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Chapter 1

Introduction

In physics, a thin film or layer is a structure of which the thickness in one
dimension is much smaller compared to the other two dimensions. Typically,
for thin films, the layer thicknesses ranges between a nanometer to several
micrometers in one direction, while dimensions in the other two directions
can be as large as a meter. When layer thicknesses become smaller than a
few micrometers, thin films can have unique electrical, optical, mechanical,
and magnetic properties compared to their bulk counterparts. This makes
thin films of great technological importance in a broad range of engineering
systems [1]. Numerous examples of thin film systems can be found, such
as thermal barrier coatings to protect gas turbine blades [2], organic solar
cells [3], and magnetic data storage and memory [4].

Thin films also play an important role in optical applications [5]. Here
the purpose of the thin film coating is to modify the optical response of a
surface by means of light interference. Based on the refractive index and
thickness of the material, optical coatings with different functionalities can
be designed, such as anti-reflection coatings, high reflectivity mirrors, selec-
tively transmissive filters, and polarization selective films. By optimizing
the optical coating parameters, (multi)layers with a large variety of optical
transfer functions can be designed to meet the spectral and light intensity
requirements of today’s optical systems. Applications of thin film optical
coatings can, therefore, be found in many different areas, reaching from as-
tronomy and telecommunications, to lighting, lasers, cameras, and glasses.

When it comes to light with wavelengths in the Vacuum UV to soft X-
ray range, abbreviated here as XUV, the use of thin film optics becomes
inevitable. XUV light, with a wavelength range between few tenths to
about 120 nm, is highly absorbed in materials, and the materials have only
very small differences in refractive index. Therefore, a conventional lens
system with sufficient refractive power at XUV wavelengths can not be
designed. At the same time, these wavelengths are too long to meet Bragg
reflection conditions at single crystals planes, as can be used at hard X-
ray wavelengths (ranging between 0.001 to 0.1 nm). The solution to the
problem of creating high performance optics in the XUV wavelength range
comes from thin film technology in the form of an artificial Bragg reflector.
An artificial Bragg reflector is a multilayer stack in which nanometer thick
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1. Introduction

50 nm

Figure 1.1: Cross sectional TEM image of the mechanical failure of an XUV
Mo/Si multilayer. After exposure to hydrogen ions, the first Mo/Si bilayer
has delaminated and formed a circular blister on the mirror surface.

thin films with high-Z and low-Z materials are alternated. By matching the
layer thickness to the wavelength, constructive interference occurs between
the light reflected at each interface, similar to the way in which X-rays
are reflected at each crystal lattice plane. The first time such a multilayer
mirror design was proposed for XUV wavelengths was by Spiller [6] in 1972.
Since then, many applications, using XUV light, have rapidly developed:
from space telescopes to synchrotrons and free electron laser light sources.
[7, 8].

Along with the increasing number of applications using XUV light, sig-
nificant improvements in multilayer design had to be made. The reflectivity
of single mirrors, for example, had to be maximized to have sufficient light
intensity after multiple reflections inside an optical system. This has lead
to the design of highly reflective XUV multilayer mirrors that currently can
have a reflectivity as large as 70% (13.5 nm light at normal incidence) [9].
The strong requirement for a multilayer mirror to have maximal reflectivity
restricts the layer dimensions and materials that can be used.

1.1 Motivation

Maintaining XUV multilayer optics at optimal reflective conditions is one of
the key aspects in making robust optical systems that can last over several
years. To prevent irreversible mirror damage by hydrogen induced blister
formation, but, at the same time, still be able to use hydrogen ions and radi-
cals to remove contaminants from the mirror surface, precise understanding
of the blister formation in the multilayers is required. From previous re-
search, it is know that hydrogen can change material properties, which can,
ultimately, lead to mechanical failure as shown in figure 1.1. Most of this
research, however, is focused on bulk materials while hydrogen interaction
with layered material structures has been far less studied.

The main motivation for the research described in this thesis is to obtain
a better understanding of hydrogen induced blister formation in multilayer
structures that are relevant for XUV optics. What are the physical processes
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Figure 1.2: Schematic representation of multiple reflections inside a multi-
layer mirror that constructively interfere (left), and a cross-sectional TEM
image of a Mo/Si multilayer (right).

underlying blister formation, and how can we better predict the exposure
conditions under which blister formation will occur? With this knowledge,
hydrogen cleaning conditions and mirror designs can be optimized to make
them more resistant to blister formation.

In the remainder of the introduction the principle of a multilayer mirrors
are briefly discussed (1.2). Subsequently, the current understanding of the
mechanisms that result in the formation of blisters are summarized (section
1.3), and an overview of previous research on blister formation in various
(multilayered) systems will be given (section 1.4). At the end of this chapter
the content of the remainder of the thesis will be described (section 1.5).

1.2 Multilayer optics for VUV to soft X-ray wavelengths

1.2.1 Principle of a multilayer mirror

From Fresnel’s equations for transmission and reflectivity, it can be seen that
only a small amount of the incoming VUV to soft X-rays light (abbreviated
as XUV light) is reflected from a material interface, as the relative refractive
index for all materials is close to unity. Normal incidence reflectance from
a single surface is, therefore, insufficient. However, when light reflects from
multiple surfaces and constructively interferes, the total reflectance of the
multilayer stack adds up, and highly reflective multilayers can be produced.
In figure 1.2 a schematic representation of such a multilayer design is shown.
In the most simple design, a multilayer mirror consists of two materials that
are stacked on top of each other and partial reflection takes place at each
interface.

To obtain maximum reflectivity, the reflected waves from each interface

3



1. Introduction

should be in phase to constructively interfere. The mathematical description
for constructive interference at a chosen wavelength λ is given by Bragg’s
law:

mλ = 2d sin(θ), (1.1)

where m is the reflection order, d the period thickness and, θ the angle of
incidence with respect to the surface plane. One of the limiting factors in
multilayer mirror performance is the absorption of light in the mirror ma-
terial itself. This puts a theoretical limit on the maximum reflectivity that
can be achieved with a multilayer, which depends on the selected materials.
In general, the best pair of materials at a given wavelength are obtained
when the difference in the real part of the refractive index (δ) is as large as
possible, while their absorption (imaginary part, β) is as low as possible. A
large difference in the real part of the refractive index, increases the amount
of reflected light over the amount of transmitted light at each interface as
given by the Fresnel equations. Consequently, fewer layers are required to
achieve a given reflectivity, which also reduces the absorption losses of the
multilayer mirror.

Depending on the materials selected for the multilayer, the maximum
theoretical XUV reflectance performance is set by the balance between the
contribution to reflectivity of each interface and the absorption losses of the
increasingly thick multilayer stack. A La/B multilayer, for example, has
maximum performance of ≈85% reflectivity at wavelengths from around 6
nm and longer, while Mo/Be and Mo/Si multilayers, with peak reflectivity
of ≈77%, are best suitable for wavelengths at from 11 up to about 30 nm
respectively.

1.2.2 Lifetime of XUV multilayer optics

So far only the principle of a multilayer structure to reflect XUV light has
been discussed. But to be useful in applications the lifetime of the optic
elements are equally important. A loss in XUV reflectance can be caused
by either degradation of the multilayer structure or by direct absorption of
XUV light due to surface contamination. Also, the combined effect of the
presence of surface contaminants and high power XUV irradiation might
cause reflectance loss due to XUV induced chemistry at the surface. Pro-
cesses that might occur near the surface of XUV optics are carbon con-
tamination [10], intermixing and crystallization of the multilayer under the
thermal loads due to absorbed XUV radiation [11, 12], mirror oxidation [13],
and metallic contamination due to wear on other (mechanical) components
in the vacuum system.

Providing a mechanically and chemically stable multilayer under the
condition of maximum reflectivity for a long period of time is, therefore, a
complex and challenging task, as all of the above processes have to be taken
into consideration. Different solutions have been introduced to improve the
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1.3. Mechanism of blister formation

multilayer design itself. Diffusion barriers can be added between the layers
to prevent Mo/Si intermixing and growth of molybdenumsilicides under the
XUV thermal load [14, 15]. A thin capping layer can be deposited on top
of the multilayer to protect it form oxidation or to reduce the adhesion
of contaminants [16, 17, 18]. On the other hand, solutions can also be
found outside the multilayer mirror by providing strategies to remove surface
contamination or preventing possible contaminants from reaching the mirror
surface. For this, a low pressure hydrogen gas (≈10−2 mbar H2 typical)
might be used.

Introducing a very low pressure hydrogen atmosphere has advantages as
it can serve as a buffer gas in the LPP source [19], and is able to remove
carbon and tin contamination from the mirror surface [16, 20]. Hydrogen
radicals and ions are able to react with contaminants on the mirror surface
to form volatile species that can be removed via the hydrogen gas flow. This
all can be done in-situ without breaking vacuum, which minimizes the down
time and possible introduction of additional contaminants from outside the
vacuum vessel.

On the other hand, hydrogen might also irreversibly damage the mul-
tilayer mirror when it is able to penetrate into the multilayer stack. The
likelihood of this happening is strongly enhanced when highly reactive hy-
drogen ions and/or radicals are used. Previous experimental research on
Mo/Si multilayers has shown that plasma exposure could lead to sputtering
and blister formation in the multilayer stack if exposure conditions are not
well controlled [21, 22, 23, 24].

1.3 Mechanism of blister formation

A blister is the outward deflection of a thin layer of material due to a
bubble or void created near the surface. Over the years, different models
have been developed to estimate the conditions for blister formation. An
overview of the concept of these models is schematically depicted in figure
1.3. In general a distinction can be made between two mechanisms that lead
to blister formation: pressurized blisters and circular buckle deformations.
The difference in both mechanisms is that, in the case of a pressurized
blister, hydrogen pressure is the main cause of the observed blister, while
for the circular buckle deformation, a relaxation of the internal compressive
stress is the main cause. Both mechanisms are well described in literature:
for pressurized blister formation, see [25, 26, 27] and for circular buckle
deformation, see [28, 29, 30]).

A pressurized blister can be formed when hydrogen radicals and ions
enter the substrate material at a rate that is greater than the rate of out-
diffusion from the surface and diffusion deeper into the bulk of the material
together. There are several ways to obtain a high hydrogen concentration
in a material, of which three possible examples are shown in figure 1.3.A.
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Figure 1.3: Two mechanisms of hydrogen induced blister formation. The
first mechanism describes pressurized blisters: (A) hydrogen atoms super-
saturate the substrate material; (B) hydrogen accumulates near defect sites
and/or grain boundaries where it forms bubbles and micro-cracks; (C) hy-
drogen bubbles grow and internal pressure is able to deflect the top layer
outward and a blister is formed. The second mechanism describes buckling
by internal compressive stress: (D) During layer deposition in-plane inter-
nal stresses build up in the material but these stresses are below the critical
stress; (E) Stress increase above critical stress value due to, for example,
increasing temperature, or the layer adhesion weakens due to incorporation
of hydrogen; (F) Internal stress is released by forming a circular buckle.

The first example shows a near-surface hydrogen plasma. The ions are
accelerated over the plasma sheath into the substrate, while the directed
flow of ions also entrains radicals. In some applications, this situation might
occur as surface contaminants are removed by hydrogen radicals, which has
been proposed as a mirror cleaning technique [16, 31]. Also, the XUV
radiation itself is able to create a weakly ionized plasma near the mirror
surface [32]. A second process is direct ion implantation, in which hydrogen
ions are accelerated towards the surface, typically gaining a few keV of
kinetic energy. This process is used as a wafer splitting technique in silicon-
on-insulator technology [33, 34]. A third process is cathodic charging of the
material due to, for example, a hydrogen sulfide containing solution. This
process is often seen in the blister corrosion of oil pipelines [35]. When the
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1.4. Blister formation in multilayered structure

near surface region of a material becomes supersaturated with hydrogen
(figure 1.3.B.), hydrogen starts to nucleate into small pressurized hydrogen
bubbles and micro-cracks. Eventually, the pressurized bubbles near the
surface grow in size and become visible at the surface as blisters (figure
1.3.C.).

Blisters can also form due to buckling of a compressively stressed thin
film (figure 1.3.D-F). When two layers are deposited on top of each other, the
misalignment between atoms in one layer from the other and the compound
formation at the interface will introduce internal stresses [1]. In general
these internal stresses are too low to cause direct mechanical failure after
deposition, and the layer stays attached to the substrate in a compressive
state (figure 1.3.D.). However, when additional external forces are applied
(for example by increasing the temperature) or the adhesion between layers
is weakened by the incorporation of hydrogen ions/radicals at the interface,
the compressive stress can increase above the critical stress required for a
buckling instability (figure 1.3.E.). This will result in stress relaxation by
forming a buckled layer which can have various structures: circular blisters,
straight-sided, or telephone-cord wrinkles (figure 1.3.F.). The important
difference between pressurized blister formation and circular buckling is
that buckling can also occur in the absence of any gas pressure.

Both of the previously described mechanisms can lead to the formation
of blisters. Also, a combination of both mechanisms is possible, in which,
for example, the presence of gas can enhance the growth of a blister initially
formed due to circular buckling [30, 36]. From the four blistered samples
shown in figure 1.4, C) and D) are mainly caused by the presence of hydrogen
pressure under the blister cap while A) and B) are the result of a buckling
instability as is concluded in the corresponding literature [23, 37, 38, 39].

1.4 Blister formation in multilayered structure

In this thesis, the focus is on blisters formed in Mo/Si multilayers caused by
hydrogen ions and radicals in the low ion energy range (≤200 eV). Initial
studies on ion induced blister formation were mainly focused on ion implan-
tation in metals with noble gases e.g. He or Xe [27, 40, 41]. Also, hydrogen
ion implantation of silicon, followed by thermal annealing has been inves-
tigated for several decades (first reports go back to 1976 [42]). The main
motivation for this research was the erosion of materials under high energy
ion irradiation (>1 keV). These severe exposure conditions are typically
met in thermonuclear reactors and solar winds. Later on, blister formation
in silicon was investigated again as a wafer splitting method in silicon on
insulator technology [33, 34]. In all the above cases, blister are formed in
bulk materials at relatively high ion energies >1 keV. In these cases, the
depth at which delamination takes place is mainly determined by the ion
energy of incoming ions.
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1. Introduction

Blister formation in layered systems has been subject to far less atten-
tion, especially in combination with exposures to low energy (≤200 eV)
hydrogen ions and radicals. Figure 1.4 shows some examples of blisters
formed in layered systems that can be found in literature [23, 37, 38, 39].
Figure 1.4.A. shows straight-sided and telephone-cord wrinkles of a 150 nm
thick Al layer, deposited on a polymethylmethacrylate (PMMA) substrate.
By applying a compressive stress from the side, a buckling instability was
created. Figure 1.4.B. gives an example of blisters formed by a delamination
of a 1.2 µm Cu2ZnSnS4 (CZTS) thin film. In this case, thermal annealing
of the compressively stressed thin film resulted in a circular buckling insta-
bility. Both cases 1.4.A. and 1.4.B. show that implantation with another
material, such as hydrogen, is not a prerequisite for the formation of blisters
in layered systems.

The remaining two examples in figure 1.4 shows blisters in layered sys-
tems that are most closely related to the work described in this thesis.
Figure 1.4.C. is an example of blisters formed in a Si/Ge multilayer stack.
The multilayer was formed by depositing a stack of 50 layers of 3 nm thick
hydrogenated a-Si and a-Ge layers. After deposition, the multilayer was
heated, which resulted in the blisters as shown. In this case, the hydrogen
was already incorporated in the structure during deposition and no addi-
tional hydrogen was required during the annealing. The last example, figure
1.4.D., is a result from earlier research on hydrogen induced blister forma-
tion in Mo/Si multilayers, as investigated by Kuznetsov et al. [23]. In this
study a mixture of hydrogen radicals and ions (≈860eV) was used to create
blisters in the nanometer thick multilayer.

The four examples in figure 1.4 reflect the broad variety of conditions
under which blisters can be formed in layered systems: with or without
ion exposure, with or without compressive stresses in the layers and with
or without the incorporation of hydrogen during layer deposition. In most
blister studies, the focus is on experimental investigation of the conditions
under which blisters are formed. The underlying process of blister formation
in these studies is mainly described in a qualitative way. It is, therefore,
difficult to assess beforehand if certain exposure conditions or dose will lead
to the formation of blisters. Kuznetsov, for example, investigated blister
formation in Mo/Si multilayers by changing various exposure conditions
[21]. In his work, a complete overview is given of the influence of: temper-
ature, presence of ion species in the incoming hydrogen flux, and hydrogen
concentration in the multilayer on the blister size distribution and number
density. Although this gives a good indication on the parameters that can
influence the blister formation, these results also show that sharp transi-
tions exist in the blister formation behavior when exposure conditions are
slightly changed. This makes it difficult to predict the blister behavior of
materials by simply extending the hydrogen exposure conditions from one
case to another without precisely understanding the formation processes
itself. Especially, in cases where the exact hydrogen exposure conditions
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10 μm
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D)
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Figure 1.4: Examples of blisters formation in (multi)layered structures: A)
Straight-sided and telephone-cord wrinkles of a thin Al layer due to exter-
nally applied pressure [37]; B) A Cu2ZnSnS4 (CZTS) layer after annealing
[38]; C) Hydrogenated Si/Ge multilayer after annealing [39]; D) Mo/Si mul-
tilayer after exposure to hydrogen ions and radicals [23].

are under investigation, understanding of the blister formation processes is
required to predict changes in blistering behavior.

