In
chapter four there is a presentation of the optimization work. Pressure, power and activation
time were varied in two different activation systems and the parameter combination resulting
in the highest bond strengths was found. Chapter five contains a description of the used set-
up in the x-ray measurements and the results from a selected amount of measured samples.
The results are analyzed and density profiles for the interface are presented and discussed at
the end.

Part of the work related to this subject of plasma assisted low temperature bonding has been
summarized and published in [57], which can also be find in appendix C., and a paper of the
final result of the x-ray measurements is in progress and scheduled to be published in the
spring of 2006.

X-ray wave guides made by wafer bonding

The aim of the second subject, was to use our knowledge within wafer bonding to fabricate
x-ray wave guides. The x-ray wave guides can be used to produce x-ray micro or nano beams
with high flux and a significant small cross section and they are believed to be a useful device
in the future for investigating e.g nano particles and structures or performing high resolution
tomography.

Several types of wave guide structures have already been made and demonstrated, often
having a PMMA core as the guiding layer and a Cr or Si layer as the cladding material.
We propose to make both one- and two-dimensional x-ray wave guides in a simple way us-
ing standard silicon technology in combination with hydrophobic wafer bonding. The wave
guides in our project were made by etching nano structures in silicon wafers and using the
wafer bonding techniques for closing the etched structures. In this way nano dimensional
air channels buried in silicon were obtained and since air is used as the guiding medium in
principle no problems of intensity decrease caused by absorption are expected. Using air
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as the guiding medium makes it possible to operate at lower energies, and since the mode
separation depends increase as a function of energy this makes it easier to obtain single mode
guiding.

Both one and two dimensional cavities were fabricated and characterized and wave guiding
was successfully observed. The results from the work are presented in the second part of
the thesis, starting with an introduction in chapter six. Chapter seven contains the theory
necessary for describing the mode propagation, and what to expect when measuring the far-
field intensities of the modes. At the end of the chapter there is a discussion of the coupling
of intensity into the guide. In chapter eight there is a description of the fabrication. The
used bonding technique is presented, and considerations related to bonding of structured
are discussed. Further the chapter contains details about the used etching, and at the end
some results of the pre-characterization of the etched structures can be found. In chapter
nine there is a description of the x-ray measurements and some examples of measured wave
guiding are presented and discussed. Finally in chapter ten is a conclusion on both subject.

The work related to the one dimensional waveguide measurements is published in reference
[58], which is also to be find in appendix C. A paper of the results from the two dimensional
guide is in progress.

X-ray investigations of twist and tilt bonded wafers.

The last subject that has been worked with is related to twist and tilt bonding of silicon
wafers. Twist and tilt bonding refers to the bonding of two Si(001) wafers where the crystal
plane of the wafers are not perfectly matching at the bonding interface. Instead they are
either rotated or tilted proportional to each other. Bonding the wafers with a small well de-
fined misorientation will result in a strain field created at the bonding interface, characterized
by a periodic lattice of dislocations. As the period is related to the angels of misorientation,
it can be controlled by controlling the angle. The periodic strain field will penetrate into the
wafers, with a penetration depth also related to the misorientation. Further, if the upper
crystal is thin enough the strain fields will penetrate to the top surface. Such bonded wafers
are interesting as they can be used as templates for e.g. epitaxial growth or ordered arrays
of nanoclusters or for creating nanometer periodic surface structures by selective etching.

As a part of the project a process recipe has been developed for fabricating such bonded
wafers. This was done by thermal oxidation of a SOI wafer (silicon wafer with an oxide
and silicon on top) resulting in a wafer with only a few nanometer of silicon. This thin
silicon layer was then bonded to another silicon wafer in a way, such that the misorientation
angle was controlled and the bonded wafers were annealed at different temperatures. The
top wafer was now relatively thin and the strain field will be able to penetrate to the upper
surface. The strain field at the interface was investigated by x-ray scattering and a theo-
retical model description was made. The upper surfaces were investigated by STM. From
these investigations, it was speculated that the strained top crystal was relaxing as a function
of temperature, and an experimental set-up for measuring x-ray in situ scattering from the
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interface as a function of temperature was made.

Results from investigation of the strain field from ultra thin bonded Si wafers can be found
in [47], also included in appendix C.
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Chapter 2

Plasma assisted wafer bonding

Plasma assisted or activated wafer bonding is a special type of wafer bonding, which was
developed as a new method for bonding semiconductor devices at low temperatures. In
this chapter, general aspect of wafer bonding and the cleanroom procedure related to the
fabrication of plasma assisted samples are presented.

2.1 Wafer bonding

Direct wafer bonding or fusion bonding is a process, where two clean and smooth surfaces are
brought into proximity and adheres at room temperature. No macroscopic layers or applied
forces are coercing the process. The process is spontaneous if the quality of the surfaces are
sufficiently good. The principle is illustrated in figure 2.1

strengthen bonds
C) Annealing to

B) Room temperature
bonding

A) Cleaning

Figure 2.1: [21] Schematic illustration of direct bonding process. Three basic steps are involved in direct
bonding: A) a cleaning step, which is used to rinse off particles and impurities, B) adhesion of the two wafers
and formation of bonding and C) an annealing step, which is included to reach a reasonable bond strength.

The three steps in figure 2.1 are the basic steps involved in wafer bonding, but additional
steps can be added depending of the specific choice of wafer bonding type. E.g for plasma
assisted bonding, where the surface of the wafers are modified within an activation chamber



6 Plasma assisted wafer bonding

prior to the room temperature bonding (step B). The term bonding refers to the contacting
of two wafers and formation of chemical or physical bonds at the interface. When the two
wafers are brought in contact, a bonding wave will spread in a few seconds from the contact
point to the edge of the wafers. It is important only to make a single contact, since otherwise
air can be trapped at the interface, resulting in voids of unbonded areas. Further the process
is very sensitive to particle contaminations and can only be carried out in clean environments.

The basic technique of wafer bonding has been known for many years based on the pioneering
work of Rayleigh [60] back in 1936, where adhesion of two polished glass plates were exam-
ined. In the mid eighties an increased interest and further studies of Rayleighs work lead to
the concept of wafer bonding known today, and indeed within the latest years, a widespread
interest in modern bonding techniques has grown as a result of needs in the microelectronics
industry. In the beginning it was mainly intended as a substitution of thick epitaxial growth
on Silicon and to realize a Silicon-On-Insulator (SOI) structure, but it has developed as a
widespread technique to construct layered devices.

Plasma activated bonding is a rather new method of bonding, which has been used since 1988,
where the group of Tong reported on their experiences with Cool Plasma Activated Surface
in Silicon-Wafer Direct Bonding Technology [68]. The first patents and papers documenting
the use of Oxygen Plasma Activation in wafer bonding were presented in the early nineties.
The technique was interesting, since it fulfilled the demand of low temperature, that many
components require. E.g. in the bonding of dissimilar materials, where difference in thermal
expansion induce stress in the sample and cause it to crack, or for sensors and other types
of applications, where the accurate position of a heat sensitive material is vital.

The need for a more detailed microscopic understanding of the low temperature bonding
process is a major concern, both for optimizing on the process, but also to ensure long term
stability of devices using the bonding step within the fabrication. The technique has now
been known for many years and several groups begins to see, that the bond quality is chang-
ing as a function of time on a long time scale and in worst cases debonding is observed[22].
In order to avoid these problems and if the low temperature wafer bonding is going to be
used as a reliable technique in future applications, a better understanding of the bonding
process is crucial.

In this work only room temperature bonding is considered. The prime motivation was to
investigate room temperature bonded samples and obtain information about the mechanism
responsible for the increased bond strength compared to other bonding techniques. X-ray
reflectivity is used as the main tool for the structural investigations in combination with
several standard bonding quality evaluation methods. The application of x-ray reflectivity
is new compared to investigations made by other groups within the wafer bonding area, and
has also been applied by [14, 62, 63].
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2.1.1 Surface interactions

Molecules and atoms attach to surfaces in two different ways, either by physisorption or by
chemisorption. In psysisorption van der Waals interactions between adsorbate and substrate
form the basis of the attachment, while in chemisorption, chemical bonds(usually covalent)
are formed between atoms at the surfaces. The enthalpy is negative for most substrates,
whereas it is a spontaneous process. In a simple bonding process, where no external forces
are applied and no adhesion layer is added the bonding process might be explained by the
interactions between the adhered surfaces. We divide the interaction into three types.

Van der Waals interactions

Van der Waals forces are the attractive interactions between closed-shell molecules resulting
from charges of opposite signs. They are responsible for the attraction between electrically
polarized and polarisable molecules. Intermolecular forces like van der Waals forces between
small molecules are weak compared to intramolecular forces that bond atoms together within
a molecule. On the atomic scale, they are considered to be long ranged, whereas they are
short ranged on the macroscopic scale. There are three types of van der Waals forces; dipole-
dipole attractions, ion-dipole attractions and London dispersion forces.

They are all diminishing rapidly as the distance between two molecules increases, FvdW ∝
d−7. Considering two flat surfaces, the force can be approximated by a summation of all the
interatomic forces[70]:

FvdW =
A

6πd3
(2.1)

where A is the Hamaker(adhesion constant specific for the materials regarded). The contact-
ing surfaces has a separation of do and are considered as flat surfaces, and the interaction
energy per unit area is given by[70]

WvdW =
∫ ∞

d0

A

6πx3
dx =

A

6πd2
0

(2.2)

The plasma assisted bonding considered in this project corresponds to bonding of two silica
surfaces. For such medium the Hamaker constant A is 6.5 · 10−20J and based on earlier
proposed structures of hydrophilic bonding[70], where the bonding takes place through several
water molecules [70], d0 is known, and expression 2.2 can be used to calculate the van der
Waal interaction energy. Typically values are found to be in the range of 1.3 - 17.1 mJ·m−2

depending on the assumed number of intermediate water molecules (d0) [21].
To relate these force values to a surface force appropriate for the considered system, bond
strength measurements are considered. Bond strength measurements is a standard evalua-
tion method of wafer bonding and is described in more details in the next chapter. From
bond strength measurements typical values of 1500 mJ · m−2 is reported for the bonding
and this is 100-1000 times larger than the calculated van der Waal values. Thus it is ev-
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ident, that van der Waal forces are not the only responsible factor in the bonding mechanism.

The energy necessary to break bonds on bonded Si(100)surfaces that are dominated by hy-
drogen bonds is in the range of 400 mJ ·m−2 [21]. This is considerable higher than the van
der Waals forces, but still does not reach the bond strength values obtained in this project.
The energy for a covalent bonded surface is approximately a factor of ten larger(4000 mJ−2)
than the energy related to hydrogen bonds, but this is beyond the measured values, and a
bonding interface, which is dominated by pure covalent bonds will not be a correct descrip-
tion.

Coulomb forces

The second types of interaction is the Coulomb force. Charge is macroscopically transferred to
the surface of wafers as electrons or ions are adsorbed or desorbed. The charged surfaces may
cause electrostatic forces to dominate the forces between interfaces. Nonetheless, this effect
is insignificant when water or water vapor are present in the environment. In the basic clean
room procedure of this project, a water dip is included just before bonding which presumably
counteracts eventual charges on the surfaces, and Coulomb forces becomes superfluous.

Capillary forces

The last forces to be mentioned are capillary forces. They arise when the two surfaces are in
a vapor which can condense on the surface. If the condensed liquid has a contact angle less
than 90 degrees and if the gab between the surfaces are smaller than a critical distance it can
be filled by a capillary condensed liquid and resulting in an additional capillary attractive
force. The critical distance depends on the radius of curvature of the condensed liquid. Typ-
ically interaction energy originating from the capillary forces between two flat , hydrophilic
silica surface is approx. 150 mJ·m−2 [70].

2.1.2 Hydrophilic and hydrophobic wafer bonding

Traditionally fusion bonding is divided into two main types, depending on the hydrophilic or
hydrophobic nature of the wafers. Their surface termination - the outermost atomic layers -
determines the possibilities of activation.

The naturally occurring oxide layer is an example of a hydrophilic surface-terminating layer.
The formation is due to oxidation in atmospheric surroundings. The naturally occurring
oxide might easily be activated by wet chemical treatment. H+ as well as OH− react with
siloxane bonds in the silica network to form silanol groups:

Si2O + H+ + OH− −→ 2SiOH (2.3)

Silanol groups are now present at the surface, and the two surfaces to be bonded are connected
via the formation of hydrogen bonds between water molecules and silanol groups. Formation
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of hydrogen bonds is crucial to the strength of hydrophilic bonded wafers at room tempera-
ture [70]. Different linkage possibilities between the surface terminating silanol groups and
water molecules are illustrated in figure 2.2[70, 21].

Silicon wafer

H

O

O

H

O

H

H

Silicon wafer

Chemisorbed water
Hydrogen bonds

Silanol groups
Native oxide

Native oxide
Silanol groups

2.76Å

2.76Å

Figure 2.2: [21] Sketch of hydrophilic bonded wafers, and illustration of the different possibilities of linking
silanol groups and water molecules via hydrogen bonds [70].

When adding two surfaces the hydrogen bonds are then capable of linking the surfaces
through the use of water molecules. The number of linking water molecule layer differs
depending on the specific surfaces and the bonding process environment. The use of water
molecules reduce the demands of smoothness of the contacting surfaces, hence hydrophilic
wafer bonding often is preferable especially when working at room temperature.

The hydrophobic surface termination is reached by removing the naturally appearing siloxane
bonds in the oxide layer. Etching by use of HF eliminates oxide, whereupon SiF molecules
at the surface react with water in the ambient:

Si-O-Si HF→ SiH + SiF

SiF H2O→ SiOH
(2.4)

As the surface reacts with water in the ambient air and will turn hydrophilic, bonding of
hydrophobic wafers has to be carried out immediately after etching.

In general the room temperature bonding is relatively week and annealing has to be per-
formed in order to increase the bond strength. In figure 2.3 is illustrated how the bond
strength increases as a function of annealing temperature. Further it is general known that
the bond strengths of both the hydrophobic and hydrophilic type increase with storage time
and reach a stable level after a few days [70].
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Figure 2.3: Bond strength variations for hydrophilic and -phobic wafers plotted against T [70].

2.2 Low temperature fusion bonding

The annealing temperature needed to form sufficient bond strength is for many practical
applications a limiting factor. Depending on the application the minimum bond strength
needed for a stable and reliable component might vary.

Samples made from standard hydrophobic and hydrophilic wafer bonding in general has to
be annealed at relatively high temperatures whereas Plasma Activated Bonding is different
by a having high bond strength already at room temperature. Using plasma activation,
bond strengths in the interval 1000-1600mJ·m2 (20oC) have been obtained by several groups
[64, 69], which is comparable to the strength of hydrophobic bonded wafers annealed at
approximately 520-600oC [70]. The bond strength of plasma treated samples reaches ap-
proximately 50% of the value for fusion bonded samples annealed at 1100oC and is higher
than the bond strength for the bonding used in a glass-silicon sensor. More details about the
physics and chemistry of the plasma used can be found in [41, 75, 10, 44]

Several papers are published on different investigations of the plasma activated surfaces and
bonding, but despite of the many results, basic understanding of the mechanism, in par-
ticular on the atomic level, is still missing. Conflicting results are stated, and the effect of
the variable process parameters are not clear. It is believed, that water treatment of the
activated surface plays an important role, either because its rinsing contamination induced
by in the activation system away, or because its used for better linking of the surfaces at
room temperature. The bond strength is reported to change as a function of both storage
time and annealing, and in general it is believed the interfacial water rearrange and moves
away from the interface and that part of the water is diffusing into the oxide generated from
the activation process.

The plasma assisted bonding is a sensitive process and keeping track on how the different
variables affect the system is difficult. The systems used by the different groups can behave
different, even though same activation recipes are used, and the bonding procedure, con-
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cerning environment, equipment and the step involved in the procedure are not necessary
identical. Especially the time play an important role, both regarding the time passed from
activation of the surface to the actual bonding, since the surface is believe to be extreme
reactive, and also the time passed after the bonding to the characterization measurements
Further the evaluation methods used often differ significant making it even more difficult to
compare the results.

Examples of interesting related work can be found in references [3, 76, 8, 18, 19, 20, 33, 46,
52, 61, 7, 67, 77, 79]

2.2.1 Cleanroom procedure

All steps in the clean room procedure from cleaning to bonding are depicted in figure 2.4
below.

The chemicals used to clean the wafers are a solution designed to remove insoluble parti-
cles, organics and some metals called RCA1. Components in RCA1 cleaning solution are
De-Ionized (DI) water, hydrogen peroxide (H2O2, 31%) and ammonium hydroxide (NH4OH,
25%) in the ratio 5:1:1. The forces, which are responsible for the adhesion of particle con-
taminants to the surface, are mainly electrostatic forces induced by static charges, van der
Waals forces, capillary forces and possibly chemical bonds as well. RCA1 is cogitated to
reduce the strength of attractive forces and the surface energy. The surface of the particles is
consequently modified, and particles are separated from the surface. As NH4OH attacks the
Si surface a native oxide layer will be present after the RCA1 cleaning, and a 5% solution of
hydrofluoric acid, HF, were used to remove oxide. The surface is afterwards terminated by
Si-H and Si-F bonds.

All wafers were RCA-1 cleaned using the following recipe:

RCA-1 70o, 10min
DI water 1min
DI water with N2 bubbles 2min
HF 30s
DI water 2min

They were subsequently dried in a spin drier for 220s at 1400rpm. Long spin drying time
were found to be necessary for obtaining successful bonding. Transport of the wafers inside
the cleanroom took place in a plastic box.

The wafers were activated in either the RIE or ICP-RIE chamber. Description of recipes and
optimization of these are found in chapter four. The thickness of the plasma generated oxide
layer was measured by ellipsometry immediately after the activation, and the time between
activation and bonding was kept as short as possible.
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Figure 2.4: Schematic overview of the applied plasma bonding process.

2.2.2 Activation methods

Two different activation systems has been used within this project, an Reactive Ion Etching
system (RIE) and a Inductive Coupled Plasma - RIE system, ICP-RIE. For both system
oxygen were used for activation.

RIE-system

One of the two systems that has been used in this project to activate the surfaces is the
Reactive Ion Etching (RIE) system. Several other plasma assisted dry etching methods are
available and have been used for the purpose of low temperature bonding, but will not be
described here.

In the RIE system a combination of a physical and chemical processes occurs. The surface
is etched in a gas phase by an ion bombardment and reactions with a reactive specie at the
surface takes place. The main components in the RIE is schematic illustrated in figure 2.5
The plasma generated in the RIE system is a self-contained part of the electrical discharge
in the supplied gases. The plasma has electric and magnetic fields of high energy, whereas
any gas will dissociate and, depending on their original composition, form ions, photons,
electrons, reactive radicals and molecules loaded with high energy. It is featuring equal con-
centration of ions and electrons, which means that the plasma contains electrically active
species, but as a whole is neutral.

The RIE technique is based on the glow discharge method using a RF-diode. The essential
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Figure 2.5: Sketch of the RIE system.[21]

part in plasma generation is two opposed and parallel plate electrodes at calibrated distance
and a capacitive coupled RF generator. They are encapsulated in a tight chamber, where
pressure and temperature are among the adjustable parameters. A gas, i.e. O2, is filled into
the chamber and the electrical potentials established here determine the energy of the ions
and electrons colliding with the surface of the sample immersed into the discharge. Electrons
are accelerated in an imposed electrical field. By collisions they transfer energy to the O
neutrals, when the kinetic energy is greater than the ionization potential of O2. The collision
itself generates a new free electrons and positive ions. Electrons re-energizing and initiates
an avalanche of ions and electrons. When the plasma forms, a glow is emitted, which is easily
observed on a monitor connected to the chamber. The electrons from the partially ionized
gas making up the plasma are mobile and diffuse fast to substrate surface immersed in the
discharge, the opposite plate and chamber walls without any striking energy loss. Negative
potential is consequently increasing at the sample and the plasma is drained and always turn-
ing positive. A current of the positive ions is thus induced and they are accelerated from the
anode through the plasma to the cathode and thereby vertically pelting the surface. [21, 41]

Working with plasma assisted etching in place of wet etching methods is favorable in many
ways. Only small amount of gasses are used and the process time is short. All chemical
processes are performed in a closed chamber, which is cleaned before the wafer is unloaded.
Harmful by-products are thereby encapsulated and more easy to control. The RIE etch has a
very high precision and stability, making it easy to obtain precise etch results and reproduce
the results repeating the process.

Inductive Coupled Plasma - RIE system

The second system that has been used for surface activation is the Inductive Coupled
Plasma(ICP) - RIE system. The principles is almost the same as for RIE system, except that
the plasma for this system is powered inductively by a power source with RF = 13.56MHz.
Even though the systems are quite similar clearly differences can be seen in the x-ray reflec-
tivity from the interfaces, indicating that the generated oxides on the surfaces are different
for the two systems.
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Figure 2.6 is an illustration of the principles and components in the ICP-RIE. The upper
part is the helical resonator generating the plasma. The ion producing electrons are coupled
to the field created by the RF generator and the plasma and field is separated by shielding
in order to avoid capacitive coupling (used in RIE). A high coupling efficiency between the
applied field and electrons in the plasma is obtained by tuning the impedance of the system
to match the impedance of the plasma.

Plasma Chamber

Gas Inlet

Figure 2.6: Sketch of ICPRIE system[21].

Coil and platen power is varied independently, which means that the amount of ions, neutrals
and electrons consisting the etchant species can be controlled without adjusting the radio
frequency. A high RF will cause surface damage, as the ion bombardment becomes too mas-
sive. The pump is a turbo molecular pump assisted by a dry pump as for the RIE. Helium
is used to cool the sample, which alternatively is heated by energy transfer from the plasma.
In the ICP-RIE low-energy plasma with a fast etching rate is produced. It is operating at
low pressures, resulting in an increased directionality of the ions.

The most striking difference between the two plasma activation systems is the ion density of
the plasma , which is very high in the ICP-RIE (≈ 1012cm−2) compared to RIE(≈ 109cm−2).
Conventional RIE systems do not have the possibility of operating at low pressures due to
the parallel plate setup, which cause low ion density and thereby hinder plasma generation.

Optimization process has been made for both systems, varying the three parameters, tem-
perature, pressure and power. Thickness variations and bond strength measurements as a
function of the three parameters has been investigated combined with several other types
of investigations. In general the ICP-RIE activated wafers are more hydrophilic than RIE
activated wafers, which has been evaluated from contact angle measurements, and the spin
drying time necessary before bonding. The results of the tests and the actual difference in
the generated oxide layer can be found in the next sections.



15

Chapter 3

Evaluation of the bonding - quality
measurements

Wafer bonding is a widely used technique within many areas of integrated circuit technol-
ogy and microsystems, and the evaluation of the bonding quality is extremely important.
Different techniques can be used for quality evaluation, where the bond strength has been
considered as one of the most important characteristics to determine. By measuring the
strength of the adhesion, general understanding of the bonding, bonding scheme optimiza-
tion and quality control can be obtain, which are all important, when the wafer bonding has
to be used within complex microelectro-mechanical systems.

In this chapter methods used to depict unbonded areas and to evaluate the bond strength are
presented. In the first sections unbonded areas and methods for detecting voids at the inter-
face are described. The inspection of voids are mainly done by shining infrared light through
the bonded wafers, but also a short description of the Scanning Acoustic Microscopy(SAM)
principle is presented. The next sections contains a description of surface energy measure-
ments, where the crack test method has been used. This is the most common method for
measuring the strength of the bonding. In this section details about the set-up are described
and general problems of the crack test method are discussed. Due to all the problems re-
lated to the set-up and the method, the section also contains an evaluation of the setup used
including a model discussion of the dynamics of the system. At the end a few examples of
alternative surface energy measurements can be found.
The plasma assisted bonding in this project has also been investigated by TEM(Trans-mission
Electron Microscopy) and TOF-SIMS(Time Of Flight Secondary Ion Mass Spectroscopy).
These investigation are not described in this thesis, but can be found in [21]. In this thesis
also more details about the SAM measurements can be found.

3.1 Unbonded interface areas

In the IR camera setup, infrared light is shined through the wafer pair. This is used for
a rough inspection of the bonding after the two surfaces are bonded at room temperature.
It easily reveals unbonded areas, voids, which are due to particles or other defects. It is
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important to note, that it is a non-destructive inspection, which means, that the sample can
be used afterwards. Further, it is a fast inspection technique, taking only a few seconds. The
IR camera is also used in the crack test, were the strength of the bonding is measured by
separating the bonded wafers by a razor blade (a destructive test).

3.1.1 Voids

Wafer bonding is a very sensitive process and the ambient air and handling of the wafers can
affect the success of the bonding. All process steps depicted in figure 2.4 were carried out in
a controlled cleanroom environment at Danchip 1, DTU. Unbonded areas, voids are grouped
in two categories; voids forming immediately under the direct bonding step and those, which
arise later during the storage, heat treatment or thinning procedures[70].

The voids induced throughout the bonding at room temperature can be caused by several
reasons:

• particles on the surfaces

• surface protrusions

• insufficient density of activated plasma

• air trapped at the interface, e.g. if more than one bonding wave is induced

As the forces responsible for the room temperature bonding are mainly short-range inter-
molecular forces, it is necessary to have smooth, flat and reactive surfaces. Within the
semiconductor industry, a chemical-mechanical polishing technique is used as a standard
technique to obtain the appropriate smoothness when manufacturing Si wafers (RMS < 5Å)
In this polish process, mechanical polishing is used to remove the native oxide layer and a
chemical solution of SiO2, KOH and H2O is afterwards used as a chemical etch to remove
the topmost damaged Si layers from the mechanical polishing. After the wafers have been
chemical-mechanical polished, native oxide will grow on top again (2-10Å), and since the
oxide may entrap impurities it is important to remove this layer immediately before the
bonding. The cleaning method prior to the bonding should be chosen in order to maintain
the surface smoothness. In this project the RCA1 cleaning solution was used followed by a
HF dip.

The other category of induced voids is not directly related to contaminating particles, but
appears later in the process during the annealing. Annealing of the room temperature bonded
samples is used to enhance the strength of the bonding, and the choice of temperature and
annealing time often depend on the demands for the specific device. Several groups have
been investigating the problems with voids formation during the annealing and storage for
different types of wafer bonding. It is an important phenomena since it diminishes the bond

1Danchip is the national cleanroom facilities at DTU. The clean room is classified as a class 100, where the
equipment is placed. The air is changed 20 times pr. hour and the temperature and moisture are controlled
in order to keep constant experimental conditions.
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strength and in certain cases decrease the reliability of the devices made from wafer bonding.
Even though it is an important discussion, we will not go in to further details, as our focus has
been on room temperature bonding, and no voids were observed as a function of storage time.

The most convenient method to depict the voids depends strongly on the size of the generated
voids, time consumption, cost and the materials used. The IR setup fulfills most of the
demands, except the limited resolution.

3.1.2 IR pictures

The IR setup for detecting voids is based on optical transmission. The typical set-up is
sketched in figure 3.1. It is a fast and cheap way to get an overall estimate of the bonding
quality, but the use is restricted due to the limited lateral solution, which means, that smaller
voids are not detected.

Infrared (IR) camera

PC with software
making snapshots

Bonded wafer pair

IR lamp

Figure 3.1: IR-setup[21]

Semi conductor materials strongly adsorb light except for frequencies fulfilling

ν <
Eg

h
(3.1)

where Eg is the band gap energy of the irradiated material and h is Planck constant. Using
c = λν, where c is the speed of light and λ the wavelength of the light, the condition can be
rewritten

hc

Eg
< λ (3.2)

When bonding is carried out using materials non-transparent to visible light an appropriate
wavelength of the transmitting light must be employed. As Eg for Silicon is 1.12eV light
will pass through if λ > 1.10µm. The lamp used in the IR setup emits light with wave-
lengths ranging from 0.3µm to 2.6µm, wherefor a part of the light is transmitted though the
bonded silicon wafers. Depiction of voids containing either water or air is based on spec-
troscopic methods. IR spectroscopy deals with transitions between vibrational energy levels
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in molecules and is therefore also called vibrational microscopy. The chemical bonds within
molecules are in a state of continuan vibration, with bonds stretching and contracting as well
as bending. When an infrared beam interacts with a molecule, waves of specific frequencies
are absorbed by the molecule and the molecular vibrations are changed. The vibration fre-
quencies of the waves that are absorbed depend on the types of bonds in the structure of
the molecule. A molecule is able to absorb electromagnetic waves according to the selection
rules of IR spectroscopy, if the dipole moment changes with the internuclear distance[1].

Figure 3.2: IR-pictures illustrating a successful bonded sample and typical voids respectively. Both samples
are treated with O2 plasma.

Figure 3.2 is IR-pictures illustrating a typical successful bonded sample and one with several
voids. Both samples are plasma activated room temperature bonding. The white rings that
appear on the pictures are artifacts of the system, and are not related to the interface. Voids
are visible as dark spots with a number of interference fringes, and if the void is assumed to
consists of air, the number of fringes, N, are related to the height, H of the void by [70]

H = N
λ

2
(3.3)

In the method, voids down to half a fringe can be detected, whereas the minimum detectable
void hight is λ

4 . If light with wavelength λ = 0.1 µm is used this corresponds to a height of
0.275 µ[70]. The minimum lateral size that can be observed depends on the resolution of the
detector in the camera, and in our set-up, it is realistic to detect voids with a radius r>0.3.

SAM

Another non-destructive method for detecting voids is Scanning Acoustic Microscopy(SAM),
where the lateral resolution is much better. The principles of the method are illustrated in
the figure 3.3.
It is simply working as a sonar although operating at much higher frequencies (MHz-GHz).
The bonded sample is placed in water, which works as a coupling liquid between the sample
and the lens. An electric signal is converted to an acoustic plane wave by a piezoelectric
transducer and the plane wave travels through a sapphire crystal and is refracted by a spher-
ical lens, which focus the ultra sound. The sample is mechanical scanned, and the reflected
signal is monitored by the sample transducer, separated from the input signal. Because the
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Figure 3.3: Sketch of SAM-setup[21]

scattering of the acoustic beam is focused to the bubbles at the interface of a bonded pair, the
reflected signal is enhanced and thus the interface bubbles detected. The spatial resolution
is limited by diffraction, thereby depending on the frequency of the acoustic beam. Using a
frequency of 160MHz a resolution of 10µm is reported, which is much better than for the IR
system.

Even though the resolution is much better for the SAM compared to the IR camera, the mea-
surements are far more time consuming and the cost of the system relatively high. Further
the measurements have to be performed in liquid, which can be a disadvantage for the weakly
bonded wafers since the water can penetrate into the bonding during the measurements.

SAM investigation has been performed in this project [34], and compared to IR pictures of
the same sample. Clearly more details were seen in the SAM pictures, where voids with a
size of 30µm could be traced. An example of an SAM and IR picture is depicted in figure
3.4

Figure 3.4: Plasma assisted bonded sample investigated with IR(left) and SAM(right)

As can be seen in the figure, the SAM picture is more detailed. The size of the voids are big-
ger and several smaller features in the left part of the bonded sample are now seen. Despite
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the better resolution, the extra information obtained with the SAM system has to be valued
against the extra time cost, and the limited access to the set-up. In conclusion we decided
mainly to work with the IR-camera since with this system, it was possible to record pictures
immediately after bonding for a series of samples and to follow changes on short or long time
scale.

3.2 Surface energy measurements

The surface energy, γ is the energy associated with formation of a unit area of an appropriate
surface and is used to characterize the strength of bonds formed after bonding of two wafers.
Measuring the surface energy is done by separating the surfaces again after the bonding and
therefore it is a destructive method.

The work, W, related to the mechanical separation of a bonded pair from an equilibrium
distance do to infinity is described by [70]:

W = γw1 + γw2 =
∫ ∞

d0

F (d)dx (3.4)

where γw1 and γw2 are the surface energies of the two wafers at the moment of separation
and F(d) is the attractive force per unit area as a function of the distance between the wafers,
d. As the surrounding medium, often air, contains several species, which will be adsorbed
by the freshly separated surfaces, the process is irreversible. Several methods for measuring
bond strengths and bond strength models have been suggested and investigated, but as will
be discussed during the next sections, measuring the bond strength is not straight forward.
Still no adequate test system has been developed, and the typical setups used by different
groups are not identical.

3.2.1 Crack opening method

Even though the crack opening method is the most common method, it is also one of the
most discussed or even controversial methods, since the results are very dependent on the
actual setup and the person performing the readout. The first group using the crack test
was Maszara et al [40], which was using it in their investigation of silicon-on-insulator (SOI)
wafers.

The crack opening method is based on equilibrium consideration of the elastic forces of the
bent separated part of the bonded wafers, and bonding forces at the tip of the induced crack.
The basic principle is sketched in figure 3.5.

When the bonded wafers are separated with a razor blade of thickness, tb, the two wafers
will bent and generate two different elastic energies, Eelastic1 and Eelastic2. Further the
inserted blade also creates two new surfaces with area Lw, L being the debond length or the
equilibrium crack length and w the width of the bonded sample under investigation. If it is
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tb

L

tw2

tw1

tb1

tb2

Figure 3.5: Principle of the crack-opening method assuming both wafers will bent.

assumed that no plastic deformations are involved in the separating process, the total energy
is the sum of the elastic energies and the two surface energies multiplied by the area[70]:

Etotal = Eelastic1 + Eelastic2 + (γw1 + γw2)Lw (3.5)

and the equilibrium is determined by

∂Etotal

∂L
= 0 (3.6)

The elastic energies are functions of Young’s modulus, E and wafer thickness, tw [70]

Eelastic,i =
F 2

i L3

6EiIi
(3.7)

where the bending force, Fi (i = 1,2) and the moment of inertia, Ii are defined as

Fi =
Eiwt3witbi

4L3
(3.8)

Ii =
t3wiw

12
(3.9)

tbi is the thickness of blade fraction i, marked on the figure. Substituting these expressions
into equation 3.5 and differentiating with respect to L the outcome is an equation for the
surface energy:

(γ1 + γ2) =
3t2bE1t

3
w1E2t

3
w2

8L4(E1t3w1 + E2t3w2)
(3.10)

In the case of bonding of identical wafers, which is the situation for the samples investigated
in this thesis, tb1 = tb2 and E1 = E1 = E, and equation 3.10 becomes

γ =
3Et3wt2b
32L4

(3.11)



22 Evaluation of the bonding - quality measurements

where γ is the total surface energy of the bonded sample. Knowing the thickness of the wafers
and of the razor blade used in the set-up, L is the remaining quantity to be determined.

One-wafer bending

Depending on the set-up it might be convenient to consider a system where only one of the
wafers is bending during the crack test. This situation is illustrated in figure 3.6.

tbtb

tw

L

Figure 3.6: Crack-test with one wafer bend[21]

When actually measuring the debond length, a vacuum pump is often used to stick the
wafer pair or a piece of it to a solid chuck (see next section for a sketch of the setup). This
means when inserting the razor blade just above the edge of the bottommost wafer, only the
upper one will bend during the test, and consequently the surface energy can no longer be
described by expression 3.10. If we assume an ideal vacuum system and no contributions
from the bottom wafer, it is determined by[70]:

(γ1 + γ2) =
3Et3wt2b
16L4

(3.12)

The expressions are almost identical, except for a factor of 2 in the nominator, which means
an increase of 50% compared to the two wafer bend case. Bending of only one wafer is a
theoretical situation and even for systems with vacuum chucks it might be more precise to
use an expression in between the two cases.

Comments on the model

The simple formulas stated, developed by Mazara et al., are neglecting shear stress and stress
in the non separated part of the wafer specimen, where the latter omission arises from the
approximation, that the wafer piece is rigidly clamped. In a recent published report by Vallin
et al.[72] concerning the different methods for measuring bond strengths used today, several
alternative models are presented including sheer stress and elastic restraint. These models
have been compared to the Mazara model, and the result is depicted in figure 3.7.

The results are calculated for a bonded pair of each 525 µm thick silicon with the beam and
crack in the 〈100〉 direction and a blade thickness of 50µm. As can be seen in the figure
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Figure 3.7: Comparison of fracture toughness obtained from four different models under prescribed displace-
ment control. Mazara model, Scrawley and Gross model, Kanninen model and Williams model. The three
latter models almost overlap. The percentage of overestimation using the Mazara model is shown by the
upper curve and axis to the right[72].

Mazaras model yields an overestimation compared to the other models. The upper curve
shows the percent of overestimation and for weakly bonded samples it is ap. 10 % and for
stronger bonded samples even higher. The other models almost agree in results.

The results of the report clearly demonstrate, that in order to obtain a more precise de-
scription of the strength of the bonded sample, more detailed models are needed. In spite of
the obviously inaccuracies Mazaras formula is still widely used. The reasons are, that it is
relatively simple and other errors in typically crack test measurements are far more critical
making exact strength calculation complicated. In this project, expression 3.11 has been
used in the calculations.

3.2.2 Crack opening setup

The set-up used within our optimization process is depicted in figure 3.8.
A 2 cm wide test piece of the bonded wafer was placed on a metal block with vacuum holes.
To assure stability, a stop block with a straight cut is placed at the end of the wafer piece. A
razor blade made by sharpening a rectangular piece of spring steel was moved in the marked
direction. It was controlled by two micrometer-screws mounted to the right, while a third
micrometer screw (not drawn) enabled hight adjustment in the vertical direction. The setup
is placed in an infrared camera box.

The micrometer screws were used to move the razor blade and debond part of the sample.
The movement was done manually, and a series of pictures were recorded for each sample
piece. When the blade is stopped a debonded area can be seen within the camera and it is
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Figure 3.8: Left: Set-up of crack opening test device. Right: Diced wafer sample. Each
2 cm wide piece can be used to test the bond strength in the set-up depicted on the left.
The test piece in the middle is colored in blue and the curved test piece in green.

this length needed to calculated the surface energy. An example of a sample series is shown
in figure 3.9 below.
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Figure 3.9: Left: Series of crack opening pictures showing the black area of the razor
blade, the dark shaded area, where the wafers are debonded and the white area, where
the wafers adhere. Right: Energy variations as a function of the crack length, L.

Splitting the wafers apart the razor blade and crack tip ideally move concurrently with each
other. However, this requires a constant equilibrium situation between the competing forces
described in equation 3.5, which is physically unreachable. The bond strength turns out to be
strongly correlated with the surroundings[43, 72]. As soon as the surfaces are apart reactions
with the surroundings begin to take place making, and the debond length will change as a
function of time, even though the blade is stopped.
Since the debond front is moving, the time from when the blade is stopped to when the
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debond length actually is measured is very critical and makes the test very depending of the
operator of the system. The debond length L is entering equation 3.10 as L4, making small
changes very important for the resulting surface energy. The right part of figure 3.9 shows
the crack opening energy as a function of the crack length.

For each bonded wafer pair, six to eight pieces were cut. For obtaining good statistics, sev-
eral measurements were done on each piece and often two or more pieces from each wafer
pair were measured. The mean value or the series of measurements were used as the debond
length for the specific sample. The debond length were read out few seconds after the blade
was stopped, where it seemed that the front was reaching a short time equilibrium value.
This will be discussed in detail in the next section. The surface energy is calculated from
expression 3.11 assuming both wafers to be bend, but due to the only partly fixed lower wafer
this value will properly reflect the lower limit of the bond strength.

Although it seems like a lot of work to get the final results, the procedure is easy to overcome
even for large amount of samples.

Comments on the crack test method and set-up

The precision of the measurements is determined by the instrument and by the system oper-
ator. Identical results can be reached using a less precise method, but this requires averaging
over a large number of measurements, which is both time and cost consuming[72]. The
precision is the degree of concordance between results obtained from measurements of the
same physical quantity and can be dived into repeatability and reproducibility[72]. The
repeatability is the precision within one measurement series and is an estimate of random
measurements errors. The reproducibility is the precision in measuring the same quantity,
but with altered circumstances like e.g. measurement method, another operator or other
measurement equipment and describes the errors caused by instrumentation and people. The
accuracy is the derivation from the physical quantity looked for. The degree of concordance
between the measurement value and the true value is determined by the correctness of the
mathematical models used and systematic errors such as those due to non calibrated mea-
surement equipment[72].

The crack test is indeed easy to work with, and properly therefore it is still widely used
despite of all its uncertainties. The test method and model were introduced in 1988 by
Mazara et al. and has on the whole been used without further improvements since its
introduction. Improvements has been suggested, but in spite of that there is still a lack of
standardization allowing comparison of different published results. In general bond strength
measurements are published without any comments on the exact set-up and in most cases
only one single measurement is presented for each sample, making it hard to access the
repeatability. Sometimes error bars are given, but without mentioning whether it is an
estimate of systematic or relative errors, these are of no value.
For some measurements the repeatability is given and for these experiments a standard
derivation in the crack length of less than 5 % is reported. This is in good agreement with
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our measurements. More critical is the reproducibility which is mainly due to the dynamics
in the measurements introduced by stress corrosion, and that the typically set-up still de-
pends on the operator.

For investigating the reproducibility in the setup, we agreed to collaborate on testing the
bond strength with two other groups, A. Sanz-Velasco et al. at Chalmers, Sweden and T.
Suni from VTT information Technology in Finland. The test set-ups are all different, but
based on the same principles of the two wafer bending methods. Each group prepared nine
samples according to their own recipe with different wafer thicknesses and diameters. They
were distributed such that each group measured bond strength on nine samples: three copies
of each type. The results are plotted in a histogram in figure 3.10. Each color represents a
measurements made by one group.
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Figure 3.10: Bond strength values from the collaboration with two other
laboratories[64], where each group prepared nine identical samples using in-
dividual recipes. Three samples of either type were tested in the different
laboratory set-ups. The colors discriminates between test set-ups and the
different patterns between the three tested sample types.

The blue columns represent two tests of whole bonded wafer samples and one on diced 20mm
piece, whereas the green and magenta columns are the mean values of results only from pieces
of a sample. The Mazara model used for calculating the bond strength is based on cantilever
beams and in principle not valid for whole bonded wafers. This has been investigated by
Baghdad et al.[4], who compared measurements on beamlike specimens and whole wafers. In
general they found that measurements on whole wafers resulted in shorter crack lengths and
thereby higher bond strengths. Our collaboration results are in good agreement with their
observations, except for wafers prepared by recipe 1.

The variations within each colored measurements in each recipe are a measure of the re-
peatability, whereas the comparison of the three different color in each recipe is related to
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the reproducibility. The blue measurements are always the same indicating good repeatabil-
ity, but it has to be taken into account that the precision of their read out is ±500µm which
is not as precise as our read out(green), where resolution down to 100-200µm was obtained.
The situation is the same for the red measurements. Further the two latter are mean values
of several measurements on each sample piece, which can explain that these are more fluc-
tuating. For recipe 1, the bond strength values are varying from 1.4J ·m−2 to 1.6J ·m−2,
which corresponds to a debond length difference of 0.3mm and therefore within the range of
the read out uncertainties. In general good agreement is observed.

Another important problem in the measurements is, that solids under mechanical stress ex-
hibit an increased chemical reactivity, also called stress corrosion[72]. It is believed that
strained bonds at the crack tips are easily broken by reactions with molecules in the environ-
ment, making the time delay from when the blade is inserted to the actual read out crucial.
The phenomenon has been investigated by several authors, e.g. Wan et al.[74], who inves-
tigated crack velocity versus fracture toughness in crack measurements of mica in different
environments. They observed a very strong environmental dependence, and from their ex-
periments it can be evaluated that the atmosphere wherein the measurements are performed
indeed affects the results and that the velocity of the wedge/blade is important.

Similar experiments are made for bonded wafers by Bertholet et al.[9]. Their results are
depicted in figure 3.11.

Figure 3.11: Left: Variation of the fracture toughness as a function of crack velocity.
Measurements are performed on samples prepared by the same procedure (no specific
surface treatment: 150 h annealing at 150 degrees ). Right: Evolution of the crack
length after stopping the wedge. The wedge is stopped at time t = 0 min [9].

In the left figure is showed a plot of fracture toughness versus wedge/crack velocity, and it can
be seen that the fracture toughness depends on the velocity, and that the largest variations
are in the velocity range of 0.1-10 mm/s. At high speeds the strength becomes constant.
In the right figure is depicted a static measurement, where the wedge/blade is stopped at
t=0. Here it can be seen that the crack length is increasing as a function of time, and in con-
clusion great care must be taken when performing static test for measuring the bond strength.
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The collaboration results shown in figure 3.10 are all from static measurements, where the
blade is inserted and stopped and the crack length subsequently determined. The waiting
time before read out time were different for the three groups, group 1 was waiting two
minutes, group two was recording the crack length immediately after separation and group 3
was waiting until the crack length was stabilized. These different waiting times can affect the
resulting bond strength as illustrated in figure 3.11 and the different measured values can be
explained by the different time delay. All measurements were performed in air, and therefore
stress corrosion are indeed affecting the measurements. In the tests it was also observed that
the crack lengths were changing with different velocities for the different used recipes, which
can be related to different surface properties when changing process parameters and thereby
different reaction rates with the surrounding water.

3.2.3 The dynamics of our crack-test setup

For obtaining more information on our own crack test set-up, we decided to investigate the
dynamics of the crack length in details.

The used set-up was encapsulated in a plastic box where the humidity could be controlled
by a nitrogen flow. The temperature in the box and on the sample were monitored. A series
of tests were performed to characterize the behavior of the temperature and humidity within
the box as a function of time.

Figure 3.12: Test Box setup

The used set-up is depicted in figure 3.12. The humidity was measured at two points, as close
to the sample as possible(%rHdprobe in plots) and in the middle of the chamber( %rHdambient

in plots). The temperature was monitored at the same positions, Tprobe and Tambient and also
by a sensor placed directly on the sample, Tdut.
In figure 3.13 is a plot of measured humidities and temperatures in the box with and with-
out a nitrogen flow. In the figure the blue curves are related to measurements without any
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Figure 3.13: Temperature and humidity as a function of time

nitrogen flow and the red ones are with maximum flow. The green curve at Tdut is also
with N2 flow, but for thicker bonded samples. The IR lamp was in all measurements sat at
highest possible intensity. In the bottom of the graph the relative humidities are plotted.
The ambient results are the black (no N2) and gray(max N2) and the others are close to the
sample, orange (no N2) and dark green (with N2). Based on the measurements the following
can be concluded.

• The equilibrium temperature of Tdut, Tprobe and Tambient with maximal IR exposure,
tends to be 3-4◦C lower with the presence of N2 flow (set to maximum), compared to
the temperature without N2 flow. The reason could be due to the cooling effect, arising
from the temperature of the injected N2 gas, which is approx 20.7◦C.

• When the sample was exposed to a maximal IR intensity, the final equilibrium temper-
ature of the wafer sample was found to be approx. 100◦C, with a heat-up time constant
of approx. 2000sec. (or 34 minutes). This means, that within the first 2 minutes, after
IR activation, the temperature increases with approx. 10◦C. If no N2 gas is injected
into the system, the relative humidity (%rHd) near the wafer sample will drop 10%
within the same period of time (orange curve).

• With maximal N2 injection and no IR exposure, the equilibrium relative humidity
(%rHd) measured with the probe (placed near the wafer sample) was found to be
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approx. 0-0.1% The ambient equilibrium relative humidity, was found to be approx.
15-20%.

• With the no N2 injection and a maximal IR exposure, the equilibrium relative humidity,
measured with the probe, tends to be approx 1.4%. Also, within the first 2 minutes
after activating IR, the relative humidity drops from approx. 36% to 28%.

In the beginning it was assumed that maximal IR intensity should be used, mainly because
the picture quality of the AVI movie sequence would increase. However, this approach soon
showed to introduce more problem than benefits, due to the heating arising from the IR
lamp. For investigating the temperature dependence on the IR intensity the measurements
were repeated lowering the IR intensity as much as possible. This indeed changed the heating
profile, and it was found that the final equilibrium temperature of the wafer sample would
be approx. 43◦C, which is more than 50% heat reduction compared to maximal IR intensity.
The temperature increased less than 2◦C within the first 2 minutes after the IR lamp was
activated, and it is believed that if low intensity is used, the time dependent temperature and
%rHd variation, due to IR heating, can be neglected if the de-bonding part of the surface
energy measurement does not exceed much more than 2 minutes.

After characterizing the chamber several crack tests were performed to investigate the sur-
face energy behavior in different atmospheres. The measurements were static, performed by
manually inserting a razor blade separating the bonded sample. After separation the blade
position were kept constant, and the movement of the crack length were recorded on a video.
The samples were all plasma activated room temperature bonded, using a ICP-RIE system
for activation, with a power of 30w, a pressure of 280mTorr and activation times of either 30
or 150s. Due to the known changes in bond strength as a function of storage time, great care
was taken that they were measured with same time delay, either 24 hours after bonding, 3
days or 6 days. Each bonded sample were cut in 6-8 pieces and several pieces were measured
for each sample and on each piece two-three recordings were done. The humidity was divided
into three categories, low humidity (0.5-5%rHd), medium humidity (15-23%rHd) and high
humidity ( over 30%rHd).

An example of measured samples in high humidity ( 59% ± 5%) and in low humidity(<
1% ± 5%) is shown in figure 3.14. As expected the crack length and thereby the surface
energy were changing as a function of time and clearly differences for samples measured in
different atmospheres were observed. For both measurements the energy is decreasing rapidly
within the first 5-10 seconds, and afterwards only slowly decreasing. Long time measurements
have been performed, and they indicate that for measurements in high humidity the energy
keeps decreasing and no saturation value is reached whereas for the measurements in low
humidity the surface energy seems to become stable after a while.

Martini et al.[43] have investigated the decrease in surface energy as a function of time, for
bonded wafers annealed at 200-900 degrees, in air and at different ambient pressures. The
strong observed decrease in effective surface energy is explained by considering what happens
with the silanol bonds that are broken during the crack test after being in contact with the
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Figure 3.14: Surface energy as a function of time measured in low and high humidity.

water contaminated ambient.

The effective surface energy at t=0 after separation of the interface is defined as the energy
difference [43]

γ = Es(0)− EI(0) (3.13)

where Es(0) is the energy of the cracked surface at t=0 and EI(0) is the energy of the bonded
interface. When separating the bonded wafers, the Si-O-Si bonds will mechanically crack and
immediately after the opening there exist two surfaces with newly generated Si-O groups and
dangling bonds, which are not covered with water. After insertion, water adsorption begins
and decreases the energy of the Si-O groups and dangling silicon bonds. Due to this process
the effective surface energy γ changes to [43]

γ = γ0 + ∆γ(t) = Es(0) + ∆Es − EI (3.14)

where γ0 is the surface energy at t=0 and ∆Es is the energy difference between the water
covered surface and the uncovered surface. The energy difference, ∆γ(t) is depending both on
how many Si-O-Si bonds are present and afterwards have to be broken and on the adsorption
process. The time dependence of this adsorption process for a constant concentration of
water vapor is given by

−dcSiO

dt
= kcSiO (3.15)
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where cSiO is the concentration of Si-O groups and dangling bonds and k the rate constant.
The solution to 3.15 is an exponential function, and by now assuming that the additional
surface energy is proportional to the number of created Si-O groups per surface area, the
time dependence of the surface energy can be written as:

γ(t) = (γ0 − γ∞)e−kt + γ∞ (3.16)

where γ0 is the surface energy at t=0, γ∞ is the surface energy at t=∞ and k is the rate
constant of the chemical reaction between water and the surface and stated to be in between
0.059-0.061s−1 under ambient conditions and below 0.005 s−1 measuring at 10Pa pressure.
The model by Martini et al. has been tested on our measurements and it was found that the
model was in good agreement with the measurements when measuring in the lower humidity
range. An example is depicted in figure 3.15.

Figure 3.15: Martini’s model fitted to the surface energy for sam-
ple measured in low humidity, day 3. γ0 = 1.32J/m2, γ∞ =
1.03J/m2 and k = 0.6s−1

The k value was found to be 0.6s−1, which is higher than the typically stated values by
Martini. For the results from the measurements performed in the higher humidity range it
was not possible to obtain good fits. This is illustrated in the figures below where fits using
three different k values are presented.

The sample is measured in a humidity of 35%, and as can be seen the fit is bad for all three
different k values. The samples are all prepared and measured the same way , so the only
difference for the two measurements is the ambient atmosphere. Depending on the humidity
the decrease in surface energy behaves differently and as illustrated in figure 3.14, the surface
energy measured in the low humidity range in general stabilizes after a while, whereas the
surface energy measured at higher humidity continues decreasing indicating an extra long
term effect.
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For solving the problems with the model for the samples in high humidity, expression 3.16
was extended. The extra effect is included by assuming that γ∞ is time dependent and
it is speculated that the long time decrease is due to the earlier mentioned effect of stress
corrosion, where stressed siloxane bonds tend to be more reactive. The strained Si-O-Si bonds
will be ruptured by an adsorbed water molecule and two hydroxyl groups are formed [45].
The new description is then assumed to consist of two contributions. One contribution to the
surface energy is due to reactions on the newly generated surfaces , which immediately after
separation react with the surrounding and are covered with water. The second contribution is
due to stress corrosion and is a much slower process and is closely connected to the available
surrounding water molecules and thereby the humidity . If it is assumed that the second
process can be described with a similar expression as process one, with an expected lower
reaction rate constant, the model is written

γ(t) = (γ0 − γx(t))e−k2t + γx(t) where γx(t) = (γx1 − γx2)e−k1t + γx2 (3.17)
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Figure 3.16: Martini’s model fitted to the surface energy for sam-
ple measured in high humidity, day 3. γ0 = 2.7J/m2, γ∞ =
1.44J/m2 and k = 0.4s−1, 0.25s−1 and 0.06s−1 respectively.

The difference γx1−γx2 determines how strong the effect of the de-bonding is due to reactions
with the surroundings and depends upon the humidity. k1 is the rate constant related to
process two and k2 is related to process one. The assumed relationship between γx1 and γx2

and the humidity is calculated from the experimental results and shown in figure 3.17.

Figure 3.17: The assumed relationship between γx1 and γx2

It should be noted that the displayed relationships are found from our measurements and
can be different if other types than plasma activated bonded sample is considered. For 0%
humidity, γx1 = γx2 and expression 3.17 reduces to γ(t) = (γ0 − γx2)e−k2t + γx2 and in this
case the time depended surface energy will only depend on the reaction rate k2. A plot of
data fitted to the modified model is illustrated below.



3.2 Surface energy measurements 35

Figure 3.18: The modified model fitted to the surface energy for
sample measured in high humidity, day 3. γ0 = 2.65J/m2, γx1 =
1.82J/m2, γx2 = 1.43J/m2, k1 = 0.06s−1 and k2 = 0.8s−1

The model has been fitted to all measured surface energies and fits well for all of the results.
Typically values of the fitting parameters listed from high to low humidity were found to be
in the range of 0.03 to 0.08 for k1, between 0.4 to 0.6 for k2 and between 0.02 to 0.53 for the
γ difference. The rate constants, (k1, k2) and γx1 were found iterative, while γ0 and γx2 were
extracted from the data. The reaction rate k1 was obviously decreasing when measuring in
the low range, which was to be expected since less water in the surroundings is present. The
same tendency was observed for the k2 values, even though it was not as clear, and for some
of the fits it was almost constant and independent of the measurement surroundings. Further
the k1 values were always a factor of 10 smaller. The γ difference was as expected low, when
measuring in low humidity.

3.2.4 Summary and conclusion

In conclusion we have been investigating our crack test set-up, and as expected a strong de-
pendency on the delay time was observed. An expression describing the changes was found
and it is speculated that an extra long term contribution from stress corrosion is affecting
the observed increase in the crack length. The model was made from experiments on plasma
activated bonded samples and is not necessary valid for other types of bonding. No differ-
ences were found between the sample made with exposure times of 30 and 150 s, but it could
be interesting to test the other recipe parameters and see if any effects could be seen. In
the model contributions from capillary forces have not been discussed, but it is believed that
these can play some kind of role. Further it was observed during the investigations of the
box that there is a possibility of sample heating, and thereby changes in the crack length,
when exposed to the IR-light.

There are many other problems related to the crack test, than we have discussed in our test
of the system and all of them are each contributing to make the test very uncertain. The
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major problems are listed below

• The Mazara model
As discussed earlier the use of Mazara’s model yields an overestimation of the fracture
toughness compared to more advanced models. For weakly bonded wafers an overesti-
mation of 10% is found. Further, the models are based on cantilever beams while most
measurements are performed on whole bonded wafer pairs. It is found that measure-
ments on whole wafers will result in shorter crack lengths and thereby higher surface
energies and errors between 10% and 25% in crack length are reported[72].