1.5 Outline and aim of the thesis

The core of this thesis describes the modeling and experimental verification
of blister formation processes in Mo/Si multilayer samples which are rel-
evant for various applications. First, a brief description of the multilayer
deposition process, and the two main hydrogen exposure setups is given in
chapter 2. In this chapter some background information on in- and ex-situ
stress measurements can also be found.

In chapter 3, a pressurized blister model that predicts the conditions
under which stable blisters may form is described. Based on the blister
height and radius, the internal pressure and the influence of the internal
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1. Introduction

stress in the material could be calculated. Also, the timescale of hydrogen
diffusion through the multilayer blister cap is estimated.

The applicability of the model is experimentally verified on uncapped
Mo/Si multilayers in chapter 4. The influence of aspects, such as ion dose
and flux, on blister formation are discussed The results showed that a min-
imum ion dose is required before blisters are formed. Also the predicted in-
ternal blister pressure was compared to the hydrogen exposure conditions.
The model successfully explained why a rapid increase in blister number
density was observed when the ion energy was increased above 100 eV.

Chapter 5 further explores the blister formation process, with a focus on
the influence of internal stresses and layer thickness on the formed blisters.
From a comparison between the experiments, and the two models, it fol-
lowed that blisters formed in the Mo/Si multilayer are a result of hydrogen
pressure rather than a buckling instability under the compressive stress in
the multilayer. On the other hand, it was also concluded that the location
of the delamination, coincides with a location where a strong change in the
internal stress in multilayer takes place during deposition.

General conclusions and valorisation of the work that followed from the
research in chapters 3, 4, 5 are summarized in chapter 6.
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Chapter 2

Experimental

Abstract

In this chapter, a short general description to the experimental
equipment is given. First, the experimental setup to deposit the
Mo/Si multilayers is described, followed by an overview of the hydro-
gen exposure chambers in which the blisters formation was induced.
In the final section 2.3, the principle to measure the internal stress
in the Mo/Si multilayer during deposition and ex-situ after hydrogen
exposure is described.
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2. Experimental

2.1 Multilayer mirror sample deposition

The Mo/Si multilayer samples that are studied in chapters 3-5 were de-
posited in the Advanced Deposition Coater (ADC) in the Industrial Focus
Group XUV Optics at the MESA+ Institute for Nanotechnology. This
coater is designed for the development of XUV and soft X-ray multilayer
optics and is able to deposit multilayers by using magnetron sputtering and
electron beam deposition techniques.

Magnetron sputtering requires a vacuum chamber, targets (Mo and Si in
the case of Mo/Si multilayer depostion), inert sputter gas (mostly Ar or Kr
are used) and electronics. The target material is placed at the cathode while
the substrate for the thin film deposition is placed on top of the anode. By
applying a voltage between anode and cathode while a low pressure (≈10−4

mbar) of inert gas is present in the vacuum chamber, a plasma of positively
charged inert gas ions will be created. These ions are accelerated towards
the cathode where, when enough kinetic energy is gained, they can sputter
atoms from the target material. This target material redeposits on the
anode surface were the substrate is placed, forming a nanometer-thick thin
layer. To increase the plasma density near the cathode and enhance the
sputtering of the target material, magnets are incorporated in the cathode
to trap charged particles.

In the ADC coater, the anode rotates during deposition to minimize
gradients in the layer thickness. Also, the typical distance between cathode
and anode (10-15 cm), is greater than usual to have better control over
the energy of arriving atoms (by changing the chamber pressure). The
base pressure in the chamber before deposition started is kept below 10−8

mbar to avoid possible contamination of the layers. For the Mo/Si samples
studied in this thesis, sixteen 24×24 mm2 c-Si substrates could be placed
on the sample holder (anode) for simultaneous deposition.

2.2 Hydrogen exposures of ML samples

The Mo/Si multilayer samples were exposed by hydrogen using two different
experimental setups. The hydrogen exposure described in chapters 3 and
4 were performed using a DC ion source, as will be explained in more
detail in section 2.2.1. For the hydrogen exposures analyzed in chapter
5, a capacitively coupled hydrogen plasma was used. Compared to the DC
ion gun, the hydrogen plasma has a higher ion flux and was able to perform
exposures at ion energies below 50 eV.

2.2.1 DC ion source

The hydrogen induced blisters that are investigated in chapters 3 and 4 are
formed in an experimental setup that is schematically depicted in figure 2.1
(left). The basis of the setup is a spherical vacuum vessel and a DC ion
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Figure 2.1: Schematic of hydrogen exposure setup, including hydrogen
flux/dose analysis equipment (left), and an image of the sample holder
(right). The sample holder is able to translate in z-direction and rotate
around the z-axis. During hydrogen exposure, the Mo/Si multilayer sample
is positioned 14 cm in front of the ion gun in the central spot of the ion
beam. The Energy Quadrupole Plasma (EQP) analyzer is retracted in the
x-direction during the sample exposure.

source (Oxford Applied Research, DC25s). With the ion source, samples
can be exposed to hydrogen ions with ion energies ranging between 10 and
200 eV. As the hydrogen ion production was strongly dependent on the
pressure, the vacuum chamber was under constant pressure control. On the
right in figure 2.1 a picture of the sample holder, which can move along,
and rotate about, the z-axis, is shown. During start up and stabilization
of the hydrogen ion source, the sample could, therefore, be turned away
from the ion beam. The sample holder is equipped with a thermocouple to
monitor the sample temperature during hydrogen exposure. It was observed
that the temperature stayed below 65◦C during the exposures. Kuznetsov
et al. [1] showed that for temperatures ≤75◦C no change in blister size was
observed, therefore, any effect of temperature can be neglected.

The DC ion source consists of a small discharge chamber, surrounded
by permanent magnets, in which a hydrogen plasma is created. From this
hydrogen plasma, ions are extracted and accelerated by using two grids:
a screening grid and an accelerating grid. The screening grid keeps the
hydrogen plasma confined in the discharge chamber and prevents the plasma
from expanding into the vacuum chamber. The final ion energy of the ions
is set by the voltage of the accelerating grid. After the second grid, the
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Figure 2.2: Measurement of ion beam profile for various ion energy settings
in the z-direction as measured by the Faraday cup. The gray area indicates
the location of the sample in the ion beam.

hydrogen ion beam expands into the vacuum chamber. The multilayer
samples were placed 14 cm from the ion source in the center of the beam.

To analyze the hydrogen ion beam at sample position, several diagnostic
tools were installed: an Energy Quadrupole Plasma (EQP) analyzer (Hi-
den Analytical), a Faraday cup (CCR technology, CEA4), and the current
measurement of the sample plate itself. With these tools, it was possible to
determine the hydrogen flux, ion energy, relative fluxes of ion species, and
beam profile at sample position for various settings of the DC ion source.
Figure 2.2 shows the ion beam profile in the z-direction, 14 cm from the
ion source. The gray area indicates the position of the multilayer sample
in the beam during hydrogen exposure. The graph of figure 2.2 shows that
the spatial flux variation over the sample area is less than 7%. Over time,
the total ion flux generated by the ion source decreases due to degrada-
tion of the filament in the discharge chamber, while the beam profile is left
nearly unchanged. To calculate the hydrogen dose to the multilayer sample,
therefore, the drain current to the sample plate is monitored. Although the
DC ion source is able to generate ions with energies below 50 eV, the ion
flux was too low to reach sufficient ion dose for the formation of blisters.
More details on the ion beam at sample exposure conditions can be found
in section 4.2.1.
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Figure 2.3: Schematic overview of the DF-CCP hydrogen exposure chamber.
Four Mo/Si multilayer samples can be exposed at the same time.

2.2.2 Dual-frequency capacitively coupled hydrogen plasma

The hydrogen induced blisters that are investigated in chapter 5 were formed
in a different experimental setup, which was based on a dual-frequency ca-
pacitively coupled hydrogen plasma (DF-CCP) for the production of hydro-
gen ions. A schematic overview, including the measurement equipment, is
depicted in figure 2.3. Multiple samples were placed on the bottom elec-
trode during hydrogen exposures. The axially symmetric CCP geometry
is operated at two radio frequencies: 81 MHz and 13.56 MHz. In this
way, a uniform low-pressure plasma is formed in the chamber between the
electrodes. The plasma potential is controlled by the electron temperature
(∼20-25 eV) while the plasma density and corresponding ion flux are con-
trolled by the power of the 81 MHz excitation and hydrogen pressure. In
turn, the ion energy at the sample surface is controlled by rf-biasing the
bottom electrode. The use of an rf plasma for hydrogen exposures avoids
possible surface charging of the sample surface, which occurs in the case of
low conductivity materials, such as the terminating oxide of the multilayer
samples.

To characterize the hydrogen ion flux and energy distribution at the
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bottom electrode surface, a self-biasing technique and a Retarding Field
Energy Analyzer (RFEA), is used. These techniques are explained in more
detail by Bogdanova et al. [2]. For measurements with the RFEA, the top
plate of the bottom electrode (thickness ∼5 mm) was exchanged with an
identical plate that has the RFEA embedded in its surface. The composi-
tion of the ion species was measured with an Energy Quadrupole Plasma
analyzer (EQP, Hiden analytical).

The advantage of this experimental setup over the DC ion source is the
increased area of constant hydrogen ion flux: i.e. nearly the entire bot-
tom electrode, with a diameter if 12.5 cm, could be used, which is large
compared to the 1 cm2 area of the DC ion source. For the internal stress
measurements, a larger sample size (25×25 mm2) was required to be able to
measure the wafer curvature before and after hydrogen exposure (see sec-
tion 2.3). Also, the ion flux is an order of magnitude larger, from ≈1013 to
≈1014 ions/cm2s (compare figures 4.2 and 5.3), which reduces the hydrogen
exposure times. The disadvantage of the increased ion flux is the increased
heat flux into the multilayer samples that might lead to temperature de-
pendencies in the blister formation. The bottom electrode was, therefore,
actively cooled to keep the sample temperature below 25◦C.

2.3 Stress measurements

An important parameter that can influence or even cause the formation of
blisters is the presence of compressive stresses in the deposited thin film. In
chapter 5 compressive stresses in the Mo/Si multilayer and their impact on
blister formation are discussed. In this section, the theory and equipment
used to determine the stress in the thin film are introduced.

2.3.1 Stoney’s equation

The average stress of an isotropic thin film, deposited on a substrate, can
be calculated from the curvature of the substrate. The mathematical ex-
pression, later known as Stoney’s equation, for the relation between stress
and curvature was first derived in 1909 by Stoney, who investigated the
curvature of steel strips with a thin metal coating deposited on them [3].
Since then, various versions of Stoney’s equation for various substrates have
been derived [3, 4, 5].

The basis of Stoney’s equation is that internal forces, F , and bending
moments, M , have to be in equilibrium. For a beam oriented along the
x-axis that bends in the z-direction, the equilibrium conditions are given
by:

F =

∫ ∫
σxx(z)dA = 0 (2.1a)

M =

∫ ∫
σxx(z)zdA = 0 (2.1b)
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with σxx the stress in the x-direction and dA a cross-sectional surface ele-
ment perpendicular to the x-direction. Using these equilibrium conditions,
Stoney’s equation for a beam under uniaxial thin film stress can be derived:

σtf = −Est
2
s

6

1

R
(2.2)

with σ the average film stress [Pa], tf the deposited film thickness [m], Es
Young’s modulus of the substrate [Pa], ts the substrate thickness [m], and
R the radius of curvature of the substrate [m].

In the case of a Mo/Si multilayer film, deposited on a Si(001) sub-
strate, the film stress is known to be biaxial and anisotropic. In this case,
Young’s modulus has to be replaced by the biaxial modulus of Si(001),
MSi(100)=180.31 GPa, and Stoney’s equation becomes [4]:

σtf = −
MSi(100)t

2
s

6

t2s
R

= −(30.05× 109)
t2s
R

(2.3)

From equation 2.3, it can be concluded that the average stress in the film
can be determined independently of the elastic properties of the deposited
film.

Stoney’s equation is only applicable if the substrate thickness is much
thicker than the total multilayer film thickness (ts � tf ), but still thin
enough to have a measurable radius of curvature change under the applied
thin film stress. For this reason, the Mo/Si multilayers were deposited on
thin c-Si substrates with a thickness of ≈150 µm, which is still about a
thousand times thicker than the Mo/Si multilayer.

With the elastic constants and thickness of the substrate know, equation
2.3 gives the relation between the substrate curvature, R, and the average
stress in the Mo/Si multilayer film. Changes in sample curvature were
measured by two different methods, as shown in figure 2.4: ex-situ using a
optical surface profiler and in-situ by a parallel laser beam. Both methods
will be discussed in the following sections (2.3.2 and 2.3.3).

2.3.2 Ex-situ sample curvature measurement

For the ex-situ sample curvature measurement, an optical surface profiler
(Zygo, NewView 7200) was used. This tool is based on scanning white light
interferometry (WLI) and creates a height map of the sample surface with
nanometer accuracy without being in contact with the surface. A schematic
drawing to explain the principle of this device is shown on the left in figure
2.4.

Briefly, the white light from an LED is coupled into a Michelson objective
where the light beam is split in two. One beam reflects from a high quality
reference mirror inside the interferometric objective, while the other beam
reflects from the sample surface. After reflection, the beams interfere with
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Figure 2.4: Two different methods of determining the sample curvature:
ex-situ by WLI and in-situ by a parallel laser beam.
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Figure 2.5: WLI result of the Mo/Si multilayer mirror. Optical interference
fringes as seen by the camera (left). The calculated height map after a
complete scan in the z-direction (right).

each other and an image of the sample surface is captured by the CCD
camera.

A typical image of the Mo/Si multilayer sample, as is seen by the CCD
camera, is shown in figure 2.5. Interference between the two light wavefronts
results in fringes. The sample is scanned by moving the objective vertically
with a piezoelectric transducer (PZT). During the vertical scan, the optical
path between the objective and sample changes, resulting in an intensity
variation or interferogram for each camera pixel. From the modulation in
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the light intensity, a computer calculates the height of each pixel in the
image. The lateral position of the pixel is calculated from the field of view
of the objective in use and the number of pixels on the camera.

The result of a measurement with the optical surface profiler is shown
on the right in figure 2.5. The surface curvature of the Mo/Si multilayer
sample is already clearly visible. After obtaining the height map, the surface
is fitted with a second order polynomial to deduce a single value for the
radius of curvature, R.

2.3.3 In-situ sample curvature measurement

During deposition of Mo/Si multilayers in the ADC coater, changes in sam-
ple curvature can be monitored in real-time using a parallel laser beam
apparatus, as is schematically depicted on the right in figure 2.4. The de-
vice consists of two parts: a part outside the vacuum chamber and a part
inside the vacuum chamber.

The part inside the vacuum chamber contains two mirrors and a clamp
for the sample substrate. For the in-situ stress measurement, the sample
substrate acts as a cantilever with one end clamped while the other end is
free to move. Therefore, the dimensions of the c-Si substrate change from
a square 25*25 mm2 shape to a rectangular 12*75 mm2 shape. The part
outside the vacuum chamber consists of a diode laser, beamsplitter, and
CCD camera. The laser beam is split into two beams that are parallel to
each other by a beamsplitter and a mirror. One of the beams, the reference
beam, reflects near the clamped end of the cantilever sample substrate while
the other beam reflects from the sample surface at the free end. After
reflecting from the mirrors in the vacuum chamber, both beams are directed
to the CCD camera where two laser spots are imaged.

During deposition of the Mo/Si multilayer on the substrate, the stress
in the deposited layer bends the cantilever. This will cause a deflection of
the laser beam incident on the free end of the cantilever, which is visible
as a movement of one of the laser spots on the the CCD camera. From the
distance between the two laser spots on the CCD camera, the curvature of
the cantilever sample substrate is calculated.
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Chapter 3

A model for pressurized hydrogen
induced thin film blisters

Abstract

We introduce a model for hydrogen induced blister formation in
nanometer thick thin films. The model assumes that molecular hy-
drogen gets trapped under a circular blister cap causing it to deflect
elastically outward until a stable blister is formed. In the first part,
the energy balance required for a stable blister is calculated. From
this model, the adhesion energy of the blister cap, the internal pres-
sure and the critical H-dose for blister formation can be calculated.
In the second part, the flux balance required for a blister to grow to
a stable size is calculated. The model is applied to blisters formed in
a Mo/Si multilayer after being exposed to hydrogen ions. From the
model the adhesion energy of the Mo/Si blister cap was calculated to
be around 1.05 J/m2 with internal pressures in the range of 175-280
MPa. Based on the model a minimum ion dose for the onset of blister
formation was calculated to be d = 4.2 × 1018 ions/cm2. From the
flux balance equations the diffusion constant for the Mo/Si blister
cap was estimated to be DH2 = (10 ± 1) × 10−18 cm2/s.
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3. A model for pressurized hydrogen induced thin film
blisters

3.1 Introduction

Nanometer thick multilayer structures can be designed and fabricated to
form an artificial Bragg structure that can be used to reflect light of a
specific wavelength. These mirrors can be found in synchrotrons, telescopes
and extreme ultraviolet optical systems [1, 2]. In many cases the surfaces
of such mirrors are exposed to fluxes of ionic and/or atomic hydrogen. This
may be on purpose, for example to remove contaminants from the mirror’s
surface to maintain optimal reflectivity [3, 4]. Exposure may also be due
to the environmental conditions, as in the case of telescopes operating near
planets and in the heliosphere [1]. Although exposure to hydrogen can be
beneficial for the multilayer optics, earlier investigations have shown that,
under certain hydrogen exposure conditions, surface blisters may appear,
which irreversibly damage the mirror surface[1, 5].