• Stress corrosion
It is believed that strained bonds at crack tips are broken with molecules in the en-
vironments resulting in an increase in crack length. The effect is depending on the
number of bonds that can be broken and the surrounding number of molecules.

• Optical inspection of the crack length
The crack length is determined by optical inspection, and as discussed within the
section of IR resolution voids with small gab heights can not be seen. This will affect
the precision of the debond length. Several authors have used analytic expressions from
simple beam theory to determine the actual crack length[72]. The optical inspection
errors are found to be on the order of 10%.

• Velocity
It is found that for the non static measurements where the blade is moved at a constant
speed, the crack fracture toughness is changing as a function of blade velocity[9]. It
was observed that in the low speed range the bond strength was increasing more as
a function of velocity, whereas at high velocities it became stable. This has also been
observed within our set-up where the crack length was inspected by video when stopping
the blade and after some seconds moved again.

Despite all the problems related to the method it has been and is still used by many groups
for evaluating on the strength of the bonding. Many of the problems have been investigated
in details and by relative small improvements of the set-up more reliable measurements can
be obtained.

The measurements should be automated for avoiding the operator dependence and raising
the reproducibility of the measurements. The measurements should be performed on beams
rather than whole wafers and the models used for calculating the bond strength should be
more advanced than the model suggested by Mazara. In order to avoid or minimize con-
tributions from stress corrosion the measurements should be performed within an controled
atmosphere.

Many attempts have been made within the wafer bonding society to setup a standard way
of performing the crack test, but without much success. The reasons for still using simple
incomparable systems can be many, but it is believed that one main reason is that the system
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and the corresponding calculations should be quick and easy to work with. Using different
set-ups only allows for comparison between different types and prepared bonded samples in
each individual laboratory and this makes it hard to compare results among work done by
different groups. As a minimum it would be an improvement if published papers about bond
strength measurements contained more details about the specific crack test set-up and the
circumstances under which the measurements are performed. Further it has to be specified
how many measurements are included making it possible to judge if the stated value is a
good representative for the strength.

The bond strength measurements within this project have been performed using the earlier
described set-up. They were typically made in air in the cleanroom unless other is specified.
The read out of the crack length was done as quick as possible after blade insertion to mini-
mize stress corrosion contributions, and in general for each bonded wafer pair measurements
on several pieces have been made and for each piece two-three blade positions were inspected.
In this way good statistics were observed. Due to the results from the detailed investigation
of our set-up we were aware of the errors related to the measurements and the limitation of
comparing measurements within the published papers. Great care was taken, that the same
procedure was followed each time and many measurements were performed on each bonded
wafer pair, and it is believed that the test optimizing work presented in the next chapter is
indeed valid despite the problems related to the set-up.

3.2.5 Alternative methods for measuring the bond strength

Several alternative methods have been tested within the research of wafer bonding to over-
come the difficulty using the crack test. A striking improvement would be an easily applicable
method that does not rely on the ability of individuals of performing identical measurements.

Blister test

An alternative example of a method, which hinges on measurements of the surface energy is
the blister test. In this test, two bonded wafers, where the bottom one has a hole reaching
the interface are split by applying a hydrostatic oil pressure through the hole and thereby
pushing the wafers apart[70]. If keeping the bottom wafer fixed and assuming no elasticity
the critical pressure where debonding occurs can be measured by means of the surface energy
given by[78]

γ =
0.088p2

fa4

Et3w
(3.18)

where a being the radius of the hole, pf the critical pressure for debonding, E Young’s
modulus of the top wafer and tw the wafer thickness. The method can be used for testing
both weak and strong bonds, but requires test structures made prior to the bonding and
cannot be used for bond containing large unbonded areas. In advantage it does not require
any gluing and both good repeatability and reproducibility is reported for the method[72].
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However, model description and experimental verification are still not very well documented.
Only very few papers have been published where this method has been used.

Tensile methods

Another method is the tensile strength measurements. A tensile test machine is used to
measure the tensile strength of bonded wafers by pulling the wafers apart from opposite
directions perpendicular to the interface plane of the wafers. The bonded sample cut into
small pieces and typically glued with two-component glue to steels blocks with a smaller
surface area. A force is applied to the blocks and calculations of the force applied per area
is then assigned to the bond strength.
As the other methods tensile tests have their advantages and limitations. The quality of the
adhesive used is of decisive relevance. Overcoming this limitation enables testing of bonded
wafers with a very high strength, which would not be possible using the razor blade method.
It is the second most used test for evaluating the strength of wafer bonding. However great
care must be taken since large scatter in the measurements often is the result due to the brit-
tleness of the typical materials used in wafer bonding. For making geometric independent
measurements notches of known form must be introduced at the bond and an accurate stress
analysis performed to obtain high accuracy.[72]

Chevron test method

The last method to be mentioned here is the chevron test, which is a further development of
the tensile test. In this method, load is applied perpendicular to a specimen with a chevron
shaped notch and fracture is initiated at the well defined tip of the chevron and propagates
with increased load as a sharp crack. The method has been used with successful results by
several groups and it can be used both for low and high strengths. The only drawback is the
gluing, which is time consuming and may introduce small errors. It has not been used by so
many groups so far, but it is believed to be one of the most promising methods for future
evaluation.
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Chapter 4

Process development and
optimization

Wafer bonding is a sensitive process and the parameter space which influence the quality
of the plasma bonded samples is huge. By changing the three variable parameters (power,
pressure and activation time) in the activation process a series of measurements has been
performed in order to investigate the changes in the bonding properties. Bond strength mea-
surements have been used as a tool to determine the parameter combination resulting in the
highest bond strength.

Other parameters, like e.g wafer type, wafer thickness, choice of cleaning process prior to acti-
vation and ect. can affect the measured bonding, but in order to narrow down the parameter
space, they were kept constant. The wafers were, if possible, taken from the same batch or at
least always chosen to be of same type, and the cleaning of the wafers before activation were
always done in a RCA 1 solution. Further it can be discussed if a water rinse of the activated
samples prior to the bonding affects the quality, and in this work both bonding with and
without the water rinse step were possible. A few x-ray measurements have been made for
investigating the influence, and the results indicate that the water definitely plays some kind
of role. Other groups are in general using water to rinse the activated wafers and argue that
this is necessary for obtaining good results. In spite of that and due to the already large
parameter space we decided to continue the work always using a waterdip after the activation.

The bond strength measurements are used to determine the best recipe resulting in the
strongest surface energies. This is an optimization process only concerning the strengths, and
other variables such as processing time and cost are not included. Detailed understanding of
the bonding mechanism is not necessary for performing the tests, but the response in bond
strength when varying one parameter can be used in combination with other techniques to
obtain general understanding of the mechanism.
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4.1 Process optimization

The optimization included test series on both RIE and ICP-RIE plasma activation machines.
Three parameters, power, pressure and activation time were varied in both systems in order
to test their influence on the bond strength. In parallel oxide thickness measurements were
done by ellipsometry to see how the thickness changed as a function of the different variables.

The wafer bonding is very sensitive to particles and all processes were carried out in the
cleanroom facilities at DTU. As the test covered a long period, it was not possible to use
wafers from only one batch, but the different wafers were all received from Okmetic[49] and
were double side polished with the following specifications :

Diameter 100 ± 0.5 mm
Type P/Boron/(100)
Thickness 350 ± 15 µm

Resistivity 1-20 Ω· cm

The double side polishing allows plasma activation on both sides. This turned out to be an
advantage since otherwise void formation caused by bent wafers were observed. Assuming
that wafers from the same box have identical bending properties, undesired voids were evaded
by bonding wafer activated on opposite sides.

4.1.1 Cleaning

The cleaning procedure prior to activation differs from group to group depending on standard
solutions available. Several groups [64, 69] have reported successful bonding using a RCA-1
clean, described below, and since a standard was necessary to eliminate further parameters
in the process optimization all plasma activated samples in this project were cleaned using
this solution.

RCA1 Ratio
DI-water 5

H2O2,31% 1
NH4OH,25% 1

4.1.2 Activation

Two systems were used for activation, the RIE and ICP-RIE system. In both system only
oxygen gas was used in the process, but other combinations are indeed possible. In both
systems, activation time, power and pressure have been varied and for each parameter a test
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series is performed in an appropriate interval. Following intervals were tested for the two
systems:

RIE ICP-RIE
RF Power/platen Power 10-200W 20-180W
Chamber Pressure 40-280mTorr 5-60mTorr
Activation time 15-240s 10-200s

Table 4.1: Test intervals for process optimization

4.1.3 Water rinse

There has been a big discussion among the groups working with wafer bonding technologies,
whether the wafers should be rinsed in water or another chemical solution after the activa-
tion. Some groups report strengthening of the bonds if they include a water dip subsequent
to the plasma treatment [77, 65, 73, 75], whereas others claim the opposite, reporting surface
energy measurements about a factor of two lower, when using a DI water rinse[75]. Many
process parameters possibly influence the quality of the bonding, and it is difficult to be
sure of the pure effect of rinsing the surfaces after activation. Pasquarillo et al.[51, 40, 50]
were using in situ bonding systems and reports successful bonding without water treatment.
Comparison of ex situ and in situ experiments indicate, that contaminant particles are rinsed
off by the DI-water treatment, which may not be necessary if handling the wafer in a vacuum
system. Further, Sanz-Velasco et al.[65] observed changes in surface roughness over time
for samples not dipped in water and they proposed that the DI water dip is important and
removes contaminations coming from the ICP-RIE chamber. AFM measurements performed
in our study disagree compared to what is observed by [65]. and in conclusion it was in
general found that both activated wafers that were rinsed in water and those not dipped in
water were changing surface properties as a function of time, attributed to the high reactive
surfaces reacting with the surroundings. The storing of the wafers after activation were found
to be important and also the time before performing the AFM measurements affected the
results.

In order to limit the already huge parameter space affecting the bonding, it was decided
always to use a water rinse for tree minutes followed by spin drying the wafers.

4.1.4 spin drying

After the DI Water dip, the wafers are spin-dried. Without properly drying, wafers would
float on each other resulting in an unbonded sample, and it is therefore very important to
assure that wafers are spin dried long enough and at least until water is no longer visible as
colored rings spreading from the center. Experience with the spin dryer reflected a remarkable
difference between activated wafers from RIE and ICP-RIE chambers. Using the standard
spin time adapted for RIE activated wafers caused problems bonding ICP-RIE activated
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wafers. The ICP-RIE surface is far more hydrophilic and consequently longer spin time for
obtaining spontaneously bonding was needed. The extent of hydrophilic or -phobic surfaces
was determined using a contact angle measurement equipment available in the cleanroom[56].

It is not clear which role the water dip actually plays, but it is speculated that as long as
water is observed at the interface, the bond strength will somehow be limited by the strength
of hydrogen bonds [40]. Amirfeiz and Sanz-Velasco et al. suggested that water present in
the samples is diffusing through porous channels within the plasma generated oxide [65, 3].
This idea was investigated in details by Egebjerg[21] performing TOF-SIMS experiments
with D2O treated samples as well as TEM imaging and SAM experiments. In conclusion,
the existence of pores was disproved.

4.2 Bond strength tests

The bond strength tests were used for optimization of the plasma recipes in the two cham-
bers. The idea was to find the parameter combination resulting in the highest bond strength
and in parallel follow, how the thickness on the generated oxide is affected when changing
the process parameters. Several of the tested samples were afterwards characterized by x-ray
reflectivity for obtaining changes on microscopic scale as a function of the different systems
and recipe parameters. These measurements are described in chapter 5.

Before optimization a start recipe was needed. For the RIE system we used a recipe earlier
described by [65, 64, 75] and for the ICP-RIE a recipe developed by [76, 64].

RIE ICP-RIE
RF Power/platen Power 200W 15W

Chamber Pressure 300mTorr 40mTorr
Activation time 60s 30s

Table 4.2: start recipes

4.2.1 RIE-system

Power variations

First parameter to test was power variations of the system. For the RIE system, the power
was first varied using relatively broad intervals, finding the region which results in the highes
bond strength (named standard in the figures). Setting the power to the best value in this
region, the other parameters were tuned. Now using the optimized pressure and time values
the power variation was then repeated(named optimized in the figures). The results are de-
picted in figure 4.1 below.
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Figure 4.1: Left: Oxide thickness measured by ellipsometry plotted as a function of RIE power variation. The
oxide thickness increased linearly with power. Test results using the standard recipe with 60s activation time
and 300mTorr chamber pressure as well as the optimized recipe (160s activation time and 280mTorr chamber
pressure) are depicted. Right: Crack opening energies as a function of RIE power variation are plotted for
the standard recipe and the optimized recipe. After optimization, the interesting interval is narrow and peaks
around 40W.

Variations in RF power showed a higher bond strength value using low powers. The highest
value was obtained at 40W, which is marked with a dotted line in the figure. The tendency
was the same for both tests, using either the standard or the optimized values for the other
two parameters. For the optimized test, the bond strength was very high at exact 40W,
whereas at the interval around 40W remarkably lower values were observed. It should also
be remarked that the bond strength values were found to be very sensitive to changes in the
parameter space, since after the optimization, twice as high bond strength is observed at 40W.

In parallel the oxide thickness as a function of the power variation was measured. Again both
values for the standard and optimized process are plotted, and as can be seen in the figure,
there was a linear relation between the RF power values and the oxide thickness in the lower
RF region. Using linear regression the best fit for the optimized series was found as [21]

y = A + B·x, where
A = 14.6 ± 0.3Å
B = 0.605 ± 0.005Å·W−1

The thickness for the optimized series is in general 10Å thicker, and it is clear that increasing
the power of the system also increases the generated oxide thickness. It is not clear, if there
is a saturation thickness value. No saturation level was observed as the limit of the RIE was
reached when trying to activate wafers at 300W. The thickness at 40W is 40Å.

Pressure variations

Next to be considered is the pressure dependence. The pressure was varied from 40- 280
mTorr, and the corresponding thickness variations are depicted in figure 4.2
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Figure 4.2: Left: Influence of pressure variation on the thickness of the generated oxide layer. A second order
polynomial fit matched the relationship between these two parameters. The oxide thickness was decreased
when the RF power was increased. Two samples with identical process parameters were produced in order to
test reproducibility. They were almost overlapping and had a difference of only 0.6Å. Right: Investigation of
the influence of pressure variation on crack opening energy. Values were measured 24 hours after bonding and
96 hours after bonding for some of the samples. Samples with identical process parameters were produced
in order to test reproducibility. The bond strength of the samples increased with pressure, and a remarkably
stronger bond was obtained during storage (24 compared to 96 hours).[21]

It was observed, that the thickness decreases for high pressure values, and the best fit is now
found using polynomial regression[21]

y = A + B1·x + B2·x2, where
A = 65.9 ± 0.4Å
B1 = 0.013 ± 0.007Å·mTorr−1

B2 = -0.00049 ± 0.00003Å·mTorr−2

To test the reproducibility two identical samples with the same recipe parameters were mea-
sured. The result can be seen as the white triangle at 170mTorr in the figure. The results
were very similar both regarding thickness and surface energy indicating that reproducibility
is possible.

In the right figure the filled squares are the crack opening energy as a function of pressure
and it was found to increase with increasing pressure. Very low energies were found using
low pressure values and the result is very convenient, that the optimal pressure value should
indeed be in the high pressure region. The best value is again marked with a dotted line and
a value of 280mTorr was chosen for further optimization.

As the bond strength energies found in this test were remarkably lower than what was mea-
sured in the previous tests, effort was put on investigations of the bond strength as a function
of time. Wafers were prepared using the exact same process parameter, but instead of mea-
suring the bond strength immediately after the bonding, the wafers were now stored for three
days in the cleanroom and then measured. The results are shown as the unfilled squares in
the figure and it was clear that the bond strength was raised and approximately doubled.
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This is in good agreement with experience with other types of bonding[70] and can explain
the observed difference within the two tests.

Exposure time variations

Last parameter to work with was the activation time. For these tests, the oxide thickness
were found to reach a saturation level at 40 Å, using a power value of 40W and a pressure
of 280mTorr. This observation is in good agreement with results from Pasquariello et al.[51]
in which high initial grow rates and a saturation level of 57Å after 200s are reported. The
difference in thickness is attributed to the use of different power values.
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Figure 4.3: Left: Oxide thickness variations due to changes in the exposure time. The oxide thickness reached

saturation at t=200s and 40Å. Right: crack opening energy variations due to changes in the exposure time.
High bond strength values are obtained for long activation times and after three days storage this value was
doubled for several test samples.

The oxide thickness is plotted versus activation time in figure 4.3, where the line shows the
best fit[21]:

y = A1 - A2·exp(-kx), where
A1 = 40.25 ± 0.21Å
A2 = 34.96 ± 2.73Å
k = 0.021 ± 0.001s−1

The exposure time dependence in the crack energy measurements are not as convincing as
in the earlier test, but a small tendency can be found, that the energy is higher for longer
exposure times. The upper time region is marked on the figure and to conclude from the test,
activation times within this interval are resulting in the highest bond strength. An activation
time of 180s was chosen to give the best results.

4.2.2 ICP-RIE system

Although the plasma is coupled differently in this system, the plasma was expected to behave
similar when the three parameters were varied. The ICP-RIE has a faster etch rate at lower
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pressures and the test series were started using a low power and varying exposure time and
pressure.

Exposure time variations

The exposure time was tested in the time interval from 10 - 200 seconds. The other parameters
were kept at 15W RF platen power and 40mTorr chamber pressure. The results are depicted
in figure 4.4
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Figure 4.4: Left: The oxide thickness did not have any correlation to activation time in the ICP-RIE samples

tested here. Instead a tendency to fluctuate around the mean value of 26.7 Å was observed. The standard
deviation was 1.1 Å with an error of 0.4Å. Right: Bond strength plotted vs. variation of ICP-RIE activation
time.

As can be seen in the figure no correlation between oxide thickness and activation time was
found. Rather it seems to fluctuate around 26.7Å, which is clearly different compared to the
observations from the RIE system. The mean value is marked with a line and the standard
derivation is found to be 1.1Å[21]. The fluctuations can either be explained by uncertainty
in the elliposometre thickness measurements or by a varying quality of the generated oxide
layer. In general the ellipsometer measurements have an uncertainty of a couple of angstrom.

The results of the crack test measurements were also very fluctuating and due to the rather
random distribution it was not possible to conclude that values within a special area were
better than others. For the further tests a value of 30 s was used. A comparison of the
two figures showed that the variations are comparable, and it is speculated that the results
probably are to be interpreted as a measure of reproducibility rather than uncertainties in
ellipsometry measurements[21].
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Power variations

The power was varied in the range from 20W - 180W, but neither in these tests, significant
changes in layer thickness were observed. There was a slight tendency that the layer is thicker
for higher powers.
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Figure 4.5: Left: Oxide thickness variations due to changes in the activation time. The oxide thickness slightly
increased with RF power. Right: Crack opening energy variations due to changes in the activation time. The
highest bond strength values were obtained for low values of RF power.

For the crack test the same tendency as observed for RIE plasma oxide appeared: low power
settings caused the highest crack opening energy. The crack opening values ranged from 0.7
- 1.1 J· m−2 in the same RF-interval where RIE values are ranged from 0.1 - 1.5 J · m−2 and
a value of 20W platen power was chosen to give the best result.

Pressure variations

The last to test is the pressure dependence. The pressure limit of ICP-RIE was reached at
60mTorr using settings 20W and 30s, whereas the RIE was able to operate at 200-300mTorr.
This is in agreement with the basic features of both types of activation machines presented.

For the thickness measurements again no remarkable changes were observed, except a small
tendency that the thickness is approximately 5Å thicker for the high pressure values. The
crack test results were very fluctuating, with no indication that a special range is preferable.
In general the optimization procedure of ICP-RIE treatment did not show any significant
trends, and it was therefore decided to investigate recipes representing a broad range of
the activation parameters for use in the X-ray measurements. The purpose of this was to
investigate whether any differences were possible to detect in reflectivity curves or their cor-
responding density profiles.
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Figure 4.6: Left: The oxide thickness increased with the ICP-RIE chamber pressure, but there was no clear
correlation as observed in the RIE chamber. Right: Crack opening energy variations due to changes in
chamber pressure. The test did not show any correlation between these two parameters. All values seemed
to be randomly distributed.

4.2.3 Test results discussion

It was clear from the tests, that the RIE system is far more sensitive regarding oxide thick-
ness and surface energy measurements when changing recipe parameters, than the ICP-RIE
system. Thickness results from the ICP-RIE are very alike and the surface energies are fluc-
tuating, whereas no optimized parameters can be found.

The coherence between oxide thickness and RF power, pressure and activation time was
speculated to be closely related to the density as well as roughness of the oxide layer. The
bond quality declines with increasing surface roughness and if changing the parameters af-
fects the density and roughness, it will affect the ability to obtain good bonding. However,
this relationship has not been quantified during the optimization process.

Due to the large observed fluctuations in some of the measurements it was decided to test the
reliability both for the oxide thickness measurements and the surface energy measurements
further. Nine bonded samples were prepared with identical process parameters and for either
bonded sample, two wafer pieces were tested. The results are shown in figure 4.7
As can be seen in the figure some fluctuations were observed, but in general the repeatability
is good. Each column in the right histogram represents the mean value of crack opening en-
ergy resulting from six to ten pictures of each wafer piece. The mean value is 1.019 ± 0.095 J·
m−2. The deviation in the crack opening length was introduced either during sample prepa-
ration in the cleanroom environment or by differences in the bond strength measurement
procedure. However, it was not possible to distinguish between these contributions beyond a
qualitative evaluation by IR or eventually SAM pictures. The observed crack opening lengths
were compared with IR-pictures of the samples for investigating if any correlation between
voids at the interface and surface energies could be found, but no such could be proven.
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Figure 4.7: Bond strength measurements immediately after bonding on nine samples prepared with identical
process parameters. The oxide thicknesses measured by ellipsometry is depicted to the left. To the right,
bond strength measurements are presented. Each column represents the mean value of six to nine pictures of
two test pieces from either bonded sample[21].

The oxide thicknesses of the identical samples were also measured and are depicted by the
purple columns to the left in figure 4.7 with a mean value of 28.6 ± 0.5Å. The deviations may
be from small variations in any recipe parameter, which has directly influence on the oxide
thickness during plasma activation as well as uncertainties from the ellipsometer thickness
measurements. Considering the parameter space that influence the oxide formed by plasma
activation, a thickness variation of 1.7% is considered rather low, and a scattering of 9.3%
around the mean crack opening energy is also acceptable for application in the optimization
procedure.

The structure of the oxide, which forms when ions are bombarding the surface during the
oxygen plasma treatment, determines the final character of the surface. The chamber pres-
sure is closely related to the directionality of the ions and a low pressure is synonymous with
a high directionality of the ions. Pressure also influences the ratio between ions and neutrals
and thereby the amount of ions which hits the surface.

Changing the RF power directly changes the RF-voltage applied to the system and thereby
the energy of the ions striking the surface. An increased energy causes an increased oxida-
tion rate, but this is not necessary of advantage since high ion energies may cause surface
damage. The exact relation between the energy and flux of particles pelting the surface
and the actual oxidation rate is not well known. Further, it is rather difficult to survey this
relationship because no equilibrium is attained in the plasma chamber and the kinetics of
many contributing reactions are unknown.

It is speculated that a high pressure can cause ions to repel from the surface leaving holes
in the structure within the upper layer of atoms. Further the ion bombardment, which takes
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place in the plasma chamber, changes the chemical state of the oxide and consequently in-
creases the reactivity of the surfaces. The conditions under which an increased surface energy
is achieved is probably balanced between the increased reactivity and the degradation of the
surface, when the ions are too energetic at high self-bias voltages.

4.2.4 Summary

In this work the bond strength was used as optimization value for developing a recipe with
appropriate parameters resulting in the good bonds. A low RF-power value resulted obvi-
ously in the highest bond strength for both the RIE as well as the ICP-RIE tests, and in the
RIE tests, the highest bond strength values appeared using a relative high pressure, while for
ICP-RIE tests, there was no striking tendencies concerning the pressure. For the activation
time no tendency was observed for the ICP-RIE and for the RIE samples it seems that using
longer activation times gave the best results.

As already discussed in the previous chapter about the crack test set-up, it was observed
that a standard for recording IR pictures is necessary in order to minimize the errors, and
by using same procedure a good repeatability was observed.

Successful recipes were developed resulting in a high yield of samples with few and very
small voids, and for the X-ray experiments, a selection of the recipes that resulted in high
measurable bond strengths was used for further investigations.
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Chapter 5

X-ray investigations of the interface

X-ray reflectivity measurements were performed to investigate the interface between the two
plasma assisted bonded wafers. Density profiles, fitted to the reflectivity curves, were found
in order to obtain more detailed information of the bonding process, and to attribute the
physics and chemistry behind the plasma bonding.

The experiments that motivated the x-ray studies were first carried out by Buttard et al.
[14]. They were investigating twist bonded Si/Si and Si/SiO2 interfaces using x-ray reflectiv-
ity with transmission geometry. Instead of measuring on whole bonded wafers, the bonded
wafer pair were cleaved in narrow stripes. The x-ray beam was directed by transmission
though the cut edges, using a grazing incidence angle relative to the bonded interface. Due
to absorption relatively high photon energies are needed and the width of the stripes have to
be relatively narrow(100-500µm).

Measuring a buried interface is not straight forward and if measuring by conventional x-ray
reflectivity, the signal coming from the interface will be mixed with reflections from the outer
surfaces and moreover intensity are lost due to absorbtion effects. These problems can be
avoided in the transmission geometry, whereas the set-up is very suited for measuring buried
interfaces.

Rieutord et al. [62] were also using the geometry, and in their paper they have investigated
the bonding interface of two silicon wafers as a function of in situ annealing from zero to
above 1000 degrees. The reflectivity data were modelled quantitative using a kinematic ap-
proach, where the reflectivity was the fourier transformation of the index gradient profile.
The electron density profile was described by a box model including roughness and a dip at
the interface which was represented by a ”Gaussian well” with width σ and depth ∆ρdip. In
their experiments they successfully followed the changes of the gab at the bonding interface
and the changes in the oxide layers as a function of temperature, and their results are in
good agreement with results from other techniques used for investigating the bonding.

Model fitting of the reflectivity data is a complicated and time consuming process. Mod-
elling the data is often done by describing the searched profile as a multilayered stack, where
the parameters are adjusted to minimize the difference between the calculated and observed
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reflectivity. Extracting a density profile in this way is of the trial and error type, and it is
indirect, so the results may depend on the used description or on the input values of the
parameters.

Bataillou et al. [5] were presenting a method for analyzing data, by direct fourier inversion
of interfacial reflectivity data by using the Patterson function. This technique provides di-
rectly the interfacial profile, it does not necessarily provide the best accuracy of the profile
parameters. Nevertheless it is useful, since it reveals a rough profile not relying on a prior
knowledge of the profile shape, and the resulting profile can later be used as input for a
refinement procedure making the analysis easier.

For our data analysis an analyze program has been made. In the program, an input profile
and several restrictions on the fitting procedure was necessary to avoid physical unrealistic
solutions. Using our program, it was possible to find good matching density profiles, which
were fitting the densities in detail.

Several other papers are published using the geometry for investigating silicon bonded in-
terfaces [24, 15, 57], and also other bonded materials like SiN, InP and GaAs have been
investigated using the method [31, 32].

5.1 X-ray reflectivity from buried interfaces

The experiments in this project were carried out at the Hamburger Synchrotronstrahlungsla-
bor (HASYLAB) with the wiggler beamline BW2 [11, 30]. A range of different RIE and
ICP-RIE processed samples were investigated. Both specular reflectivity of single wafers
treated with oxygen plasma and specular reflectivity from the interface in transmission ge-
ometry were done. The results from single wafers are much easier to analyze compared to
the data from the buried interface, and the results were used as input model parameters in
the analyze of the reflectivity from the bonded interface.

The experimental set-up used is described in the first section of this chapter. Next model
simulations of the system are presented, followed by a selection of collected data. The results
of the data fitting are then discussed, and at the end of the chapter is a general discussion
of the results and a summary of the conclusions.