Blister formation is not exclusively related to multilayer mirrors but can
also be found in a much broader research field. For example in fusion reactor
wall studies and the smart-cut process for silicon on insulator fabrication
[6, 7, 8, 9, 10, 11]. Blisters have been observed in both heterogeneous
nanometer thick layered structures, and also in bulk materials. In addition
to hydrogen, helium ions have been found to induce blistering [12]. Based on
the experimentally observed blisters, several models have been developed to
predict the critical dose for the onset of blister formation, adhesion energy
and radius of the blisters [13, 14, 15, 16]. In general these models are
based on calculating the potential energy of the blister cap as a function of
pressure, volume and elastic constants of the cap material. When the strain
energy of deformation plus the surface energy is balanced by the mechanical
work of the gas trapped inside the blister a stable blister cap is formed.
Besides models based on potential energy calculations, blister formation has
been discussed in the framework of Föppl-von Karman theory, and finite
element simulations [17, 18, 19]. In these models, the coupling between
internal pressure and the intrinsic stress in the layer are discussed in terms
of buckling. In the work of Parry et al. [17] and Coupeau et al. [18, 19],
blisters were observed after additional compressive stress was applied to
the layer, through increasing temperature, or externally applied mechanical
force.

In this chapter, a blister formation model, based on pressure driven elas-
tic deformation, is introduced. Special attention is paid to blisters formed in
a Mo/Si multilayer by hydrogen ions, of which examples are shown in figure
3.1. Here, we extend the previously described potential energy models in
the following way. The compressive stress introduced during deposition is
taken into account and in place of the ideal gas law an empirical equation
of state (EOS), suitable for high pressure is used. Furthermore, we use the
stable blister size to estimate the diffusion of molecular hydrogen through
the blister cap. We show that the model agrees with experimental data.
Finally, the model predictions for the influence of initial intrinsic stress, the
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Figure 3.1: Two examples of surface blisters formed on a Mo/Si multilayer
after exposure to 200 eV hydrogen ions. AFM image (a) and a cross sec-
tional TEM image (b). The TEM image shows a delamination of the first
Mo/Si bilayer (Mo bright, Si dark).

adhesion energy, the blister’s internal pressure, and a minimum hydrogen
dose for the onset of blisters are discussed.

3.2 Theory

Blister formation is a multi-step mechanism that can qualitatively be de-
scribed by the following steps: i) Atomic and ionic hydrogen penetrates
into the subsurface region of the thin film, either by direct ion implantation
and/or diffusion; ii) Because the solubility of hydrogen in the target mate-
rial is limited, hydrogen segregates into micro cavities and defect sites where
it can recombine to molecular hydrogen and gets trapped; iii) The pressure
inside the cavity increases as more molecular hydrogen is accumulated up
to the point a blister is formed iv) The blister either stops growing or bursts
depending on the transport of hydrogen through the material [20].

To calculate the blister’s energy balance, a blister shape must be as-
sumed. Under the assumption that the blister cap can be described as an
isotropic elastic thin film that deflects due to the pressure in the blister
cavity a stable blister size can be calculated depending on the number of
trapped molecular hydrogen particles .
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3.2.1 Blister shape function

A commonly used function for describing the blister shape is a bell shaped
profile function as given by [14, 16, 21]:

z(r) =

 z0

(
1−

(
r
r0

)2)2

r ≤ r0.

0 r > r0.

(3.1)

In this formula, z(r) is the height of the blister cap at a distance r from the
blister top, which has a deflection z0. The blister radius is given by r0. This
function is a solution of the classical plate equation from Poisson-Kirchhoff-
Germain thin plate theory for small deflections [22]:

D∇2∇2z(r) = p, (3.2)

with p the pressure inside the blister and
D = Et3(12(1−ν2))−1 the plate constant. The plate constant is determined
by the blister cap thickness t, Young’s modulus, E, and Poisson’s ratio, ν.
For a circular plate with fixed boundaries, i.e.

2D 1
r
d
dr

[
1
r
d
dr

(
r dz(r)dr

)]
= p,

z(r0) = 0, dz(r)dr |r=r0 = 0,
(3.3)

the differential equation can be solved analytically to obtain equation 3.1
with blister radius, r0, and a maximum deflection given by:

z0 =
pr40
64D

. (3.4)

The above equation relates the blister shape to the internal pressure of
the blister but only takes into account the bending moment of the blister.
This means that for small deflections z0 << t the blister height scales
linearly with pressure. As will be shown in the next section, a correction
due to stretching should be taken into account for large deflections. The
analytical solution presented in equation 3.1 is fitted in figure 3.2 (solid
lines) to experimentally measured AFM profiles of Mo/Si blister caps. To
fit equation 3.1, z0 and r0 are taken as free parameters. As can be seen
in figure 3.2, there is a good fit between the analytical shape function and
the measured AFM profiles of the blister cap. The residual of the fit as
given in the bottom graph is typically less than 8%. The fit of equation 3.1
overestimates the measured blister radius, which can be seen by the increase
in the residual near the edge of the blister. This disagreement is likely due
to local plastic deformation near the edge of the blister[23]. In the model
described in this chapter plastic deformation is neglected.
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Figure 3.2: Measured profiles of four blister caps (points) fitted with analyt-
ical expression of equation 3.1 (solid lines). Bottom graph (b) gives residual
of fitted function.

3.2.2 Energy balance of blister cap

Several other calculations for the energy of the blister cap can be found
in literature. For example Selvadurai [16] balance the elastic strain energy
including substrate deformation by the surface energy to determine the
adhesion energy of thin films, while Freund [13] and Hong and Cheong [14]
take only the strain energy and surface energy into account to determine
the minimal ion dose required for blisters to form.

For the blisters formed in a Mo/Si multilayer the following equation is
used to calculate the total potential energy of the blister cap:

Etot(z0, r0) = Ub + Us + Γ +Wexp + Eint. (3.5)

In which the surface energy, Γ, the elastic bending energy, Ub, and the
stretching energy, Us, is balanced by the expansion work done by the blis-
ter’s internal pressure, Wexp, and the release of intrinsic compressive stress
energy, Eint. The energy balance described by equation 3.5 assumes that
the deflection of the blister cap is small (r0 � z0) and the blister cap is
thin (r0 � t). As the observed deflection is comparable to the plate thick-
ness (z0 ≈ 3t) both stretching and bending are taken into account. To
calculate Ub and Us, the blister cap is assumed to be isotropic and elastic
with a shape given by equation 3.1. The elastic constants are assumed not
to change due to e.g. hydrogen embrittlement. It is also assumed that
the substrate is rigid and, therefore, the strain energy of the substrate is

29



3. A model for pressurized hydrogen induced thin film
blisters

neglected. Dunders’ coefficient for delamination at the Mo on Si interface
(αd = (Ēf − Ēs)/(Ēf + Ēs), with Ēn = En/(1 − ν2n)) is estimated to be
αd ≈ 0.45 [24, 25, 26, 27]. For αd ≈ 0.45, Parry et al. [28] predicts that the
blister’s deflection is 15% more compared to a perfectly rigid substrate.

For small deflections (z0 < r0) of a thin film, the bending energy in
cylindrical coordinates is defined as[22]:

Ub =
1

2
D

∫∫ {(
∂2z

∂r2
+

1

r

∂z

∂r

)2

−

2(1− ν)
∂2z

∂r2

(
1

r

∂2z

∂r2

)}
rdrdθ =

32

3
πD

(
z0
r0

)2

. (3.6)

If the deflection of the blister cap becomes comparable to the thickness,
z0 > t, the stretching term, Us, becomes significant. In this case, the in
plane radial displacement u(r) must be taken into account. Following the
procedure of virtual displacement from Timoshenko and Woinowsky-Krieger
[22], and taking for the radial displacement:

u(r) = r(r0 − r)(C1 + C2r), (3.7)

the corresponding stretching energy is given by:

Us =
πEt

1− ν2

∫ r0

0

(ε2r + ε2θ + 2εrεθ)rdr

εt =
∂u

∂r
+

1

2

(
∂z

∂r

)2

, εθ =
u

r
. (3.8)

By minimizing the stretching energy, constants C1 and C2 can be calculated
by taking the partial derivatives (∂Us)/(∂C1) = (∂Us)/(∂C2) = 0. This
reduces equation 3.8 to:

Us =
32

3
πD

(
z0
r0

)2{
3

32
C
(z0
t

)2}
(3.9a)

C =
−5582ν2 + 8500ν + 15010

6615
. (3.9b)

The surface energy released by the blister is given by the delaminated
area as:

Γ = 2γπr20. (3.10)

with γ the surface energy of the blister cap to substrate interface. In the
model, a single value for the surface energy is assumed. In general, the
adhesion energy changes as the blister grows in size because changes in the
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Table 3.1: Coefficients for Equation of State (EOS) of hydrogen given be
equation 3.12 for a temperature T=298K

Value Value

A(=RT) 2479.62 D 3.3804× 10−15

B 1.4384× 10−5 E 9.2492× 10−20

C 3.5637× 10−10 F −4.7594× 10−25

mode mixity of the crack front appear [24]. However, for high blister pres-

sures pn = pEOS
{

(1− ν2)/E
}
{r0,eq/t}4 > 1 there are only minor changes

in the mode mixity and the adhesion energy is, therefore, assumed to be
constant.

The work done by isothermally expanding n gas particles inside a blister
cavity in terms of pressure and volume is:

Wexp = −
∫ V1

V0

pEOS(V )dV +W0. (3.11)

Where pEOS(V ) is the pressure as a function of volume, which is given by
the equation of state (EOS). For large blisters the EOS is simply the ideal
gas law, but as the blister volume approaches zero, the gas significantly
deviates from the ideal gas law due to particle interactions. Around the
stationary point of the blister, the following EOS of state can be used, as
found experimentally by Michels et al. [29] for H2 pressures in the range of
2-300 MPa [29]:

pEOS(V ) = A
n

V

{
1 +B

n

V
+ C

n2

V 2
+D

n3

V 3
+ E

n4

V 4
+

F
n5

V 5

}
, (3.12)

with n the number of particles in moles, V the volume in cubic meter and
coefficients A through F as given in table 3.1. With the above EOS, the
molar density approaches that of solid hydrogen for pressures around 300
MPa. For the expansion work, this leads to the equation:

Wexp = W (V1)−W (V0) +W0 (3.13a)

W (V ) = −An
{
ln(V )−B n

V
− 1

2
C
n2

V 2
+ ...

}
(3.13b)

V =
1

3
πr20z0, (3.13c)

where W0 is the expansion work done for pressures above 300 MPa, and
W (V1)−W (V0) is the expansion work done for pressures within the validity
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Table 3.2: Material constants and dimensions used to model the blister cap
in a Mo/Si multilayer

Parameter Value

E 215 GPa∗)

ν 0.18∗)

γ 1.05 J/m2

σint 500 MPa
t 7 nm

∗)Calculated values taken from Loopstra et al. [31]
.

range of the EOS. We assume that W0 is constant for all blisters formed.
The blister volume is calculated by taking the volume integral of equation
3.1.

Depending on the deposition process of the multilayer, the average stress
of the Mo/Si bilayer can vary from hundreds of MPa pressure compressive
to tensile [30]. For an initially compressively stressed blister cap the energy
released by the delaminated layer is given by:

Eint = −1− ν
E

σ2
inttπr

2
0, (3.14)

Where σint is the average compressive stress in the thin layer. If the film
has a tensile stress the sign of the energy is changed and additional energy
needs to be added to deflect the surface outward. As clamped blister cap
conditions are assumed (no radial displacement and rotation of the blister
edge), equation 3.14 only considers the strain energy stored within the de-
laminated area (r < r0). One can show that for a deposited multilayer with
material parameters as shown in table 3.2, the intrinsic stress has only a
minor effect on the energy balance. (Compared to Ub and Us, the intrin-
sic stress is about two orders of magnitude lower, ≈ 10−14J compared to
≈ 10−16J).

Adding all energy terms as given by equation 3.5, the total energy of
the blister cap as a function of blister radius and height can be found for a
fixed number of n hydrogen particles inside the blister cavity. For a Mo/Si
multilayer the contour lines of the energy surface for 15 million trapped
particles is shown in figure 3.3. In this calculation material constants and
dimensions are used as shown in table 3.2.

In the white area the pressure inside the blister exceeds 300 MPa. At
those pressure the hydrogen densities approaches that of solid hydrogen and
the expansion work can no longer be calculated from the EOS. For the lim-
iting case it can be seen that as the volume goes to zero, the expansion work
tends to infinity. On the other hand, the surface energy (blister radius) and
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Figure 3.3: Contour plot of Etot(z0, r0) for 15 million trapped hydrogen
particles. At (160, 29) a stable minimum is found for the total energy of the
blister cap

stretching energy (blister height) will increase continuously for an increas-
ing blister size. Thus, for a fixed number of trapped molecular hydrogen
inside the blister, a stable minimum in the blister cap energy can be found,
as indicated by the red arrow in figure 3.3.

3.2.3 Stable blister shape

To find the stable point as shown in figure 3.3 the partial derivatives of Etot
with respect to r0 and z0 are taken. This leads to the following equations
for the stable point:

z0,eq =
pEOS(n, r0,eq, z0,eq)r

4
0,eq

64D

1

1 + 3
16C

( z0,eq
t

)2 (3.15a)

r0,eq = 4

√
16Dz20,eq

γ − 1−ν
2E σ2

intt

{
1 +

5

32
C
(z0,eq

t

)2}
. (3.15b)

The first equation relates the blister’s internal pressure to its dimensions
r0 and z0. It is comparable with equation 3.4 but an additional term is
included that takes the stretching of the blister cap into account. With
increasing number of particles the stable blister size increases. The second
equation gives the minimum in the blister cap energy surface. If z0,eq � t
there is a linear dependence between the blister radius and blister height.
In figure 3.4 the stable blister dimensions for four different surface energies
are calculated taken the values as given in table 3.2. It can be seen that
for increasing surface energies the ratio between blister height and radius
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Figure 3.4: Equilibrium of blister radius and height as a function for four
different surface energies. The experimental data is an AFM measurement
of blisters formed on a Mo/Si multilayer after hydrogen exposure.

increase. To verify the model, data is taken from an atomic force micro-
scope measurement on a blistered Mo/Si multilayer surface being exposed
to hydrogen. From the graph it is seen that the surface energy of the de-
laminated surface is around 1.05 J/m2 which equals the surface energy of
a-Si as can be found in literature: 1.05±0.14 J/m2 [32]. For comparison
the surface energy of (001) Mo and (001) MoSi2 is around 3.97 J/m2 and
3.86 J/m2 respectively [33]. So based on the model it is expected that the
delamination has taken place within the a-Si layer.

For a stable blister, both equations 3.15a and 3.15b have to be satis-
fied. When both equations are combined and dimensionless constants are
introduced, the following relation between internal pressure pEOS , intrinsic
stress σint, and surface energy γ is obtained:

pn = znζ

√
24γn −

12

1 + ν
σ2
n (3.16a)

ζ =
16
3 + Cz2n√

32z2n + 5Cz2n
(3.16b)

with zn = z0,eqt
−1, rn = r0,eqt

−1, Ē = E(1 − ν2)−1, pn = r4npEOSĒ
−1,

γn = r4nγ(Ēt)−1 and σn = r2nσintĒ
−1. From equation 3.16, it can be seen

that the internal pressure decreases with increasing layer stress, as expected
from Parry et al. [17].
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Figure 3.5: Blister pressure and density as a function of the stable blister
radius. The dash dotted line gives the experimental measured blister radii
and their corresponding ranges for the pressure and density.

3.2.4 Hydrogen density and pressure inside a Mo/Si multilayer
blister

From a measured blister shape, the hydrogen density and pressure inside
the blister can be calculated with equations 3.15 and 3.12. In figure 3.5 the
blister pressure and density is given as a function of the stable blister ra-
dius. For blister radii smaller than ≈90 nm the hydrogen density necessary
for stable blisters to form approach values of solid hydrogen (dotted line).
The dash dotted line gives the measured blister radius range and the corre-
sponding range in blister density (20.1-25.3 H2/nm3) and pressure (175-280
MPa).

When the stable blister shape and density are known, an estimate can
be made on the minimum dose required to form the blister. For an observed
blister with a radius of 98 nm and corresponding height of 17 nm, the local
hydrogen density has to be 25.3 H2/nm3. This means thatNmin=4.3 million
particles have to get trapped in the blister cavity. The number of hydrogen
particles reaching the blister volume Nmin is given by:

Nmin =
1

2
fdπr20. (3.17)

In this equation, d is the incident hydrogen ion dose per unit area and f
the fraction of the incoming ions that can penetrate through the blister cap.
The factor of one half takes into account recombination of hydrogen ions
to stable molecular hydrogen. In this equation the diffusion of hydrogen
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after implantation is neglected. To estimate f , an SRIM calculation was
performed for a Mo/Si multilayer irradiated by 100 eV hydrogen ions (see
figure 3.6) [34, 35]. The fraction of the total flux that can penetrate through
the first bilayer is f ≈ 6.8× 10−3. Filling in those number in equation 3.17
gives a minimum required ion dose of d = 4.2 × 1018 ions/cm2. This is
indeed below the actual measurement dose of 1.25× 1019 ions/cm2.

Equation 3.17 accounts for ions that directly penetrate through the blis-
ter cap, but neglects any hydrogen diffusion. This is justified because the
estimated timescale of hydrogen diffusion is long (hours order of magnitude,
see section 3.2.5)), compared to the timescale of blister formation.

3.2.5 Blister stabilization

In the analysis above only the static case of the blister is considered where
the number of trapped hydrogen particles inside the blister is fixed. But in
general, depending on the in- and outflux of hydrogen (Hin, Hout), three
cases can be distinguished: i) Hin > Hout: the number of trapped hydrogen
particles is increasing and the blister grows, ii) Hin = Hout: the number
of trapped hydrogen particles is fixed and the blister is stable at its en-
ergetically most favorable shape, iii) Hin < Hout: the number of trapped
hydrogen particles is decreasing and the blister size decreases assuming the
deformation is completely elastic. By knowing the in- and outflux as func-
tion of time the dynamic behavior of the blister can be described.

The influx of hydrogen per unit of time Hin H2/s is given by:

Hin =
1

2
φfπr20, (3.18)

with φ ions/cm2s the hydrogen ion flux at the surface and f the fraction
of ions that can penetrate through the blister cap. The out diffusion, Hout

H2/s, of hydrogen can be estimated using Fick’s law:

Hout = DH2

n/V

t
Sblister. (3.19)

The diffusion constant DH2
cm2/s depends on the blister cap material and

n is the number of hydrogen particles that are trapped inside the blister
with a volume V . Sblister is the blister cap surface area:

Sblister =

∫∫
z(r)dS ≈ πr20F. (3.20a)

F = 1− 0.0036

(
z0
r0

)
+ 0.715

(
z0
r0

)2

− 0.205

(
z0
r0

)3

(3.20b)
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Figure 3.6: SRIM calculation of hydrogen ion penetration depth in a Mo/Si
multilayer with native SiO2 on top. Fraction f of total flux that reaches a
certain depth (dashed line) and number of ions at certain depth (solid line)
are given.

From the final shape of the blister, the diffusion constant DH2 can be
calculated by combining equation 3.18 and 3.19:

DH2
=
φftV

2n

1

F
. (3.21)

Taking the blister shape of the measured data with a number density
between 20.1-25.3 H2/nm3 exposed at a constant flux of φ = 1 × 1014

ions/cm2s, the diffusion constant is around DH2
= (10± 1)× 10−18 cm2/s.

This is about an order of magnitude higher than the literature value for
hydrogen diffusion in c-Si[25]: DH2

= 2.36× 10−18 cm2/s.

Before the blister is stabilized the blister is growing what means that
Hin > Hout. Because the influx of hydrogen particles per unit area is
constant during the experiment, the outflux of hydrogen per unit area has
to increase during the blister growth until the influx is balanced and the
blister growth will stop. This means that regarding equation 3.19 that the
hydrogen density, n/V, and/or the diffusion constant, DH2

, has to increase
in time. At the start of the hydrogen exposure the concentration inside the
multilayer is zero and it is slowly increasing with time. While the influx is set
instantaneously by the ion flux and energy, the outflux is increasing towards
the influx value with a certain delay depending on the diffusion constant
DH2

and thickness of the blister cap. The timescale for out diffusion can
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be estimated with:

τ =
t2

DH2

≈ 104s. (3.22)

This is the typical time it takes for a hydrogen particle to diffuse through
the blister cap. During this time about τ×Hin = 4 million H2 particles have
penetrated through the blister cap. This is about the number of particles
needed to form a stable blister of 100 nm in radius. For a large diffusion con-
stant the delay between in and outflux becomes smaller and no blisters will
form at all as not sufficient hydrogen can get trapped. On the other hand a
lower diffusion coefficient will increase the blister size as more particles get
trapped before a balance between in and outflux is established.

Although it is possible to form a stable blister where fluxes are balanced,
this point doesn’t have good stability. As the blister radius increases beyond
the stable point, the influx of hydrogen per unit area becomes larger than
the outflux and the blister can continue to grow until it bursts. This con-
tradicts the stable blister shape observed on a Mo/Si multilayer. A possible
explanation for this can be found in a time dependent diffusion constant.
Studies on the hydrogenation of amorphous silicon have shown that the
permeability of a-Si can change significantly during the hydrogenation [36].
These studies suggest that before the Si layer is fully saturated, only atomic
hydrogen can diffuse through the silicon layer, and the rate of diffusion is
rather low. However, once a-Si:H is fully hydrogenated, H2 can freely and
rapidly diffuse through the layer. This means that during the blister for-
mation process this enhanced outdiffusion of hydrogen may prevent further
blister growth. If a certain change in the diffusion is sufficient to stop the
blister from growing depends on the time and scale of the change. If the
change in diffusion is around the initiation point of the blister, a doubling
in the diffusion constant could be enough to stop the blister growth process.
In addition, Coupeau et al. [21] also suggest that changes in the diffusion
process occur during blister formation. Coupeau et al. show that the evolu-
tion of blisters on a pure silicon surface has small discontinuities over time,
which the authors address to changes in the diffusion process.

3.3 Conclusion

The results presented here show that an elastic energy balance of a blister
cap can be applied to hydrogen induced blister formation in Mo/Si multi-
layer mirrors. The model shows that the blister formation is mainly caused
by the accumulation of hydrogen under the blister cap and a that a stable
blister can be formed with a fixed number of particles inside. From the mea-
sured blister radius and height the surface energy, pressure and minimum
hydrogen dose for blister formation could be calculated from the model. In
second part the diffusion and penetration through the blister cap was con-
sidered. Given a fixed influx of hydrogen and assuming a linear outdiffusion
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of hydrogen, a diffusion constant for hydrogen through the blister cap could
be calculated. Furthermore, the lack of blister expansion once the a stable
blister has been formed is likely caused by a time dependent permeability
of the blister cap.
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[15] K. Mitani and U. M. Gösele. Formation of interface bubbles in bonded
silicon wafers : A thermodynamic model. Applied Physics A: Solids
and Surfaces, 54:543, 1992.

[16] A. P. S. Selvadurai. On adhesion energy estimates derived from the
pressurized brittle delamination of a flexible thin film. Acta Materialia,
55:4679, 2007.

[17] G. Parry, C. Coupeau, E. Dion, M. L. David, J. Colin, and J. Grilhé.
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Chapter 4

Blister formation in Mo/Si multilayered
structures induced by hydrogen ions

Abstract

We report on blister formation in nanometer thick Mo/Si multi-
layer structures due to exposure to hydrogen ion fluxes. The influence
of hydrogen flux and ion energy for blister formation have been mea-
sured and compared to a blister model. The blister number density
increases significantly around 100 eV when increasing the ion energy
from 50 to 200 eV. This stepwise behavior could be explained by the
fact that for energies >100 eV hydrogen ions could directly penetrate
to the depth where delamination takes place. From the blister model
also the blisters internal pressure and surface energy was calculated
to be around 100-800 MPa and γ=1.87 J/m2 respectively.
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induced by hydrogen ions

4.1 Introduction

Hydrogen induced blistering is a known mechanism for material degrada-
tion. Examples include corrosion of steel due to hydrogen sulfide exposure,
and hydrogen implantation of fusion reactor wall materials [1, 2]. Hydrogen
implantation and blistering is also used in manufacturing processes, such as
the smart-cut process [3, 4]. As a result, hydrogen uptake, diffusion, and
blistering in homogeneous materials has been the subject of intense research
[5, 6, 7, 8, 9].

Heterogeneous materials, on the other hand, have been subject to far less
study. Molybdenum silicon layered hetero structures (Mo/Si multilayers)
are used as artificial Bragg crystals to reflect light of a specific wavelength.
These mirrors are used in vacuum optical systems, such as extreme ultravio-
let optical systems, space telescopes, and synchrotrons [10, 11]. To maintain
optimal reflectivity and increase the optics lifetime, contaminants are often
removed from the surface by exposing the surface to atomic and ionic hy-
drogen [10, 12, 13]. In some cases, hydrogen exposure has led to nanometer
size blisters on the mirror surface.

Empirical studies of blistering in Mo/Si multilayers, due to ion implan-
tation and atomic hydrogen exposure have been reported [11, 14, 15]. The
experimental results can be used to study the role of diffusion, compared
to direct implantation. Furthermore, because blistering occurs only at spe-
cific interfaces, the roles played by elastic deformation, surface energy, and
internal strain can be directly compared.

In order to study the phenomena of blistering in layered hetero struc-
tures, we previously developed a model, based on elastic deformation, to
predict the equilibrium blister characteristics [16]. Our model allows blister
dimensions to be correlated to hydrogen ion flux and energy.

In this work, the influence of hydrogen ions on nanometer thick Mo/Si
multilayers is experimentally investigated in more detail. The experimental
observations are directly compared to model predictions. Mo/Si multilayers
were exposed to different hydrogen fluxes and ion energies in the 50-200 eV
range. After exposure, the blister dimensions were measured and compared
to those predicted by an elastic model. We use the model to derive a
critical ion dose that is required for blistering due to direct implantation.
By fitting the measured morphology to the elastic model, the surface energy
is estimated, which, in turn, allowed the delamination region to be more
accurately determined.

4.2 Experimental

4.2.1 Molybdenum silicon multilayer samples

To investigate blister formation inside multilayer mirrors, nanometer thick
molybdenum and silicon layers were deposited on a Si(100) substrate by

44



4.2. Experimental

TEM HAADF-STEM

Si

Mo

Si

Mo

Si

Mo

Si

Mo

Si

Mo

Si

Mo

Si

Mo

Si

SiO2

20 nm

Figure 4.1: TEM bright (left) and dark (right) field images of the same
Mo/Si multilayer. Calculated thicknesses of the layers are indicated by the
red lines. The green lines assume 1 nm of the top a-Si layer is oxidized.

magnetron sputtering. The deposition times for each individual layer were
24.4 (Si) and 19.5 (Mo) seconds respectively. Each multilayer sample con-
sisted of 50 bi-layers of ∼2.8 nm polycrystalline Mo and ∼4.3 nm amorphous
Si, giving a 7.1 nm period. The first layer of molybdenum was deposited
directly on the silicon wafer and the multilayer was Si terminated.

Between deposition, hydrogen exposure and surface inspection, samples
are transported through air. Therefore, native SiO2 is expected to form on
top. Previously deposited a-Si layers show a self-limiting oxide formation
with a thickness of only ∼1.3 nm [17].

From earlier investigations it is known that asymmetric MoSi2 interfaces
will form between the layers [18, 19, 20]. Based on the total compaction of
the multilayer stack (difference between calculated period from calibrated
linear growth rates and measured period by TEM), the interface thicknesses
are estimated to be ∼0.59 nm and ∼0.44 nm for the Mo-on-Si and Si-on-Mo
interfaces respectively. After deposition, each mirror was divided into four 1
cm2 samples, so that multilayer structures from same deposition run could
be exposed to different hydrogen conditions.

Figure 4.1 shows a TEM image of a multilayer after exposure to 200
eV hydrogen ions. The calculated thicknesses, as given in the text, are
indicated by the solid lines in the image. In the figure a blister at the
second Mo-on-Si interface is clearly visible.

4.2.2 Hydrogen exposure setup

To induce blister formation, samples were exposed to hydrogen ions by a DC
ion source (Oxford Applied Research, DC25s) that can generate hydrogen
ions in an ion energy range between 10 and 200 eV. To uniformly expose
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Figure 4.2: Ion energy density function of the hydrogen ions for different
ion energy settings. For clarity the spectra have a vertical offset and the
H+ signal is magnified 3 times.

the mirror samples, the samples were mounted on a sample holder placed
140 mm in front of the ion source. At this distance the spacial flux variation
of the sample was measured to be ≤7%. The total ion dose for all samples
was kept constant at (1.25±1)×1019 ions/cm2. The ion mass and energy
distribution was measured with an EQP analyzer (Hiden Analytical) and
a Faraday cup (CCR technology, CEA4). The Faraday cup is used to de-
termine the total ion flux, and the EQP is used to measure the relative ion
energy density distribution function (IEDF). Together, these measurements
provide the absolute IEDF. Figure 4.2 shows the IEDF for the exposure
conditions that are relevant to the experiments described in this chapter
(∼18 sccm H2 at a background pressure of 5.5×10−4 mbar). The ion source
mainly produces H+

2 ions with small fractions of H+ and H+
3 ions. In table

4.1, the total ion flux and the fractions of each specie is given. Compared
to the set ion energy, the IEDF shows a main peak, containing more than
80% of the total ion flux about 3 eV higher than expected. For H+ ions, a
second peak at half the set ion energy is also observed. Depending on the
set ion energy this secondary peak contains between 0.4-3.8 percent of the
total ion flux.

By varying the cathode current of the ion source, the total ion flux
could be varied. According to the flux, the samples were exposed to three
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Table 4.1: Total flux for different ion energies and species. The ion fractions
are calculated from the integrated IEDF signal.

Ion energy Total ion flux Fraction

[eV] [×1013 ions/cm2s] H+ H+
2 H+

3

50 4.48 0.04 0.77 0.19
100 10.87 0.04 0.77 0.19
150 10.48 0.06 0.76 0.18
200 17.17 0.10 0.76 0.14

Table 4.2: Ion fluxes for different exposure conditions. The uncertainty is
given by 2σ of the mean ion flux.

Ion energy Total ion flux [×1013 ions/cm2s]

[eV] Highest flux Low flux Increasing dose

50 6.71±0.10 5.32±0.47 —
100 10.72±0.16 7.40±1.10 10.9-14.6
150 11.86±0.27 7.38±0.42 9.9-17.3
200 15.26±0.38 7.55±0.36 7.5-14.8

different exposure settings: i) Highest flux: ion gun was set to produce
maximum ion flux available for the selected ion energy; ii) Low flux: ion
gun was set to produce a lower flux; iii) Increasing dose: ion gun was set
to produce maximum ion flux available, but the total ion dose was applied
in six smaller dose steps. To ensure that all samples were exposed to the
same dose ((1.25±1)×1019 ions/cm2), the total ion flux was estimated by
monitoring the drain current on the sample plate. Because the total dose
to all samples was kept constant, the exposure time depends on the ion
flux, which reduces with energy and increases with filament age. Table 4.2
gives an overview of the measured ion fluxes during the different types of
exposure. For the increasing dose exposures, the range of mean ion energy
fluxes is given for all six dose steps. The differences in mean ion flux for
each dose are caused by the filament aging.

During ion implantation the temperature of the sample was monitored
by a thermocouple attached near the sample. It was observed that the
temperature stabilizes at 60◦C during implantation for all ion energies. As
all samples have been exposed under the same temperature conditions, any
effect of temperature on the blister size as found previously by Kuznetsov
et al. [14] is neglected.
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4.2.3 Sample analysis

After exposure, samples were inspected by AFM and dark field optical mi-
croscopy. Additional SEM and TEM analysis were performed on some sam-
ples to determine the depth of blistering, and to obtain morphological details
that are less apparent in AFM images (e.g. cracks).

By processing the data, the blister number density, and blister height
and radius distributions could be determined. To determine the blister
dimensions, an AFM image of the blistered surface of 100 µm2 is taken
from the center of the sample. After a curved background of the blistered
surface was subtracted, blisters were selected by a height threshold. From
the distribution only single circular blisters were selected. More complex
blister structures e.g. blisters on top of other blisters and edge blisters were
removed from the data before any further analysis was performed. For the
blister number density, the area was corrected for the removed blisters.

For each selected blister, the surface was fitted with a bell-shape function
given by:

z(r) =

 z0

(
1−

(
r
r0

)2)2

r ≤ r0
0 r > r0

(4.1)

where z0 is the maximum deflection, and r0 the blister radius. The shape
function of equation 4.1 is the analytical solution of the deflection of a
clamped circular thin plate under pressure according to Poisson-Kirchhoff-
Germain thin plate theory [21]. This shape function is also used to calculate
the energy stored in the blister cap through elastic deformation (bending
and stretching) as part of the blister model described in van den Bos et al.
[16].