5.1.1 X-ray reflectivity measurements

The samples investigated in this study, consist of two silicon wafers surrounding a silicon
oxide interface-layer. The samples prepared for data collection are cut in narrow stripes.
They are referred to as ’strips’ and are illustrated in figure 5.1.
Samples for data collection were prepared according to the cleanroom procedures described
in the previous chapter. The process parameters of RIE and ICP-RIE methods were var-
ied in order to investigate the relationship between activation methods, reflectivity curve
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A)  strip sample for X-ray measurements

B)  bonded sample, 4” diameter

~140 mm

Figure 5.1: Illustration of a Si-SiO2-Si strip sample used for data collection at BW2, HASYLAB.

and density profile of the interfacial oxide. To inspect the quality of the samples, IR pic-
tures were used. It was always possible to find an appropriate position, where wafers were
perfectly bonded as long as the main part of the sample was bonded. In the set-up, the
samples could easily be translated parallel to the interface plane, and thus measurements
could be carried out at a different spot, testing the reproducibility within each sample. All
samples were cut out within 12 hours before departure to BW2. Half of them were bonded
7 days before, and half of them stored for less than 24 hours. As mentioned earlier the bond
strength is increasing with storage time, and it should be detectable in the reflectivity curves.

5.1.2 Experimential set-up

In the x-ray experiment, a well collimated beam is transmitted through a thin strip of a
plasma-bonded wafer and reflected by the interfaces. A translation scan perpendicular to
the interface plane with three peaks is depicted in figure 5.2[21]. In the figure three peaks
can be seen, which are reflectivity from the top wafer, the interface and from the bottom.
A closeup sketch of the interfacial reflection is illustrated in figure 5.3. The x-ray measure-
ments were performed with a monochromatic beam of 10keV or 20keV and at this energies
the attenuation lengths are 134µm and 1038µm respectively [21]. The sample widths were
consequently aimed to these sizes.
The vertical size of the incoming beam hitting the sample is approximately 30µm. Each wafer
is 350µm thick, and the interfacial oxide layer is in the range of 60-250Å. With a distance
of approximately 350µm between the internal and the external interfaces, the sample can be
aligned in a low-angle geometry, where the beam never hits the external interfaces of air and
silicon. Reflections that cause intensity are therefore primarily due to changes in the density
of the materials in the interface zones, and strong contributions from the Si-air interface are
excluded[21]. Further the direction of the incident x-ray beam is almost normal to the sample
edge, and therefore refraction effects are reasonable to ignore.

In figure 5.4, pictures of sample set-up and the used diffractometer at BW2 at HASYLAB
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Figure 5.2: Coordinate system of the strip samples used in the X-ray reflectivity set-up[21].
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Figure 5.3: To the left, a sketch of the interfacial reflection from a plasma-bonded sample in the set-up at
BW2, HASYLAB. Right: An example of a possible density profile.[21]

in Hamburg are shown. The strip samples were glued at a bend wire, see figure 5.4. This
caused some problems in the beginning due to stress and moving samples, but by appropriate
choice of glue these problems were solved.

5.2 Model simulations of the systems

In order to obtain better understanding of the reflectivity data, model simulations for several
different simple systems were considered. The simulations were made by Egebjerg et al. us-
ing the program Parratt32, which is a freeware programme well suited for this purpose [71].
Input values for Parratt32 at 10keV were calculated with the MatLab programme, Reflectiv-
ity Database, for a range of densities [48].

First we start by considering a single wafer covered with a thin single layer of oxide. This
system corresponds to the activated wafers prior to the bonding. Standard density values
of Si and SiO2 are 2.33g·cm−3 and 2.196g·cm−3 respectively and they are used, unless other
densities are specified.
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Figure 5.4: Sample setup and instrument in the beam hut at BW2, HASYLAB.
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Figure 5.5: Model simulations of a single wafer covered with oxides of different densi-
ties(left) and different thicknesses(right).

The left figure illustrates how the resulting reflectivity curves are changing in shape, when
assuming different densities of a 26.5Å oxide layer on a silicon wafer. As can be seen, at large
difference between oxide and silicon densities results in more pronounced dips in the reflec-
tivity curve. In the figure on the right the reflectivity curves from oxide layers of different
thickness with constant density are depicted. The period is related to the layer thickness and
is now different for the considered layers, but the intensity level was the same independent
of the oxide thickness.

The effect on the reflectivity curves when varying the roughness is illustrated in figure 5.6[21].
Different roughness values of the air-Si and Si-SiO2 interfaces are chosen and the resulting
intensity curves plotted. The illustrated curves are all for a 26.5Å oxide layer covering a
silicon wafer. Standard density value of silicon was used, but in order to have clear ampli-
tudes, 1.196g·cm−3 was used for the oxide layer. The model intensities reached values, which
were far below what was observed in the experimental measured data, whereas roughness
values higher than 5Å were not expected in the bonded samples. This is in agreement what
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Figure 5.6: Illustration of roughness variations of an oxide layer that covers a single Si

wafer. The oxide layer measured 26.5Å[21]

to expect for standard polished wafers, where the typically roughness is stated to be below 5Å.

Further, it was investigated what happens when a single wafer is covered by an oxide layer,
consisting of two regions of different densities. This was interesting, since it was speculated
that the oxide layer created during activation would consist of a thin less dense ’linking’ layer
of a few angstrom close to the silicon surface, and on top on that, a thicker more dense layer.
Second also information about reflectivity from two regions of equal thickness was of interest
since this corresponds to the situation of bonding two activated surfaces.

When regions of different densities are combined in a layer, a reflectivity curve with multiple
peaks appears. It was found that the valleys between peak pairs are deeper if the difference
in the thickness is large, but the dip between peaks in a pair is obviously amplified, when the
thicknesses approaches each other[21]. It was clear that, when the densities of neighboring
regions did not vary sufficient, or the thickness of a region was negligible compared to the
total thickness, the reflectivity curve simply approached the situation of a simple box with a
period of one peak[21].

Modelling the bonded system

The samples to be investigated consist of two silicon wafers with an in between unknown
number of oxide layers with unknown densities.

The most simple model to consider corresponds to the ideal case, where two oxide layers
are equal in thickness, completely homogeneous and not separated by a bonding interface.
For this system the density profile consists of three boxes flattened out by adding interfacial
roughness. The situation is illustrated in figure 5.7[21].

The oxide thickness was assumed to be 2 x 27.1Å, which corresponds to a thickness value
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Figure 5.7: Reflectivity model simulation for a simple three box bonded system with
different oxide density values.

from one of the samples to be investigated. In the figure reflectivity curves for different oxide
densities are plotted. When changing the oxide density no changes regarding periods and
amplitudes are observed, but it was clear that the overall intensity increases with ∆ρ, and
that the changes are independent of q. This is different from the case of a single wafer covered
with oxide film illustrated in figure 5.5, where the maximum intensity of the peaks matched,
but the oscillations were damped.

For the real samples where wafers that are covered with SiO2 adhere, a new interface at the
center of the SiO2 layer is created, and it is very likely that the density of the oxide in the
middle of the sample differs from the oxide density in general. Surfaces are never perfectly
terminated and bond lengths, angles and coordination number of Si and O may differ from
the plasma activated oxide layer in order to comply with the most stable conformation. In
figure 5.8 the situation for a symmetric layer model with an interface range that differs in
density is illustrated.
The labels in the figure refer to the thickness, t and density, ρ of the layer used in the models.
In the two figures, four simple profiles and corresponding reflectivity curves are depicted.
Very different oscillation patterns result from small variations in thickness and density of the
central oxide layer. The curves in magenta and blue swap succession of small and large peaks
as the density of the oxide layer in the middle is increased and decreased compared to the
surrounding oxide layers, respectively.
Comparing the blue and the black curve, it can be seen that increasing the densities in all
three regions with the same amount, while shrinking the thickness of middle layer from 5 to
1Å, does not change the reflectivity curve remarkably, even though the density profiles look
very different. The effect of shrinking the middle from 15 to 5 Å keeping identical densi-
ties can be seen by comparing the blue and green curve. The differences in these reflectivity
curves are larger, which can be attributed to the larger thickness difference for all three layers.

The models are assumed to be symmetric. This is also in general to be expected from the real
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Figure 5.8: Reflectivity models for bonded systems with different interfacial thickness
and density layer.

samples, but even though plasma activation of the two wafers was carried out with exactly
the same process parameters, small differences were detected, and even small variations in
the oxide density and thickness can cause the corresponding reflectivity curve to assume very
distinct shapes.

5.3 Reflectivity curves from bonded samples

The samples are symmetric and can be measured for both negative and positive incidence
angles. This has been done for several samples and as expected symmetric reflectivity curves
were found, but for simplicity only those with positive incidences will be presented here. All
results were normalized and background subtracted before the data were analyzed. Details
about these produces can be found in the thesis by Egebjerg [21].

Many different samples were prepared during this project, but not all of them were success-
fully measured by x-rays. Some of them were found to contain voids and other were damaged
in the cutting process. The samples were often cut immediately after the bonding, where the
bond strength often is relatively low and this can be a problem since the cutting is a rough
process. To ensure high success rate for the samples to be measured, IR picture were taken
after the cutting.

A selected amount of reflectivity curves for the successfully bonded samples are presented
here. The samples and corresponding process parameters are listed in table 5.1 below. All
the samples were treated in DI-water before bonding.
Twelve samples have been measured and presented here, three made in the ICP-RIE system
and nine in the RIE system. It was clear, that the reflectivity curves were sorted by the type
of plasma activation used to generate the reactive surface of the two wafers(figure 5.9 and
5.10). Furthermore, the samples from the RIE chamber were split up in two groups. One
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Technique Sample t [s] PRF platen/coil [W] p [mTorr] doxide [Å]
A 110 15/800 10 26.5 and 27.8

ICP-RIE C 110 40/800 20 29.2 and 30.0

A 190 40 280 39.1 and 38.1
B 150 40 280 38.3 and 38.7
C 110 40 280 36.4 and 36.6
D 60 40 280 33.1 and 33.2

RIE E 60 200 300 ≈ 95a

F 60 200 300 ≈ 90b

G 150 40 280 37.7 and 36.1
H 60 40 280 30.7 and 31.5
I 60 60 300 37 and 39

aThe ellipsometer did not work; the thickness is an estimate based on experience with this recipe.

Table 5.1: Table of selected samples for x-ray reflectivity measurements[21].

group had curves that were characterized by having double peaks, with altering peak size
and a another group had curves that were displaying multiple peaks of similar size.

The reflectivity curves of the ICP-RIE system are depicted in figure 5.9.
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Figure 5.9: Xray reflectivity curves for three ICP-RIE treated samples.

The reflectivity curves of the ICP-RIE activated samples are very similar and have regular
oscillation periods. The oxide thicknesses are nearly the same for all three samples, and this
is in good agreement with the results from the optimization chapter, where it was found that
the oxide thickness was not sensitive for recipe parameter changes. The width of the peaks
can be related to a thickness value, and in table 5.2 is listed the found values considering
each peak separately, the thickness found from the period of the sum of peaks and the
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mean thickness by considering the mean oscillation period found for all observed peaks. For
comparison is listed the oxide thickness values measured by ellipsometry.

peak nr. 1 2 1+2 3 4 3+4 mean(peak 1-4) tmeas

ICP Sample A 60 49 27 52 49 25 53 ± 11 54
ICP Sample B 68 52 29 65 44 26 57 ± 5 59
ICP Sample C 68 52 29 56 68 31 61 ± 8 59

Table 5.2: Mean peak widths for ICP-RIE samples. tmeas is measured by ellipsometry[21].

The percentage deviations are rather high, but the total oxide thickness measured by ellip-
sometry before bonding is close to the mean value for all three samples, and as expected
the lowest values are observed for sample A, where a lower power value was used, during
activating the surfaces.

In the simulations it was found, that a regular oscillation pattern with one peak per period
arose, e.g., for samples where the densities of neighboring layers in the oxide grown do not
vary much and are close to be a simple box form. This will be further discussed later when
fitting the data searching for the density profiles of the bonded samples.

In the reflectivity curves of RIE sample A-F, periods with double peaks are clearly present
in different shapes and sharpnesses. This pattern is not observed for any ICP-RIE activated
samples. Reflectivity curves for the RIE sample A-F are depicted in figure 5.10, and the
thickness found from the peak widths are listed in table 5.3.

10-8

10-6

10-4

10-2

100

10-8

10-6

10-4

10-2

100

0.0 0.1 0.2 0.3 0.4 0.5 0.610-8

10-6

10-4

10-2

100

10-8

10-6

10-4

10-2

100

10-8

10-6

10-4

10-2

100

0.0 0.1 0.2 0.3 0.4 0.5 0.610-10

10-8

10-6

10-4

10-2

100

 RIE - Sample D

 

 RIE - Sample E

 RIE - Sample C

 

 

 RIE - Sample B

 
 In

te
ns

ity
 [a

.u
.]

 In
te

ns
ity

 [a
.u
.]

 

 RIE - Sample A

 

 RIE - Sample F

q [Å-1] q [Å-1]

 

Figure 5.10: X-ray reflectivity curves for RIE sample A-F.
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peak nr. 1 2 1+2 3 4 3+4 tmeas

RIE Sample A 524 38 36 196 41 34 77
RIE Sample B 196 44 36 196 40 33 77
RIE Sample C 87 52 33 87 49 31 73
RIE Sample D 105 40 29 - - - 66
RIE Sample E 314 137 95 314 150 101 ≈190
RIE Sample F 273 143 94 262 146 94 ≈180

Table 5.3: Peak widths and total oxide thicknesses for RIE samples with double oscillations. tmeas is

measured by ellipsometry, and all values are given in [Å][21].

For all the samples listed in table 5.3, the thickness found from the widths of peak 1+2 and
peak 3+4 are roughly equal to the measured thickness on one of the wafers used for the
symmetrically bonded sample. Models with a repetition of a stack having adequate density
variations between neighboring layers have been simulated by Egebjerg and it is speculated
that the observed periods of peak 1+2 and peak 3+4 match the thickness of the stack, which
is repeated.

Sample E and F are made with identical recipe and therefore identical reflectivity curves
were expected. This is not exactly the case, but they behave relatively similar, which will
be further discussed later. Compared to the rest of the samples in the group they are made
with a recipe using a much higher power and therefore also the period in their curves are
different. Sample A, B, C and D are made with same power and pressure but with different
activation times. Using longer activation times affects the thickness and this was observed
both by ellipsometry and in the reflectivity as oscillations of different periods.

The third group to be considered is sample G, H and I. Their curves and periods are shown
in figure 5.11 and table 5.3.

peak nr. 1 2 1+2 3 4 3+4 5 6 5+6 tmeas

RIE Sample G 92 105 49 79 60 34 - - - 74
RIE Sample H 97 126 54 105 63 39 - - - 62
RIE Sample I 98 108 51 95 63 38 83 63 36 76

Table 5.4: Peak widths and total oxide thicknesses for data of RIE samples. tmeas is measured by ellipsom-

etry, and all values are given in [Å][21].

The reflectivity curves for these samples display a different behavior than the ones described
before the background became to high. Data for RIE sample G and H only contain four
peaks, whereas six peaks are available for RIE Sample I. Some lengths show up twice when
peak 1-4 are studied in all three samples, but in general there are no systematic values, which
surely are to link with the measured oxide thicknesses. However, the two additional peaks,



62 X-ray investigations of the interface

0.0 0.2 0.4 0.6 0.8
1E-10

1E-8
1E-6
1E-4
0.01

1
1E-10

1E-8

1E-6

1E-4

0.01
1E-10

1E-8

1E-6

1E-4

0.01

q/[Å-1]

 RIE - sample I

 RIE - sample H

In
te

ns
ity

/[a
.u

.]  RIE - sample G

Figure 5.11: X-ray reflectivity curves for three RIE treated samples, G, H and I.

peak 5 and peak 6, in data for RIE sample I indicate a period consisting of peak 3+4, which
is repeated in peak 5+6 and the widths of peak 3+4 and peak 5+6 can be related to the
oxide thickness measured by ellipsometry before bonding.
Sample G and H are made with identical recipe parameters as sample B and D respectively,
but despite of that, quite different reflectivity patterns are observed and the reproducibility
of the samples can be questionable, which will be further discussed later, after discussing the
result of the fitting.

5.4 Reflectivity fits

To develop a fundamental description of the bonded interfaces, two different analysis pro-
grams were considered, in order to find an optimized solution of the density profile. The box
models described earlier, consisting of a few oxide layers of different densities are found to
be too simple for describing the samples, but they were still of great advantage in the data
fitting process, where reasonable input parameters has to be given.

Electron density profiles are determined by the inversion of reflectivity data. The reflectivity
data do not contain information on the phase, and inverted phaseless data are inherently
non-unique, because information is lost. Determination of the electron density profile there-
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fore relies on the correct application of additional constraints, that eliminate non-physical
solutions. A priori knowledge of the physical facts for the plasma bonded samples and other
methods to analyze the samples was used to omit non-physical results.

The two programs used within the analyze are 1) The freeware programme Parratt32 [71],
which was developed to calculate the optical reflectivity of x-rays from a flat surface and
is based on Parratt’s formalism. 2) The program, Reflectivity Fit developed by Martin M.
Nielsen, Risø National Laboratory. For both programs the starting point is a set of reflec-
tivity data as a given input, together with a initial guess of density profile. The generated
reflectivity from the initially guessed density profile is then compared to the measured re-
flectivity data, and the best fit is found by minimization of the difference. The programs
use the same reflectivity theory to treat the minimization problem, but the strategies for
minimization are completely different.

It was experienced that using the fitting routine in Parratt32 resulted in reflectivity curves
that were very similar to the data, but that the corresponding density profiles often were
non-symmetric, very oscillating in nature and did not make physical sense. In the program
it was not possible to add user-defined constraints to the input density profiles, but only
functions to fit and even with functions as input model, the fit always converges in a local
minimum with a non-symmetrical solution as the best estimate. The user interface indeed
makes the programme simple to use, but there are too many limitations in the programme.
The resulting density profiles are not interpretable, and the fitting process is rather time
consuming compared to the actual outcome, and it was decided to primarily use the other
program.

The programme Reflectivity Fit 0.45 was developed to handle the more specific features caus-
ing problems in the analysis of the reflectivity curves. It is implemented in MatLab, from
where it is possible to adjust the thickness and roughness of a number of layers specified by
the user. Contrary to Parratt32, extra constraints can be added according to the objective
system. The fit routines are tailored to the systems and density profiles for each of the pre-
sented families of reflectivity curves are analyzed.

5.4.1 Comments on the program Reflectivity Fit

The starting point of this approach is a set of reflectivity data given as input value together
with an initial guess of the density profile. The minimization problem then has to be solved
in order to find the density profile that best matches the reflectivity curve. In this section
some short comments on the program are given and more details can be found in [21]

The fitting programme is based on a box model with thickness, densities and roughness for
each layer as input values. As a limitation each parameter is specified by a minimum and a
maximum value, according to the physical limitations of the appropriate sample. The num-
ber of boxes is based on the physical properties given by plasma activation and bonding, i.e.,
the existence of three interfaces: Si-SiO2, SiO2-SiO2 and SiO2-Si. From the earlier simula-



64 X-ray investigations of the interface

tions, it is known that a simple box model is insufficient for describing the plasma-bonded
system, and therefore a histogram model, which further split up the oxide regions in narrow
profile bins, is employed, allowing small variations in the density through silicon oxide layer.
In the program it is possible to choose between three different types of algorithms once the
fit routine is started. Each one has its benefits and limitations. A description of the three
algorithms used for fitting the reflectivity data in this work can be found in the appendix in
the thesis by Egebjerg.

For describing the agreement between data and model fit either the quadratic derivation, the
logarithmic derivation or the absolute derivation are used. The derivation is denoted as the
R factor and the best choice of calculation method depends on the individual data set to be
fitted.

To assure that the resulting density profiles actual make physical sense, weight functions are
added in order to control the fitted density and omit solutions that are not reasonable. A
weight factor, w, is assigned to the curve length to penalize solutions that oscillate rapidly,
since it is not realistic and energetically favorable to form an oxide structure with very fluc-
tuating densities on the Ångström scale. The weight function is entered by ensuring that the
length of the unfolded density string does not exceed a value specified by the user. Further
a weight factor, w1, is assigned to ensure a symmetric solution with the purpose of omitting
non-interpretable profiles, which do not match the preparation conditions. To optimize the
function of applied weights, w and w1, a Lagrange multiplier, L, is introduced, which has
to be optimized regarding to both curve length and symmetry constraints. For more details
about the Lagrange multiplier, see [21].

After optimization of the Lagrange multiplier, the histogram optimization is repeated in or-
der to investigate the distribution of solutions and to get an overview of the reliability of
reflectivity fits. For each sample presented is plotted a 90% confidence interval for the den-
sity, which means that there is a 90% probability that the true density solution falls within
this given interval. Further a mean density is plotted for a large number of optimizations
together with the density corresponding to the best optimization.

5.4.2 Fitting results

The first sample to be examined is sample A from the ICP-RIE group. The reflectivity curve
for the sample clearly displays regular oscillations. In figure 5.12 the fitted reflectivity curve
and the corresponding density profile is depicted.

In the reflectivity plot, both the calculated reflectivity from the mean density profile of 101
optimization runs and the best fit are showed, and as can be seen, they are both in good
agreement with the measured data. For the reflectivity from the mean profile a slightly
deeper curve is observed. The mean density profile and the previous mentioned 90% confi-
dence interval are found in the left part of the figure. The confidence interval is very narrow,
and the solutions are very consistent. This is supported by the distribution of R values,
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Figure 5.12: Fit of reflectivity curve, ICP-RIE sample A. Normalised data and the best fit of the reflectivity
curve resulting from 101 optimizations with symmetry and curve length constraints. The reflectivity curve
corresponding to the mean value of 101 density profiles is included as a blue dashed curve.

which were found to be grouped and have no sign of deviating solutions[21].

The density profile was optimized with constraints on symmetry and curve length, and the
solution is perfectly symmetric with physically interpretable density values. The total width
measured from each of the converging ends is 80Å, whereas it measures 58Å when the ends
at almost constant level are omitted, which is close to 54Å as measured by ellipsometry.

The density values range from 2.41g·cm−3 to 2.03g·cm−3. The standard density value for
silicon is 2.33g·cm−3 which is slightly lower than the found value of 2.41g·cm−3 close to the
silicon interface. At the bonding interface, z = 0Å, the fitted density is 2.10g·cm−3 and at
the surrounding plateau, it is 2.16g·cm−3. The total width of the plateau is approximately
35Å and the width of each density dip between the plateau and the silicon substrate is ap-
proximately 10-12Å.

The next sample that has been investigated is RIE sample A from the group of reflectivity
curves having double oscillations, with different periods. The results of the fits are illustrated
in figure 5.13
In the left part of figure 5.13 the measured reflectivity data, the best fit of the data and the
reflectivity calculated from the mean density profile of all the symmetric optimization results
are plotted. The best fit result is in good agreement with the reflectivity data, while the
reflectivity curve corresponding to the mean density profile is slightly off indicating that the
small peaks (peak 1 and 3) in the double peak period are difficult to reproduce. The peak
valleys for the mean fit are sharper and deeper than the collected data.
In the right figure is depicted the corresponding density profiles. The mean profile is found
from running 75 optimizations. Further is depicted the confidence interval and it can be
observed, that the interval here is broader than the one found for the previous sample, and
that the largest variation between the optimized solutions is observed around the bonding
interface.
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Figure 5.13: [21] Left: Measured data and reflectivity fit of RIE sample A are plotted and are in good
agreement. Furthermore, the reflectivity curve corresponding to the mean density curve of 75 optimizations
is depicted as a blue dotted line. Right: The density profile for RIE sample A. The 75 optimizations resulted
in an almost symmetric mean density profile. The density profile corresponding to the best fit is depicted as
well. The 90% confidence boundary is illustrated as a blue shadow excluding the non-symmetric solution

The densities vary from silicon oxide densities of 1.5g·cm−3 at the bonding interface to
2.5g·cm−3 close to the silicon substrate. The total thickness measured by ellipsometry is
77Å, which is in between the two given values in the figure. These values are the total width
of the layers where the densities differ from the expected silicon value and the width mea-
sured from the two symmetric tops, where maximum densities are observed. The difference
between the total width of the density fit and the measured thickness indicates, that a few
Å of each Si wafer are disturbed by the oxide bombardment, or that the fitted thicknesses
disagree. As observed for the previous sample a region of higher densities is found close to
the silicon sample. Further it is observed that the density values close to the interface are
remarkable lower for this sample, compared to result from the ICP-RIE activated sample.
No plateau is observed, and in general a more triangular shape is found.

In this group of reflectivity data two additional samples have been considered, RIE sample E
and RIE sample F. They are made from identical recipes within the activation process, and
their measured reflectivity curves are similar in the sense that both have double oscillations,
but they are not identical. It is of interest to compare the fits for these two samples, and also
to compare them with other measurements, since they are made with a remarkable higher
power value in the activation process(200W), compared to the other measured samples(40-
60W). The results for the two samples are depicted in figure 5.14 and 5.15

It turned out that the fitting process for these samples was far more complicated than the
earlier runs. For the RIE sample E in fact 241 optimizations were done, but most of them
were not physically interpretable even though constraints were added in the fitting routine.
As a result most of them were deselected and for sample E, only 32 optimizations were left.
Figure 5.14 shows the fit of the reflectivity data for sample E. The best fit is in good agree-
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Figure 5.14: [21] Left: Measured data and reflectivity fit of RIE sample E. The reflectivity curve corresponding
to the mean density curve of 32 optimizations is depicted as a blue dotted line. Right: The density profile
for RIE sample E. The 32 optimizations resulted in an almost symmetric mean density profile. The density
profile corresponding to the best fit is depicted as well. The 90% confidence boundary is illustrated as a blue
shadow excluding the non-symmetric solution
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Figure 5.15: [21] Left: Measured data and reflectivity fit of RIE sample F. The reflectivity curve corresponding
to the mean density curve of only 4 optimizations is depicted as a blue dotted line. Right: The density profile
for RIE sample F. The 4 optimizations resulted in an almost symmetric, but very fluctuating mean density
profile. The density profile corresponding to the best fit is depicted as well. The 90% confidence boundary is
illustrated as a blue shadow excluding the non-symmetric solution

ment, but the curve calculated from the mean value is indeed off.

The density profile is presented in the figure on the right and it is clearly different from what
is observed for the other fits. It covers a range from 2.38g·cm−3 (2% higher than the density
of silicon) to 2.19g·cm−3 (the standard density value of silicon oxide), which indicates an
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oxide layer that is more dense than the other samples prepared in the RIE system. Further
the profile is very fluctuating and the confidence interval is even broader for this sample. The
region with adequate variations from the converging density value measures 213Å, which is
more than the expected 180Å, and only a narrow region of approximately 40Å around the
interface has a slightly lower density value.

The results for RIE sample F are found in figure 5.15. The same problems with the fitting
were found and therefore only four optimizations are used. Again the best fit is in good
agreement and the mean value reflectivity fit off. The confidence interval for this sample is
also relatively broad and the density ranges now from 2.42g·cm−3 to 1.80g·cm−3, which is
remarkable lover than before. The total width of the density profile is 300Å, and the region
where an adequate relative density is observed measures 214Å, which is close to the value
stated for sample E of 213Å, but this sample seems to have a broader region around the
interface with a lower value of density. RIE sample E and RIE sample F were activated using
identical power settings, and the density level and total oxide thickness for the two samples
were supposed to be roughly equal. This is not the case, and therefore it can be argued that
maybe the reproducibility for the samples is rather poor. Great care should therefore be
taken to interpret the results from the measured reflectivity curve as a good description for
the sample prepared using a special combination of recipe parameters.

The last sample to be presented is RIE sample I from the third group of reflectivity curves,
which was far more simple to analyze.
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Figure 5.16: [21] Left: Measured data and reflectivity fit of RIE sample I. The reflectivity curve corresponds
to the density curve of only one optimization. Right: The density profile for RIE sample I. The optimization
resulted in a symmetric density profile.

The reflectivity fit of RIE sample I provided a nearly perfect match without applying a
detailed optimization with additional constraints. The density profile was smooth, almost
symmetric and does not show any non-physical features. The density varies from 2.33g·cm−3

to 2.18g·cm−3 at the bonding interface. The value at the bonding interface is 0.8% lower
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than the standard value of silicon oxide, and the density converges towards 2.33g·cm−3 at
the Si-SiO2 interfaces. The width of the total density profile is 110Å, whereas it measures
100Å if the converging ends are omitted. If the outermost ’step’ and matching roughness are
excluded, the oxide is 80Å broad, which has to be compared with 76Å measured by ellipsom-
etry. Depending on the thickness, a transition region in this sample is 5-15Å per wafer, and
there is no indication of an interface layer with a density exceeding the density of crystalline
silicon, which has been observed earlier.

RIE sample I was activated with a power of 60W, which is far below the power used in RIE
samples E and F, where density values above 2.33g·cm−3 for silicon were observed. This
indicates that the power directly affects the densities of the generated layers, creating more
dense layers when higher power values are used. The exposure time for sample I was 60s
which is around 30% of the process time used in RIE sample A, where also two high density
symmetric tops were observed as neighboring layers of the silicon wafers. This indicates a
density dependence of activation times.

5.4.3 Discussion of reflectivity fits

In the previous section different reflectivity curves were considered and divided into three
main types. The presented curves have common features as well as individual features, which
can be compared with the resulting density profiles and the used process parameters in the
surface activation. In general, sharper and deeper peak valleys were observed in the reflectiv-
ity curves generated from the mean density profile fits compared to the best fit. It was found
that the number of included optimizations clearly affects the derivation from the best fit and
great care should be taken that only reasonable solutions should be selected and included in
the optimization runs.

Double peak periods are clear in RIE samples A-F, and they are closely related to the den-
sity levels in the oxide layer. According to the model simulations, this oscillation pattern
appears, when a layer or multilayer has a density profile with dips. The relation between the
width of narrow and broad peaks is controlled by the relative density variation in the profile.
Neighboring density levels that are equal, cause regular periods. Levels that are close, cause
a very narrow peak 1 and a broad peak 2, whereas sharp dips cause the period to split up in
two peaks with very different widths.

RIE sample E and RIE sample F were activated with identical process parameters (60s,
200W and 300mTorr). In general, the reflectivity curves of the two samples behave equally,
c.f. figure 5.14 and figure 5.15. The periods of the two curves are almost identical (peak 1+2
and peak 3+4), which is expected since identical process parameters are used for plasma ac-
tivation. Even though the samples are expected to be identical, the density profiles obtained
from the fitting of the data of the two samples, are somewhat different. The range of relative
density variations throughout the oxide layer in the best fit of RIE sample E is (0.94-1.02)
which is less than the range for the best fit of RIE sample F (0.79-1.03). Further the density
of neighboring layers in RIE sample F differ more than in RIE sample E. This difference is in
agreement with the peaks in the reflectivity curves, which are sharper in sample F but clear
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in both cases[21].

In both density profiles, there is an indication of a narrow region bordering the silicon wafer
with a density dip. Approaching the bonding interface, the density rises before it declines
towards the bonding interface. It is funnel-shaped in RIE sample F, and in RIE sample E
there is a small extra density peak in the bonding center. RIE sample E and RIE sample
F were activated using the highest power allowed with standard time and pressure settings.
Thus, it is surprising that the overall density levels are not equal, when the ion bombard-
ments in the RIE chamber were carried out using the same settings. For sample F the first
shoulder in the oscillations is observed with an intensity of approximately 10−4 whereas for
sample E the intensity is almost a factor of 10 lower. The observed intensity difference is not
expected, and can be due to errors in data normalization.

Further it should be remarked that the fitting of these types of data with double oscillations
of different size was very difficult. Typical the optimization runs ended with a physical unre-
alistic solution, and only a few runs were included in the final profiles. As can be seen in the
earlier presented graphs of the density profiles the derivations of the mean reflectivity curves
were relatively large, and for both samples a large confidence interval was found indicating
large uncertainties of the profiles.

In conclusion it is not clear if the difference in the profile is only related to normalization and
data fitting problems or also related to the reproducibility of the samples. Despite of that, a
general tendency is that more dense oxide layers are formed, compared to the other samples.
It is reasonable, that a more dense oxide layer is obtained, when the oxide is generated with
high power consequently causing ions to pelt the surface more aggressively.

RIE sample A has a different double oscillation pattern, where peak 1 is remarkably smaller
than peak 2 with respect to intensity as well as width. The reflectivity curve of RIE sample
A is reproduced by successive fits and depicted in figure 5.13. The peaks are not sharp, but
rather have a tendency to be smeared out. In the corresponding density profile, there are
no dips with large and abrupt differences. The profile is soft and V-shaped with terraces
approximately midway between the bonding interface and the silicon wafer. This soft shape
with small relative changes in densities between neighboring layers is in agreement with the
ratio between peak 1 and peak 2[21].

The relative density level corresponding to the best fit of RIE sample A is ranging from 1.05
to 0.67, which is considerable lower than what was found for sample E and F. Further the
profile is more triangular with a relatively decrease in density already close to the silicon.
Activation in the RIE chamber was carried out with almost same pressure, but with lower
power settings and longer activation time, and this is believed to cause a broader and lower
density profile.

In RIE samples G-I, the multiple oscillation was less pronounced and not perfectly regular.
Nonetheless, there is an indication of double oscillations. The sample was prepared in the
RIE chamber using the same time and pressure settings as used for RIE sample E and F, but
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the power was only 60W. The ratio between peak 3+4 as well as peak 5+6 is closer to unity,
which is in agreement with the smooth density profile, where the relative density is between
1.0 and 0.93. There are small dips and terraces, c.f. figure 5.16, but none of them are sharp
and abrupt. The widths of different layers in the oxide differ by few Ångström according to
the profile, and cause the reflectivity peaks to be rounded, whereas peak valleys are sharp.

Comparing sample I(60s/60W/300mTorr) with sample E and F (60s/200W/300mTorr) in-
dicates that changing the power to higher values results in broader rounded oxide density
profiles, with a relatively broad range around the interface with a lower density. Compared
to sample A (190s/40W/300mTorr), which is made in the same power range, but with much
longer activation time the profile is still more rounded and the density range level consider-
able higher, and this indicates that prolonging the activation time also have an important
effect on the generated oxide layer, especially in a narrow region around the interface. It
is possible that due to the relative low power, the ions hitting the surface primary affect
the outermost oxide layer, and therefore density changes close to the bonding interface are
observed.

ICP-RIE sample A was prepared in a different chamber, which is supposed to produce a
more dense and homogenous oxide [41, 10]. The reflectivity curve of ICP-RIE sample A, has
very regular oscillations and a period of one peak. The density profile is smooth, and there
are no abrupt changes or sharp dips in the density that cause neighboring layers to differ
enough to produce double oscillations. Nonetheless, the density level varies more than, e.g.,
observed for RIE sample E. Thus, a difference between the widths of peak 1 and peak 2 was
expected. An explanation for the lack of this feature might be the use of a different plasma
activation-method. In general all measured curves for the ICP-RIE prepared samples seemed
to much more regular. The shape of the density profile is different compared to what is found
for samples made in the RIE chamber. The profiles are compared in figure 5.17below.
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Figure 5.17: [21] Density profile for sample ICP-RIE A and sample RIE I.

For the ICP-RIE prepared sample, a broad intensity dip is found close to the silicon surface.
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The intensity drops rapidly and then goes up to an almost constant level around the bonding
interface. The thickness of dips and terraces in the profile of the oxide does not remarkably
vary, but a small dip is observed at the interface, which is common for all the samples, but
in general it is more pronounced for the RIE prepared sample.

The level of density profiles for all the samples were compared with the process parameters,
and the density of the bonding-interface oxide is clearly a function of the RF power. However,
it is not clear whether a lower pressure and power setting are the only factors causing a less
dense oxide layer in e.g. RIE sample A. Further data optimization on series of samples with
different process parameters is needed. All density profiles have a dip around the bonding
interface, but the levels of oxide density and the shape of the dip vary from sample to sam-
ple. This confirms the existence of a linking layer but makes it difficult to propose a structure.

For some of the profiles, the confidence interval was broad at the bonding interface, whereas
other data resulted in a very good agreement between all the optimizations. The oxide layers
on the wafers are not identical, but variations on the Ångström scale are not expected to
be reflected in the density profiles. For one sample, RIE sample E, the density peaks at the
bonding interface indicate a linking layer between the two oxides, which is more dense than
surrounding layers in the oxide[21].

The programme Reflectivity Fit 0.45 was observed to reproduce reflectivity data successfully,
and the fitted density curves are physically reasonable. The correlation between process
parameters, which were used to activate the inspected samples, and the density level of
profiles was investigated. Furthermore, the form of each profile was analyzed. There are
clear indications of interfacial density dips close to the Silicon, which are typically 10-20Å
wide. There is a region with low density around the bonding interface for all the samples,
except for RIE sample E, but the shapes are somewhat different. In order to compare the
density profiles of samples made from different recipes and thereby analyze the effect of RF
power and chamber pressure thoroughly, optimizations on additional data sets are needed.
The optimized density profiles indicate that the oxide layer has a graded density. It is
smeared out, either by the inter diffusion of oxygen atoms resulting in a non-homogeneous
silicon oxide or by formation of transition layers where new states of silicon oxide are formed.
The interfacial density dips indicate an abrupt interface between crystalline and amorphous
materials.

The observed dip at the interface in the fitted data is also reported by Rieutord et al[62, 63].
In [62], they are measuring on bonded hydrophilic wafers of native oxide and thermal grown
oxide, whereas their systems are different from those investigated here. For the data fitting,
they have been using a simple electron - density box model, where the density dip at the
interface is modelled by a gaussian well. In their profiles homogenous layers of oxide are used,
which is also to be expected from thermal grown oxides. They have measured the density
profile as a function of temperature, and at room temperature they report an interface dip
of width 4.4 Å and a density gradient depth of 0.23 Å

−3. As the temperature increases, the
width increases and the depth of the dip decreases. In comparison the typically width of
the interfacial dip for our samples is much broader and the depth very varying depending of
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the sample parameters, and it is clear, that the oxide layer produced by plasma activation
results in far more fluctuating density profiles.

In the other paper by [63], investigation of reflectivity from standard hydrophilic silicon
bonding is discussed. The profile was found by direct inversion of the reflectivity data, and
also here the interfacial dip is found, and again the size is a function of temperature. They
observe small shoulders in the profile which are attributed to native oxide and in some tem-
perature range a relatively wide dip profile is observed and speculated to be due to nanometer
micro voids. Compared to the density profile found for the plasma assisted bonding, these
profiles are much more smooth in shape and the depth at the interface for the room temper-
ature bonding is found to be far more pronounced with a ρ(z)/ρSi ratio of approximately 0.5.

5.5 Summary and conclusion

The interfacial oxide between two plasma activated silicon wafers was studied through a set
of complementary techniques that operate on the micro- and nano-scale. The aim was to
obtain structural information about the bonding, which could contribute to a better under-
standing of the details within the low temperature plasma activation bonding process.

Recipes of two reactive etching systems, RIE and ICP-RIE, that deposit an oxide layer were
tested and optimized in order to obtain the highest possible bond strength. For both types
of activation, a general improvement in sample preparation was obtained, and an optimized
recipe that resulted in reproducible bond strengths and a high yield of samples without voids
were developed. The optimized bonding process occurred spontaneously when the two wafers
were adhered, and the bond strengths were high compared to those obtained by other room
temperature techniques. This process renders heating superfluous and is therefore of great
interest in instances where a subsequent annealing step hampers the intended application.

An improvement of the bond strength test equipment would be an easily applicable method,
which is able to perform reproducible measurements independent of the person who performs
the tests. This demands a reconstruction of the test equipment, a sharper razor blade made
of a harder blade steel and that the separation is done automatic instead of manual. Fur-
thermore it was found that control of the ambient air (e.g., the humidity) by sealing the
test equipment in an appropriate box would affect equilibrium conditions and thereby con-
tribute to a stable method. If a not optimized system is still used for the test, it would be
of great advantage, if at least the measurements condition and statistic are specified in details.

Since plasma bonding is a sensitive process, it should also be considered to do in situ bond-
ing, where activation and bonding take place in a closed chamber. This is recommended for
implementation in industrial set-ups, and this way, the time delay between activation of the
surface and the bonding is in good control, and contaminations from handling the wafers
manual are avoided.
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Water and porosity

The effect of water treatment before bonding has been extensively discussed in other studies,
but no definitive explanation exists. In general by including a water treatment after the
surface activation, spontaneous, strong and stable bonding was observed, whereas no water
treatment resulted in samples where non-bonded areas often were dominating.
To investigate the influence of water in more details Egebjerg performed TOF-SIMS exper-
iments of D2O treated samples and further the idea of the surface consisting of micro-pores
was investigated by TEM measurements. The latter was proposed by Amirfeiz et al. and
Sanz-Velasco [65, 3], which suggest that the oxide formed under activation is porous, having
micro pores that collect excess water from air moisture and the waterdip. The TOF-SIMS
experiments of the D2O treated samples showed however, that the water treatment affects
only the outermost atomic layer on each plasma activated silicon wafer and from the TEM
measurements, pores on the nano-scale were clearly disproved. Thus, there is no indication
of a porous oxide, and only a hydrated mono- or bilayer is present. Water is transported by
diffusion on internal surfaces as a mono- or a bilayer and this is considered to explain the
importance of the water treatment, which is believed to ease the bonding by bridging the
gab[21].

Effect of plasma activation

The oxygen plasma treatment of the surfaces affects the reactivity of the two wafers, whereas
it is important to study the relationship between changes in the process parameters and the
bond strength of bonded wafers. In the optimization work, it was found that recipes could
be optimized, to yield a high bond strength for RIE and ICP-RIE activation techniques. In
general the effect in bond strengths was most sensitive when changing parameters in the RIE
system.

The ion bombardment, which takes place in the plasma chamber, changes the chemical state
of the oxide and consequently increases the reactivity of the surfaces. The conditions, under
which an increased surface energy is achieved, are balanced between the increased reactivity
and the degradation of surface quality when the ions are too energetic at a high RF power.

Density profiles and reflectivity curves

From the measured reflectivity curves and modelled density profiles clear indications of small
density dips close to the Si-SiO2 interface and a dip around the bonding interface were found.
The latter had different shapes for the samples presented here, and in order to compare the
density profiles of samples made from different recipes and thereby analyze the effect of RF
power and chamber pressure in detail, we must conclude that additional data sets are needed.
The used x-ray geometry is indeed suitable for measuring bonding interfaces, but it was ex-
perienced during the work that the samples were very sensitive for the cutting and mounting
process. The room temperature bonded sample is relatively week immediately after adhe-
sion. It is known that the bond strength is raised considerable already within the first 24
hours after bonding, and it is believed that this can affect somewise the measured data. The
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samples are after the cutting stored in plastic boxes and transported to the beamline, and
measured as short as possible afterwards. Since it is not possible to measure on more than
one sample at a time, a time delay between the different sample was difficult to avoid.

Immediately after the bonding the wafers are cut in narrow strips of only a few hundredths
of microns and in the cutting process the diamond blade and sample are covered with water
for cooling. The actual bonded areas are after the cutting were small and it could be possible
that the water penetrates through the side and affects the bonding structure.

It is known from other similar bonded systems that the observed increase in bond strength as
a function of storage time is related to water rearrangement and diffusion, either to bulk or
along the interface to the sample edge[70]. Typically the strength increases within the first
few days and reaches a stable saturated value often 2-4 times what is observed immediately
after bonding. The path length within the narrow stripes used in the set-up is very short
and it could be, that for the strips an increased stable bond strength is observed on a much
shorter time scale, and already a few hours after cutting no further interface changes are
observed.

Some tests were performed to investigate the stability of the samples. For several samples
not only reflectivity from one interface area was measured, but also at different positions
along the interface. The results were identical and from this it can be concluded that the re-
producibility within each sample is good. The same samples were also measured with a time
delay of tree months, and the results were identical indicating that the long term stability of
the sample is high.

Future work

Indeed more measurements should be done to reproduce data on bonded wafer samples, with
specific activation parameters. Further measurements on small pieces of activated single
wafers should be performed(Small pieces are not expected to bend as much as whole wafers,
and it might solve the problem of collecting data on these samples).Thus, it would be possible
to compare the fitted density profiles of the thin oxide film before and after bonding as well
as investigate structural differences.

Further it is suggested[21] that chemical analysis with an electron microscope can be invoked
by electron energy-loss spectrometry, energy filtered TEM and scanning TEM. Also a detailed
study of the interface by EELS will be of great advances in the search for a detailed model
of the atomic structure of the plasma assisted room temperature bonding.
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Chapter 6

Introduction to Waveguides

During the last years there has been a considerable interest in achieving micro-focusing of
high brilliance x-rays generated at third generation synchrotrons. Producing x-ray beams
with high flux and significant small spot size open up a whole new range of applications in
scattering, microscopy and spectroscopy with a real space resolution down to the nanometer
range. Examples of interesting applications are elemental analysis of nanoparticles by x-ray
scanning fluorescence microscopy, high resolution x-ray tomography, sub-micrometer mag-
netic analysis of semiconductor nano-structures or x-ray coherent diffraction experiments[54].

The sub micrometer spot size can in principle be achieved by using slits or pin holes aper-
tures, but a limitation is either imposed by the availability of suitable sufficient absorbing
materials, especially for the hard x-rays with a wavelength < 0.1 nm or the precision of the
fabrication process, and even if, hypothetical pinholes of such size were available, the flux
throughput would not be sufficient[54]. To obtain high flux beam spots, the x-rays can be fo-
cused either coherently by fresnel zone plates and bragg fresnel lenses or incoherent by planar
waveguide of varying cross sections, capillaries, mirror optics and compounds of refractive
lenses[54]. For incoherently focused x-rays, spot-sizes of about 100 nm are reported in the
wavelength range of 0.1-0.15 nm by glass capillary optics, whereas mirror optics is reported
to produce spots below 800 nm, in the same wavelength range. Compound refractive lenses
reports a spot-size of 8.0 micro meter at λ = 0.089. Using coherent focusing optics, fresnel
zone plates spot-sizes of 29 nm is observed for λ = 2.4 nm, but due to absorbtion and phase
shift with increasing energy it is very difficult to obtain small coherent spots for the hard
x-rays below 0.1 nm. For the hard region the smallest reported spot size is in the range of
500 nm [54][55][27].

X-ray waveguide structures presents a new approach which is an alternative technique for
obtaining very intense fully coherent micro or even nano beams. Precisely defined beam
properties concerning shape and coherence are obtained based on the principle of resonant
beam coupling, and the size of the beam at the exit of the guide is smaller than the thickness
of the guide layer[38]

The basic principle of a simple waveguide structure is illustrated in figure 6.1.
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Figure 6.1: Basic principle of a simple waveguide structure.

The typical x-ray waveguide structure consists of a low density core material with refractive
index n1 and a typically thickness in the order of 100-150nm. The core material is surrounded
by layers of cladding material, with a different higher refractive index, n2. The structure in
the figure have identical cladding layers, but for some systems these are different. The beam
is coupled into the guide either through the cladding layer or from the front of the guide(not
shown in figure). The structure allows the formation of a strong x-ray standing wave field in
the guiding layer, with a periodicity depending on the incident angle and of the structure ge-
ometry. Each time the standing wave periodicity is an integer fraction of the layer thickness
a resonance takes place, and the resonantly enhanced electromagnetic fields travels along the
wave guide and exits at the end. The out-coming beam will have in one dimension the size
constricted by the guiding layer thickness. For a guide with thickness 130-160 nm is the size
of the beam produced by the waveguide about 65-80 nm.[16].

The first attempt to fabricate and study waveguides for hard x-rays were performed in 1974
by Spiller and Segemüller [66]. They demonstrated, that the principle of guiding electromag-
netic radiation could be extended into the x-ray range. In their work, they made a waveguide
structure consisting of a BN film(300-500Å) sandwiched between an Al2O3 cladding and by
coupling x-rays through the topcladding layer, they successfully demonstrated the excitation
and propagation of single modes over a length of 0.3 mm, for x-rays with 1.54 Å wavelength.
However, due to the coupling mechanism, non ideal material choice and geometrical proper-
ties of their structure the resulting efficiency was relatively low.

Several years later Feng et al.[26, 27] demonstrated the principle of a planar dielectric waveg-
uide structure for which they were achieving significant flux enhancement by coupling a
highly collimated, monochromatic synchrotron beam through a cladding layer into the guide
medium. The investigated structure consisted of a thin film polyamide guiding core on top
on a silicon substrate and a Si02 layer used for top cladding. Using the Resonant Beam
Coupling scheme(RBC), they observed a 20-fold flux increase, and thereby suggesting that
this is the most sufficient way of coupling intensity into the waveguide.

In 2002 Pfeiffer et al. published a paper demonstrating two-dimensional(2D) x-ray wave-
guiding [55]. Previous work within the area has mainly been exclusively studies of one
dimensional waveguide structures, but since most interesting nano beam applications would
require two dimensional pencil like beams, this paper is indeed important. They investigated
a 2D structure made of poly methyl methacrylate (PMMA) as core material and Cr chosen as
cladding material on top on a Si(111) wafer. Using resonant coupling of synchrotron beams
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into the structure, they successfully produced a coherent x-ray point source with dimensions
of 68.7 nm times 33.0 nm at the exit of the waveguide structure which was the smallest spot
size ever archived for hard x-rays. In conclusion they demonstrated the proof of principle
that such devices can be used for making nano-beams, but the perspective of a powerful
x-ray point source is only realistic in the coupling efficiency can be considerably increased
over the value estimated for the fabricated structures in the paper. For improvements they
suggest, that devices with higher perfection like the interfacial roughness and homogeneity of
the layers should be developed and that further progress may derive from improved material
composition or adapted pre-focusing optics.

Last year, Jarre et al. [37] published a paper, where a two dimensional confining x-ray
waveguide structure is combined with a high gain Kirkpatrick-Baez(KB) prefocusing mirror
system resulting in a hard x-ray beam with a cross section of 25x47nm2(FWHM). The in-
coming beam is no longer coupled in the RBC scheme, but now from the front side whereas
the beam is no longer accompanied by disturbing spurious reflected or transmitted beams.
Using the front coupling(FC), the total count rate would be lower than for the RBC waveg-
uides, since they do not provide an intrinsic increase in flux. This problem can nevertheless
be solved by using the property that the angular acceptance of the FC waveguide is in the
range of some hundredths of a degree, which matches the focusing angle of the presently most
efficient focusing x-ray optics, and by using such optics to increase the total flux Jarre et al
. successfully report well defined intense hard x-ray nano beams. For further improvement
the authors suggest to use higher demagnification ratios of the KB optics and hence smaller
over illumination, in combination with a waveguide structure down to a 10nm cross section.
Furthermore it is suggested that the ideal waveguide structure consist of vacuum instead of
a polymer core and is fabricated by techniques such as wafer bonding, focused ion beams or
nanotubes.

Making waveguides using air as guide medium has been done in the work by Zwanenburg et
al.[80, 81]. They were investigating a tunable x-ray waveguide with an air gap as the guiding
medium, and in their paper they report discrete transverse-electric(TE) modes excited in the
air gap. They are propagating almost undisturbed through the planar waveguide with essen-
tial no attenuation and with negligible scattering losses to other modes, and it is suggested
that filling the air gap with a fluid allowing for studies of ordering phenomena in a confined
geometry. Relatively high transmission was found, typically around 98%, and typically values
of gap hight are between 250nm-650nm. The beam is coupled into the guide from the front,
but since a larger bottom plate is used, the incoming beam is totally reflected into the guide
rasing the efficiency. The dimensions are restricted to the control of the plate positions by the
used pierzo motors. Compared to the previous mentioned structures they are much higher,
and ultimately they would like to reduce the gap to a few nanometers thereby allowing study
of the structural ordering of liquids on a molecular scale.
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6.1 X-ray waveguides made by waferbonding

The waveguides investigated in this project is made by etching nano-structures in silicon
and using the wafer bonding technique for closing the etched structures thereby obtaining
nanometer dimensional air channels buried in silicon. The principle is illustrated in figure
6.2.

Figure 6.2: Sketch of fabrication of waveguides with wafer bonding

Air is used as guiding medium and the silicon as cladding material. The beam is coupled
into the guides from the front(FC) and the expected mode propagation is investigated in the
farfield region at the exit of the guide. The fabrication technique has not previous been used
for fabricating x-ray waveguides, and the work presented in this thesis has been focused on
characterizing the structures and making first proof of principle experiments demonstrating
that using this technique it is possible to fabricate useful waveguides. Using the FC scheme,
the efficiency of the investigated guides is relatively low, since the guide entrance are very
small compared to the dimensions of the beam. This problem will be further discussed in the
next sections, but could be solved by using a prefocusing mirror system as described earlier.

In the next chapter, the theory related to the waveguide propagation is described and in
chapter eight are a description of the used fabrication methods followed by a section of
characterization of the structures. In chapter nine are a presentation of the measured farfield
modes for a selected amount of the investigated structures compared to what was expected
from the theoretical considerations. The work is summarized at the end of chapter nine. Part
of the work related to the fabrication of one dimensional guides can be found in the paper
[58] and the results of the two dimensional guides in [59]which are in progress.
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Chapter 7

Waveguide theory

In this chapter we will go through the theoretical considerations needed to describe the con-
cepts of an x-ray waveguide. The first section(8.1) describes the simplest waveguide struc-
ture, a planar waveguide, were waveguiding only takes place in one dimension. We start with
Maxwells equations applied on plane electromagnetic waves. This yields the one-dimensional
reduced wave equation witch then has to be solved using the boundary condition for the sys-
tem. The boundary condition on the plane electromagnetic wave, lead to the transcendental
equation witch is central in the mode description of waveguides. The next section(8.2) con-
tain the theory for a rectangular waveguide, where waveguiding in two dimension can take
place. Again we end up with two transcendental equation describing the modes. There
after will be a description of the far field intensities (8.3) and at the end of the chapter
a discussion of different coupling methods(8.4), their efficiency, and gain values(8.4). The
theoretical description used in the chapter is based upon the treatment of optical waveg-
uides. The extension to x-rays is made by taking into account the appropriate x-ray optical
description[42, 54].

7.1 Planar waveguide theory

The most simple type of a waveguide is a symmetric slab waveguide consisting of one core
layer of refractive index n1 with a medium below and above having a smaller refractive index
n2. The guide is considered to be infinite in the direction perpendicular to the propagation
direction(y). The modes propagating in the waveguide are described by Maxwells equations.

7.1.1 Maxwell’s equations

Maxwells equations for a uncharged, nonconducting and nonmagnetic medium can be written
in the form

∇×E = −∂B
∂t

(7.1)

∇×H =
∂D
∂t

(7.2)
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∇ ·D = 0 (7.3)

∇ ·B = 0 (7.4)

where the fields can be connected through the material equations

D = ε0n
2E (7.5)

B = µ0H (7.6)

and ε0 and µ0 are the vacuum dielectric permittivity and magnetic permeability given by
ε0 = 8.854× 10−12C2N−1m−2 and µ0 = 4π × 10−7Ns2C−2.

For x-rays the refractive index, n, can be written

n = 1− δ − ib (7.7)

where δ can be expressed by[2]

δ =
2πρr0

k2
(7.8)

ρ is the electron density, r0 = 2.82×10−5Å and k is the wavevector related to the wavelength
of radiation, k = 2π/λ. The value of δ is in the order of 10−6.

In expression 7.7, b is connected to absorption, which implies that the beam is attenuated
in the material with a characteristic 1/e length denoted by µ−1. and µ is the known as the
linear absorption coefficient. b is expressed by

b =
µ

2k
(7.9)

The solutions to Maxwells equations describe the modes propagating in the waveguide and
they can be classified in two types, transverse electric(TE) or transverse magnetic(TM)modes
[42]. The TE modes do not have a component of the electric field in the direction of wave
propagation, while TM modes do not have a longitudinal magnetic field component. For
x-rays the difference between TE and TM modes is very small since all propagations angles
are within fractions of a degree, and in the description we will only focus on the TE modes
which corresponds to the experiments.

7.1.2 Planar Waveguide

The simplest planar waveguide structure is sketched in figure 7.1. It consists of a film with
refractive n1 sandwiched between two semi-infinite layers of refractive index n2.
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Figure 7.1: Sketch of planar waveguide structure. n(z) is the refractive index profile where n2 < n1 ≤ 1

n is assumed to be homogeneous and independent of the x- and y coordinate and can be
written:

n(z) =





n2 for −∞ < z < 0
n1 for 0 < z < d
n2 for −∞ < z < 0

(7.10)

If we choose the coordinate system as shown in figure 7.1 the modes will propagate in the x
direction. For the TE modes the propagating wave is polarized in the y-direction and have
only three non-zero field components: Ey,Hx,Hz.