In the blister model of van den Bos et al. [16], the equations for a stable
pressurized blister are derived. It considers energy minimization of the
elastic deflection of a thin circular plate under a pressure p. For a given
stable blister with radius r0 and height z0, the following relations for the
surface energy and internal blister pressure can be found [16, 21]:

γ = 16D

(
z0
r0

)2
{

1

r20
+

5C

32t2

(
z0
r0

)2
}
. (4.2a)

p = 64D
z0
r0

{
1

r30
+

3C

16t2

(
z0
r0

)2
1

r0

}
. (4.2b)

Where γ is the surface energy in [Jm−2], t is the blister cap thickness, D
the flexural rigidity [Pa·m3] and C(=2.47 for a Mo/Si multilayer) a constant
that depends on Poisson’s ratio only. The flexural rigidity is defined as D =
Et3(12(1 − ν2))−1 with E and ν Young’s modulus and Poisson’s ratio. In
these equations, 4.2, any plastic deformation is neglected. It is assumed that
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the main cause of deflection is the hydrogen pressure building up underneath
the blister cap and that the influence of compressive stress in the layer can
be ignored.

Buckling of compressively stressed thin film to form a circular blister
has been investigated in detail by Hutchinson et al. [22], Hutchinson and
Suo [23]. The critical stress σc required to buckle away a thin circular plate
under compressive stress and in absence of any gas pressure is given by:

σc = 1.2235
E

1− ν2

(
t

r0

)2

. (4.3)

Above equation assumes that the layer is already detached from the sub-
strate over the complete blister area and that the edges are clamped. Cal-
culating the critical compressive stress to form a blister with radius r0 ≈100
nm at the first Mo-on-Si interface is 1.84 GPa (assuming E=215, ν=0.18)[24].
This an order of magnitude higher than the typical compressive stress in
the multilayer after deposition which is in the range of a few hundred
MPa[25, 26]. This means that for the experimentally observed blister sizes,
hydrogen pressure is required to form the small blisters.

4.3 Results and discussion

4.3.1 Blister formation in 50-200 eV ion energy range

Figure 4.3 shows typical SEM and dark field optical microscope images
of the mirror surface, and a TEM cross section of a mirror, after being
exposed to 200 eV hydrogen ions. As can be seen in the images two distinct
blister size distributions are formed: small blisters with a radius <150 nm
and large blisters with a typical radius of ∼450 nm. Note that the dark
field optical microscope image only shows large blisters. Inspection of all
exposed samples showed that large blisters are only formed for ion energies
equal or larger than 100 eV and with number densities that are three orders
of magnitude lower. From the cross-sectional TEM measurements it was
observed that blisters are formed by a delamination within the top two
Mo/Si bi-layers and no deeper. This is in agreement with earlier work of
Kuznetsov et al. [27, 28] where exposures at higher ion energies but lower
ion dose are performed (typical 800-1000 eV, ×1015 ions/cm2). Although
the blisters appear to form near the Mo-on-Si interface, the TEM image
resolution is not sufficient to determine if delamination occurs in the Si,
Mo, or the MoSi2. Moreover, the TEM images show more complex blisters
structures, where blisters are formed on top of other blisters. For example
in figure 4.3b small blisters are formed within a single Mo/Si bilayer near
the rim of a large blister (indicated by the red arrows). These blisters
were only observed for energies of 150 and 200 eV, where the total blister
number density is much higher (see section 4.3.4). In the remainder of this
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200 nm

200 nm

(a)

(b)

(c) (d)

Figure 4.3: Cross-sectional TEM images of a blistered surface after hydrogen
ion exposure at 200 eV (a, b). Blisters occur near the 1st and 2nd Mo on Si
interface. Close to the rim of a big blister, small blisters are formed within a
single bilayer as indicated by the red arrows. SEM (c) and dark field optical
microscope (d) image of a blistered surface. A cracked blister is indicated
by the black arrow. In the dark field image only large blister were visible.

chapter these complex blister structures will not be discussed and the focus
is on single circular blisters. SEM imaging revealed that most blisters caps
are still intact, apart from a minority of small blisters, where cracks were
observed.

Figure 4.4 shows examples of measured blister profiles fit with equation
4.1 (solid line). The large blisters are scaled in both axis by a factor of
0.38 for comparison. These data are typical, and a close fit is achieved
for all exposure conditions and over the entire examined ion energy range
of 50 to 200 eV. The blister’s aspect ratio z0/r0 ≈ 0.2 is nearly constant
for all exposure conditions. This is in agreement with the blister model.
From equation 4.2a, it can be seen that the aspect ratio for a stable blister
becomes constant for deflections z0 & 1.61t and only depends on material
parameters. On the other hand, the exposure conditions do influence the
number density and blister size. This will be discussed in more detail in
sections 4.3.4 and 4.3.3.
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Figure 4.4: AFM profiles of seven different blisters (a) and their correspond-
ing 3D image (b). The blister profiles (a) are highlighted by squares in (b).
Dimensions of large blisters 5 and 7 are scaled by a factor 0.38 to fit on the
same axis.
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Figure 4.5: Increase in large blister number densities with hydrogen ion
dose. Optical image and SEM image show that large blisters appeared at a
lower dose (2.52×1018) than small blisters (7.51×1018).

4.3.2 Evolution of blisters with hydrogen ion dose

To investigate the timescale and evolution of blister growth, the total dose
of (1.25±1)×1019 ions/cm2 was split in to six smaller dose steps. After
each dose step the samples were inspected using optical microscopy and
SEM imaging. The number of large blisters on a pre-defined area of the
mirror surface was counted, to allow the evolution of blister numbers and
size to be observed as the hydrogen dose increased.

Figure 4.5 shows the increase of blister number density with ion dose
for 150 eV and 200 eV ion energy. The graph shows that >50% of the total
number of blisters are formed within one dose step. After a blister has been
observed, no significant growth in blister size with increasing hydrogen dose
was seen. This means that the timescale of blister growth is shorter than the
time of each dose step (∼5 hours). With increasing dose, the blister number
density saturates. Investigation of the 150 eV sample with SEM showed that
small blisters were formed between an ion dose of 5×1018 and 7.5×1018

ions/cm2. This is after most large blisters have already formed. Therefore,
large blisters are not the result of small blisters that increase in size. From
equation 4.2b it can be seen that for a constant blister aspect ratio, z0/r0,
the pressure and hydrogen density required to form large blisters is lower
than that for small blisters. This may explain why large blisters are formed
at an earlier stage of the exposure. The appearance of large and small
blisters after hydrogen ion exposure of Mo/Si multilayers has been observed
in earlier work by Kuznetsov et al. [15]. Kuznetsov et al. [15] suggested that
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large blister are formed at pre-existing defect sides in the multilayer, while
smaller blisters are formed at newly created defects due to ion bombardment
of the multilayer. Although the results of Kuznetsov et al. [15] and the
work presented here are in agreement with this hypothesis, more detailed
investigations of the initial stage of hydrogen accumulation near defect sites
in a Mo/Si multilayer has to be performed to validate this hypothesis.

The AFM data typically shows less than 10 large blisters on a 100 µm2

surface area. Because of the low statistics available for these large blisters,
only small blisters are considered in the remaining sections (4.3.3-4.3.5).

4.3.3 Blister size and surface energy

Figure 4.6 displays the height and radius distribution for 100 eV and 150 eV
exposures at a high and low fluxes. The height distribution has two maxima.
One around ∼20 nm and another one below 10 nm, which is truncated
because of the lower measurement limit due to background subtraction.
The blister radius distribution shows a main peak which depends on the
flux. In addition, the blister radius distribution has a shoulder at smaller
blister radii. This shoulder in the radii distribution, and the blister height
peak below 10 nm are due to small blisters near the edge of larger blisters,
as indicated by the inset AFM image of figure 4.6. All other exposure
conditions result in similarly shaped distributions, and are summarized by
the box plots in figure 4.7. For the 50 eV exposures the measured data
points are shown instead of a box plot as the amount of measurement points
is limited. The relatively large spread in the blister height values for the
150 and 200 eV exposure conditions is due to the high density of blisters.
This induces uncertainty in the background subtraction process and results
in ±2 nm blister height variations.

From figures 4.6 and 4.7, it can be concluded that the blister size distri-
bution shifts to larger radii for lower ion energies and fluxes. To compare the
distributions in figure 4.7, two sided statistical t-tests have been applied to
the data. From the statistical analysis can be concluded that the high flux
exposures at 100, 150 and 200 eV have a significant smaller blister radius
compared to the low flux exposures under the same ion energy conditions
(about 8 nm smaller radius). According to the pressure required to form a
stable blister, as given by equation 4.2b, higher pressures are required for
smaller blisters. At higher energies and fluxes the local hydrogen concen-
tration is sufficient to form stable small blisters with a radius around 100
nm (or smaller). For lower ion energies and lower fluxes, the local hydro-
gen concentration is insufficient to stabilize small blisters and only larger
blisters may form.

With the blister radius and height known, the surface energy of the
interface at which the blister delaminates can be calculated. Equation 4.2a
gives the relation between blister dimensions (r0, z0 and t) and material
constants (E, ν and γ). In figure 4.8, equation 4.2a is fit to experimental
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Figure 4.6: Blister height and radius distributions for four different hydro-
gen ion exposure conditions as taken from a 100 µm2 AFM scan (a-d). Lines
are moving averages of measurement points. Dashed red line indicates av-
erage blister radius. The distributions shows a shoulder on the left caused
by small blisters on the rim of larger blisters (image inset).

data with the surface energy, γ, as a free parameter (red solid line). Young’s
modulus and Poison’s ratio are 215 GPa and 0.18, as determined earlier by
Loopstra et al. [24]. The blister cap thickness is set at 8.22 nm assuming
1 nm of the top a-Si layer has been oxidized and delamination has taken
place at the first Mo-on-Si interface. Using these values, the best fit surface
energy was found to be 1.87 J/m2. Because the thickness of the top layer can
change due to increased oxidation, the minimum (t=7.1 nm, no oxidation)
and maximum (t=11.8 nm, full oxidation) thickness of the blister cap layer
are plotted for the same surface energy by the red dashed lines. At larger
blister radii the experimental data, as indicated by the open points, are
consistently below the best fit. However, from TEM data (see figures 4.1
and 4.3a), it is also known that a small fraction of blisters form at the 2nd

Mo-on-Si interface. This interface is located at a depth of 15.3 nm and
plotted by the black dashed dotted line in figure 4.8.

4.3.4 Blister number densities

Figure 4.9 shows, for all exposures, the number density of small blisters.
For ion energies around 100 eV, figure 4.9 shows a large increase in the
blister number density. At 50 eV the blister density is <0.05 µm2 (see
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Figure 4.7: Box plots of measured blister heights (a-c) and radii (d-f) on a
100 µm2 area for different ion energies and fluxes. 25-50% of measured val-
ues are within box and 5-95% within the whiskers. For 50 eV exposures data
points are given instead of box plot. The average blister size is indicated
by the open square points. Four distributions of figure 4.6 are indicated by
the arrows.
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Figure 4.8: Blister height versus blister radius under different exposure
conditions. Best fit of surface energy for a multilayer is 1.87 J/m2 (solid
line). Dashed lines give plot for same surface energy of 1.87 J/m2 but
different layer thicknesses.

inset of figure 4.9), while at 150 and 200 eV, the density is several orders of
magnitude higher. Between 150 and 200 eV the curve flattens as the blister
number density nears its maximum. If, for example, a typical small blister
radius of 100 nm is taken, then the maximum number density that can be
reached is ∼29 µm−2 (assuming HCP packing). For energies ≥150 eV the
blisters are in contact with each other, and the space between blisters is
filled with smaller blisters, as can clearly be seen in figure 4.4b.

To understand why the blister number density increases rapidly for ion
energies above 100 eV, the implanted hydrogen density as a function of
depth must be examined. From literature and elastic models it is known that
a minimum amount of trapped hydrogen is required to form stable hydrogen
pressurized blisters [16, 29, 30]. To estimate the local hydrogen ion dose,
SRIM estimates of the relative H+ density in a multilayer structure were
used (see figure 4.10) [31, 32]. Similar hydrogen concentrations and profiles
in Mo/Si multilayers were found experimentally as measured by nuclear
reaction analysis and elastic recoil detection (see Kuznetsov et al. [15, 28]).
The gray area indicates the interface at which most blisters are observed
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Figure 4.9: Number densities for small blisters after hydrogen ion exposure.
The number density increases rapidly for ion energies above 100 eV. Inset
graph is a magnification of gray area and shows that blister are observed
for all exposures.

Table 4.3: Estimation of local ion dose by direct ion implantation. Dose
calculated by integration of gray area of figure 4.10 multiplied by total ion
flux of 1.25×1019 ions/cm2.

Ion energy [eV] Local ion dose [ions/cm2]

50 8.10×1014

100 0.77×1017

150 2.72×1017

200 4.49×1017

to form. As can be seen from the hydrogen concentration profiles, the
amount of hydrogen that reaches the highlighted interface is substantially
different for each energy. To make the difference even more clear, the total
dose delivered to the delamination depth was calculated for the different
ion energies and tabulated in table 4.3. Table 4.3 shows that, although
the dose at the surface is held constant for all exposures, the dose at the
delaminated interface is up to 3 orders of magnitude lower. Even though
SRIM calculations predict a higher hydrogen concentration at the first Si-
on-Mo interface, most blisters are observed at the deeper Mo-on-Si interface.
This might indicate that the Si-on-Mo interface has a higher adhesion energy
compared to the Mo-on-Si interface.

Figure 4.10 offers an explanation for why the blister number density in-
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Figure 4.10: SRIM calculation of hydrogen ion penetration for different ion
energies 50-200 eV. Calculated depths of different interfaces are included.
The position where most blisters are formed is indicated by the arrow.

creases rapidly at 100 eV. For lower energies, where the local hydrogen den-
sity doesn’t reach values above ∼1×1016 [ions/cm2], stable blisters aren’t
able to form by only considering direct ion implantation. In these cases
diffusion of hydrogen into the blister cavity have to be taken into account
to increase the local hydrogen density above the minimum required dose.
Although part of the hydrogen is still mobile and able to diffuse through
the multilayer after ion implantation, the speed of hydrogen diffusion is of
the order of 100 nm/hour (assuming a diffusion constant for hydrogen of
DH2

=1×10−19 cm2/s from van den Bos et al. [16]). Therefore the require-
ment for hydrogen diffusion can significantly slow down the blister formation
process and reduce the amount of observed blisters.

4.3.5 Blister pressure and critical hydrogen dose

To determine if blisters can be formed purely by implantation, or if diffusive
processes are required, we estimate the pressure and density distribution of
the blisters. By assuming purely elastic deformation, the blister’s internal
pressure was calculated using equation 4.2b together with the measured
height and radii distributions (see figure 4.11). Equation 4.2b, taken from
reference van den Bos et al. [16], is based on thin plate theory and describes
the elastic deflection of a thin circular elastic plate under a pressure p [21].
The energy required to bend and stretch the blister cap are taken into
account. The material parameters are the same as used in section 4.3.3.

As can be concluded from figure 4.11 the internal hydrogen pressure re-
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Figure 4.11: Box plot of internal blister pressure for different exposure
conditions. 25-50% of calculated values are within box and 5-95% within
the whiskers. The average blister pressure is indicated by the open square
point. Dashed line gives upper limit of used EOS for calculating the density.

quired to elastically deflect the blister cap is in the range of 100-800 MPa.
Under these pressures the trapped hydrogen is in the liquid phase (solidifi-
cation takes place around 5.4 GPa at room temperature) [33].

As stated at the beginning of this section the calculated pressure is
only valid if the blister cap material is purely elastic deformed. To our
knowledge the yield strength of a Mo/Si bilayer has never been determined
by direct measurement or simulation, but literature values of Mo and a-
Si can be found separately. For Mo the tensile yield strength was found
around 500 MPa with an ultimate yield strength between 700-1100 MPa
[34]. Amorphous silicon shows a clear deviation from the proportionality
limit around 300 MPa [35] and fracture between 1-4 GPa [36]. If these
values are compared with the calculated internal blister pressures of figure
4.11, it can be expected that part of the blister cap has already started to
plastically deform. This means that the blister pressures calculated above
300 MPa are an overestimation of the actual pressure. For a blister pressure
below 300 MPa the deformation is still expected to be mainly elastic.

To calculate the density of hydrogen within the blister, the equation of
state from Michels et al. [37] is used. With the density and stable blister
volume known, the required amount of trapped H2 particles Nreq can be
calculated. The minimum local ion dose required d [ions/cm2] to provide
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sure <300MPa. Solid circle points indicate the local dose applied for the
specified exposure as given in table 4.3.

sufficient hydrogen can be estimated from geometric considerations as:

dreq =
Nreq
1
2πr

2
0

, (4.4)

Here, we assume that all ions enter the blister volume through a projected
surface area and ignore any diffusion to and from the blister volume.