The solutions to be considered are plane electromagnetic waves which can be expressed as

Ej = Ej(z)ei(ωt−βz) [j = x, y, z] (7.11)

Hj = Hj(z)ei(ωt−βz) [j = x, y, z] (7.12)

where ω is the radian frequency, ω = 2πf , f being the actual frequency and β is the
propagation constant, identified as the projection, kx, in the x direction of the wavevec-
tor, β = n1k cos(αi).

By applying Maxwell’s equations, 7.1 and 7.2, on expression 7.11 and 7.12, set of equations
for the non-zero field components will result, and by substituting the expressions for the H
components, the problem of finding the TE modes is reduced to find solutions to the one
dimensional differential equation(Helmholtz equation)[42, 54].

∂Ey(z)
∂z2

+ [k2
0n

2(z)− β2]Ey(z) = 0 (7.13)

The TE modes of the waveguide are now found by solving equation 7.13 using the bound-
ary condition, that the fields and the tangential fields must be continuous at the dielectric
interfaces, z=0 and z=d. Further we want the modes to be confined in the guiding layer
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(0 < z < d) and hence the fields to decay outside this region. The confinement condition can
be expressed by the requirement

n2k
2 ≤ β2 ≤ n1k

2 (7.14)

When this is fulfilled the fields would be exponentially decaying outside the guiding region.
If β is outside the range, the fields will be oscillating. These solutions are called radiation
modes and corresponds to a free travelling wave[54]. We will only consider solutions that are
damped outside the core region.

Providing now the boundary conditions and equation 7.14is satisfied, the solutions to the
wave equation 7.13 can be written in the form

Ey =





Aeγz for −∞ < z < 0
A cos(κz) + B sin(κz) for 0 < z < d

Ce−γ(z−d) for −∞ < z < 0
(7.15)

where the parameters κ and γ are defined by the following relations[42]:

κ = (k2n2
1 − β2)1/2 = n1k sin(α) (7.16)

γ = (β2 − k2n2
2)

1/2 = ((n2
1 − n2

2)k
2 − κ2)1/2 (7.17)

Using the boundary condition the parameters A, B and C can be found. If A is equal to one,
the values for B and C are

B =
γ

κ
(7.18)

C = cos(κd) +
γ

κ
sin(κd) (7.19)

Finally the allowed values of κ(7.17), and hence β, has to be determined. This is done by
differentiation of expression 7.15 and requirement of continuity at the two interfaces resulting
in the following equation system results

γA− κB = 0 (7.20)

(γ cos(κd)− κ sin(κd))A + (κ cos(κd) + γ sin(κd))B = 0 (7.21)

The equation system has a solution only if the system determinant vanishes.

γ(κ cos(κd) + γ sin(κd))− κ(κ sin(κd)− γ cos(κd)) = 0 (7.22)

This is referred as the eigenvalue equation or the transcendental equation, and can be rewrit-
ten first as
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tan(κd) =
2κγ

κ2 − γ2
(7.23)

and next by defining the dimensionless waveguide parameter V = kd
√

n2
1 − n2

2 and setting
x = κd as

tan(x) =
2x
√

V 2 − x2

2x2 − V 2
(7.24)

The original problem of finding the TE modes for the waveguide is now reduced to solving
the transcendental equation 7.24, which in practice is done with a numerical algorithm. In
figure 7.2 is illustrated an example of a plot of the left and right side of the equation for a
silicon(SiO2)/air guide. Each point of intersection represent a solution to the transcendental
equation. There is only a finite number of solutions, x = xi, and for each of these xi values
corresponds a set of κi and βi values, where i = 0, 1, 2, ... denotes the excitation order of the
corresponding electric field Ey,i.
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Figure 7.2: Left side (green) and right side (blue) of the transcendental equation7.24 with the parameter of

the 286 Å guide.

The transcendental equation for x has always at least one solution, which means that a sym-
metrical wave-guide has always at least one mode.

Solving the transcendental equation numerically or graphically one obtains x-values which
are by the above given definitions related to incidence-angle values αi:

αi = arcsin(
x

n1kd
) (7.25)



86 Waveguide theory

For the example plotted in figure 7.2 are the x values of the crossing points 2.131 and 4.002,
and the corresponding angles (using expression 7.25) are 0.084◦ and 0.158◦.

In summary we have derived the transcendental equation for a planar waveguide given by
expression 7.24. By solving this equation for the actual waveguide to be investigated we can
deduce mode number and corresponding incidence angles.

The electric field for the i’th mode is written :

Ey,i(z) =





eγiz for z < 0
cos(κiz) + γi

κi
sin(κiz) for 0 < z < d

(cos(κid) + γi

κi
sin(κid))eγi(d−z) for d < z

(7.26)

i.e., exponential decay outside the guide and a cosine and sine superposition inside the guide.

The absolute value of the electric field squared (|Ey,i(z)|2) for the example of a 286 Å wave-
guide is shown in figure 7.3. The second mode is exited at an angle of 0.158◦ which is already
quite close to the critical angle for SiO2 at 10 keV of 0.174◦. Therefore a larger part of the
field intensity is outside the wave-guide in the walls, i.e., the mode is already close to become
a leaky mode[42]. This will probably lead to an increased damping of this mode compared
to the first one.
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Figure 7.3: The squared, absolute value of the electric field inside the 286Å wave-guide of the first
mode (left) and the second mode (right). The y-axis has in both cases the same (arbitrary) scaling.

The calculations shown here assume flat walls, but as will be shown later, roughness of the
walls play a role and mode coupling can be expected.

7.2 Modes in rectangular waveguides

For the planar waveguide discussed in last section the waveguide effects only takes place in
one dimension, while in the other dimension, the beam is defined by the x-ray source. In
this section we will extend the theoretical considerations from the the planar guide to a two
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dimensional guide structure. We will use the most simple two dimensional structure with a
waveguiding core of refractive index n1 embedded in a cladding with refractive index n2 for
the description.

Figure 7.4: Front view of a rectangular x-ray waveguide with a
guide core of width w and hight d and with refractive index n1

embedded in a cladding layer with refractive index n2

Figure 7.4 shows the geometry of the 2D structure. The corresponding refractive index profile
is given by

n(y, x) =
{

n1 for 0 ≤ y ≤ w ∧ 0 ≤ z ≤ d
n2 elsewhere

(7.27)

The refractive index is now a function of two coordinates and as a consequence the description
of the modes far more complicated. An exact analytical solution of Maxwell’s equations is
not possible, but approximate solutions by numerical methods have been obtained and can
be made as accurate as desired [42]. The method is a good approximation for modes of low
excitation orders, where the field is mainly confined within waveguide core region, and only
a little field energy leaks into the cladding material. In particular there is very little field
energy in the shaded regions of figure 7.4 and the analyze can be simplified by ignoring these
regions completely. Given this assumption the Maxwell equations can again be solved using
the plane harmonic fields

Ej = Ej(z)ei(ωt−βz) [j = x, y, z] (7.28)

Hj = Hj(z)ei(ωt−βz) [j = x, y, z] (7.29)

Similar to the one-dimensional case described in the previous section, the solutions to Maxwells
equations can be classified into predominantly y-polarized and z-polarized modes. The two
dimensional wave equation, analogue to 7.13 can be written

∂2ψ(y, z)
∂y2

+
∂2ψ(y, z)

∂z2
+ [k2n2(y, z)− β2]ψ(y, z) = 0 (7.30)
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Where ψ(y, z) denotes Ey(y, z). As before the the field has to be confined within the core
region leading to the expression

n2k
2 ≤ β2 ≤ n1k

2 (7.31)

and the fields within the five regions, inside the core, and the four regions surrounding the
core, see figure 7.4 is given by [54]

ψ1 = (i/κzβ)(n2
1k

2 − κ2
z)cos[κy(y + η)] sin[κz(z − ζ)] (7.32)

for 0 ≤ y ≤ w ∧ 0 ≤ z ≤ d

ψ2 = −i[(γ2
z + n2

2k
2)/γzβ] cos[κy(y + η)] cos[κz(d− ζ)] exp[−γz(z − d)] (7.33)

for 0 ≤ y ≤ w ∧ −∞ < z < 0

ψ3 = i[(γ2
z + n2

2k
2)/γzβ] cos[κy(y + η)] cos(κzζ) exp(γzz) (7.34)

for 0 ≤ y ≤ w ∧ d < z < ∞

ψ4 = i(n2
1/n2

2)[(n
2
2k

2 − κ2
z)/κzβ]cos[κy(w + η)] exp[−γy(y − w)] sin[κz(z − ζ)] (7.35)

for w < y < ∞∧ 0 ≤ z ≤ d

ψ5 = i(n2
1/n2

2)[(n
2
2k

2 − κ2
z)/κzβ]cos(κyη) sin[κz(z − ζ)] exp(γyy) (7.36)

for −∞ < y < 0 ∧ 0 ≤ z ≤ d

η and ζ being phase parameters, making the solution general and with the following relations
for κy, κz, γy, γz, ηy, ηz and β[42]

γ2
y = (n2

1 − n2
2)k

2 − κ2
y (7.37)

γ2
z = (n2

1 − n2
2)k

2 − κ2
z (7.38)

tan(κyηy) = −γy/κy (7.39)

tan(κzηz) = −(n2
2/n2

1)/(κz/γz) (7.40)

n2
1k

2 + β2 = κ2
y + κ2

z (7.41)
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As in the planar waveguide section, the boundary conditions that the fields must be contin-
uous at the interfaces must be satisfied. This results in two sets of uncoupled transcendental
equations, giving the allowed discrete values of κy and κz

For κz we have

tan ξz =
2ξz

√
(Ṽ 2

z − ξ2
z )

2ξ2
z − Ṽ 2

z

(7.42)

Ṽz again being a dimensionless wave parameter

Ṽz := kd
√

n2
1 − n2

2 (7.43)

and

ξz :=
d

2

√
k2n2

1 − β2 (7.44)

and κz

κz =
ξz

d
(7.45)

For κy the corresponding expressions are

tan ξy =
2n2

1n
2
2ξy

√
(Ṽ 2

y − ξ2
y)

n4
22ξ2

y − n4
1(Ṽ 2

y − ξ2
y)

(7.46)

Ṽy := kw
√

n2
1 − n2

2 (7.47)

and

ξy :=
w

2

√
k2n2

1 − β2 (7.48)

and κy

κy =
ξy

w
(7.49)
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As for the planar waveguide the two transcendental equations 7.42 and 7.46 can be solved
by plotting left and right side of the equations. The finite points of intersection gives a set
of (ξy, ξz) and thus (κy, κz) values corresponding to the modes propagating in the guide.
Each mode, ψpq is attributed to the (pth,qth) exitations order in the (y,z) direction with the
corresponding values for (ξp

y , ξq
z), (κp

y, κ
q
z) and βpq.

For each mode, the two angular values are given by[54]

tanφp
int =

κp
y

β
(7.50)

and

tanαp
int =

κq
z

β
(7.51)

7.3 Intensity in the far-field region

The electric field at a height z at the wave-guide exit is known from equation 7.15, and the
next to determine is the intensity at a point P far away from the wave-guide. The angle
between the wave-guide axis and a line from the wave-guide exit to this point is called the
exit angle αf . For describing the far-field intensity we use the far-field approximation which
is valid for distances significantly larger than the wave-guide opening and the wave-length.
Within the approximation it is assumed that beams emitted from two neighboring points at
z and z+∆z that interfere far away at the point P are parallel[53]. Therefore the path-length
difference δL(αf ) between the distance from the point at z to P and the one from z+∆z to P
is simply δL(αf ) = sin(αf )∆z. Integrating the known electric field,ψq(z)(Ey,i), q is the mode
number, with the correct phase factor exp(ikδL(αf )) across the wave-guide exit gives the
far-field at a certain point P described by αf . The intensity is proportional to the absolute
value of the far-field squared.

Iq(αf ) = I0|
∫ ∞

−∞
ψq(z) expikαf z dz|2 (7.52)

In the expression the small angle approximation, sinx ' x has been used.

For the 286Å wave-guide the far-field for the first and second mode is shown in Fig. 7.5
(the two small blue curves) as well as the sum of these two intensities (small green curve).
To relate these intensities to the measured data the intensities have to be convoluted with a
box function corresponding to the used 0.5 mm detector slit, which is shown with arbitrary
intensity in cyan. Convoluting the intensity of the first mode with the detector box-function
(of height 1) results in the large blue curve. Convoluting the sum of the first and the
second mode with the detector box-function results in the large green curve. For comparison
with the measured detector scans with a width of 0.132 a Gaussian of this width is plotted in
magenta with the same peak-value as the calculated curve. These two curves closely resemble
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Figure 7.5: Calculated far-field intensity for 286Å guide. The first and second mode (small blue curves) and
their sum (small green curve) are plotted. Further the detector box-function (cyan, arbitrary height) and the
first-mode intensity (large blue curve) and summed intensity (large green curve) convoluted with this box
function are illustrated. Gaussian peaks of the same height with 0.132 FWHM (magenta) and 0.125 FWHM
(yellow)[12].

each other. Differences may be related, e.g., to the not precisely known detector-to-sample
distance and other uncertainties.

7.3.1 Farfield intensities for a rectangular waveguide

The electric field for the rectangular waveguide depends both on the y and z coordinates. This
means that the far-field diffraction integral is no longer reduced to a simple one dimensional
integration as given by 7.53. For the case of a rectangular guide the intensity distribution is
described by[54]

Ipq(φf , αf ) = I0|
∫ ∞

−∞
ψpq(y, z) expik(φf y+αf z) dydz|2 (7.53)

For obtaining a detailed description of the far-field intensity patterns, we first solve the tran-
scendental equations 7.42 and 7.46. For each mode ψpq(y, z) we then have the calculated
values of κz, κy, φint, αint and using equation 7.53 the expected field intensity distributions
can be examined.
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7.4 Coupling of intensity into the guide

There are different ways to couple intensity into the wave-guide. In this section we will
shortly discuss different coupling methods and their feasibility of application to x-rays with
wavelengths λ ≈ 0.1nm.

1. Directly through the front opening.

This is the obvious way and is well known from the optical wave guides(OWG) designed
for visible light. In an optical systems the light source, the laser, is coupled directly
through one end of the Waveguide(WG) and adapted in such a way that the output
matches the characteristics of the WG allowing for efficient coupling. This works quiet
well for systems where the source size matches the dimension of the guide material,
which is indeed the situation for OWG with laser spots and optic cores both having µm
dimensions. This is not the case for X-ray waveguides(XWG) where the core dimensions
typically is in the nm range and the beam size usually in the mm range. The incidence
angles are always small and therefore the intensity coupled into the guide in this way,
is proportional to the opening area. This means when hitting the front of the XWG
the intensity losses will be huge and the coupling efficiency very poor. Furthermore,
for the guides made within this project, the opening on the incident and exit side of
the guide may be closed by Si dust, due to the cutting of the samples with a diamond
saw. This may slightly decrease the transmitted intensity, but as long as these grains
are like walls, i.e., as long as the beam is almost perpendicular to the grain surface is
refraction at these dust particles not a problem.

Due to the relative large intensity lost when coupling into the guide from the front, we
also made a front coupler a plateau in front of the guide in order to increase the inten-
sity output of the beam actually going into the guide. The idea is illustrated in figure 7.6

Figure 7.6: Left: Relatively much intensity is lost since it is not hitting the entrance of the guide.
Right: Modified structure with a plateau in front of the guide raising the amount of the beam
entering the guide

In this way more of the x-ray beam is led into the guide. The actual fabrication only has
to be slightly modified and in principle it should not be a problem to bond silicon pieces
of different size instead of hole wafers. The details about the fabrication and the results
of the test measurements for waveguide with front coupler are described in next chapter.
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2. Thin silicon topwafer used as a Reconant Beam Coupler(RBC)system

Another possibility is to use a Resonant Beam Coupler(RBC)system, which is known
from other studies, to be an efficient way of coupling. For our guides this can be realized
by bonding of a very thin silicon wafer on the top and couple through the thin silicon
film, and as the the top wafer is thinned down, the absorption is very low. The principle
of the x-ray RBC is similar to that of an optical prism couples. The principle of a RBC
coupler is illustrated in figure 7.7 below.

Figure 7.7: Sketch of a RBC Coupler.

The thickness of the top cladding layer is reduced to a thin film with a typical thickness
of 1nm-50nm. A broad x-ray beam impinging with an angel αi below the critical angle
αc will not only be specular reflected but also partly transmitted creating an evanesces
wave below the interface. This evanescens wave can resonantly excite a guided mode
provided that the right conditions for wave guiding regarding layer thickness, refractive
index and incidence angles are full filled. The field will then propagate along the x-axis
and exit the WG structure with a well defined amplitude and phase distribution. Using
the RBC couplings scheme it is actually possible to enhance the flux intensity by several
orders of magnitude relative to the incoming beam. The Resonant coupling principle
can easily be measured by reflectivity measurements. By varying the incident angle,
dips in the reflectivity curve can be seen, which are exactly mapping the guide mode of
the specific waveguide. Examples of these characteristics can be found in[26, 54]. We
have only tested the RBC coupling in a single measurement due to time limitation.

3. Front coupling combined with a prefocusing mirror system[37]

As mentioned earlier the efficiency of coupling intensity into the guide from the front is
rather poor. If we further consider two dimensional guides with both nm dimension in
width and height the amount of vasted beam is even larger. This problem can be ac-
complished by using a combined system with a prefocusing mirror in front of the guide
and has been demonstrated for both planar waveguides[28] and recently also for a two-
dimensional confining x-ray channel[37]. The mirror system was a Kirkpatrick-Baez
mirror system, and in the setup the total flux of the waveguide beam was increased
significantly leading to a very small and well defined coherent beam with high flux and
high signal to noise ratio. It is believe that the system can be even further improved
by using higher demagnification for the KB optics, resulting in an even smaller cross
section.
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The optics could easily be incorporated into our system. We have not tested the com-
bined setup, but it is believed to be a good choice for raising the efficiency of our guides.

7.4.1 Gain

For many applications a high flux at the waveguide exit is important. The flux is de-
fined as the number of photons per second per unit area. Using the RBC couplings
scheme would provide an intrinsic increase in flux density and thus also a resonant
enhanced flux of the exiting mode with respect to the incident beam, whereas for the
standard front coupled guides the total flux rate would be lower. The gain value is
characterizing the flux performance of the guide and is defined by the ratio

G =
Fout

Fin
(7.54)

where Fout is the integrated exiting flux and Fin is the flux of the primary beam which
is coupled into the device[54]. Experientially we can measure the transmission T for
the object as the ratio between the photon flux F’ at the exit of the waveguide and the
incident photon flux F. Knowing the vertical and horizontal dimensions of the incident
beam, S and H and the FWHM size S’ of the exiting beam we can write the experi-
mental deduced gain [35] as

G =
Iout

Iin
=

TF/S′H
F/SH

(7.55)

As can be seen in the expression a higher transmission will result in higher gain values,
whereas the choice of the guiding core material is important. The material absorbtion
has been discussed already by Spiller et al [66] for the early waveguide production.
A further discussion of the transmission in a thin-film waveguide can be found in [36]
where it is found that the experientially transmission efficiency (Texperimet/Tcal) in state
of the art one- and two dimensional waveguides is ap. 50%.

Typical theoretical x-ray RBC have gain values for the zero mode excitation in the
range between 10 < G < 200[54]. For two dimensional(2D) waveguide structures made
by ebeam lithography tested in the RBC scheme [55] is reported a 70 fold gain in flux.
This is still to poor for most application, but is expected to be higher with improved
fabrication techniques. Latest results on 2D guides using front coupling combined with
a prefocussing mirror system as described in the earlier section will increase the total
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flux, and for these combined systems very high gain values of G ' 4000 are reported.

The calculated maximum theoretical gain derived in the limit of infinitely sharp and flat
interfaces for a perfect waveguide is not always in agreement with actual measurements.
For a real device several effects can reduce the efficiency.

• Interface quality and layer inhomogeneity

These are important factors which may reduce the gain of the device. The real
waveguide devices are never perfect as assumed in the theoretical considerations.
Often they have index inhomogeneity and slight changes in core widths, which
cause the modes of the waveguide to couple among each other. This means for
even when a pure excited mode at the entrance of the guide, some of the mode may
be transferred to other guided modes and to radiation modes[42]. Mode mixing
to other modes will results in signal distortion and transfers to radiation modes
will results in waveguide losses since power is carried away from the core region
into the cladding.
Feng et al[25] have been investigated mode mixing in x-ray thin-film waveg-
uides with a 4-6Åinterfacial roughness based on coupled power theory for optical
waveguides[42]. They attribute the origin of the mode mixing to x-ray diffuse
scattering from rough interfaces. The waveguide in this project have roughness
between 5-20ÅRMS values (measured by AFM). For the non etched top wafer
used for closing the waveguides is the RMS roughness value below 5Å, which is
standard for polished wafers at the laboratory. For the etched wafers the RMS
roughness where typically slightly raised and showed RMS up till 20Åfor the bot-
tom of the guides. The roughness of the sidewall is expected to be relatively high
depending of the choice of etching process.

• Angular acceptance

Even for third generation synchrotron sources with high x-ray brilliance the di-
verges is not negligible. This means that the measured efficiencies are diminished
compared to the calculations, where an ideal plane wave were assumed. For the
front coupled system FCW, the angular acceptance is in the range of some hun-
dreds of degrees while for the RBC-XWG it is only in the range of a few thousands
degrees. Using a combined system as described previously the high value of angu-
lar acceptance for FCW matches the presently most efficient x-ray optics focusing
and there by it is actual possible to obtain well defined intense nanobeams using
such systems [37]. For the RBC couplings scheme the effect from the angular
acceptance can partly be compensated by adjusting the top layer thickness [54].

• Absorbtion

The absorbtion is also an important effect. Absorbtion in the materials implies
that the beam is attenuated with a characteristic 1/e length which is denoted µ−1,
where µ is the absorbtion coefficient(The absorbtion length refers to the intensity
attenuation). The absorbtion is formally equivalent to the imaginary part, b, of
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the refractive index (7.7). The absorbtion is strongly dependent of the x-ray en-
ergy. The effect is strong for small x-ray energies and can be minimized by using
hard x-rays with wavelength λ <0.15nm. Unfortunately this also effects the exci-
tations angles, which then become smaller.

• Coherence
Finally the coherence of the incoming beam can also affect the wave guiding.
The degree of coherence is expressed as a length scale over which the wavefronts
can be considered to be efficiently a monochromatic plane wave. There are two
length to be considered, the transverse coherence length LT and the longitudinal
coherence length LL [2]. If the transverse coherence length of primary beam is not
sufficiently high this affects the efficiency of the coupling. In the RBC coupling
systems the coupling effect relies on the transverse coherence length, and it is a
problem if the coherence length in one of the dimensions is in the same range as
the accepted beam width. The longitudinal coherence length for the used x-ray
source is in general low, and due to small values of internal propagation angles
and the relatively thin guiding layer the differences in the total path length of the
internally propagating x-rays are much smaller than the coherence length.
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Chapter 8

Fabrication and characterization

The waveguide fabrication consists of two main steps. The etching of the channels on
one wafer and the hydrophobic wafer bonding to a standard wafer closing the channels.
The success of the wafer bonding is very sensitive to the handling of the wafers before
bonding and therefore the etching process has to be carried out very carefully. Small
particles or chemical contamination will results in voids or weak bond strengths and in
the worst case, the waveguide may fall apart. For the etching of the channels it is also
important that the shape and roughness are of high quality if the x-ray beam should
be reflected from the surfaces inside the channel.

In this section there will be a presentation and discussion on the preparation of the
guides. The critical parameters will be discussed in details ending up with a complete
process recipe. First a short introduction to the basis concept of direct hydrophobic
waferbonding is given, and some extra considerations due to the bonding of the struc-
tured wafers. After that we will focus on the lithograph process, transferring the wanted
structures to the wafer and the subsequently etching process. The chapter ends with a
description of characterizations performed for evaluating the quality of the guides.

8.1 Waferbonding techniques

8.1.1 Hydrophobic waferbonding

The type of wafer bonding used to fabricate the cavities was hydrophobic fusion bond-
ing annealed to 1000 degrees.

In the fusion wafer bonding process the two wafer are placed on top at each other and
carefully pressed together in a single point. The process is carried out at room temper-
ature after cleaning the surfaces chemically. The two wafers are pressed together in a
single point, where physical contact is made and the bonding will subsequently spread
from this point as a wave all over the wafer. The process only take a few seconds
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and to be sure that the wafers are extremely well bonded, the bonded wafer pair is
annealed at high temperature. The annealing of structured bonded wafers may be a
problem sometimes damaging the structures, but can also be a benefit since voids with
trapped air or other specimens will more easy tend to diffuse to the structured areas
and strengthen the bonding. For the wave guides made in this project there was no
problems were observed related to the annealing , and they have all been annealed at
1000 degrees for 30 min. IR pictures before and after annealing shows that voids visible
at room temperature are disappearing during the heating resulting in better bonding.

The direct bonding at room temperature is due to interactions between the two surfaces
brought in contact. For obtaining an hydrophobic surface, the wafer is rinsed in HF
immediately before the bonding. When making the waveguides, the one wafer has be
through a series of process step for etching the channels, and at the end the surface is
covered with thermal grown oxide of app. 1000Å. This is removed in a buffer solution
of HF. The other wafer is typically a standard polished wafer, which is cleaned from
the producers and sealed when arriving in the cleanroom. This wafers are clean but
hydrophilic due to reactions with the surroundings, where water reacts and creates Si-
OH bonds. This native oxide layer is 1-2 nm thick and can be removed by a short HF
clean in 30s. The hydrophobic surface is covered by hydrogen and fluorine bonds and
the surface is very reactive and the bonding should be carried out immediately after
the HF rinse.

When the oxides are removed in HF, it is important not to over etch, since the HF have
a small tendency to enhance the micro roughness of the silicon surface. A increased
roughness for the wafers to be bonded is crucial, since good contact between the surfaces
are necessary. Second, an increased roughness affect the guiding properties of the
waveguide.

8.1.2 Bonding of structured wafers

When bonding silicon wafers at room temperature each wafer is elastically deformed
to achieve conformity of the two surfaces, and if the wafers are not sufficiently flat,
unbonded areas results. If a gap caused by non-uniform flatness is present between
wafers, the condition for gap closing depends on the lateral extension, R, of the gap,
and the wafer thickness, tw. When bonding structured wafers the situation can be
regarded as equivalent to bonding of wafers with high surface flatness variations. This
means, that the equations describing the conditions for gap closing regarding voids due
to surface variations can be used as guidelines for the design of pattern dimensions to
avoid closing the structures.

For the situation where two identical wafers is bonded and R > 2tw is the condition
for avoiding gap closing given by [70]
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h >
R2

√
2
3Et3w/γ

(8.1)

h is the gap height, E Youngs modulus[41], and gamma the surface energy of the
bonding. For the opposite situation, R < 2tw, the expression is independent of tw and
given by [70]

h > 3.5(Rγ/E)1/2 (8.2)

The cavities are fabricated by bonding structured wafers to standard silicon wafers and
for predicting whether the unstructured wafer on top of the cavities will bond to the
bottom of the cavity, we can use the above considerations as guidelines. The dimen-
sions used for the cavities are highly asymmetric with lengths up to several centimeters
and narrow widths from 1.5 to 100 microns for the one dimensional guides and 100-
200 nm for the 2D guides. The depth is from 20-100 nm. If we insert typically values
for our guides in expression 8.1 and 8.2, we would expect the cavities to be unstable
with a high probability of closing, especially for the cavities with the largest width and
smallest depth. This is not observed, and can probably be assigned to very asymmetric
design[58]. For the guides made with a very thin top wafer bonded to structured wafers
the equations has to be modified[70] and the probability for collapsing is even higher,
since thin wafers are more easily deformed.

The bonded wafers are typically annealed at very high temperatures and during this
process, gasses inside the cavities can affect the structure and strength of the bonding
and damage the cavities. When annealing several possible reaction can take place:

(1) Reactions between the trapped gas and the silicon inside the cavity.

(2) Part of the gas may escape from the cavity as the wafer is heated up.

(3) The contaminants on the surfaces of the bonded wafers may desorb.

(4) A plastic deformation may occur if the differential between the pressure in the
cavities and the outside pressure increases beyond the yield point of silicon at
that temperature.

The deflection of the silicon surface above the cavities has not been measured. It is re-
ported from others, that for sealed cavities bonded from silicon in air, annealed at 1000
degrees and subsequently cooled to room temperature, it is expected that the silicon
layer over the cavities is deflected into the cavities. In the annealing process oxygen
within the sealed cavities reacts with the silicon and forms SiO2, and the pressure is
expected to drop from 1 to ap. 0.8 atmosphere. Experimentally this is not always the
case. One possibility for that is that the wafers are debonded during the annealing. If
debonding occurs the residual pressure will be smaller than expected. The size of the
cavity affects the possibility of debonding. For a typical 500µm 4 inch. silicon wafer,
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cavities limited in size below 3 mm. in diam will not tend to debond as the pressure
below 1200 degrees is not sufficient high to open cavities bonded with a surface energy
of 80 mj/m2 or more[70]. This is typical the value for room temperature bonding. For
thin top wafer the situation is different and the risk for either cracking the the silicon
on top of the cavities and debonding large areas a quite large.

The cavity gas pressure is strongly depended on the bonded area surrounding the cav-
ities. Test experiments shows that for the situation of a low density of cavities on a
wafer, (corresponding to larger bonding area around each cavity) a higher increase in
pressure inside the cavity is observed, thereby increasing the possibility of debonding.
On the other hand a very high density of cavities will lower the pressure increase in the
cavities, but then the contact area needed for initiate the bonding is reduced. These
considerations must be kept in mind when designing the structures.

It is necessary to heat op the bonded wafers to sufficient high temperatures above 1000
degrees, both for raising the bond strength, but also in order to avoid small interface
bubbles. This is a general known problem within wafer bonding processes. Since the
annealing not seems to be aproblem for the stability of the guides, we decided to heat
all samples to 1000 degrees in 30 min. IR inspection after the heating show no small
heat related interface bubbles. Comparison of IR pictures before and after annealing in
fact showed that the heating had a positive influence on the voids visible at the room
temperature bonding, often were remarkable reduced or total disappeared.

During the annealing process oxygen within the sealed cavities reacts with the silicon
and forms a SiO2 layer at the interfaces. This has to be kept in mind when calculating
the x-ray reflections from inside the cavities. Furthermore we are cutting the guides
in desired lengths from one to several mm. and thereby opening the cavities. As a re-
sult trapped gasses and other spices from inside will then have the possibility diffuse out.

More details and examples of bonding of structured wafers can be found in reference
[70, 6, 17, 39]

8.2 Lithography processes for fabricating the one dimen-
sional guides

The cavities on the structured wafer are fabricated using standard UV-lithography or
e-beam lithography. For UV-lithography using a standard type of mask, the resolution
limit in width is 1.5 µm. 1.5 µm is far to much for obtaining guiding in this(horizontal)
direction, but the depth of the guide can be controlled down to a few nm and guiding in
this direction(vertical) is possible. For making two dimensional guides, e-beam lithog-
raphy is needed. With this equipment lines with widths typically of 100-200 nm were
fabricated. The standard UV-lithography process is very easy to access and relative
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inexpensive to run, and the process can be carried out at DANCHIP. Fabricating one
dimensional guides and learning about the quality of the guides and the modes was
the first step in the project. The e-beam writer was not always easy to access and the
first samples were fabricated at MC2, Chalmers, Goteborg. The e-beam writer has to
be run by specially trained people, and the cost price for making one structured wafer
using the e-beam is several thousand kroner.

In the next sections we will go through the different process step used for making the
cavities.

8.2.1 UV-lithography

The first was to fabricate a mask for the waveguide pattern that we wanted to make.
We made a mask of seven different arrays with widths varying from 1.5µm to 100µm
and always with double line width spacing. For 1.5µm lines the spacing is 3µm, for
3µm lines the spacing is 6µm etc. The mask design is illustrated in figure 8.1.

Figure 8.1: Mask design for 1D guides. Each black line consists of an array of ten equally lines.

Then we needed to consider, which kind of etching gives the best result. It is important
that the roughness in bottom of the cavity after the etching is relatively low, in order
to not influence the quality of the reflected x-ray beam to much. Further it must be
considered that the etching gives nice sidewall. This is not crucial for the one dimen-
sional guides, but critical when making 2D guides, where reflections also are made from
the sides.

We have been working with several different process for making the cavities. Testing
the shape of the etched structures, the roughness effect and how easy the etch can
be controlled when very precise cavity depths are wanted. We ended up choosing the
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Reactive Ion Etch(RIE) process which fulfilled mostly of the demands listed above.

For the fabrication we always used 4 inch double sided polished 350 µm (100)wafers.
They were all p-doped and had same low resistivity. Typically the roughness is below
5Å. All the process steps in the fabrication were carried out in cleanroom facilities at
DANCHIP. Before the photo sensitive resist layer was spined on, we grew a layer of
thermal oxide. This was found to be necessary due to very poor bonding if the resist
was added directly at the surface. Typically huge voids were present, and for some
wafers it was not possible at all to get the two surfaces in appropriate contact. The
problem could be connected to the wet chemicals used to remove the resist prior to the
bonding. Further it was beneficial that the oxide then could be used as etching mask,
thereby minimizing the amount of wet chemical used to remove the resist layer directly
into the cavities.

The thermal process used was a dry oxidation process[41]. The oxidation temperature
was set in the range of 1000-1100 degrees, and the process time was a few hours de-
pending on the wanted thickness of the grown oxide. Prior to the oxidation the wafers
were cleaned in a RCA-clean.

Before spinning the photo resist, the wafers were heated in order to make the sticking
of the resist better. The thickness of the resist were 1.5µm. The wafers are exposed
in a negative process. The quality of the lithography was found to be very sensitive to
time and humidity. 1.5µm lines are close to the resolution limit for the UV-lithography
and if the humidity changes, the exposure time necessary for making nice well defined
structures are affected. After several test the best suited exposure time were found,
using a first exposure time of 25 sec through the mask followed by a flot exposure of 3
sec. The wafer were afterwards developed and the quality of the pattern inspected by
an optical microscope.

When using the RIE system to etch the channels, it is necessary to have good control of
the etch rate for the involved materials. Standard recipes made for oxide and silicon etch
were used as basic recipes [41]. The etch rate and selectivity values have to be correct,
matching the structures specific for the samples. The rates are very area sensitive,
and are expected to be opposite proportional to the area. The parameters for the two
recipes used are listed in table 8.1. The etch rate was found running the processes
on test wafers and measure the depth of the cavities with a tencor profilometre. For
the oxide, we found typically values around 190Å/min which is 45 percent lower that
expect from the listed standard values. For the silicon, the values was found to be
app. 70 Å/sec corresponding 4200 Å/min which is close to the expected values of 4000
Å/min. For very short process times, below 8 seconds, the rate have a small tendency
to slow down to 55 Å/sec.

The thickness of the oxide was 200-250 nm and for etching through to the silicon, the
oxide was etched for 14 min. The selectivity to silicon is 7:1, and a small over etch
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Oxide etch Silicon etch
CHF3 26sccm 32sccm
CF4 14sccm -
O2 - 8sccm

Pressure 100mTorr 80mTorr
Power 60W 30W

Etch rateox 350 Å/min 100 Å/min
Etch rateresist 180 Å/min 400 Å/min

Etch ratesi 50 Å/min 4000 Å/min
Selectivity Res : Ox
Selectivity Ox : Si

Table 8.1: RIE ecth parameters

will not have huge effect in the silicon. After transferring the pattern to the oxide, the
resist was remove in Ultra sound + acetone, and to be sure that the resist is totally
remove the wafers were treated in an plasma system.

The final etch into the silicon can now be made. We chose to make several wafers
with depths from 400Å to 5000Å.The depth were estimated using the results from the
etch rate tests. The expected depths were later compared to values measured in x-ray
reflectivity scans.

In between the etching and chemical treatments for removing the oxide, the wafers were
inspected in the microscope. The cavities are now ready to be closed by bonding. The
oxide layer remaining is removed in a HF solution. The standard wafers that were used
as top wafers were made hydrophobic in HF and immediately after, they are bonded at
room temperature. To check if there is good contact between the surfaces, the bonded
wafers were carefully inspected by IR camera. The strength of the bonding is low,
but good enough to withstand some handling. If the bonding results is acceptable
the wafers are transferred to the anneal oven and heated for 30 min at 1000 degrees.
Comparing the IR pictures before and after annealing clearly shows that the annealing
process improve the bonding. The guides were brought out of the cleanroom and diced
in desired length with a diamond saw. An overview of the process steps can be found
in appendix A.

The one dimensional guide structures has also be made with bonding half a structured
wafer to a hole wafer. The process were almost identical, with the small change that
before removing the oxide in the HF , the cavity wafer was mechanically broke in to
half and each half were bonded to one hole wafer. The purpose was to create a plateau
in front of the guide, that could increase the intensity coupling into the guide. The
bonding of half wafers where done without any problems.



104 Fabrication and characterization

Figure 8.2: Schematic draw of waveguide made with plateau in front.

This was done since, part of the beam were not hitting the front of the guide and
thereby lost. The construction of an plateau in front, illustrated in figure 8.2, was
thought to overcome some of this problem, rasing the intensity of the guides. The
bonding of half wafers where done without any huge problems.

The one dimensional structures have also been made by bonding a thin (500Å) wafer
on top of the etched cavities.

This was to done to test if intensities could be coupled into the guide using through the
thin topwafer (Resonant beam coupling) The steps for making such samples are iden-
tical to the earlier description only with the change that a thin SOI wafer is bonded on
top instead of a standard wafer. After the bonding and annealing, the backside handle
wafer and the oxide box layer of the SOI is removed in KOH and HF.

It was possible to bond such thin wafers, but as the top wafer thickness was only ap.
500Å, the guides were very mechanical unstable. Further the probability of collaps-
ing is increased since the top wafer more easily is deflected into the cavity. Optical
microscope pictures clearly shows that for many of the one dimensional structures the
thin top were broke or collapsed. Microscope pictures is found in the characterization
section.

8.3 E-beam lithography processes for fabricating two di-
mensional WG

With the e-beam equipment it is possible to fabricate guides narrow enough to obtain
guiding in two directions. The width of the e-beam is tunable and can be adjusted to
the wanted size. We have been making channels with to different widths, 100nm and
200nm.

8.3.1 e-beam process steps

The pattern design for the e-beam is illustrated in figure 8.3. The design was made so
that both a single guide, interference between two guide and interference between an



8.3 E-beam lithography processes for fabricating two dimensional WG 105

array of 50 identical equally spaced guide could be investigated.

Figure 8.3: Mask pattern used for the e-beam

The 5µm channels were put into the design for helping finding the structures later.
Further they were used to measure the depth of the etching since the tip of the tencor
is to broad to go into the nm channels.

The used resist is a PMMA resist, with a thickness of app. 100nm. The thickness is
small compared to the photo resist, which means that the process steps used for the UV
lithography fabricated guides has to be modified before using it for the e-beam. The
selectivity in the RIE etch for the oxide to the resist is app. 1:2 and due to the relative
thin resist it is now difficult to transfer the mask pattern to the protecting thermal
oxide layer without total removing the resist. If all the resist is removed it affects the
etch rates, thereby loosing the control of the depth of the guides. The problem was
solved by adding a poly silicon layer on top of the oxide. The pattern is then by e beam
transferred to the resist, developed and then by a silicon RIE etching transferred to
the poly silicon. The resist is then removed and the poly silicon is working as etching
mask. The thickness of the poly silicon was ap. 70 nm and when etching through the
oxide and into the silicon below, making the cavities, the poly silicon is also removed.
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The pattern was aligned with the wafer flat and placed in the center of the wafer. One
pattern was written pr. wafer so that every line for that wafer has the same depth.
The final patter size was ap. 1cm2. The wafers were as for the UV bonded annealed
at 1000 degrees for 30 min , and then cut in 1-3 mm pieces. The process steps are
illustrated in appendix A.

Guides with the plateau were only made for the one dimensional guides whereas the
thin top wafer bonding were made for both. These samples were far more mechanically
stable.

8.4 Characterization

During the process development the structures were investigated with optical micro-
scopey to check the quality of the structures. AFM was used to estimate the roughness
of the bottom and the sidewall structures of the cavities before the bonding. Further
the bonding was inspected by IR camera. X-ray reflectivity measurements were used
to estimate the height of the cavitiesafter bonding. Transmissions scans were measured
to check the position the cavities withrespect to the beam. and bonding in between
the guides.

8.4.1 Optical microscope

With the optical microscopy it was possible to inspect the surface after UV-exposure
and the different etching and wet chemical cleaning steps. Excess of resist material can
damage the surface and spoil the ability of bonding later.

Examples of microscope images from one dimensional cavities are depicted in figure
8.4.

Figure 8.4: left: Optical microscope picture of 1.5 µm lines after etching the structure
in the oxide. Right: 100 µ line also after oxide etching
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As can be seen in the images for the one dimensional structures, the quality of the
pattern is good. The pictures shows the structures after the oxide etch prior to the
etching into the silicon wafer. Even though the 1.5 µm lines are close to the limit of
resolution, nice well defined structures were observed. Further the area in between the
structures were inspected and in general no additional structures from left over of resist
were observed.

The two dimensional cavities are too small in order to get a detailed overview of the
channels, but the general condition of the whole wafer and especially the areas around
the channels, were we need the wafer to be good bonded can be inspected. Examples
of optical inspection of the narrow to dimensional channels is depicted in figure 8.5

Figure 8.5: left: Optical microscope picture of 200nm lines after etching the structure
in the oxide. Right: A single 5 µm line from the same wafer. The dirt in the right part
of the pictures are from defects in the resist layer.

The thin bonded 1D samples were inspected both prior and after the bonding. It was
clear from the microscope pictures after bonding, that some of the structures were dam-
aged. For some cavities it seemed like the top wafer was broken and small parts was
floating around at the surface. At other places the structure was rough at the channel
edges, maybe due to chemicals attack during the KOH and HF thinning of the backside
handle wafer. Other parts seemed to be OK. The backside thinning is carried out app.
seven hours in KOH, using a special designed holder for etching only at one side. If
the holder is not sufficiently tight , KOH can attack the edge of the wafer. Since the
design of the pattern is placed close to the edge there is possibility that KOH actually
is located inside the closed channels.

Furthermore there was circulation in the KOH bath and in the water used for rinsing
the wafers after the etching. This can be a problem for the very thin top wafer, standing
as membranes over the cavities. The width of the channels are several microns, and the
thickness is only 500 Å, making them very mechanical unstable, and small vibrations
from the circulation can easily cause them to break. Pictures from the bonded thin
samples are found in figure 8.6.
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Figure 8.6: left: Optical microscope picture of 10 µm lines after bonding. The top wafer
is ap. 50 nm. Right: A damaged guide. The thin upper wafer is broken and the piece
is floating at the surface.

For the two dimensional guide it was not possible to inspect the the quality in detail
using the microscope,but we would expect that no KOH has been into the channels,
since they are only placed in a 10x10 mm area at the center. Further the width for
these samples are in the nm range making the top wafer much more mechanical stable.

8.4.2 AFM

The roughness of the walls in the cavity is very important when reflecting the x-rays
within the guides. AFM measurements in the bottom, and on the top prior to the
bonding step, was used to evaluate the surface quality after the etching. The profile
structure is depending on the shape of the AFM tip and when measuring relative sharp
edges the resulting edge profile is rather a picture of the tip shape than of the true
structure. The sidewalls were not examined by AFM, since for measuring the sides, the
cavities has to be cut though the middle and tilted 90 degrees. For measuring the top
wafer roughness a hole wafer that has been rinsed in HF for 30 sec was used.

The roughness in the bottom of the 1D guides were typically in the range of 10-30Å.
The area in between the channels have typically values around 10-15Å. This is slightly
more than the roughness for standard polished silicon wafers, but sufficient good for the
bonding process. The enhanced roughness in the bottom can explain why asymmetric
reflectivity curves are observed depending on using positive or negative incoming angles.

For evaluating on the etching angle SEM pictures made on comparable etch teststructures[29]
has be inspected. An example of a RIE silicon etch on a test structure is depicted in
figure 8.8.

As can be seen in the figure the RIE etch do not result in straight walls. Angles of
several degrees were observed and this will for sure affect the result of two dimensional
wave guiding were the beam are reflected from the sides. The structure on the walls
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Figure 8.7: left: AFM picture of 1D guide. Right: AFM of a 200nm guide.

Figure 8.8: SEM picture of the a silicon RIE etch.

in the figure are properly related to the quality of the lithography and has not been
observed for our samples.

8.5 X-ray translation- and reflectivity scans

To ensure that the guides were not collapsed after the bonding and for mapping the
positions of the guides, the sample was horizontally translated through the beam. The
transmitted through the sample as a function of beam position along the sample was
measured. The beam size were chosen to match the size of the cavities. The trans-
mission is high when the beam hits a cavity and drops to zero between. The latter is
important since it shows that the the sample is well bonded. The length is typically
several mm and the absorbtion length for silicon at 10 kev is 133.7 microns.

An example of 10 one dimensional guides is illustrated in figure 8.9 above. All 10 wave-
guides with the expected 300 µm spacing can be seen. The transmitted intensities
are quite similar for the ten wave-guides, with only one exception. Furthermore we
observed that the intensity in between the cavities went to zero indicating successfully
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Figure 8.9: left: Translation scan setup. Right: Example of translation scan for 10
equally spaced 100 µm guides..

bonding. The intensity variation in the transmitted beam can be explained by silicon
dust and gains left overs from the cutting. The cutting is a relative rough process. This
was investigated by SEM and that clearly showed traces from the diamond blade and
small pieces of silicon all over.

For the 2 dimensional cavities the transmitted intensity through a single guide was very
small, making the localization rather difficult. In the design we had hence made several
5 microns line and by localizing them first the 100 and 200 nm lines lines could be find
by translating the sample a known distance.
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Figure 8.10: Translation scan of 2D guides.
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The outer most broad peaks corresponds to the array of 50 guides of width 100-200nm.
The three smaller peaks are the 5 µm guides made for orientation whereas the smallest
peaks corresponds to single guides. The width of the beam are large compared to the
width of the guide and the in between spacing, and hitting only a single guide is not
possible.

For the thin top wafer samples it was clearly not possible to make the translations
scan directly. The direct beam will not be absorbed in the silicon top wafer as before
and light passing through the guide can not be distinguished from the direct beam.
Instead a translation scan were done at a Bragg reflection and when hitting areas with
guides intensity changes was expected. This was not possible for the single guides since
the intensity changes were to small. The top wafer thickness were only 500Å, so the
beam is only slightly attenuated,but for the array of guides we observed en effect and
the width of the area were the intensity dropped were matching the total width of 50
guides. When localizing the array we could use the pattern design to find the position
for the rest of the system.

After localizing the position were changes in intensity are observe in the translation
scan, we tried to make a rod scan searching for oscillations. If guides were present,we
would expect to see oscillation corresponding to the involved layers, silicon - air - sili-
con. The oscillations should only be in the rod scans made when the beam was reflected
from a cavity area. Moving to areas outside, we only have silicon, and thereby no layer
oscillations. An example is depicted in figure 8.11

Figure 8.11: Rod scans within and outside a guide array area.

In the figure four scans are depicted. The red and blue curve is from positions with
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cavities, the black an green from outside. As can be seen in the blow up the extra
oscillations are only visible in the red and blue curve indicating that there is a layer
structure here.

For the one and two dimensional guides with the standard wafer on top we made reflec-
tivity measurements using 1mm long samples. The period of the thickness oscillation
were compared to expected values known from the etch rates, and in general good
agreement were found. An example of at typical reflections scan is illustrated in figure
8.12. This is from a 1D nominally 625 Å thick guide 1 mm long.

Figure 8.12: left: Reflectivity setup. Right: Example of reflectivity scan for a 625Å
nominal thick guide

As can be seen there are oscillations with a period corresponding to a thickness of 698
Å which is close to the 625Å . In general the depth of the guide were in good agreement
with what was expected from the etch rate tests in the cleanroom, and we can conclude
that it was possible to control the depth, by adjusting the process time to obtain the
wanted dimensions.

8.6 Summary

In general the quality of the lithography was good, both using the UV and e-beam
technique. For the one dimensional cavities , the etching rates and thereby the depth
of the guide were in good agreement with the results from the x-ray reflectivity. Further
optimization runs o n the system would properly results in even better control. Using
the RIE system resulted in relatively low roughness in the bottom, but the unfortu-
nately there seems to be some problems with the straightness of the side walls. More
time should be spent on investigating alternative etching methods, keeping in mind
that the roughness in the bottom should still be acceptable.
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Experiments with guides made with a in coupler plateau in front has been made, but
no remarkable effects were seen on the intensities, and a better solution would properly
be to combine the guides with a pre-focusing system.

The transmission through the guides has been calculated by comparing the amount of
intensity actually hitting the entrance of the guide to the measured intensity at the
exit. Typically values of 20-30% were found for the 1D guides. The intensity loss is
properly connected to the quality of the silicon surfaces inside the guide and maybe
also to material blocking at the entrance and exit.

After characterizing the guides, knowing the dimensions, the number of modes and
their position can be calculated from the transcendental equation.
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Chapter 9

X-ray measurements on
waveguides

In this chapter examples of x-ray measurement are presented. The one dimensional
waveguides have mainly been measured at BW2, Hamburg [30] using an energy of
10keV, whereas the two dimensional guides were investigated at ID1 at ESRF in Greno-
ble [23] with an energy of 12 keV.

The first section of this chapter contains general information about the set-up and
alignment of the experiment. In the second section there is a description of measure-
ments on one dimensional cavities performed at BW2. The section contains a selected
number of measurements and is ended with a summary. The last section describes
measurements on two dimensional cavities. These measurements were made using a
CCD camera measuring the intensity distribution in two dimensions. The measure-
ments were recorded as a function of incidence angles and from the pictures a series of
video sequences was made. In this section, however, only single frames can be showed.
The section is ended with a summary.

9.1 Experimental setup

The samples were mounted in the diffractometer using a sample holder designed for
the guides (figure 9.1). Using the holder it was possible to entrance the guide at both
positive and negative angles.

The holder was made such that samples with different lengths and thicknesses could
be mounted. In the bottom plate, an extra hole was cut (not shown in figure) so that
transmission of the direct beam could be used as alignment both from the front and
top of the sample. In order to align the sample to be in the center of rotation of the
diffractometer, it is important that the sample is aligned translational in both direc-
tions. Furthermore, using the shadow effect of the sample strip, the sample was aligned
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Figure 9.1: Sample holder for waveguide designed by Bunk et al.

to be horizontal.

As all the wafers were equal in thickness(350µm), it was possible to locate the verti-
cal position where the cavities were expected, and from this position the samples were
translated horizontal. The length of the samples was several millimeters and only when
hitting a cavity transmitted intensity was observed. In this way the exact position of
the guides was located. An example of a translation scan was depicted in the previous
chapter, figure 8.9.

In order to obtain information about the exact height of the guides, reflectivity scans
on 1 mm samples were made. For this thickness, the transmission of photons (10keV)
through the sample is sufficient to perform reflectivity measurements above the critical
angle for total reflections. The cavity height was measured in the cleanroom before
closing the guides and not always on the actual sample used for the cavities. Instead a
test wafer made in parallel using same recipes was measured. This is not as precise as
the result from a reflectivity measurement, and to evaluate on the control of the etch
rate the two values are compared. An example of a reflectivity scan was also presented
in the previous chapter, figure 8.12.

Knowing the exact dimensions of the guides, the expected mode number and position
can be calculated and compared with what was observed experimentally.

9.2 Planar waveguide - one dimensional guiding

Many planar one dimensional structures were made with different dimensions. In this
section some of the measurements have been selected and will be presented. The results
are compared to theoretical predictions, in order to illustrate a ’proof of principle’ of
our x-ray waveguiding systems. The guides chosen to be discussed in more details
here are nominal 625{Å high guides of different widths and lengths. Besides of the
standard front coupled measurements, a few results using a incoupling plateau in front
are presented.
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9.3 Investigations of 698Å(625Å) waveguides

This guide was made as described in the previous chapter, with an expected depth
of 625 Å. This depth was chosen because it would allow 4 wave guiding modes to be
inspected. The sample was aligned as described in the procedure above. First the exact
height was measured by reflectivity. From this it was found that the guides were deeper
than expected having reflectivity oscillations corresponding to a height of 698 ± 8 Å.
698Å is approximately 10% more than expected. Better agreement can be obtained
by running more etch test experiments and adjusting the gasses used for the etching
procedure, but as the tests are very time consuming, we were satisfied with 10 percent.

To map the exact position of the guides in the sample, a translations scan was made as
described above. The beam dimensions were sat to 10µ x 100µ and the detector slits
to 0.5 mm in both directions. The translation scan for the guides is depicted in figure
9.2 The number marks in the figure correspond to the later measured waveguides.
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Figure 9.2: Horizontal sample translation scan (3mm x 100µm x 698Å)

In the translation scan, it can be seen that the transmitted intensities are very similar.
The lower intensities for some of the guides can be due to grains blocking the front and
exit of the guide from the cutting process. For each set of guides, samples of the length
of 1, 3 and 5 mm had been made.

9.3.1 Expected mode behavior for a 698Å guide

By solving the transcendental equation (7.24), the number of expected modes and their
positions can be calculated. For a d = 698Å, SiO2/air waveguide, four mode positions
are found using an energy of 10keV. The index of refraction inside the guide, n1 is 1
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and for the waveguide material, n2 is 1-3.0016·10−6(SiO2). The found transcendental
solutions are listed in the table below.

x αi mode number
2.644 0.0428 0
5.250 0.0852 1
7.800 0.1263 2
10.114 0.1638 3

Table 9.1: Transcendental equation parameter x and corresponding incidence angle
αi at E = 10keV

The 3’th mode is found at an angle of 0.1638◦ which is close to the critical angle for
SiO2 at 10keV of 0.174◦. Therefore a significant part of the intensity is outside the
waveguide in the walls, i.e., the mode is close to becoming a leaky mode. As a result
this will properly lead to an increased damping of this mode compared to the others.

The far-field intensity for the modes and the sum of all modes are shown on linear
and logarithmic intensity scale in figure 9.3 and 9.4. In the logarithmic plot the higher
orders of the single slit diffraction from the coherent light exiting the waveguide can be
seen. For a guide of height h and a wavelength λ the first minimum in the exit-angle
αf is at αf = arcsin(λ/h)(0.10◦ for h = 698Å and λ = 1.24Å[13].
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Figure 9.3: Far-field intensity for the modes of a 698Å waveguide and the intensity
summed over all modes on linear scale [13].
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Figure 9.4: Far-field intensity for the modes of a 698Å waveguide and the intensity
summed over all modes on logarithmic scale. Higher orders of the single slit diffraction
from the coherent light exiting the waveguide can be seen [13].

9.3.2 Measurements on 698Å guides

The far-field intensities of the guides were measured by scanning for a selected range
of incidence and exit angles. In this way a two dimensional mapping of the intensity
behavior was recorded. A sketch of the geometry is depicted in figure 9.5.

Figure 9.5: sketch of incidence and exit angles for a waveguide.

In figure 9.6 the intensity map measured on a 3 mm long, 100 µm wide and 698Å
high guide is depicted. The numbers on the figure correspond to the maxima of the
calculated intensities, 1 is the 0-order of mode, 2 is the 1st order of mode and etc. The
standard reflectivity curves αin = αexit and simple transmission αin = −αexit are the
diagonals in the plot.

The measured intensity map is almost symmetric, with raised intensities close to the ex-
pected positions, clearly showing the effect of waveguiding. As the samples are relatively
long no significant intensity contribution from the simple transmitted (αin = −αexit)
beam is expected when moving away from zero incidence due to absorbtion. The in-
tensity from the standard reflected (αin = αexit) beam is also expected to be low, with
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Figure 9.6: Far-field intensity map recorded at position 1 in figure 9.2[13].

highest contributions at small angles.

The incidence angles for the 4 modes are relatively close. This means that the possi-
bility of exciting several modes at a time is relatively high, which is also observed in
the scans. For obtaining single mode guiding, smaller guides have to be made. In this
project the smallest investigated guide had a height of 286Å resulting in two modes[12].
Alternatively a lower energy could be used to increase the separation of the modes.

Two other guides at position 3 and 5 in the transmission scan, have also been measured.
The results from position 5 are depicted in figure 9.7.
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Figure 9.7: Far-field intensity map recorded at position 5 in figure 9.2[13].
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In general the measured intensity maps are similar, and as expected the intensities were
lower. The map is more asymmetric, but 1’st order modes marked with number two in
the figure are more clearly separated. The reason for the asymmetry is not clear, but
may be related to the lower quality of the guide.