In figure 4.12, the calculated local required dose, dreq, for observed stable
blisters is shown. For this calculation, only the exposures with an estimated
blister pressure below 300 MPa are shown to limit ourselves to the validity of
the equation of state. Figure 4.12 shows that, for the observed blister sizes,
a local ion dose of ≈2.5×1016 ions/cm2 is required. Comparing the required
local ion dose to the applied local ion dose, as shown by the solid circle points
in figure 4.12, it can be concluded that blister formation without diffusion
can be expected for all but the 50 eV case. For the 50 eV case the local
dose applied by direct ion implantation is not sufficient to form the stable
blister size observed. In this case diffusion of hydrogen has to be taken into
account as well.

4.4 Conclusions

The results presented in this chapter show the influence of hydrogen ion
exposure conditions on the formation of blisters in a Mo/Si multilayer mir-
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ror system. From the measurements it was found that the blister number
density increases rapidly above an ion energy of 100 eV, while the ratio
of the height to the radius is nearly constant over a 50-200 eV ion energy
range. This behavior supports an elastic blister model in as introduced in
[16]. From the model it was clear that the blister shape is independent of
the exposure conditions and only depends on the material properties of the
blister cap. On the other hand, for a typical blister size a minimal amount
of hydrogen needs to be trapped to be able to form a stable blister of a
certain size. With the model, the blisters internal pressure was calculated
to be in the range of 100-800 MPa and a minimum local hydrogen ion dose
around 2.5×1016 ions/cm2 was required. An SRIM simulation showed that
although the dose at the mirror surface is equal, the local ion dose at the
depth of delamination is strongly dependent on the ion energy. From the
simulation we estimate that the local hydrogen ion dose for the 50 eV ex-
posure was insufficient to create stable blisters and therefore shows a nearly
zero blister number density. The experimental results also show that the
blister model can be used for a much broader range of exposure conditions
as reported earlier [16]. When blister cap constants E, ν, and t are know the
blister’s internal pressure, surface energy and critical dose can be calculated.

4.5 Bibliography

[1] H. I. McHenry, P. T. Purtcher, and T. R. Shives. Observations of
hydrogen damage in a failed pressure vessel. Corrosion Science, 27
(10-11):1041–1057, 1987.

[2] M. H. J. ’t Hoen, D. Dellasega, A. Pezzoli, M. Passoni, A. W. Kleyn,
and P. A. Zeijlmans van Emmichoven. Deuterium retention and surface
modifications of nanocrystalline tungsten films exposed to high-flux
plasma. Journal of Nuclear Materials, 463:989–992, 2015.

[3] X.-Q. Feng and Y. Huang. Mechanics of smart-cut® technology. In-
ternational Journal of Solids and Structures, 41:4299–4320, 2004.

[4] R. Singh, S. H. Christiansen, O. Moutanabbir, and U. Gösele. The
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Chapter 5

Influence of internal stress and layer
thickness on the formation of blisters

Abstract

A Mo/Si multilayered film may blister under hydrogen exposure.
In this chapter, we investigate the impact of intrinsic stress on blister
formation in multilayers by varying the Si thickness between 3.4 and
11 nm and changing the hydrogen ion exposure conditions. Increasing
the thickness of a-Si is found to introduce a higher average compres-
sive stress in the multilayer film. Measurements of the average film
stress before and after hydrogen exposure did not reveal a correla-
tion between stress relaxation and the observation of surface blisters.
Comparing the experimentally observed blister size distribution to
that predicted by elastic models of blistering due to pressure, and
thin film buckling showed that increasing hydrogen pressure under
the blister cap is the main cause of the observed blisters. It is also
shown that hydrogen diffusion plays an essential role in the blister
formation process as sufficient hydrogen is required to pressurize the
blister.
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formation of blisters

5.1 Introduction

Material degradation due to exposure to hydrogen is a topic of extensive
research [1, 2, 3, 4, 5]. Over the years many damaging processes have been
identified, of which, hydrogen induced blister formation is one [1, 2]. Blis-
ter formation is of relevance for a diverse range of applications, from the
development of plasma-facing materials for fusion reactors [6, 7, 8, 9], to
silicon-on-insulator transfer processes [10, 11]. As a result, a considerable
amount of information on hydrogen uptake, diffusion, and blistering in ho-
mogeneous materials has been published [1, 2, 12, 13, 14]. Most research on
blistering has, so far, focused on semiconductors [2, 15], and metals [6, 7, 16].

In this chapter, we focus on blister formation in heterogeneous Mo/Si
multilayer mirrors. These mirrors are created by depositing alternating
nanometer thick molybdenum and silicon layers on a substrate, which forms
an artificial Bragg crystal that is able to reflect light at a specific wave-
length. Mo/Si multilayer mirrors can be found in the optical systems of, for
example, space telescopes and synchrotrons [17, 18, 19]. During the optics’
lifetime, mirrors may be exposed to hydrogen to remove contaminants from
the surface and maintain optimal reflectivity. However, under some condi-
tions, this has led to the formation of blisters, as can be seen in the TEM
image of figure 5.1.

The basic qualitative picture of hydrogen induced blister formation is
now well understood and, mainly, two mechanism for blister formation can
be found in literature. The first mechanism is related to material deforma-
tion under high hydrogen pressure building up in nanometer-scale cavities
near the surface [2]. Alternatively, circular blister growth can be caused by
a buckling instability of a compressively stressed thin film [20, 21, 22].

Together with the above blister mechanisms, several elastic models have
been developed that relate the final observed blister dimensions to the in-
trinsic stress and/or pressure required to be able to deflect the blister cap
[20, 21, 23, 24, 25, 26, 27]. Although these models give an estimate of the
internal hydrogen pressure and/or critical compressive stress, they don’t
explain the microscopic processes involved in the initial stage of the blis-
ter formation, where hydrogen diffusion leads to cracking and trapping of
hydrogen at a certain depth.

As these microscopic processes depend on many parameters in both ex-
posure conditions and material properties, it is difficult to predict if and
when blistering will occur in a given material. For example, it has been
shown that nanometer sized Si/Si1−xGex/Si layered structures have a com-
pletely different susceptibility to blistering, compared to that for a homo-
geneous Si bulk material [28, 29].

To better understand the blistering behavior of Mo/Si multilayers, it
is, therefore, required to understand both hydrogen diffusion through the
multilayer, and the relative importance of stress and hydrogen pressure for
blister formation. In previous work on blistering in Mo/Si multilayers, only
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Figure 5.1: TEM images of nanometre sized blisters, formed near the sur-
face of a Mo/Si multilayer mirror after exposure to 100 eV hydrogen ions.
Complete blister in a 8.2 nm (a) and 6.4 nm (b) period Mo/Si multilayer.
(c) Magnified image of one of the blister edges as indicated by the rectangle
in (b). Arrows indicate the blister dimensions as used in the text: maximum
deflection z0, blister radius r0, and blister cap thickness tf .
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the dependence on exposure conditions e.g. substrate temperature, flux and
ion energy has been investigated [30, 31, 32]. In this work, the structure
of the multilayer is changed by varying the silicon thickness. This changes
both the thickness of the blister cap, and the compressive stress in the
blister cap. In this way, the relative significance of elastic buckling [20, 21],
and pressure-driven elastic deformations [27] is evaluated. To minimize the
structural changes to the multilayer, the polycrystalline Mo layer thickness
is kept constant for all multilayers.

First, the internal stress development in a Mo/Si multilayer is discussed
in detail in section 5.3.1. After that, the changes in internal stress due to
exposure to hydrogen are discussed in section 5.3.2. In the last section, 5.4,
the experimentally observed blisters in the multilayer are discussed. First,
the location of crack formation in the multilayer is explained in section
5.4.1. Then, the observed blister sizes are compared to that predicted from
elastic models for blister formation caused by either buckling or hydrogen
pressure, in section 5.4.2 [20, 21, 27, 33]. Finally, in section 5.4.3, the
required local hydrogen ion dose, calculated from the pressurized blister
model, is compared with the amount of hydrogen that penetrates to the
crack region. The dose is estimated from exposure measurements, combined
with SRIM calculations and a 1D diffusion model.

5.2 Materials and methods

5.2.1 Mo/Si multilayer sample preparation

Nanometer thick silicon and molybdenum layers were deposited on top of
a 25×25 mm2 polished Si(100) substrates (thickness: 157±2 µm) using
magnetron sputtering. Between the first deposited a-Si layer and the Si(1
0 0) substrate a thin layer of native oxide was present. Each sample had a
total of 10 Mo/Si bilayers deposited. This is sufficient to avoid any influence
from the substrate on hydrogen penetration and stress development in the
Mo/Si bilayer. To vary the average intrinsic stress in the bilayer, the period
of the multilayer was changed by increasing the silicon layer thickness. In
total 4 different sample periods, varying from 6.4 nm to 14.0 nm, were
deposited, as shown in figure 5.2. The thickness of the Mo layer including
the interface layers was kept constant at 4.6 nm.

From literature it is known that Mo-on-Si and Si-on-Mo interfaces are
formed with different thicknesses and stoichiometry [34, 35, 36]. The Mo-
on-Si interface has a thickness of 1.8 nm with MoSi2 stoichiometry and the
Si-on-Mo interface has a thickness of 0.4 nm with a Mo5Si3 stoichiometry
[34]. These interface thicknesses are depicted to scale in figure 5.2 next
to the HRTEM images. The thickness of the Mo including both interfaces
is comparable to the distances between changes in contrast as seen in the
HRTEM images. The bilayer period of the samples was confirmed using
grazing incidence X-ray reflectivity. This technique is commonly used to
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Figure 5.2: Schematic picture and corresponding HRTEM image of the
Mo/Si multilayer samples with 4 different periods. The period is varied
by increasing the a-Si thickness. The Mo-on-Si and Si-on-Mo interfaces
are indicated by different colors. After hydrogen exposure the silicon oxide
thickness on top of the multilayer increases as indicated by the red arrows
(left: initial oxidation, right: oxidation after hydrogen exposure).

determine layer thicknesses in Mo/Si multilayers with an accuracy of ∼0.1
nm [37, 38]. X-ray reflectivity measurements also show that the terminating
a-Si layer is oxidized to a depth of ∼1.3 nm.

5.2.2 Hydrogen exposure conditions

Multilayer samples are exposed to hydrogen ions by placing the samples on
top of one of the electrodes of a dual-frequency capacitively coupled plasma
(DF-CCP) system. A more detailed description of the experimental setup
can be found in section 2.2.2.

The multilayer samples were exposed to three different ion energies with
main ion energy peaks at ∼20, 50, and 100 eV. Before and after the samples
were exposed, the ion flux and energy distribution at the electrode surface
were measured using self-biasing and a Retarding Field Energy Analyzer
(RFEA), see Bogdanova et al. [39] for more details.

The measured Ion Energy Distribution Function (IEDF) and total ion
flux at the electrode surface for each exposure condition are shown in figure
5.3. Since the DF-CCP discharge is asymmetric for low rf-bias frequency,
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the IEDFs have an asymmetric shape with respect to the average dc voltage
at the plasma sheath. This allows IEDFs with a single narrow peak (FWHM
.10 eV) to be generated by controlling the peak energy via the rf bias
voltage. Using an rf instead of DC plasma for the hydrogen exposures
also avoids possible surface charging of the sample surface, due to the low
conductivity terminating silicon oxide.

The composition of the ion species was measured with an Energy
Quadrupole Plasma analyzer (EQP, Hiden analytical). The EQP measures
the IEDF for each ion specie independently. By integrating the IEDF signal
of the EQP and correcting for the transmittance and detector sensitivity, the
number density of a specific ion in the plasma can be determined. For the
exposure conditions at 50 and 100 eV, a ratio of H+/ H+

2 / H+
3 of 20/30/40

is found.

The hydrogen pressure during operation was stable at 2.67×10−1 mbar
(20 eV) and 2.67×10−2 mbar (50,100 eV). The total hydrogen dose to the
sample surfaces was varied between 1017-1019 ions/cm2 resulting, under the
given ion fluxes, to exposure times in the range of 40-16,000 seconds. Some
of the hydrogen exposed samples were excluded from analysis due to the
failure of the cooling system.
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5.2.3 Stress measurements

As explained in section 2.3 the average stress in an isotropic thin film can be
determined by Stoney’s equation when the curvature and elastic constants
of the substrate on which the thin layer is deposited are known [40, 41, 42].
In sections 5.3.1 and 5.3.2 the stress development in the Mo/Si multilayer
during deposition of the multilayer and during hydrogen exposure are in-
vestigated in more detail by measuring the changes in substrate curvature
in- and ex-situ.

Ex-situ the substrate curvature, R, is determined using a white light
interferometer (Zygo, NewView 7200) and in-situ a parallel laser beam ap-
paratus is used as described in more detail in sections 2.3.2 and 2.3.3. With
the in-situ measurement, stress changes in the multilayer film could be deter-
mined in real-time during deposition, while the ex-situ stress measurements
were used to measure changes in the total film stress.

For the ex-situ measurement the curvature of each substrate was mea-
sured three times: before multilayer deposition, after multilayer deposition
and after hydrogen exposure. Due to sample cutting, each sample has a
slightly different curvature, so the initial substrate curvature is used for
background subtraction. Together with the measured period of the multi-
layer film, the average stress of a single bilayer was calculated.

To obtain absolute measures for the in-situ stress measurement, the cur-
vature of the cantilever sample was measured ex-situ before and after depo-
sition. The in-situ stress measurement (as described in section 5.3.1) was
performed on a single cantilever substrate, placed at the same distance from
the magnetron targets as for the samples prepared for hydrogen exposure.

5.3 Results

5.3.1 Stress development in Mo/Si multilayer films by varying
the silicon thickness

To understand the internal stress development in the multilayer with in-
creasing a-Si thickness, changes in the force per unit width of the multilayer
were monitored during deposition on a cantilever. In figure 5.4, the stress
development in a single Mo-Si bilayer is shown as a function of deposition
time. The linear growth rates for Mo and Si were determined by X-ray
reflectivity to be 0.175 nm/s and 0.245 nm/s respectively. The final a-Si
thickness of a bi-layer was varied between 2 and 12 nm with steps of 2 nm.
The Mo thickness, including both MoySix interfaces, was held constant at
∼3 nm. The traces in figure 5.4 have been given an offset for visibility.
To reduce the measurement noise, each trace is an average over 5 deposited
bilayers. All bilayers were deposited on top of each other in the sequence in-
dicated by the numbers in figure 5.4. In total 41 bilayers were deposited on a
single cantilever substrate. The first 12 nm thick Mo/Si bilayer, which was
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deposited directly on top of the silicon substrate, was removed from the
data as it showed different stress development because of the a-Si/native
oxide interface formation.

In the first 10 seconds of the Mo deposition, a strong tensile curvature
change of +4 N/m is observed. In this early stage, the MoSi2 interface
forms, and Si and Mo inter-diffuse [34, 43]. After ∼13 s, the amorphous Mo
layer crystallizes to a poly-crystalline molybdenum layer, as can be seen by
sudden increase in tensile stress. After crystallization the Mo layer continues
to grow under a constant compressive stress of ∼-1.4 GPa, assuming the
above 0.175 nm/s growth rate, and no change in the stress for material at
greater depths.

When Si is deposited on top of Mo, the Si intermixes with the Mo to form
Mo5Si3 during the first 5 seconds of the Si deposition [34]. After this, the
layer grows compressively until Si deposition is stopped. From the slope of
the graph, an a-Si layer intrinsic stress of ∼-1.4 GPa is calculated (assuming
an a-Si growth rate of 0.245 nm/s). Similar in-situ stress measurements by
Freitag and Clemens [44] of e-beam deposited Mo/Si multilayers have shown
a compressive stress of ∼-1.2 GPa.

The thinest (2 nm a-Si) and thickest (12 nm a-Si) bilayer series were
deposited twice. Once near the start and once near the end of the deposi-
tion run. Comparing both graphs for identical a-Si thickness (traces 1 and
8, and traces 2 and 7), it is observed that the slope changes with the total
number of deposited bilayers. This effect is due to the different thermal
expansion coefficients of the multilayer and the substrate, which generates
an additional, thickness-dependent, curvature. As a first order approxima-
tion (for tf � tSi(100)), this additional change in curvature with respect to
temperature is linear with the total multilayer film thickness. In calculating
the a-Si stress value above, this temperature-induced increase in curvature
was removed from the data.

The increase in compressive stress in the bi-layer was also measured ex-
situ for the samples prepared for hydrogen exposure (see figure 5.5). To
calculate the force per unit width of a single bilayer, it is assumed that all
10 deposited Mo-Si bilayers are identical. The error shown in the graph is
the standard deviation of 9 measured samples. From the slope, an intrinsic
stress in the a-Si layer of -1.27±0.03 GPa is determined. This is comparable
to the stress value of the in-situ (∼-1.4 GPa) stress measurement. The
average stress in the Mo layer, including both interfaces, was calculated to
be -0.26±0.03 GPa from the axis crossing at zero a-Si thickness, assuming
a thickness of 4.6 nm. Although the average stress in the Mo layer is low,
it can be seen in figure 5.4 that the highly compressive Mo-on-Si interface
nearly cancels the tensile stress in the Si-on-Mo interface, resulting in a
small net compressive stress.
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5.3.2 Stress relaxation due to hydrogen exposure

The effect of hydrogen exposure on the average thin film stress was deter-
mined by measuring the wafer curvature ex-situ before and after exposure.
The relative stress changes are given in table 5.1. In calculating the change
in stress, we assumed that the substrate and total film thickness are un-
affected by hydrogen exposure. The exposures that resulted in a blistered
surface are indicated in bold.

The table shows that blisters are formed by either increasing the ion
energy or dose. Also, with increasing period thickness more severe exposure
conditions are required for blisters to appear at the surface. This due to the
greater depth that hydrogen must penetrate to reach the preferred location
for delamination (see sections 5.4.1 and 5.4.3). From table 5.1 it is seen
that there is no direct correlation between the appearance of blisters and
the relative stress change in the multilayer. Since a blister only changes the
stress locally in the top bilayer, and the surface area covered by blisters is
typical less than 10%, the stress change due to blistering, averaged over the
entire multilayer is quite small. Given the relative measurement uncertainty
of 0.05 over the complete 10 bilayer multilayer film, a detectable change in
the top layer’s stress requires the relaxation of at least half the compressive
stress in the top bilayer.

Although the measurement error is too high to make clear statements
between the different hydrogen exposure conditions, a trend is still visible
in the average stress relaxation. With increasing period, the relative stress
change decreases. By multiplying the average relative stress change by the
total initial stress in the multilayer, the absolute stress relaxation in the
multilayer can be calculated (last column table 5.1). The typical observed
stress change is a ∼4 [N/m] reduction in compressive stress.

A possible cause of this stress relaxation can be found in the increased
oxidation of the a-Si top layer [45, 46]. From the TEM pictures in figure 5.2
it can be seen that, after hydrogen exposure, the SiO2 thickness increased
to 7.4 nm thickness. This means that an additional ∼6.1 nm of SiO2 has
formed after hydrogen exposure which equals an oxidation of ∼2.8 nm of
a-Si (taking a molar volume expansion of Vm,SiO2

/Vm,Si ≈ 2.17). Assuming
the initial compressively stressed a-Si is fully relaxed by the oxide growth,
and taking the measured compressive stress value of -1.27 [N/m] per nm
a-Si (see figure 5.5), the expected stress relaxation due to the additional
oxidation is 3.5 [N/m]. This is in agreement with the typical measured
ex-situ stress relaxation of 4 [N/m] as given in table 5.1.

From the above discussion, it is clear that the observed stress relaxation
is most likely due to oxidation of the a-Si layer, rather than the direct effects
of hydrogen exposure.
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Table 5.1: Relative stress change, ∆σ/σ, in the Mo/Si multilayer under
different hydrogen exposure conditions. Blistered samples are shown in
bold. For the 6.4 nm period, four exposures were repeated. The last two
columns give the average of the relative stress change and the average of
the absolute change in the force per unit width of the multilayer.
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5.4 Discussion

5.4.1 Location of delamination in the Mo/Si multilayer

In figure 5.1 the HRTEM image shows a blister formed by the delamination
of the first Mo/Si bilayer. As can be seen in the magnified image, figure
5.1(c), the fracture occurs near the first Mo-on-Si interface in the top of the
a-Si layer and not within the MoSi2 interface layer. This is exactly where a
strong tensile force change is observed in the in-situ stress measurement (see
figure 5.4). Based on multiple blisters seen in the HRTEM images of all four
multilayer periods, it could be concluded that blisters are preferable formed
near the first Mo-on-Si interface similar to the blisters shown in figure 5.1.
Preferred delamination near a highly strained layer has also been observed
by Shao et al. [28] in Si/SiGe/Si layered structures.

Another explanation for the location of delamination can be found in the
formation of the MoSi2 interface, as investigated in more detail by Fokkema
[43]. When Mo is deposited on Si, clusters of molybdenum silicide are
formed on top of the initial silicon surface. To supply the MoySix clusters
with enough silicon, nearby silicon is transported from its initial position
in the silicon surface to the clusters. The removal of silicon to form the
interface, leads to nanometer sized cavities in the top of the a-Si layer which
can serve as a preferred location for the trapping of hydrogen. Also the
formation of cavities might lead to reduced adhesion and mechanical failure
between atomic layers as the number density and strength of the atomic
bonds is reduced. To better understand the initial stage of blister formation,
detailed research on the formation of the interface is required.

5.4.2 Pressure or buckling induced thin film blister formation

As more hydrogen gets trapped near the MoSi2 interface layer, it can cause
the top layer to delaminate. After this initial delamination, a blister can
be formed by either buckling of the compressively stressed top layer or by
deflection of the top layer under hydrogen pressure. To investigate the role
of stress in the final stage of the blister formation process, we studied the
statistics of blister radius, r0, and height, z0, and compared them to the
predictions for elastic models that place a different emphasis on the layer
stress. The blister radius, r0, and height, z0, was measured by AFM. In
figure 5.6, the measured height and radius of blisters for each multilayer
period under different ion dose and ion energy conditions is shown. Note
that the ratio of height and radius is approximately constant, thus, we refer
to blister size as height and radius. The measurement shows that the blister
size increases with multilayer period. In addition, the average blister size
for the 6.4 nm period (r̄0 =134 nm, z̄0 =30 nm) is comparable with the
average blister size found in 7.1 nm Mo/Si period multilayers (r̄0 =100 nm,
z̄0 =19 nm) as discussed in van den Bos et al. [32].
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Table 5.2: Layer thickness, Young’s modulus (E) and Poisson’s ratio (ν)
for the top Mo-Si-SiO2 trilayer [47, 48].

tlayer [nm] E [GPa] ν

Mo 4.55 324 0.31
Si 3.3/5.2/7.1/11.0 80 0.22

SiO2 1.3 71 0.16

Assuming the blisters are caused by increasing hydrogen pressure, the
internal hydrogen pressure required to elastically deform the blister cap to
the observed shape can be calculated using the pressurized blister model,
as described more extensively in [27]. For a given stable blister size, the
surface energy and blister pressure are given by:

γeff = 16D

(
z0
r0

)2
{

1

r20
+

5C

32t2f

(
z0
r0

)2
}
. (5.1a)

p = 64D
z0
r0

{
1

r30
+

3C

16t2f

(
z0
r0

)2
1

r0

}
. (5.1b)

Where tf is the blister cap thickness, D the flexural rigidity [Pa·m3] and C
is a constant that depends on Poisson’s ratio only. Assuming ν is 0.22 for
a Mo/Si multilayer, C=2.51. γeff is the effective surface energy in [Jm−2],
given in equation 5.2, where γ is the surface energy. The effective surface
energy is the surface energy, reduced by the potential energy stored in the
blister cap:

γeff = γ − 1− ν
2E

σ2
inttf . (5.2)

The flexural rigidity of the plate, D, is given by equation 5.3 with d the dis-
tance from the bottom of the plate to the neutral axis, E Young’s modulus
and ν Poisson’s ratio.

D =

∫ tf−d

−d

E(z)

1− ν(z)2
z2dz (5.3)

To calculate the flexural rigidity of the blister cap, a trilayer structure of
Mo, Si, and SiO2 is considered, with material constants and thicknesses as
given in table 5.2. By calculating the neutral plane, and using equation
5.3, the flexural rigidity of the blister cap was found to be between, D =
(0.96− 5.88)×10−14 Pa·m3 for Si layer thicknesses between 3.3 and 11 nm.

Taking the calculated flexural rigidity of the blister cap, and a fixed
surface energy of 1.87 J/m2 for the Mo-on-Si interface [32], the deflection,
z0, versus the blister radius, r0, was calculated using equation 5.1a. The
result for the various multilayer periods is shown by the solid line in figure
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5.6. It can be seen that the pressurized blister model fits the observed blister
measurement data in most cases with a small deviation for the highest dose,
ion energy, and thickest silicon layers.

A circular blister can also be formed in the absence of any gas pressure
by buckling. The deflection due to buckling can be calculated by solving the
nonlinear Föppl-von-Kármán (FvK) plate equations for a clamped circular
plate under compressive in-plane stress, as has been extensively discussed
elsewhere [20, 21, 33]. To perform the calculation, it is assumed that the
circular blister cap has already delaminated from the substrate over a radius
r0, and that r0/tf �1. When the intrinsic stress exceeds the critical stress,
the blister height can be estimated by [21]:

z0 = tf

√
1

c

(
σ

σc
− 1

)
, (5.4)

where c = 0.2473(1 +ν) + 0.2231(1−ν2). This formula becomes asymptoti-
cally correct when σ/σc approaches 1. The critical stress, σc, for a clamped
circular patch is given by [20, 33, 49]:

σc = j21
D

t3f

1

(r0/tf )
2 (5.5)

In which j1=3.8317 is the first zero crossing of the Bessel function of the
first kind. Equation 5.4 is shown by the double dot dashed line in figure
5.6 for each period. It is clear that the observed blister height is much
higher than predicted by a model purely based on the buckling. Therefore,
it is expected that, although the blister radius is above the critical blister
radius for the 8.2-14.0 nm samples, the main cause of the observed blisters
is explained better by hydrogen pressure building up underneath the blister
cap.

The observed small deviation from the pressurized blister model calcula-
tions in figure 5.6 for the highest dose, ion energy, and thickest silicon layers
might be caused by the additional effects of plastic deformation and/or a
combined effect of hydrogen pressure and buckling. In the models explored
here, only pure buckling or deflection under hydrogen pressure is taking into
account.

5.4.3 Role of hydrogen diffusion in forming pressurized thin
blisters

Assuming that the deflection is initially elastic and neglecting the enhanced
deflection of the blister cap above the model calculation as depicted in figure
5.6, we estimate the hydrogen pressure in the blister using equation 5.1b.
The pressure range of the observed blisters is estimated to be between 103
MPa for the largest blisters found on the 14.0 nm period samples to 653
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radius r0 for four different multilayer periods. The range of observed blister
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MPa for the smallest blisters found on the 6.4 nm period samples. As the
blister aspect ratio z0/r0 is nearly constant, it can be seen that the blister
pressure decreases along the curve towards larger blister radii.

Based on the blister size and the estimated hydrogen pressure, the
amount of trapped hydrogen, NH2 , in a stable blister can also be estimated,
following the method discussed in van den Bos et al. [27]. The calculated lo-
cal hydrogen ion doses for the four different multilayer periods are shown in
figure 5.7. The range of blister radii experimentally observed are indicated
by the thick black line. The graph shows that a local hydrogen ion dose
of a few hundred ions/nm2 is required to form the observed blisters in the
multilayer structure. Although this is only a fraction of the total applied
ion flux of 103−105 ions/nm2 as measured at the surface (see section 5.2.2),
the dose at the delaminated interface is the more important parameter.

To estimate the amount of hydrogen that can penetrate through the
blister cap and enter the blister volume, an SRIM simulation of hydro-
gen ion penetration was performed for ion energies in the 20-100 eV range
[50, 51]. The result of the simulation is shown in figure 5.8. For the sim-
ulation, the trajectories of 2×105 hydrogen ions have been simulated. The
ion distribution, as given in figure 5.8, is normalized by the total amount
of hydrogen ions. Assuming that the penetration of hydrogen ions is not
affected by previous hydrogen ions that have penetrated in the multilayer,
the normalized ion distribution is calculated from the probability of finding
an ion at a certain depth in the multilayer and the total dose. The amount
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Figure 5.8: SRIM calculation of hydrogen ion distribution in multilayers
with different period and ion energies between 20-100 eV. In these calcula-
tions diffusion of hydrogen is neglected and only direct ion penetration due
to binary collisions are considered.

of directly backscattered ions ranges from 20-30% of the incoming flux, as
calculated by the SRIM calculation. The backscattered ions are also taken
into account in the normalization of the ion distribution in figure 5.8.

Ignoring hydrogen diffusion, the local hydrogen ion concentration in the
multilayer can be calculated by multiplying the ion distribution (figure 5.8)
with the total measured ion dose of 103−105 ions/nm2. This results in two
main conclusions. Firstly, the amount of hydrogen that accumulates at the
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delaminated interface is too low to pressurize the blister. And, secondly, the
SRIM calculation leads to unrealistically high peak hydrogen ion concentra-
tions in the multilayer (a few hundred to a few thousand ions/nm3). Actual
measurements of hydrogen concentrations in hydrogen exposed Mo/Si mul-
tilayers have shown typical hydrogen concentration of 10-20 at.% in a-Si
[31, 52]. Taking a density of 50 atoms/nm3 for c-Si, this means that only
a maximum of 5-10 hydrogen atoms/nm3 can be stored in the a-Si matrix.
Therefore, hydrogen diffusion has to be taken into account.

Since hydrogen exposure is uniform over a lateral length scale of mil-
limeters, while the relevant diffusion lengths are less than a micrometer,
we model hydrogen diffusion by numerically solving a time-dependent 1D-
diffusion equation:

∂CH
∂t

= DH2,eff
∂2CH
∂x2

+ φw(x), (5.6)

in which CH is the atomic hydrogen concentration in ions/nm3, DH2,eff the
effective diffusion constant of the blister cap in nm2/s, x the depth in the
multilayer in nm, φ the ion flux at the surface in ions/nm2s and w(x) the
normalized ion distribution resulted from the SRIM calculation, as shown
in figure 5.8. The concentration of atomic hydrogen at the surface and the
delamination depth is fixed at 0. We assume that hydrogen ions neutral-
ize and that the concentration of atomic hydrogen outside the multilayer
is orders of magnitude less than the concentration within the multilayer.
At the delamination region, we assume that hydrogen atoms recombine to
form molecular hydrogen, making the atomic hydrogen concentration at
the delamination depth negligible. A typical result for the 8.2 nm period
multilayer exposed with 50 eV ions is shown in figure 5.9.

For the effective diffusion constant, the literature value for c-Si is taken:
DH2,eff=2.98×10−14 m2/s [53]. In figure 5.9(a), the evolution of the hydro-
gen concentration profile in the multilayer is shown. Initially, the hydrogen
concentration increases but, after a typical time τ , the out-flux balances
the in-flux, resulting in a time-independent profile. The time required to
reach steady state, τ = t2f/DH2,eff=4.11 ms, is small compared to the total
exposure time of t >40 s and only the steady state fraction of hydrogen
is considered in calculating the dose of hydrogen ions entering the blister
volume.

The final hydrogen peak concentration is proportional to φ/DH2,eff and
depends on the ion depth distribution from the SRIM calculation. As men-
tioned earlier, the maximum capacity to store hydrogen in the a-Si matrix,
is about 10 atoms/nm3. Given the measured in-flux of hydrogen, and as-
suming the SRIM profiles as the hydrogen source, the effective diffusion
constant has to be at least >1×10−18 m2/s, as a smaller diffusion constant
will lead to unacceptable high hydrogen concentrations in the blister cap.

In figure 5.9(b), the hydrogen fluxes as a function of time are shown.
The double dotted dashed line shows the amount of hydrogen ions that
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Figure 5.9: A typical result of the local hydrogen concentration in the mul-
tilayer after diffusion for an 8.2 nm period multilayer mirror exposed to 50
eV ions (a). The calculated fluxes to the surface and delamination depth as
a function of time are given in (b). The time is normalized to the typical
timescale of diffusion τ = t2f/DH2,eff=4.11 ms.

are directly backscattered, as given by the SRIM calculation. The dashed
line shows the out-diffusion of atomic hydrogen at the surface, and the
solid line gives the atomic hydrogen flux into the blister volume. Figure
5.9(b) shows that most hydrogen is lost through the surface, and only a
fraction φin/φ ∼ 0.19 contributes to blister growth. At steady state, the
total hydrogen out-flux is equal to the in-flux (29 ions/nm2s, for 50 eV case
shown in figure 5.9). Under steady state conditions, the fraction of the
incoming flux that reaches the depth of delamination is only dependent on
the initial hydrogen ion depth profile. This fraction is independent of the
incoming flux and the diffusion constant.

Multiplying the measured applied hydrogen ion dose at the surface with
the fraction that reaches the blister volume, as calculated by the one di-
mensional diffusion model, gives the local hydrogen in-flux to the blister
volume, din,appl, as given in table 5.3. The local hydrogen dose decreases
with increasing layer thickness and lower ion energies. In the cases for which
blisters are observed, the calculated effective dose can be compared with the
required ion dose din,req (see figure 5.7). The uncertainty in din,req is car-
ried through from the standard deviation in the observed spread in blister
radii.

At low incoming dose (1017 ions/cm2) blisters are only observed for
highest ion energy (100 eV) and thinnest multilayer (6.4 nm period). The
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Table 5.3: Comparison of applied hydrogen ions dose to the blister volume,
din,appl, and required hydrogen ions dose, din,req, for all exposure conditions.
The din,appl is calculated from the SRIM depth profile, combined with a 1D-
diffusion model. din,req follows from the pressurized blister model. For the
cases indicated with ”-” the sample cooling failed during exposure and these
samples were excluded from the analysis.
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5.5. Conclusions

calculated ion dose based on SRIM and the 1D diffusion model for this case
(din,appl=392 ions/nm2) corresponds well to the required ion dose according
to the pressurized blister model (din,req= 449±17 ions/nm2).