The measurements were also performed on 1 and 5 mm samples. For each sample,
translation scans were done mapping the array of the ten 100µm guides, and as for the
3 mm sample some variations in the intensities in between guides in the array were
observed. Examples of measurements on a 1 mm and 5 mm sample are depicted in
figure 9.8 and 9.9.
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Figure 9.8: Far-field intensity map recorded for a 1 mm long, 100 µm wide and 698Å
high guide. Maxima of the calculated far-field intensities are marked in the figure [13].

As expected the transmission intensity (the diagonal from the upper left to the lower
right) recorded for the 1 mm guide is higher compared to the 3 mm guide (due to lower
absorbtion). In general the pattern in the map is similar to the ones observed for the
3 mm guide, but with less intensities at the expected maxima positions. This indicates
lower guiding efficiency, and that the observed intensities are dominated by reflected
and transmitted intensities.

In figure 9.9 the map for a 5 mm guide is depicted. For unknown reasons the measure-
ments are shifted by 0.078◦,-0.03◦ with respect to the previous observed positions. The
observed intensities are lower and the transmission intensity is no longer dominating.
Raised intensities are still observed approximately at the expected maxima positions,
but the pattern is more smeared out. In general it seems that the longer the sample the
more smeared out the far-field pattern is, and this is most properly due to roughness
problems of the interfaces in the cavities.
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Figure 9.9: Far-field intensity map recorded for a 5 mm long, 100 µm wide and 698Å
high guide. Maxima of the calculated far-field intensities are marked in the figure. Note
that the marked positions are arbitrary shifted by (0.078◦,-0.03◦) [13].

Measurements on guides with an amplifier plateau

A series of guides were made with an amplifier plateau in front in order to increase the
intensity entering the guides. In figure 9.10 an example of a measurement on an array
of 10 guides, 3 mm long, 3 µm wide, 698Å high and with a 1mm incoupling plateau
in front of the guides is shown. For comparison a measurement on the same type of
guides without a plateau is depicted to the right.

As can be seen in the figure on the left the lower part of the intensity map is absent
due to the plateau in front blocking the intensity. The measurements are made on two
identical prepared arrays of guides of same type. Even though they are made using
the same recipe, some small differences can be present. The small difference in the
intensity pattern is comparable with what is typically observed measuring different po-
sitions/guides within an array.

To be able to compare the intensities, an intensity ratio has been calculated for each
single guide and the array measurements[13]. The peak intensities are normalized with
the counts from the beamline monitor, which is the monitor situated in the vacuum
part of the beamline in front of the slit system. Further the intensities were normal-
ized with the cross section area of the guides (nominally width times measured hight).
The length of the guides does not enter the calculation. The area normalized ratio is
expected to be more or less the same for all the guides, as they cut a part of the direct
beam corresponding to the guide area, and a low ratio corresponds to a less effective
guide.

The area normalized ratio for 3 mm long guides with a plateau measured on several
comparable samples, was found to be in the range of 1.28 - 1.48. For 3 mm guides
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Figure 9.10: Left: Intensity map for an array of 10 guides, 3 mm long, 3 µm wide and

698Å high with a 1 mm incoupling area in front of the guides. Right: Intensity map for
an array of 10 guides, 3 mm long, 3 µm wide and 698Å high without plateau.

without plateau the values were in the range of 1.03 - 1.13. Comparing the ranges
indicates that adding a plateau clearly affects the measured intensities in a positive
way.

Measurements on guides with alcohol

Single test experiments were made filling the guides with alcohol. This was done by
dropping alcohol on the guides, and it has to be remarked that in the test it was not
clear whether the alcohol was wetting the entire cavity or not. The guides were mea-
sured before and after the filling in order to investigate how the alcohol affected the
mode properties. An example of a 1 mm long, 100 µm wide and 698Å high single
waveguide with alcohol is depicted in figure 9.11. The guide measured without alcohol
is depicted in 9.8.

For ethylene glycol the refractive index is n = 1 -2.32·10−6, which has to be entered
in the mode calculations. According to the calculations, the shift of the first three
modes is almost negligible, changing from 0.043◦, 0.085 ◦ and 0.126◦ to 0.040◦, 0.079◦

and 0.114◦ for the incidence angle. For the exit angle a corresponding minor shift is
observed. The 4’th mode will be at a incidence angle of 0.168◦, which is above the
critical angle of 0.123◦ for the ethylene glycol /SiO2 interface and is no longer expected
to be observed.
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Figure 9.11: Left: Maps for a 1 mm long, 100 µm wide and 698P high single waveguide
with ethylene glycol (position b in the translations scan). Maxima of the far-field are
marked in the figure[13]. Right: Copy of 9.8 which is the intensity map for the same
guide without alcohol.

The measured data depicted in figure 9.11 show the expected cut-off above the crit-
ical angle, and as expected, no 4’th mode. The rest of the modes are in relatively
good agreement with the marked maxima positions, but compared to the measurement
without alcohol, a blurring of the modes can be seen. Further the filling in general was
found to lower the intensity ratio. For the guide in the figure it decreased from 1.01 to
0.69.

Several other guides with other heights have been measured. Some of these results can
be found in appendix B, where a selected amount of examples for a 454Å and a 1351Å
is presented.

9.3.3 Summary

It was clear from the measurements that one dimensional waveguides have successfully
been fabricated using UV-lithography, RIE etching and wafer bonding. During the
experiments some problems were found, and these have to be solved in order to raise
the quality of the waveguiding. From the experiments on the one dimensional guide we
concluded that:

• General good agreement was between expected and calculated mode positions.



9.4 Two dimensional guiding 125

• The measured intensities are smeared out as a function of the length of the guides.
More clear mode separation is observed for the 1 mm samples compared to those
of 3 and 5 mm. This may be related to the roughness of the samples.

• In general the depth measured in the cleanroom and with reflectivity are in agree-
ment. The measured depths were above the measurements from the cleanroom,
but agreed within 10%. This could be improved by further test experiments with
the RIE system.

• No single mode guiding was observed. Making smaller structures would lower the
number of modes and raise their separation. Larger separation would decrease
the probability of modemixing where several modes are observed simultaneously.
Further it is suggested to measure at lower energies which will also raise the
separation. Measuring at lower energies should be possible with our structures, as
we are not limited by absorbtion in the guide region.

• Modemixing will also be the result if the interface roughness is high. The roughness
in the bottom of the cavities is determined by the used etch, and it should be
considered if alternative etching methods result in less rough interfaces.

9.4 Two dimensional guiding

The measurements presented in this section are all performed at beamline ID1 at ESRF.
The two dimensional guides were aligned as described above, and translation scans were
made to localize the position of the guides. The width was determined by the e-beam
process and expected to be either 1000 or 2000Å. The height was controlled by the
RIE etching, but since the guides are relatively narrow, it was not possible to measure
the depth of the etch at the real structure. Instead the etch rate was calculated us-
ing an area comparable etched test structure. The difference between the nominally
height and the calculated height was found from x-ray reflectivity measurements and
the height measured by x-rays was used as input value in the transcendental equation.

The width of the guides are now narrow enough to obtain guiding also in the horizontal
direction. To record the mode intensity, a CCD camera was used. In this way both
horizontal and vertical exit angles as a function of the incidence angle could be measured
at the same time. In the measurements, either the horizontal or vertical incidence angle
was situated at a fixed position, while the other was scanned. From the recorded CCD
images, film sequences were created and the development of modes as a function of
incidence angles could be investigated. A list of the different scan directions is given
below and more information about the diffractometer can be found in [23].

Hai scans Vertical scan of incidence angle
Hphi scans Horizontal scan of incidence angle
delta Vertical scan of exit angle
mu Horizontal scan of exit angle
Hy Horizontal translation scan



126 X-ray measurements on waveguides

9.4.1 Measurements on nominally 850Å high times 1000 and 2000 Å
width guides

To map the structure a translation scan was made as described for the one dimensional
measurements.
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Figure 9.12: Translations scan mapping the positions of the cavities

.

The measured pattern should correspond to the mask design presented in the fabri-
cation chapter. The array of cavities at the edges resulted in a broad intensity peak
covering all the 50 guides and the two peaks besides the arrays and the one at the center
correspond to the 5µ cavities. The small peaks in between are either single guide or
double guides of nominally 1000 or 2000Å. The intensities of the small peaks are very
alike, and it is not clear from the translation scan which side of the scan corresponds
to 1000Å guides and which to the 2000Å guides.

The nominally height of the cavity is 850Å. To find the exact height, a reflectivity scan
on a 1 mm long sample was done. The result is depicted in figure9.13.

The oscillations correspond to a thickness of 650Å. This is far below what was expected
from the etch rate experiments, and it can be concluded that for the small two dimen-
sional structures, the control of the etch dept has to be improved. It is believed that
this could be obtained through further test experiments.

The expected mode position for a 650Å guide is listed in table 9.2.

An example of measured intensities at incidence horizontal angles (hai) situated at the
positions listed in table 9.2 is depicted in figure 9.14 below. The measured guide is a
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Figure 9.13: Reflectivity measurement on a nominally 850Å high cavity. The oscillations correspond to a

thickness of 650Å.

x αi mode number
2.613 0.0379 0
5.129 0.0753 1
7.676 0.113 2
9.816 0.1423 3

Table 9.2: Transcendental equation parameter x and corre-

sponding incidence angle αi for a 650Å guide at E = 12keV.

single guide situated at hy=-0.77 in the translation scan and it is 3 mm long.
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Figure 9.14: Delta scan for four hai values corresponding to the incidence angle of mode guiding.

For the guide, the measured signal moves as a function of hai, which is to be expected
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as different modes are guided depending on the incidence angle. Extra peaks are ob-
served for hai=0.08 (1’st order), which are not visible at hai=0.04. The same holds
for hai=0.12. As we also observed for the one dimensional guides, we probably have a
certain overlapping of modes. A scan was also done at hai=-0.04 (scan 16 in the figure)
This scan was expected to be symmetric to the scan made at hai=0.04, however this
was not the case. The asymmetry is speculated to be related to the quality of the guides.

The guides were nominally 1000 and 2000 Å in width. The incidence angles for the
first three modes are listed in table 9.4.1.

2000Åguide 1000Åguide
0.0139 0.0262
0.0278 0.0523
0.0417 0.0781

Table 9.3: Transcendental equation parameter x and corre-
sponding incidence angle αi at E = 12keV

To check the agreement between nominally widths and actual widths of the guides a
horizontal scan was made. This was done for a single 1000Åguide at position Hy=4.14.
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Figure 9.15: Hphi scan of a nominally 1000Å wide cavity.

The periodicity of the fringes is not regular. In the horizontal scan, reflectivity from the
side walls is measured and it is known from the characterization that the side walls are
not expected to be perpendicular and that the roughness can be increased. This can
affect the measured periodicity. Further the measurements are disturbed by relatively
high divergence in the horizontal plane (0.208 mrad compared to the vertical plane
0.009 mrad).

Taking the mean value of the distance between the four peaks in the middle results
in a period corresponding to a thickness of 2682Å. This value can not be considered
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as the exact width, but the width is far above the expected value of 1000Å. In the
translation scan 9.12 almost equal intensities are observed in the left and right part,
and it is possible that the width of the nominally 1000Å and 2000Å guides are almost
identical with a width of 2000-2800Å. Not knowing the exact width it is difficult to
calculate the incidence mode angles.

9.4.2 Examples of measured far-field intensities

The far-field intensities of the waveguides were investigated for several structures. The
intensities were recorded with a CCD camera as a function of incidence angles, and
the pictures were combined into movie sequences. In this section a selected number of
frames from some of the movies for a 650Å waveguide are presented. The pictures give
an overview of the guide behavior in both directions when changing the incidence angle.

The first guide to be considered was a 5µm wide, 650Å high and 3 mm long guide. For
these dimensions, four modes are expected in the vertical direction, while for widths of
5µm no guiding will take place in the horizontal direction.

The pictures in figure 9.16 show four frames corresponding to the calculated incidence
angles for the four modes. A = 0.039◦, B=0.0753◦, C=0.113◦ and D=0.1423◦. The an-
gles were found by solving the transcendental equation for a 650Å high guide measured
at 12 keV. Picture A corresponds to 0’th mode and a single intensity peak around zero
exit angle is expected. Moving from frame A to D the different modes are observed. As
for the guides measured a BW2, we also observe overlap of modes for this guide. Fur-
ther it seems to be asymmetric with the mode intensities shifted towards positive angles.

The opposite scan for the 5µm guide is depicted in figure 9.17. No guiding in this
direction is expected.

Four frames are depicted in the figure corresponding to horizontal incidence angles of
A = -0.05◦, B=0◦, C=0.05◦ and D=0.1◦. No guiding was observed, but the trans-
mitted and the reflected intensity from the interfaces were very intense. The vertical
incidence angle was sat to 0.038 ◦ and the observed intensity variations in the vertical
direction are related to wave guiding in this direction. 0.038 ◦ corresponds to 0’th order
mode excitation, but the 1’st order is also observed. Further interference patterns were
observed around the reflected signal, which are probably related to the quality of the
interface in the guide. The divergence of the beam in this direction is high and will
also affect the measured intensities.
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Figure 9.16: Far-field intensities measured in two dimensions with a CCD camera for a 5µm wide guide, when
the vertical incidence angle (hai) is scanned. The selected frames correspond to the calculated incidence angles
for the four modes. A = 0.039◦, B=0.0753◦, C=0.113◦ and D=0.1423◦. Hphi = 0◦.
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Figure 9.17: Far-field intensities measured in two dimensions with a CCD camera for a 5µm wide guide, when
the horizontal incidence angle (hphi) is scanned. The selected frames correspond to incidence angles of A =
-0.05◦, B=0◦, C=0.05◦ and D=0.1◦. Hai was sat to 0.038 ◦.
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The next guide is still 650Åhigh, but now nominally 2000Åin width, which means that
guiding can take place in both directions. Frames from the vertical scan of incidence
angel are depicted in figure 9.18. The fact that the guide has the same height as the
previous, means that the guiding in this direction is expected to be similar to what we
observed above.

Figure 9.18: Far-field intensities measured in two dimensions with a CCD camera for a 2000Åwide guide,
when the vertical incidence angle (hai) is scanned. The selected frames correspond to calculated incidence
angles for the four modes. A = 0.039◦, B=0.0753◦, C=0.113◦ and D=0.1423◦. Hphi=0◦.

Comparing figure 9.16 and 9.18 clearly shows that narrowing the width also affects the
waveguiding in the vertical direction. The vertical peak position and intensities are, as
expected, changing as a function of hai, but the mode seems to be even more displaced
than before. Hpi is situated at 0◦ incidence and in principle if the beam was not diver-
gent and the cavity was perfect, no guiding should be observed in the horizontal plane.
This is, however, not the case, and a combination of waveguiding in both directions
and intensity contributions due to imperfections of the cavities is observed.

In figure 9.19 - 9.22 the corresponding vertical scans are depicted. The frames are
taken at horizontal incidence angles which are calculated for the first four modes for a
nominally 2000Åwide guide. Both positive and negative angles are showed.
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Figure 9.19: Far-field intensities measured in two dimension with a CCD camera for a 2000Åwide guide, when
the horizontal incidence angle (hphi) is scanned. The selected frames correspond to calculated positive and
negative incidence angles for the first mode. A = 0.0139◦, B =-0.0139◦. Hai = 0.038◦.

Figure 9.20: Far-field intensities measured in two dimensions with a CCD camera for a 2000Åwide guide,
when the horizontal incidence angle (hphi) is scanned. The selected frames correspond to calculated positive
and negative incidence angles for the second mode. C = 0.0278◦, D =-0.0278◦. Hai = 0.038◦.
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Figure 9.21: Far-field intensities measured in two dimensions with a CCD camera for a 2000Åwide guide,
when the horizontal incidence angle (hphi) is scanned. The selected frames correspond to calculated positive
and negative incidence angles for the third mode. E = 0.0417◦, F =-0.0417◦. Hai = 0.038◦.

Figure 9.22: Far-field intensities measured in two dimensions with a CCD camera for a 2000Åwide guide,
when the horizontal incidence angle (hphi) is scanned. The selected frames correspond to calculated positive
and negative incidence angles for the fourth mode. G = 0.0550◦, H =-0.0550◦. Hai = 0.038◦.
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As expected the left and right pictures in the figures were almost symmetric and with
almost equal observed intensities. Hai is 0.038◦, which is the angle corresponding to
the guiding of the 0’th mode, whereas guiding in the vertical direction also is expected.
The measurements in the four pictures are made at hphi equal to the the calculated
incidence angles for the first four modes assuming a width of 2000Å. Because the width
is not known for sure, the calculated angles and thereby the shown frame can be off.
The unknown width (and shape) also makes it complicated to make a detailed compar-
ison between calculated far-field intensity distributions and recorded intensity patterns.

Frames from a measurement on a second 2000Åwide (650Å) guide is depicted below.
In this measurement Hai was 0.055, which is in between the angle of 0’th and 1’st order
mode. The frames are selected without calculating incidence angles for the modes.

Figure 9.23: Far-field intensities measured in two dimensions with a CCD camera for a 2000Åwide guide for
different horizontal incidence angles (hphi). Hai = 0.055◦.

In frame A one peak is observed, corresponding to the 0’th order mode. In B the in-
tensity distribution is, as expected for a 1’st order mode, where also some contribution
from the 0’th and the 2’nd is observed. In frame C, three peaks are found and in frame
D four. The angular spacing between the horizontal incidence angle for the four frames
is almost identical, and below what is calculated for a 2000Åwide guide. This indicates
that the guide is more than 2000Å.



136 X-ray measurements on waveguides

9.4.3 summary

Several cavities have been measured and general inspections of the video sequences
show that the intensity patterns change as a function of the incidence angle and that
measured intensity distributions are comparable to what is expected[54] if guiding in
both directions in a perfect guide were measured. From the measurements the following
can be concluded:

• The width of the cavities were nominally 1000 and 2000Å, but the results of the
measurements indicate that they are more likely between 2000 and 4000Å. A more
precise way of measuring the width (and shape) should be found, as the width
has to be known for the calculations. The depth was 650Å, which is far below
what was expected from the etch rate tests. It seems like etching these very small
structures has large influence on the etch rate and more time should be spent on
tests in order to obtain better control of the depth.

• As the dimensions of the guides were relatively large many modes can be guided,
and in the measurement it was not possible to obtain single mode guiding. For
this, smaller structures should be made or the guides should be measured at lower
energy thereby increasing the mode separation.

• The measured intensities are in general more smeared out when guiding in the
horizontal direction. This indicates that the roughness of the sidewalls of the cav-
ity is increased compared to the top and bottom. The observed asymmetry in the
horizontal guiding is probably also related to increased roughness. The sidewalls
are not perpendicular. From experiments on test structures, an angle of 10◦ or
more was found. It is believed that the same range is valid for the etched cavities,
and this can have huge influence on the success of performing waveguiding. If an
angle of 10◦ is assumed on a 650Ådepth cavity, the difference between width in top
and bottom is 230Å. This should be investigated in more detail and alternative
etch methods to the RIE could be considered.

• The divergence in the horizontal plane is relatively high, and this in combination
with the not vertical side walls will also affect the success of guiding. To investigate
this in details the samples could have been rotated 90 ◦. This was unfortunately
not tried.
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Chapter 10

Conclusion

10.1 Investigations of plasma assisted low temperature
bonding

The aim of this work was to obtain structural information about the bonding, which
could contribute to a better understanding of the details within the low temperature
plasma activation bonding process.

Two reactive etching systems, RIE and ICP-RIE, were tested and the used recipes were
optimized in order to obtain the highest possible bond strength. For both types of ac-
tivation, an optimized recipe resulting in reproducible bond strengths and a high yield
of samples without voids was developed, and the bond strengths were high compared
to those obtained by other room temperature bonding techniques.

Tests were performed to investigate the reliability and reproducibility of the bond
strength measurements. It was found that the ambient air (e.g., the humidity) clearly
affects the measurements and should be controlled if more precise values are wanted.
Further it would be an improvement if the separation is done automatically instead
of manually. If a not optimized system is still used for the test, it would be of great
advantage, if at least the measurements conditions and statistics are specified in details.

The oxygen plasma treatment of the surfaces affects the reactivity of the two wafers,
and the relationship between changes in the process parameters and the bond strength
of bonded wafers was investigated. In general the effect in bond strengths was most
sensitive when changing parameters in the RIE system, and within the three investi-
gated parameters, power, pressure and time, changes in power were found to have the
most influence.

From the measured reflectivity curves and modelled density profiles clear indications of
small density dips close to the Si-SiO2 interface and a dip around the bonding interface
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were found. The latter had different shapes depending on the process parameters. In
details the correlation between measured density profiles and changes in process pa-
rameters is not clear, and we must conclude that additional data sets are needed.

It is known from other similar bonded systems that the observed increase in bond
strength as a function of storage time is related to water rearrangement and diffusion,
either to bulk or along the interface to the sample edge. Typically the strength in-
creases within the first few days and reaches a stable saturated value often 2-4 times
higher than what was observed immediately after bonding. The path length within the
narrow stripes used in the set-up is very short and it could be, that for the strips an
increased stable bond strength is observed on a much shorter time scale, and already
a few hours after cutting no further interface changes are observed. X-ray reflectivity
measurements performed and repeated on the same sample within the first few days
show identical results and this indicates that no structural changes takes place.

For several samples not only reflectivity from one interface area was measured, but also
at different positions along the interface. The results were identical and from this it can
be concluded that the reproducibility within each sample is good, and it is believed that
the used x-ray geometry is indeed suitable for measuring the buried bonding interfaces.

Outlook

For future experiments the following is suggested:

• Indeed more measurements should be done to reproduce data on bonded wafer
samples prepared identically, with specific activation parameters.

• Also measurements on small pieces of activated single wafers should be performed
(Small pieces are not expected to bend as much as whole wafers), as these data
are more easy to interpret, and can be used as input parameters in the fitting of
the data for the bonded samples. In this way it would be possible to compare the
fitted density profiles of the thin oxide film before and after bonding as well as
investigate structural differences.

• Further it is suggested[21] that chemical analysis with an electron microscope can
be invoked by electron energy-loss spectrometry, energy filtered TEM and scanning
TEM. Also a detailed study of the interface by EELS will be of great advance in
the search for a detailed model of the atomic structure of the plasma assisted room
temperature bonding.

10.2 Fabrication and characterization of x-ray waveguides
made by wafer bonding

The goal of this part of the work was to fabricate and characterize x-ray waveguides
made by using standard silicon process technologies in combination with hydrophobic
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wafer bonding.

The etched structures fabricated for guiding in one dimension were made by using
standard UV-lithography and RIE etching. Cavities of different depths were made by
adjusting the etch time. The expected depths were in good agreement with values
found by x-ray reflectivity measurements, and due to this good control of the etching
rate it was possible to fabricate cavities of arbitrary depths. The roughness of the bot-
tom was investigated by AFM and was found to be relatively low, which is important
for successful waveguiding. The quality of the cavity sidewalls was not influencing the
ability for one dimensional guiding.

The cavities were closed by hydrophobic bonding. The bonding process is very sensitive
to surface contamination and the process steps made for etching the structures should
be done carefully. The roughness of the area between the cavities was also investigated
by AFM. It was found to be tiny increased, but still low enough to obtain good contact
to the top wafer. IR inspections of the bonded wafer pair were done after the room
temperature bonding and in general good results were observed with low amounts of
voids. The bonded cavities were annealed for 30 minutes at a 1000 degrees without any
problems.

Theoretical considerations about bonding of structured wafers were made, and bond-
ing of structures with the chosen dimension was found to have a raised possibility of
collapsing. This, however, was not observed, and from the x-ray transmission scans it
could be confirmed that the wafers were nicely bonded in between the cavities and had
the expected width.

Several structures with different depth were measured and waveguiding were success-
fully observed. The measured far-field intensities were compared to what was expected
from theoretical calculations and good agreement was found.

We observed a certain overlap of modes which is probably related to the quality of
the structures and the divergence of the beam. Further the measured intensities were
found to be depending on the length of the guide. The coupling was made directly at
the front. This is not an optimal solution, and resulted in relatively low intensities. As
a consequence waveguides with a plateau in the front were made. This enlarged the
part of the beam entering the guide. However, this was not an optimal solution either,
and it is therefore suggested that a pre-focussing system should be incorporated instead.

The two dimensional guides were fabricated using an almost identical process except
that e-beam lithography was needed to get sufficiently narrow structures. For the two
dimensional guides the quality of the sidewall becomes important, but due to the small
widths it was not possible to examine the roughness and shape in detail.

Two dimensional waveguiding was observed, and the measured intensity distributions
were comparable to what was theoretically expected if guiding in both directions in
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a perfect guide. The results of the measurements indicate that the quality of the
sidewall is considerably lower than that in the top and the bottom. Further, we had
some problems measuring the exact widths, which made the comparison to theoretical
expectations difficult.

The dimensions of the guides were relatively large, whereas the angular spacing between
the different modes was small. In the measurement a mix of modes was observed, and
if single mode guiding is wanted, either smaller structures should be made or the guides
should be measured at lower energy thereby increasing the angular spacing.

Outlook

In order to improve the success of waveguiding in the cavities a number of future
experiments are suggested:

• The width of the cavities were nominally 1000 and 2000 Å, but the results of
the measurements indicate that they are more likely between 2000 and 4000 Å.
A more precise way of measuring the width (and shape) should be found, as the
width has to be known for the calculations.

• More tests should be done related to the etching of the structures, both for improv-
ing the roughness, the sidewall quality and the control of the depth. Alternatively
other etching methods could be considered.

• For the measurement on the two dimensional guides, the divergence of the beam
in the horizontal plane is relatively high. This in combination with the not vertical
side walls will restrict the success of guiding. To investigate this in details, the
samples should have been rotated 90 ◦, thereby separating the effect from the
sidewall from the effect of high divergence.
Further the fabricated structure should be measured at lower energies. This will
increase the angular spacing of modes, making single mode guiding possible. When
measuring at higher energies the dimension of the structures has to be very small
if the single mode guiding is wanted.
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Appendix A

Process step overview for
waveguide fabrication

A.1 UV-process - one dimensional guides

1. Growing thermal oxide.

2. Resist on top of the oxide.

3. Exposure and transferring the pattern to the resist.

4. transferring the pattern to the oxide.

5. Removing the resist.

6. Etching the channels into the silicon wafer.

7. Removing the oxide in HF and closing the channel by bonding.
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A.2 e-beam process- two dimensional guides
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Appendix B

Examples of measurements on
one dimensional waveguides

B.1 Measurements on 454Å high guides

The expected mode number and positions are calculated from the theory, and for a

545Å guide three modes were expected.

x αi mode number
2.431 0.0605 0
4.778 0.1190 1
6.777 0.1688 2

Table B.1: Transcendental equation parameter x and corresponding incidence angle

αi at E = 10keV, for a 454Å guide.
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Calculated and examples of measured far field intensities for the 454Å guide:
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Figure B.1: Calculated far-field intensities for a 454 Å high guide on linear and logarithmic scale.
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Figure B.2: Measured farfield intensity map for a 454Å high, 3mm long and 100µm wide guide. Intensity
ratio is 0.47.
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Figure B.3: Measured farfield intensity map for a 454Å high, 1mm long and 100µm wide guide. Intensity
ratio is 2.05
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Figure B.4: Measured farfield intensity map for a 454Å high, 1 mm long and 100µm wide guide with ethylene
glycol. Intensity ratio is 1.78.
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B.2 Measurements on 1351Å high guides

The expected mode number and positions are calculated from the theory, and for a

1351Å guide seven modes were expected.

x αi mode number
2.865 0.0240 0
5.725 0.0479 1
8.575 0.0718 2
11.405 0.0954 2
14.204 0.1189 2
16.945 0.1418 2
19.537 0.1636 2

Table B.2: Transcendental equation parameter x and corresponding incidence angle

αi at E = 10keV, for a 454Å guide.

Calculated and examples of measured far field intensities for the 1351Å guide:
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Figure B.5: Calculated far-field intensities for a 454 Å high guide on linear and logarithmic scale.
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Figure B.6: Measured farfield intensity map for a 1351Å high, 3mm long and 100µm wide guide. Intensity
ratio is 0.98
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Figure B.7: Measured farfield intensity map for a 1351Å high, 1mm long and 100µm wide guide. Intensity
ratio is 1.23
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