For all other cases where blisters were observed, the calculated ion dose
based on SRIM and the 1D diffusion model was significantly larger than the
required ion dose according to the pressurized blister model (up to 77×).
Studies on the hydrogenation of a-Si have shown that the hydrogen per-
meability of a-Si can change significantly during the hydrogenation process
[54]. It is also known that increasing hydrogen concentration in the a-Si ma-
trix, lowers the density of the a-Si and promotes the diffusivity of hydrogen
[52].

The fact that diffusion increases with increased hydrogen concentration
might also explain why no blisters were observed at incoming ion energies
of 20 eV whereas the SRIM and 1D diffusion model with constant diffusion
coefficient predict a dose which exceeds the ion dose required to form a
blister. Figure 5.8 shows that in case of low energy ions (20 eV), the peak
of the hydrogen distribution is close to the surface which likely leads to a
larger diffusion coefficient towards the surface than into the multilayer.

A more accurate but complex description of the hydrogen penetration
would include a diffusion constant that is dependent on the hydrogen con-
centration. The requirement for a dynamic diffusion constant is also sup-
ported by earlier research on blister formation in Mo/Si multilayers [27] and
in c-Si substrates [55].

5.5 Conclusions

It has been observed in multiple cross sectional HRTEM that delamination
always occurs near the Mo-on-Si interface layer, which coincides with the
position where in situ stress measurement show a strong (+4 N/m) tensile
stress change. The stressed interface layer, therefore, acts as a preferential
location for the initial delamination in the blister formation process.

Modeling indicates that a buckling instability of a compressively stressed
layer does not play a dominant role in the blister formation. However a
buckling instability, in combination with plastic deformation, might explain
why the pressurized blister model underestimates the blister size by up
to 20% for the larger multilayer thickness. Based on a pressurized blister
model, the calculated pressure in the blisters ranges from 103 to 653 MPa.

Using a 1D diffusion model and SRIM calculations, the local ion dose
at the location of blister formation was calculated for a wide range of ion
energies (20 eV, 50 eV, 100 eV), incident fluxes (1017, 1018, 1019 ions/cm2)
and multilayer thicknesses (6.4 nm, 8.2 nm, 10.1 nm and 14 nm). In all
cases a blister was observed, the calculated local ion dose was equal to or
larger than the minimum local ion dose required according to the pressur-
ized blister model (several hundred ions/nm2). Comparing the required ion
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dose with the calculated applied ion dose, we found that, for ion energies
≥50 eV and multilayer periods of 6.4 and 8.2 nm, both ion doses are in
agreement with the onset of blister formation. For multilayer periods of
10.1 and 14.0 nm the required dose, as calculated by a 1D diffusion model,
overestimates the required ion dose. Above conclusions show that diffusion
plays an essential element in blister formation.
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Chapter 6

General conclusions and valorization

In this thesis, blister formation in multi-layered systems have been discussed
in detail. In particular, the focus of the experimental work was on hetero-
geneous structures composed of Mo/Si multilayers. In this chapter, the
general conclusions that can be drawn from the research described in this
thesis are summarized in sections 6.1, 6.2, and 6.3. In addition, we discuss
how to extend the research to multilayer systems that are slightly different
than the Mo/Si system described here. Also, a few words are devoted to
possible follow up studies that can be done to validate the blister formation
process given in this work.

6.1 Modeling blister formation in Mo/Si multilayers

In chapter 3, a model was introduced to describe hydrogen induced blister
formation in Mo/Si multilayers. In the model, an energy balance between
the blister cap deformation and the driving forces is considered. Blister for-
mation is assumed to be driven by internal hydrogen pressure and intrinsic
stress in the multilayer.

From the analysis of the stable blister dimensions after exposing mul-
tilayers to hydrogen ions, it was found that the observed blisters in the
Mo/Si multilayer are mainly the result of hydrogen accumulating under the
blister cap. Based on the elastic constants of the multilayer material (e.g.
Young’s modulus, Poisson’s ratio) and the measured blister dimensions (i.e.
blister radius, height and layer thickness), the surface energy, pressure and
the amount of hydrogen required to pressurize the blister were calculated.

In the energy balance, a fixed number of trapped hydrogen particles is
considered. To fully describe the blister formation process, the dynamic be-
havior of hydrogen diffusion and penetration through the blister cap must
also be considered. Depending on the in- and outflux of hydrogen, the blis-
ter will be stable, expand, or shrink as the internal pressure of the blister
changes. In the case of the stable blisters observed in experiments, the
average diffusion constant of hydrogen though the blister cap could be cal-
culated. The final conclusion that followed from the blister model is that
the observation of stable pressurized blisters is only possible when the hy-
drogen permeability of the blister cap is time dependent. If the hydrogen
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permeability through the layers near the surface is too large, out-diffusion of
hydrogen will equal the incoming hydrogen flux and the required hydrogen
pressure for blister formation will not be reached. On the other hand, when
near surface layers are impermeable to hydrogen out-diffusion, ion implan-
tation of hydrogen below these layers will lead to the formation of highly
pressurized blisters that can burst. To create a stable pressurized blister,
the permeability of near surface layers has to be initially low to build up
sufficient hydrogen pressure, and has to decrease during blister growth to
prevent the blister from bursting. In the diffusion of hydrogen, all hydro-
gen species need to be considered: ions, radicals, and molecular hydrogen.
Only hydrogen ions and radicals are able to penetrate the multilayer, but
these species can recombine to molecular hydrogen at vacancy and defect
positions, which will change (slow) the out-diffusion of hydrogen.

In general, the derived pressurized blister model is not limited to the
Mo/Si system under investigation. Any blister formed in a layered system
can be investigated by the proposed blister model when elastic properties,
blister dimensions and internal compressive stress in the layer are known.
The pressurized blister model, together with the theory of circular buckling,
can be used to make a distinction in the root cause of the observed blis-
ters. Are blisters mainly due to pressure or are they caused by a buckling
instability of the layer.

6.2 Influence of hydrogen exposure conditions on blister
formation

In chapter 4, the observed hydrogen induced blisters in a Mo/Si multi-
layer were investigated under different hydrogen exposure conditions. In
the investigation: ion energy, hydrogen flux, and hydrogen ion dose to the
multilayer sample were varied. By analyzing the observed blister dimen-
sions with the pressurized blister model of chapter 3, we could draw several
conclusions on the blister formation process within the Mo/Si multilayer.

A nearly constant blister aspect ratio of ≈0.2 (blister height/blister ra-
dius) was observed for all blisters. This is in agreement with the pressurized
blister model as described in chapter 3 where it is found that the blister as-
pect ratio is independent of hydrogen exposure conditions and only depends
on material properties. This makes it possible to estimate the adhesion be-
tween the blister cap and the underlying substrate (assuming that the elastic
properties and thickness of the blister cap are known). For the system un-
der investigation a surface energy of 1.87 J/m2 between the a-Si layer and
the top Mo/Si bi-layer, that forms the blister cap, has been found by the
model. This value is much lower than the surface energy values of (001)
Mo and (001) MoSi2 (3.97 J/m2 and 3.86 J/m2, respectively) and more
close to the surface energy value of a-Si (1.05 J/m2). Based on these val-
ues it was, therefore, expected that delamination should occur in the a-Si
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layer, as was later confirmed by high resolution TEM measurements. Be-
sides predictions on the place of delamination, the surface energy also gives
a measure for the adhesion between layers. For increased adhesion between
blister cap and underlying substrate, the blister aspect ratio will increase
accordingly. Therefore the blister aspect ratio might be used as an indicator
to investigate improvements in adhesion between layers.

It was also discovered that the blister number density in the multilayer
increases rapidly above a certain ion energy (100 eV for our multilayer
design). This stepwise behavior can be explained by the fact that, for ion
energies >100 eV, hydrogen ions have enough energy to directly penetrate
to the depth where the delamination of the multilayer takes place. For lower
ion energies, blister formation can still take place, but hydrogen diffusion
has to be taken into account. This could explain why exposures at 50 eV
ion energy resulted in blister number densities that are about 2 orders of
magnitude lower than those performed at higher energies.

The effect of hydrogen out-diffusion is also visible when blister size dis-
tributions for different hydrogen ion fluxes are compared. It has been found
that the average blister radius can decrease by several nanometers when
the incoming hydrogen ion flux increases. This is in agreement with the
model described in this thesis as the internal blister pressure increases with
decreasing blister size. Short high flux exposures, can create higher internal
blister pressures as hydrogen has less time to diffuse compared to low-flux
hydrogen ion exposures.

In chapter 4 the internal hydrogen pressure in the observed blisters
was calculated with the blister model. The internal blister pressure in the
nanometer sized blisters was in the range of 100-800 MPa and a correspond-
ing minimum local hydrogen ion dose around 1016 ions/cm2 is required to
achieve such a pressure. The local hydrogen ion dose is the amount of hydro-
gen that reaches the depth of delamination via direct implantation, which is
less than the hydrogen ion dose arriving at the surface. To connect the lo-
cal required hydrogen dose, as predicted from the pressurized blister model,
to the actual measured hydrogen ion dose at the surface, SRIM and 1D
hydrogen diffusion models were applied to the Mo/Si system. Adding the
SRIM-calculated ion density distribution and 1D diffusion to the calculation
resulted in a minimum required hydrogen ion surface dose of around 1018

ions/cm2. This number is in agreement with the actual measured hydrogen
ion dose for which blisters were first observed.

6.3 Influence of internal stresses and layer thickness on
blister formation

The influence of internal stress and layer thickness have been investigated in
chapter 5. Cross-sectional TEM images have shown that layer delamination
always occurs near the Mo-on-Si interface layer, which coincides with the
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position where in situ stress measurement show a strong (+4 N/m) tensile
stress change. A stressed interface layer, therefore, can act as a preferential
location for hydrogen induced delamination of layers. Other investigations
on Si/SiGe/Si layered systems have also shown that delamination preferen-
tially occurs near a stressed layer, due, in this case, to enhanced trapping
of hydrogen [1].
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Summary

In this thesis, hydrogen induced blister formation in nanometer-thick thin
films in a multilayer system are investigated in detail. A model describing
the growth and stability of blisters by elastic deformation was established for
these multilayers. The verification of the model with experimental results
have given insights into the blister formation process.

To describe blister behavior in Mo/Si multilayers, a model for pressur-
ized hydrogen induced blister formation in nanometer thick thin films was
developed. The model considers the trapping of molecular hydrogen under a
circular blister cap, causing the blister cap to deflect elastically outward un-
til a stable blister is formed. In this model, the energy to elastically deform
the blister cap is balanced by the work done by the expanding hydrogen
gas and release of compressive internal stress in the multilayer. From the
model, the adhesion energy of the blister cap with the remaining underlying
multilayer, the required internal pressure, and the critical H-dose for blister
formation can be calculated and verified via the observed blister sizes in
layered systems when the elastic constants of the blister cap material are
known.

Experimentally observed blister sizes were compared with expected blis-
ter sizes from the blister model, and good agreement was found. A sig-
nificant increase in the blister number density was observed when the ion
energy was increased above a certain ion energy threshold. The increase in
blister number density showed a correlation with the ion penetration depth.
When hydrogen ions have enough energy to directly penetrate to the depth
of delamination, a strong increase in blister number density was observed
as no additional hydrogen in-diffusion was required. It was also observed
that increasing ion flux, leads to a slight decrease in average blister size.
This was predicted by the blister model as smaller blister sizes require an
increase in the blisters’ internal pressure.

The impact of intrinsic stress in multilayers on blister formation was
investigated by varying the Si thickness and changing the hydrogen ion ex-
posure conditions. Increasing the thickness of a-Si was found to introduce
a higher average compressive stress in the multilayer film. Measurements
of the average film stress before and after hydrogen exposure did not re-
veal a correlation between stress relaxation and the observation of surface
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blisters. Based on cross sectional TEM pictures it can be concluded that
delamination of layers is preferred near the Mo-on-Si interface, where a large
stress change in the multilayer deposition is observed. The experimentally
observed blister size distribution were compared to that predicted by elastic
models of blistering due to pressure and models of thin film buckling. It
was found that increasing hydrogen pressure under the blister cap is the
main cause of the observed blisters. We compared the ion dose required to
pressurize the blister with the measured ion flux. The applied and required
ion doses where compared using a 1D diffusion model. For thin multilayer
periods (≤8.2 nm), the onset of blister formation is in agreement with the
1D diffusion model. For thicker multilayer periods (≥10.1 nm) the 1D diffu-
sion model overestimated the actual required ion dose. This overestimation
is possible attributed to the fact that hydrogen diffusion becomes nonlinear
for high hydrogen concentrations. The model has identified key parameters
for the blister formation, such as hydrogen diffusion, layer adhesion, and
ion penetration.
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Samenvatting

In deze thesis is waterstof gëınduceerde blaarvorming in nanometer dikke
multilaag systemen gedetailleerd onderzocht. Een model die de groei en
stabiliteit van blaren door elastische deformatie beschrijft is ontwikkeld. De
verificatie van dit model met experimentele resultaten, heeft inzicht gegeven
in de processen van blaarvorming.

Om het gedrag van blaarvorming in Mo/Si multilagen te beschrijven,
is een model gebaseerd op waterstof druk opbouw onder dunne lagen met
een nanometer dikte ontwikkeld. Het model beschrijft het opsluiten van
moleculair waterstof onder een cirkelvormige afdeklaag van de blaar. Dit
zorgt ervoor dat de afdeklaag elastisch naar buiten deformeert totdat een
stabiele blaar is gevormd. In dit model is de energie die nodig is om de
afdeklaag elastisch naar buiten te deformeren, afgezet tegen de arbeid van
het expanderende waterstof gas en het relaxeren van compressieve interne
spanning in de laag. Met dit model, kon de adhesie energie tussen afdek-
en onderlaag van de blaar worden bepaald. Ook kon de benodigde druk in
de blaar en de kritische hoeveelheid waterstof die nodig was om de blaar te
vormen worden berekend en gevalideerd met de dimensies van experimenteel
waargenomen blaren in deze gelaagde structuren. Voor deze berekening is
kennis van de elastisch constanten van afdeklaag van de blaar noodzakelijk.

Er bleek een goede overeenkomst te zijn tussen experimenteel waargeno-
men blaren en de verwachte blaargrote volgend uit blister model berekenin-
gen. Een significante toename van het aantal blaren per oppervlak is gezien
wanneer de ionen energie boven een bepaalde drempelwaarde uitkwam. De
toename van het aantal blaren per vierkante centimeter kon worden gecor-
releerd aan de penetratie diepte van de ionen. Wanneer waterstof ionen
genoeg energie hadden om direct door te dringen tot de diepte waar de de-
laminatie plaatsvond, werd een sterke toename in het aantal blaren gezien.
Dit kan verklaard worden met het feit dat er geen waterstof diffusie in de
multilaag nodig was om genoeg waterstof te accumuleren onder de afdeklaag
van de blaar. Naast een sterke toename in het aantal blaren boven een
bepaalde drempelwaarde in de ionen energie, is er ook een kleine afname
in de gemiddelde blaar grootte gezien naarmate de ionen flux groter was.
Dit is in overeenstemming met het model van de blaarvorming waarbij een
kleinere blaar een grotere drukopbouw in de blaar nodig heeft voor defor-
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matie.
De invloed van intrinsieke spanning in de multilaag op de vorming van

blaren was onderzocht door de silicium laagdikte en de blootstelling aan
waterstof ionen te variëren. De gemiddelde compressieve spanning in de
multilaag neemt toe met de laagdikte van het amorfe silicium. Metingen
van de gemiddelde spanning in de multilaag voor en na de blootstelling
aan waterstof, lieten geen correlatie zien tussen spannings relaxatie in de
multilaag en de observatie van blaren. Gebaseerd op TEM metingen van
de doorsnede van de blaren, kan geconcludeerd worden dat delaminatie bij
voorkeur plaatsvindt in de buurt van het Mo-op-Si interface. Gedurende de
depositie van dit interface was een grote spannings verandering gevonden in
de multilaag. De experimenteel geobserveerde blaar grootte was vergeleken
met de voorspelde blaar grootte volgend uit de modellen van elastische de-
formatie uit drukopbouw in de blaar en kromtrekking van de blaar door
de relaxatie van interne spanningen. Uit de resultaten is gebleken dat een
toenemende druk van waterstof in de blaar de voornaamste oorzaak is van
de waargenomen blaren. We hebben de benodigde ionen dosis voor de
drukopbouw in blaar vergeleken met de gemeten ionen flux. De gemeten en
benodigde dosis zijn vergeleken door gebruik te maken van een 1D-diffusie
model. Voor dunne multilaag periodes (≤8.2 nm) is de opkomst van de
eerste blaarvorming in overeenstemming met het 1D-diffusie model. Voor
dikkere multilaag periodes (≤10.1 nm) overschat het 1D-diffusie model de
benodigde ionen dosis. Deze overschatting is mogelijk veroorzaakt door het
feit dat waterstof diffusie non-lineair wordt voor hogere waterstof concen-
traties.
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